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Abstract

During the last decades semiconductor technology has provided the possibility to

realise structures characterised by dimensions smaller than the electron de Broglie

wavelength. These zero-dimensional physical systems, called quantum dots (QDs),

are characterised by unique spectral properties which are analogous the ones of

atoms. The energy spectra of electrons and holes are fully quantised in sublevels

and the associated density of states (DOS) consists of a sum of δ-functions. Among

several techniques, the epitaxial self assembled growth has offered the possibility

to reproducibly grow semiconductor QDs of high crystal quality and with tunable

spectral properties, which can be included within semiconductor heterostructures.

Self-assembled epitaxial QDs have found application for the realisation of optoelec-

tronic devices, such as lasers or detectors. The research work presented in this thesis

is aimed at the realisation of devices based on self-assembled QDs for photocurrent

generation. Applications both for the realisation of QD infrared photodetectors

(QDIPs) and of electron pumping devices will be discussed.

QDIPs are characterised by low dark current and, differently from quantum well

infrared photodetectors (QWIPs), due to favourable selection rules of the inter-

sublevel absorption, are sensitive to normally incident light. Mid-infrared QDIPs

can be used for different applications, such as gas sensing in industrial processes,

environmental pollution monitoring, medical diagnostics and the realisation of focal

plane arrays for infrared cameras. The QDIPs presented in this thesis are based on

highly asymmetric heterostructures sandwiched between two n+ − GaAs contacts

and containing a single layer of self-aseembled InAs/GaAs QDs. The QD levels

(shells) in the conduction band (CB) are filled with electrons which can be excited

by means of mid-infrared optical radiation, giving rise to a photocurrent. Due to

the asymmetry of the heterostructure, the devices can be operated both in photo-

voltaic and photoconductive mode. Several QDIPs were realised, based on different

types of QD ensembles with different spectral properties. The devices were charac-

terised electrically (measurement of the dark current) and optically (photocurrent

spectroscopy). The nature of the inter-sublevel transitions giving rise to the pho-

tocurrent generation was studied for the different structures. The responsivity and

the specific detectivity were measured in order to evaluate the detector performance.

Due to the QD geometry and composition, the QDIPs are responsive at wavelengths

between 5µm and 8µm.



ii

The atom-like QD electronic structure can be exploited for the realisation of op-

tically driven quantised current sources. For such type of devices, named electron

pumps, the generated current, proportional to the total number of flowing electrons

and to the driving frequency, is directly related to the quantum nature of the elec-

trical charge. The electron pump, in combination with a quantised voltage source

and a quantised resistance, would close the so-called quantum metrological triangle,

thereby allowing to redefine a self-consistent quantum system for the electrical units,

based on the constants of nature h (Planck’s constant) and e (electron charge). The

QDIPs based on the asymmetric heterostructure containing a single QD layer can

work as electron pumps. When exciting the QDIP by means of sufficiently power-

ful radiation, all the QDs on the device can be completely photoionised (complete

saturation of the device). For incident pulsed laser radiation, if the QDs can get

completely refilled during the time between two consecutive pulses, the generated

current is proportional to the pulse rate and to the total number of electrons in the

QD ensemble. The possibility to obtain current quantisation, i.e. bias independence

of the generated photocurrent, is inherently related to the spectral selectivity of the

electron injection mechanism on the QD shells. The electron pumping regime is

investigated for devices based on different QD ensembles, characterised by different

QD densities and geometries. The impact of the QD ensemble spectral inhomogene-

ity and of the intra-dot electron-electron coulombic interactions on the injection

selectivity is studied.

The performance of the QDIP and the electron pump can be significantly im-

proved by means of optical nano-antennae. Exploiting the proximity between the

QD plane and the top contacts, within the QDIP heterostructures, the coupling

between the enhanced near-field associated to the nanoantenna modes and the QDs

can be obtained. A complementary split-ring resonator (CSRR) geometry is chosen

for the antenna design, due to the typically high values of field enhancement and of

the quality factor associated to the LC mode. The resonator geometry was designed

in order obtain a good matching between the CSRR LC resonance and the spectral

response of the QDIP. For normally incident light, a good coupling efficiency with

the QD ensemble can be observed. A study of the performance of a CSRR nano-

antenna coupled device was conducted. Optical nano-antennae can produce several

advantages for the working principle of the optically driven electron pump, such as

a better control over the QDIP saturation process and the increase of the spectral

and spatial selectivity of the optical excitation.



Riassunto

Negli ultimi decenni, la tecnologia dei materiali semiconduttori ha reso possibile la

realizzazione di strutture di dimensioni minori o comparabili alla lunghezza d’onda

di de Broglie associata all’elettrone. Tali sistemi zero-dimensionali, denominati pun-

ti quantici (PQ), sono caratterizzati da specifiche proprietà analoghe a quelle degli

atomi. Gli spettri energetici di elettroni e lacune sono completamente quantizzati in

sottolivelli e la densità degli stati ad essi associata è data dalla somma di funzioni δ.

Tra le molteplici tecniche utilizzabili, la crescita epitassiale auto-assemblante offre la

possibilità di ottenere, in maniera riproducibile, PQ caratterizzati da una struttura

cristallina di buona qualità e da proprietà spettrali accordabili, i quali possono essere

direttamente inclusi in eterostrutture a semiconduttore. I PQ ottenuti per crescita

epitassiale auto-assemblante hanno trovato applicazione per la realizzazione di di-

spositivi optoelettronici di diverse tipologie, come laser o fotorivelatori. Il lavoro di

ricerca presentato in questa tesi è finalizzato alla realizzazione di dispositivi a PQ per

la fotogenerazione di corrente. Verranno discusse applicazioni per la realizzazione di

fotorivelatori per l’infrarosso e dispositivi per il pompaggio di elettroni.

I fotorivelatori a PQ sono caratterizzati da una bassa corrente di buio e, dif-

ferentemente da quelli basati su pozzi quantici, grazie alle regole di selezione del-

l’assorbimento inter-sottolivello, possono essere eccitati a incidenza normale. Essi

possono trovare applicazione in diversi campi d’interesse come la rivelazione remota

di prodotti industriali gassosi, l’attività di controllo dell’inquinamento ambientale,

la diagnostica medica o la realizzazione di sensori per fotocamere a infrarossi. I foto-

rivelatori presentati in questa tesi sono basati su eterostrutture asimmetriche incluse

tra due contatti di GaAs drogato (n+−GaAs) e contenenti un solo strato di PQ di

InAs su GaAs. I livelli elettronici dei PQ in banda di conduzione sono popolati da

elettroni, i quali possono essere eccitati per mezzo di radiazione medio-infrarossa, ge-

nerando fotocorrente. Grazie all’asimmetria dell’eterostruttura, i rivelatori possono

essere utilizzati sia in modalità fotovoltaica che fotoconduttiva. Sono stati realizzati

rivelatori basati su PQ aventi diverse proprietà spettrali. I dispositivi sono stati

caratterizzati elettricamente (misura delle corrente di buio) e otticamente (spettro-

scopia della fotocorrente). La natura delle transizioni inter-sottolivello, alla base

della generazione di fotocorrente, è stata studiata per le diverse strutture realizzate.

Le prestazioni dei fotorivelatori sono state caratterizzate per mezzo della misura

della responsività e della sensibilità specifica di rivelazione. A causa della geometria
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e della composizione chimica dei PQ, i rivelatori sono sensibili entro un intervallo

spettrale di lunghezze d’onda compreso tra 5µm e 8µm.

La struttura elettronica pseudo-atomica dei PQ può essere sfruttata per la rea-

lizzazione di sorgenti di corrente quantizzata alimentate otticamente. Per questa

classe di dispositivi, denominati pompe di elettroni, la corrente generata, essendo

proporzionale al numero di elettroni che si spostano e alla frequenza d’impulso del-

la radiazione incidente, è direttamente connessa alla natura quantistica della carica

elettrica. La pompa di elettroni, in combinazione con un generatore di tensione quan-

tizzata e un resistore quantizzato, completerebbe il cosiddetto triangolo metrologico

quantistico, permettendo pertanto la ridefinizione di un nuovo sistema autonomo

di unità di misura per le grandezze elettriche, interamente basato sulle costanti di

natura h (costante di Planck) ed e (carica dell’elettrone). I fotorivelatori basati sulle

etrostrutture asimmetriche, contenenti un solo strato di PQ, possono funzionare co-

me pompe di elettroni. Per mezzo di radiazione laser sufficientemente intensa, tutti

gli elettroni presenti sui livelli dei PQ possono essere eccitati, provocando la satura-

zione completa del rivelatore (svuotamento completo dei PQ). Utilizzando impulsi

laser sufficientemente brevi per l’eccitazione, se i PQ vengono completamente riem-

piti durante il tempo intercorrente tra due impulsi consecutivi, la corrente generata

dal dispositivo è direttamente proporzionale alla frequenza di ripetizione degli im-

pulsi e al numero di PQ presenti nel dispositivo. La possibilità di ottenere corrente

quantizzata, ossia indipendente dalla tensione applicata al rivelatore, è intrinseca-

mente connessa alla selettività spettrale del processo di iniezione degli elettroni sui

sottolivelli dei PQ. Il regime di pompaggio di elettroni è stato analizzato per dispo-

sitivi basati su insiemi di PQ che differiscono per densità superficiale e struttura

geometrica. L’impatto dell’omogeneità spettrale e delle interazioni elettrostatiche

tra gli elettroni nei PQ, sul principio di funzionamento della pompa di elettroni, è

studiato in dettaglio.

Le prestazioni dei rivelatori e delle pompe di elettroni basate sui PQ, possono

essere significativamente migliorate utilizzando nano-antenne ottiche. Traendo be-

neficio dalla prossimità tra lo strato di PQ e il contatto di GaAs drogato superiore,

nelle eterostrutture per la fotogenerazione di corrente, è possibile accoppiare i PQ al

campo vicino fortemente amplificato associato ai modi delle antenne ottiche. Per la

realizzazione delle antenne viene utilizzata la geometria detta di ’risonatore ad anello

spezzato’, poiché il modo LC ad essa associato è caratterizzato da un alto fattore di

amplificazione del campo vicino e da un alto fattore di merito della risposta spet-

trale. La struttura geometrica del risonatore viene ingegnerizzata al fine di ottenere

una buona sovrapposizione tra la risposta spettrale del modo LC ad esso associato,

e quella del rivelatore. Per una configurazione ad incidenza normale, viene osservato

un buon livello di accoppiamento tra i PQ presenti sul dispositivo e il modo LC del-

l’antenna. Con questo tipo di approccio, possono essere previsti diversi vantaggi per

il principio di funzionamento della pompa di elettroni, come un maggiore controllo

del processo di saturazione del dispositivo e l’aumento della selettività spettrale e
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spaziale dell’eccitazione ottica.
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Chapter 1

Introduction

The development of the semiconductor technology during the last thirty years al-

lowed the design and realisation of structures of sub-micrometric size. A Quantum

Dot (QD) is a structure of size low enough to induce the quantum confinement of

the electrons along all three spatial dimensions. Typically, for the definition of a

characteristic length scale associated to quantum confinement, the de Broglie wave-

length [1] is used, which is associated to the wave nature of the electrons in a material

at temperature T :

λe =
h

p
=

h√
m∗m03kBT

, (1.1)

where p is the electron momentum, m∗ is the effective mass in the material and

m0 is the true mass of the electron. When considering a GaAs crystal, for which

m∗ = 0.067, by means of the Eq. 1.1, it is possible to compute λe ' 24nm at

T = 300K. When the size of a structure can be reduced to dimensions ≤ λe, the

effects of the quantum confinement can be observed [2, 3]. Several techniques were

used for the realisation of systems within which the electrons could be confined

along three dimensions such as [4–6]: self-assembled epitaxial growth [7–9]; site-

controlled epitaxial growth [10]; cleaved-edge overgrowth [11], lateral patterning of

a two-dimensional electron gas (2DEG) by means of lithography techniques [12];

electrostatic induced confining potential techniques in a 2DEG [6, 13]. Among all

these methods, one which offers many opportunities for the realisation of different

types of optoelectronic devices is the self-assembled epitaxial growth, based on the so

called Stranski-Krastanow (S-K) [14] technique. This is based on the strain-induced

nucleation of a layer of a material B, characterised by a lattice constant aB, grown

on top of a material A, with lattice constant aA 6= aB, in semi-ellipsoidal islands.

The islands are then typically covered (capped) with another layer of material A.

A typical material system, which matches the conditions for the coherent growth of

nanometric sized islands, consists of InAs (aInAs ' 6.06nm) grown on top of GaAs

(aGaAs ' 5.65nm), giving rise to the formation, on top of a two-dimensional InAs

wetting layer (WL) (see Fig. 1.1), of InAs islands, with typical lateral dimensions of

∼ 15nm−30nm and height ∼ 2nm−10nm (along the growth direction). In this type
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Figure 1.1: Comparison between the one-dimensional confinement in an AlGaAs/GaAs/AlGaAs

QW and the three dimensional confinement in an InAs/GaAs QD. For a 2D QW system, the

quantum confinement along the growth direction leads to a spectrum of energy sub-bands. For a 0D

QD heterostructure, the three-dimensional confinement leads to a quantised spectrum of atom-like

shells. The DOS of a QW is given by the sum of heavy-side functions whereas, for a QD, it is

given by a sum of δ−functions.

of structure, the confining potential is defined by the bandgap difference between

InAs (0.354eV at 300K) and GaAs (1.424eV at 300K). Both lateral and along-

growth dimensions are of the order or lower than the computed value of λe, entailing

that, for this type of structures, the quantisation can be observed even at room

temperature. The three dimensional confinement in QDs induces important effects

on the density of the states (DOS) associated to the quantised energy spectrum.

As it is shown in Fig. 1.1, the presence of a confining potential along the three

dimensions leads to the complete discretisation of the energy spectrum, similarly to

atom shell structures. The DOS associated to the single level is given by a sum

of δ-functions peaked on each level, with a spin-degeneracy g = 2. For this reason,

this kind of system is often named ’artificial atom’. The spectral properties of a

QD, as schematically shown in Fig. 1.1, are significantly different from the ones

of a two-dimensional quantum well (QW) [15], where the confinement occurs only
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along the growth direction. For the latter the energy spectrum consists of sub-bands

which are not quantised along the lateral directions. The unique properties of the

semiconductor QDs have found application both in fundamental physics [16,17] and

in more applied fields for the realisation of optoelectronic devices [18], like lasers [5] or

detectors [19]. The research work presented in this thesis is aimed at the realisation

of devices based on self-assembled QDs for photocurrent generation. Applications

for the realisation of QD infrared photodetectors (QDIPs) and of electron pumping

devices will be discussed.

1.1 Photodetectors based on semi-conductor QDs

One important application of the 3D confinement of carriers in semiconductor QDs

is the realisation of infrared photodetectors. For this type of detector, the inter-

sublevel optical transitions between the electronic levels in the conduction band

(CB) are exploited for the photocurrent generation. Depending on the geometry

of the QDs, the transition energies exploited for the photocurrent generation are

typically included in the so-called medium-infrared (mid-IR) spectral region, in the

wavelength interval between 2µm and 20µm. The mid-IR spectral range is of inter-

est for several types of applications in different fields such as spectroscopy for gas

sensing in industrial process, environmental pollution monitoring, medical diagnos-

tics. An important technology for the mid-IR detection is the realisation of focal

plane array (FPA) sensors for cameras to be used for night vision [20].

Several technologies, based on different material systems, have been exploited for

the photodetection within the mid-IR spectral range; comprehensive reviews can

be found in [21–24]. Following the approach used in [24] and [23], the main mate-

rial systems used for mid-IR detection can be classified as follows: direct bandgap

materials (e.g. InSb, HgCdTe); extrinsic semiconductors (e.g. doped Si or Ge);

quantum well (QW) based material systems (e.g. GaAs/AlGaAs); Schottky bar-

riers (e.g. Pt − Si); semiconductor QDs (InAs/GaAs); high temperature super-

conductors. HgCdTe [25, 26] is currently one of the most widely used material for

the realisation of inter-band photodiodes and photoconductors for the mid-IR. This

is mainly due to its fundamental properties, which provide high tunability of the

bandgap between 1µm and 30µm, high quantum efficiency and favorable recom-

bination mechanisms allowing high temperature operation. The main drawbacks,

associated to this material, are related to the demanding growth techniques neces-

sary to ensure the achievement of high quality crystals. The photogneration process

in HgCdTe detectors (e.g. photoconductors or photodiodes) is based on inter-band

transitions which promote electrons from the valence band (VB) to the conduction

band (CB), thereby generating a photocurrent (see Fig. 1.2).

The first type of detectors based on the intra-band transitions in low-dimensional

systems, is the so-called Quantum Well Infrared Photodetector (QWIP) [27,28]. The

typical scheme adopted for the realisation of QWIPs is based on a periodic structure
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Figure 1.2: Schematic representation of the photogeneration process associated to interband

(HgCdTe), inter-subband (QWIP) and inter-sublevel (QDIP) transitions.

containing a number of QWs, varying between 50 and 100, sandwiched between two

heavily (n+) doped contacts, as shown in Fig. 1.3. The QWs are n-doped, in order

to populate the lowest QW subband with the electrons to be photoexcited by the in-

cident optical radiation. The photogeneration process occurs mainly exploiting the

bound-to-bound transitions from the GaAs QW ground subband towards an upper

quasi-bound subband aligned with the AlGaAs bandedge (see Fig. 1.2). Based on

this kind of structures, detectors working in the mid-IR [29] and THz [30] regions

have been realised. The QWIPs show good features such as high speed [31,32] and

relatively high temperature operation [29]. The main limitations affecting QWIPs

are: the polarisation selection rules of the intersubband absorption in QWs which

does not allow normal-incidence excitation [33], a relatively high dark current and

a low quantum efficiency at room temperature. A good performance, especially for

the longer wavelengths, is only reached at cryogenic temperatures.

To address these issues researchers began to look into QDs. The first approach

at the basis of the realisation of a quantum dot infrared photodetector (QDIP) was

based on a design very similar to the periodic structures used for QWIPs [34, 35],

for which the GaAs QWs are replaced by InAs QD layers, as shown in Fig. 1.3.

The main predictable improvements which can be produced by the replacement of

the 2D QW with the 0D QDs are the following [23,36]:

� Possibility of normal-incidence excitation.

� Reduced thermal generation and relaxation of electrons.
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� Low dark current.

These improvements, which seem to remedy many of the above mentioned limi-

tations typically associated to QWIPs, are related to the 3D nature of the carrier

confinement in QDs. The dipole moment of the inter-sublevel transitions in the QDs
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Figure 1.3: A comparison between the typical periodic designs on which QWIPs and QDIPs are

based.

has usually non-zero components for light polarised along directions orthogonal to

the growth direction. The characteristic times associated to carrier relaxation in

QDs are much longer than the ones in QWs, for energies which are significantly

above [37, 38] or below [39] the one of the LO phonon, mainly due to the atom-like
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nature of the QD energy shells (see Fig. 1.2) which, differently from the QW sub-

bands, do not present a continuum spectrum along the two in-plane directions.

Several comprehensive reviews [18, 20, 21, 23, 35, 40–44] have been written in order

to discuss the key issues and potentialities of detectors based on QDs. The typical

incidence configurations adopted for the excitation are shown in Fig. 1.4. The first

one is based on a 45◦ wedged geometry, which allows to couple a component of the

incident field polarised along the growth direction to the active region of the detec-

tor. The second configuration is based on the normal-incidence excitation, trough

an aperture defined on the top metallic contact of the device. An important point

A

growth

direction

p

s

Active 

region

Ohmic contacts

45˚ incidence 

configuration

A

growth

direction

Active 

region

normal incidence 

configuration

Figure 1.4: Comparison between the 45◦-wedged incidence geometry and the one at normal inci-

dence, typically adopted for QDIPs.

which needs to be stressed about the operation principle of the above mentioned

periodic structures adopted for QWIPs and QDIPs is that they work in a photo-

conductive mode, i.e. a bias voltage is needed in order to generate a photocurrent.

Several types of photoconductive QDIPs based on this operation principle were con-

ceived, utilising different material systems (see Fig. 1.5), such as In(Ga)As/GaAs,

InAs/InGaAs or InAs/AlGaAs and many other combinations. The main limita-

tions which need to be overcome for the QDIP are related to a typically low quantum

efficiency, due to low carrier sheet densities associated to the QD layers, with re-

spect to QWs. The effects of the inhomogeneous broadening characterising the QD

ensembles, also reduces the absorption cross section associated to the inter-sublevel

transitions involved in the photogeneration process.

Since the realisation of the first QDIP [34], several efforts were focused on the im-

provement of the active region design. In [18] a comprehensive and up-to-date

summary of the different strategies adopted for the improvement of the detector

performance are presented. The improvement attempts were mainly aimed at the

reduction of the dark current level and the increase of the photocurrent, allowing

operation at high temperature, indispensable for many applications.

Typical figures of merit for the evaluation of the detector performance are the re-

sponsivity (R) and the specific detectivity (D∗), which quantify respectively the

detector sensitivity to the incident light and the signal-to-noise ratio. It is helpful
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Figure 1.5: Different types of material systems utilised for the band structure engineering in QDIPs.

to recall the definitions of R and D∗ [45–47]:

R =
Iph
Pin

[A/W ] (1.2)

D∗ =
R
√
S∆f

In

[
cm ·

√
Hz/W ≡ Jones

]
, (1.3)

where Iph is the photocurrent, Pin the incident power, S the detector area and In
the rms noise current.

The figures of merit estimated for QDIPs based on different heterostructures are

summarised in Fig. 1.6. In Fig. 1.6a the estimated values of R are plotted versus

the corresponding wavelength; in Fig. 1.6b the values of D∗ are plotted for the cor-

responding values of the device operation temperature. For the first generation of

QDIPs based InGaAs/GaAs QDs, values for D∗ of 1×1010Jones [49], at T = 30K,

and of 7× 109Jones [48], at T = 40K, were reported.

The initial strategies aimed at the improvement of the detector performance con-

sisted in the inclusion of AlGaAs layers acting as barriers (see Fig. 1.5). In [51,52,57]

an AlGasAs stopping layer was included between the active region and one of the two

heavily doped contacts, in order to reduce the dark current. D∗ = 1.7× 1010Jones

(T = 25K) and D∗ = 3 × 109Jones (T = 100K) were reported in [51] and in [52],

respectively. In [57], due to a high number of QD layers (70), a good performance

could be obtained also at higher temperatures; values of D∗ as high as ∼ 1011Jones

and ∼ 6× 109Jones were estimated respectively at 100K and 200K. In [53] a thin

AlGaAs layer was grown after each QD layer in the active region, in order to obtain

the formation of blocking layers in the regions between the QDs without covering

the tips: this technique allows to act on the flow of the dark current without exces-

sively affecting the photocurrent. The presence of the AlGaAs barrier allows also

to enhance the lateral confinement of the electrons within the QDs (CE-QDs). A
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Figure 1.6: Estimated values of R and D∗ for devices based on different types of heterostruc-

tures. The black symbols refer to standard In(Ga)As/GaAs systems; blue is associated to struc-

tures including AlGaAs stopping layers and CE-QDs. The magenta symbols are associated to

InAs/InGaAs (DWELL) systems. Red is associated to CE-DWELL structures. The photovoltaic

devices are reported in green. In (a) the estimated values of R are plotted versus the correspond-

ing wavelength; in (b) the values of D∗ are plotted for the corresponding values of the operation

temperature of the devices. The data were taken from the references [48–63]

D∗ = 2.5× 109Jones was reported at T = 77K.

Another important requirement for the QDIP design is the possibility to tune the

photoresponse towards longer wavelengths. For this purpose, a typical strategy is
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the inclusion of InGaAs layers in the heterostructures, which reduce the barrier en-

ergy (see Fig. 1.5). The InGaAs layers, which can be grown before the QDs or, as

a capping layer, above the QDs, create 2D QWs, within which new confined states

appear; for this reason, this type of structure is commonly indicated as dot-in-a-well

(DWELL). The electron can be excited from the ground shell of the QDs towards

those new bound or quasi-bound states, with a sufficiently high absorption cross sec-

tion and a good escape efficiency from the QDs. In [50], a device based on DWELL

structures showed a value of D∗ = 3× 1011Jones for T = 78K at λ = 9.3µm.

The combination of the CE-QD and the DWELL designs is at the basis of several

devices trying to merge the beneficial effects arising from both types of structures.

In [55, 58, 64], different heterostructures based on CE-DWELL systems are shown.

In [58], a comparison between a DWELL and a CE-DWELL structure is presented,

showing an increase of D∗ of about one order of magnitude for the latter with respect

to the former. For the CE-DWELL structure a D∗ = 1 × 1010Jones, at 77K and

λ = 8µm, was reported. In [64], by means of CE-DWELL designs based on AlGaAs

barriers on both sides of a DWELL structure, a value of D∗ = 6.5 × 1010Jones

was obtained at T = 77K and λ = 7.5µm. In [55] a study conducted over several

heterostructures, based on different barrier profiles, is presented. For one of those

structures, based on a thick AlGaAs barrier, the significant reduction of the dark

current allowed to obtain a value of D∗ = 1.4×1011Jones at T = 77K and λ ' 7µm.

In [56] a resonant-tunneling QDIP (RT-QDIP) is presented. For this detector, the

presence of an AlGaAs/GaAs/AlGaAs resonant tunneling structure, on each QD

layer, leads to a strong reduction of the dark current. For the RT-QDIP in [56]

D∗ ∼ 107Jones, at λ = 17µm and T = 300K, was reported.

In [59] a QDIP, based on an optimised capping technique aimed at reducing inter-

mixing phenomena between the QDs and the capping layer, is presented. For the

detector presented in [59], based on DWELL structures, with an InAlGaAs QW

and an AlGaAs barrier, D∗ = 7.2 × 107Jones, at T = 250K and λ = 3.2µm, was

reported.

An important class of devices are the photovoltaic detectors, working at 0V applied

bias. These detectors, due to a significantly lower dark current, can find applica-

tion for the realisation of FPAs [20]. The structures presented so far in this sec-

tion, as already mentioned before, due to their periodicity, need an applied bias to

work as photodetectors. For QWIPs, different configurations were used to introduce

asymmetry in the heterostructure, allowing photocurrent generation at 0V bias; an

example is the four-zone scheme presented in [65]. When comparing the photocun-

ductive QDIP periodic structures presented above, with a standard QWIP periodic

structure, a difference can be observed: the presence of the In(Ga)As 2D WL, typ-

ical for self-assembled QD, introduces an inherent asymmetry. In [62] a periodic

InGaAs/GaAs QDIP structure exhibited photocurrent generation at 0V bias, and

the result was attributed to the intrinsic asymmetry of the QD heterostructure. For

the latter device a value of D∗ = 2 × 108Jones was reported at λ = 13µm and
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T = 78K, for 0V applied bias.

Another class of devices used for photovoltaic operation are the so-called quantum

cascade detectors (QCDs), based on QWs [66, 67]. In the periodic structure of the

QCD, the barrier between two consecutive QWs is replaced by a series of QWs of in-

creasing thickness. This structure allows the charge transfer of the photoexcited elec-

trons from the QW of one period towards the ground state of the QW of the following

period. A similar approach is at the basis of QD based QCDs (QD-QCDs) [60, 63].

In [60] the presented QD-QCD is based on InAs/InGaAs/GaAs/AlGaAs DWELL

structures; a value of D∗ = 9×109Jones, at T = 77K and λ = 5.5µm, was reported

for photovoltaic operation. In [63] a photovoltaic QD-QCD, based on a strain-

compensated InAs/GaAs/InGaAs/InAlAs system, is presented. For this detector

the absorption occurs within a ’w’ shaped InAs(QD)/GaAs/InGaAs(QW ) com-

posite structure. Values of D∗ = 3.64× 1011Jones, at T = 80K (λ = 4.16µm), and

D∗ = 4.83× 106Jones, at T = 300K (λ = 4.28µm), were reported [63].

In 2010 L.Nevou et al. [61] presented a photodector based on a single layer of InGaAs

capped InAs QDs placed in a highly asymmetric heterostructure (see Fig. 1.7).

The reported specific detectivity for this detector is D∗ = 2 × 109Jones measured

at T = 60K and λ = 7.6µm. In this thesis the photogeneration process on several

structures similar to the ones presented in [61] will be presented. The efficiency of

the photogeneration process will be related to the electronic structure of the QDs.

The figures of merit, for photodetectors based on different types of QD ensembles,

will be analysed and discussed.

Figure 1.7: The asymmetric heterostructure on which the device presented in [61] is based. The

InAs QDs are coupled via a GaAs/AlGaAs/GaAs multi-barrier structure to an InGaAs QW act-

ing as injector. The electrons are excited from the s shell of the QDs towards the WL, thereby they

can escape towards the continuum generating a current. Reprinted from [61], with the permission

of AIP Publishing, copyright 2010.
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1.1.1 Optically resonant systems for responsivity enhance-

ment

An aspect which strongly limits the QDIP performance is the low density of ab-

sorbers associated to typical QD ensembles. With respect to QWs, QD ensembles

provide a lower number of carriers to be photoexcited. Moreover, although for QDs

the selection rules of the inter-sublevel absorption do not forbid photoexcitation at

normal incidence, for many types of inter-sublevel transitions, the absorption for

light polarised along the in-plane directions is weaker than for light polarised along

the growth direction. As a consequence, the normal incident excitation is typically

less efficient when compared to the 45◦ wedged geometry (see Fig. 1.4). Many ef-

forts have been focused on the implementation of optical systems such as photonic

crystals, plasmonic crystals or nano-antennae, which would allow to enhance the

coupling efficiency also for normally incident light (see Fig. 1.8). Such systems have

a strong impact both on the spectral response of the detectors and on the the opti-

cal coupling with the incident radiation. For devices based on resonantly enhanced

A

growth

direction

Active 

region

Optically

resonant

structure

Figure 1.8: Normal incidence configuration for a QDIP based on a plasmonic resonant structure

for coupling enhancement.

optical coupling, the reponsivity Rcoup (λ) can be expressed as:

Rcoup (λ) = RQD (λ) · ηcoup (λ) , (1.4)

where RQD (λ) is the spectral response of the QDs and ηcoup (λ) is the responsivity

enhancement associated to the resonant system for the increase of the optical cou-
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pling. In order to obtain high responsivity enhancement, the resonant systems are

engineered to obtain the overlapping between the maxima of ηcoup (λ) and RQD (λ).

In [18] several examples of QDIPs based on photonic or plasmonic crystals are re-

viewed. In [68] a QDIP based on a photonic crystal microcavity, etched in the active

region, was demonstrated. Enhancement factors of ∼ 5 and ∼ 10 were reported for

R and D∗, respectively. In [69] a plasmon enhanced phontonic crystal structure was

implemented on a QDIP. On such a structure both the top metal contact and the

active regions were patterned with a two-dimensional array of holes. An increase of

the responsivity of about one order of magnitude is reported.

The excitation of surface plasmonic (SP) modes on metallic surfaces, patterned with

two-dimensional (2D) arrays of sub-wavelength holes [70–72] (plasmonic crystals),

has been exploited to obtain responsivity enhancement on QDIPs. On this type

of system, Bragg-like non localised standing modes can be excited at the interface

between the patterned metal and the semiconductor. The high enhancement of the

field component along the growth direction, in proximity of the metal-semiconductor

interface, is exploited for the optical coupling with the active region of the detec-

tor [73]. In [74] a Ag layer, deposited on the back side of a QDIP, was patterned

with subwavelength holes. Both rectangular and hexagonal arrays were realised,

with resonances at different wavelengths. The results showed the strong influence of

the plasmonic 2D array on the spectral response of the detector. In [75] a QDIP, for

which the top contact was patterned with a 2D square array of subwavelength holes,

is presented. For normally incident light, with an excitation configuration similar

to the one shown in Fig. 1.8, enhancement factors of ∼ 20 and ∼ 30 were reported

for R and D∗, respectively. A similar system was used in [76], where a QDIP with

the top metal contact patterned with a hexagonal 2D hole array was presented. A

systematic study of the detector performance was carried out for different lattice

constants and hole diameters. By changing the lattice constant, it was possible to

center the lowest order mode associated to the 2D hole array, on the maximum of

the QDIP photoresponse. The hole diameter affected the the evanescent tunneling

efficiency of the light through the sub-wavelength holes. A maximum responsivity

enhancement factor of ∼ 2.3 was observed for a lattice constant of 3.2µm and a hole

diameter of 1.6µm (∼ 1/2 of the lattice constant), at λ = 9.39µm.

A FPA based on plasmonic enhanced QDIPs is presented in [77] (see Fig. 1.9). The

device consists of a 320 × 256 pixel array. A square lattice of subwavelength hole

was defined in a Au layer deposited on the 1µm thick heavily doped back contact,

after substrate removal. An improvement of a factor ∼ 2.6 of the signal-to-noise

ratio was observed for the camera operation.

Another approach for the enhancement of the detector performance is based on plas-

monic nanoantennae which concentrate the optical excitation in sub-wavelength ’hot

spots’. The high field enhancement in low-sized volumes allows to spatially select

the active areas of the detectors. Different types of geometries can be used to design

optical antennae for different wavelength ranges [78,79], e.g. dipole [80], patch [81],
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Figure 1.9: A FPA based on plasmonic crystal enhanced QDIPs. After the substrate removal, a

square 2D lattice of circular holes is patterned on a metal layer deposited on the 1µm thick heavily

doped contact. The FPA consists of 320 × 256 pixels. Reprinted by permission from Macmillan

Publishers Ltd: [Nature Communications] [77], copyright 2011.

bow-tie [82], ’bull’s eye’ [83], split-ring [84–86] and many others. In [87] the imple-

mentation of several types of plasmonic antennae is shown for photodetectors based

on different material systems and responsive in different spectral ranges.

In [88] a patch antenna micro-cavity was used for the responsivity enhancement of a

QWIP for mid-IR detection. The nano-antennae allowed the normal incidence exci-

tation of the detector. Due to the low size of the regions corresponding to the high

field enhancement induced by the nano-antennae, the effective active volume of the

detector was significantly reduced. An etching technique was used for the removal

of the portions of the detector volume not involved in the photo-excitation process,

thereby reducing the device area, without affecting the detector photoresponse. The

reduction of the device area led to a significant decrease of the dark current.

The split ring resonator (SRR) [85, 86, 89] and its complementary (CSRR) [90] an-

tenna design offer several features which can be exploited for the applications de-

scribed in this thesis. The antenna scheme, as it can be observed from the examples

depicted in Fig. 1.10, consists of inductive (L) loops interrputed by capacitive gaps

(C). For this type of structure, which can be effectively treated as an LC circuit,

a so-called LC mode can be excited, localised within the capacitive gap. The fre-

quency νLC ∼ 1/
√
LC, can be adjusted by acting on the structure geometry, thereby

modifying the values of L and C associated to the resonator equivalent circuit. This

type of resonator is characterised by high quality factors and high near field enhance-

ment [84,86,91,92]. A CSRR 2D array can be obtained by patterning the top metal

contact of a QDIP. In order to tune the LC resonance within the mid-IR range,

resonators of sub-micrometric sizes are necessary, with capacitive gaps of ∼ 100nm.
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Figure 1.10: Comparison between a SRR (in (a)) and the corresponding CSRR (in (b)). The

inductive loops (L) are interrupted by capacitive gaps (C). When exciting the system with light

polarised along the direction orthogonal to the capacitive gaps, at a frequency νLC ∼ 1/
√
LC, it

is possible to excite an LC mode, producing high field enhancement in the sub-wavelength region

within the capacitive gaps.

In [93], a CSRR antenna coupled QCD, responsive at frequencies around 10THz,

was presented. The signatures of the CSRRs could be identified from the spectral

response of the QCD and its dependence on the polarisation of the normally incident

light, demonstrating the coupling between the CSRR antennae and the active region

of the detector.

1.2 Electron Pumping Devices

The realisation of structures of nanometric sizes has offered the opportunity to obtain

physical systems where the quantum nature of the electrical charge can be explored.

In particular, since the beginning of the 1990s, the possibility to manipulate single

quanta of charge was exploited for the conception of devices based on the transport

of single charges. A class of these devices, for which the flow of electrons could be

controlled with high precision for the generation of a quantised electrical current,

indicated usually as electron pump, can find important applications in the modern

metrology of the electrical quantities.
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1.2.1 The Quantum Metrological Triangle

An electron pumping device is a source of quantised current, for which the latter can

be directly related to the number np of flowing electrons and to the rate frequency

fp at which the electrons are pumped:

Ip = np ·Qp · fp, (1.5)

where Qp is the quantised electric charge transported by the pump. The constant

Qp is expected to be coincident with the charge of the electron in vacuum e =

1.602176628(98)× 10−19C:

Qp = e. (1.6)

Eq. 1.5 represents the most direct possible expression of the electrical current in

relation with the quantum nature of the electrical charge. An electron pump can find

immediate applications in the field of the modern metrology of electrical quantities.

After the discovery of the Josephson Effect (JE) [94] in 1962 and of the Quantum Hall

Effect (QHE) [95] in 1980, important innovations were introduced for the definition

of the units of the electric tension and the electric resistance. The quantisation

of the voltage is observed across a tunnel Superconductor-Insulator-Superconductor

(SIS) junction, when the latter is exposed to microwave radiation at frequency fJ ,

in multiples of the inverse of a constant quantity KJ [94]:

UJ = nJ ·K−1
J · fJ , (1.7)

where nJ is an integer number. The quantity KJ can be expressed in terms of

fundamental constants as [94]:

KJ =
2e

h
, (1.8)

where h = 6.62607004 × 10−34m2kg/s is the Planck’s constant. When a two-

dimensional system (e.g. a two-dimensional electron gas (2DEG)) at low-temperature

is immersed in a strong magnetic field, the quantisation of the Hall resistance RH is

observed [95]:

RH =
RK

nH
, (1.9)

where nH is an integer number and RK is the von Klitzing constant, which can be

expressed as [95]:

RK =
h

e2
. (1.10)

In order to prove the consistency of the relations expressed in Eqs. 1.14, 1.7 and

1.13 and to define a new independent system of units for the electrical current, an

experiment named the closure of the Quantum Metrological Triangle (QMT) was

proposed in [96]. The experiment consists, as schematically shown in Fig. 1.11, in

the verification of a ’quantum Ohm Law’:

UJ = RH · Ip (1.11)
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involving the quantised voltage UJ , resistance RH and current Ip. The phenomeno-

logical constants KJ , RK and Qp can be conveniently re-expressed as in [97]:

KJ =
2e

h
(1 + εJ) (1.12)

RK =
h

e2
(1 + εK) (1.13)

Qp = e (1 + εp) (1.14)

where εJ , εK and εp represent the deviations from the expected values. According

to results reported in [98] and recalled in [99,100], the Josephson constant is known

with an uncertainty εJ = (15± 49)× 10−8, whereas the von Klitzing constant, with

an uncertainty εK = (1.8± 2.8) × 10−8. Due to the high accuracy with which

the quantities KJ and RK are known, already in 1988 they were proposed [101]

and, in the 1990, accepted [102] as the new standards for the voltage and electrical

resistance, respectively (KJ−90 and RK−90). Replacing in Eq. 1.11, the expression
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Figure 1.11: A schematic representation of the QMT experiment consisting in the verification of

the ’Quantum Ohm Law’ UJ = RH · Ip.

of UJ , RH and Ip given in Eqs. 1.7, 1.9 and 1.5, and using the expressions in Eqs.

1.12, 1.13 and 1.14, it is possible to obtain, within a first order approximation, the
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following equality [97,99]:

1 + (εp + εJ + εK) =
nJnH
2np

fJ
fp
. (1.15)

The quantities appearing on the right side of the equation are known with a very low

uncertainty and can be adjusted in order to obtain nJ ·nH ·fJ/ (2np · fp) = 1 [97,99].

The Eq. 1.15 becomes the following [97,99]:

1 + (εp + εJ + εK)± σexp = 1 (1.16)

where σexp represents the standard error associated to the experimental realisation

of the QMT. The QMT is considered closed when [97,99]:

εp + εJ + εK < σexp. (1.17)

Presently the missing leg to close the QMT is a quantised current source of the

order of ∼ 100pA generating a current with an accuracy of the order 10ppb. The

search for such a device started at the beginning of the 1990s and is still unfinished

but, in the last ten years, very good results approaching the goal have been reached,

as it will be shown in the next section. The closure of the QMT would lead to the

realisation of a self-consistent new system of units for the electrical quantities and to

the redefinition of the Ampere from the present-day cumbersome definition, based

on the relation between electrical and mechanical units [103]:

”The Ampere (symbol A) is the constant current which, if maintained in two straight

parallel conductors of infinite length, of negligible circular cross-section, and placed

1 meter apart in vacuum, would produce between these conductors a force equal to

2× 10−7 Newton per meter length.”

to the more straightforward [104]:

”The Anpere (symbol A) is the unit of electric current and its magnitude is set by

fixing the numerical value of the elementary charge e = 1.60217662X×10−19C, when

it is expressed in the SI unit A · s, which is equal to C.”

based on the constant of nature e. The status of the QMT experiment was re-

vised in several papers [97, 100, 105]. In [99] a QMT experiment is presented, for

which an agreement within 13ppm between the quantised pumped charge Qp and

the elementary charge e was found.
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1.2.2 Electron pump realisations and state of the art

During the last twentyfive years much progress has been made towards the realisa-

tion of a quantised current source generating a sufficiently high current (∼ 100pA),

with a sufficiently high accuracy (∼ 10ppb) for the closure of the QMT. Very compre-

hensive and up-to-date reviews on the different systems utilised for the realisation

of electron pumping devices can be found in [106–108]. The concept of the so called

single electron transport, on which the best candidates for the realisation of the new

electrical current standard are based, is directly related to the charge quantisaiton

observable on nanostructures [108–110]. The first system, on which the manipula-
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Figure 1.12: An equivalent circuit representation of the ’quantum box’ ((a)), the single electron

transistor ((b)) and a double-island (triple-junction) electron pumping device ((c)). These graphical

representations are based on figures in [108]

tion of single electrons could be achieved, is the so called ’quantum box’ (see Fig.
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1.12), i.e. a nanometric sized metal island (typically in Al) which, due to the low

size, is characterised by a very small capacitance C. Due to the small capacitance, a

large charging energy Ec is needed to load an electron on the island. When combin-

ing such a system to a tunnel junction (e.g. Al/Al3O2/Al), with junction resistance

RT and capacitance CT , and a voltage source, it is possible to control the number

of electrons to be loaded onto the island [108]. This is achievable within a regime

known as Coulomb blockade, for which the charging energy Ec, associated to the

system, is sufficiently high [108]:

Ec =
e2

2 (C + CT )
� kBT. (1.18)

In order to satisfy the condition expressed in Eq. 1.18, for the typically achievable

sizes of the metal islands, temperatures in the 10−100mK range are typically needed.

It is worth to stress that this charge quantisation process characterising the Coulomb

blockade regime is of different nature when compared to the one in a QD: for the

former case, the quantisation is of electrostatic nature whereas, for the latter, it is

related to the three-dimensional confinement. Besides the one expressed in Eq. 1.18,

a second necessary condition to observe charge quantisation is related to the quantum

fluctuations which occur with a characteristic time τF = RTCtot [108]. From the

time-energy Heisenberg uncertainty principle, a fluctuation energy ∆EF ∼ ~/τF can

be determined and this leads to the second necessary condition:

Ec � ∆EF ⇒ RT �
~
e2
. (1.19)

The building block for the realisation of electron pumping devices is the so-called

single electron transistor (SET), which consists of two quantum boxes connected in

order to form a common charge island, as shown in Fig. 1.12b. In a SET it is possible

to control the charging of the island by means of a gate electrode (UG) connected

to the island via a gate capacitance CG, as shown in Fig. 1.12b. In order to obtain

a scheme useful for the charge pumping, a second SET has to be connected to the

first one and two periodic phase-shifted driving signals UG1 and UG2 are needed for

the two gates as shown in Fig. 1.12c. The pumping process consists of the following

steps: increase of UG1 to load an electron from the source on the island 1, by means

of the decrease of the corresponding chemical potential; lowering of UG1 to increase

the chemical potential of the island 1 and increase of UG2 in order to load the charge

on the island 2; decrease of UG2 and corresponding unloading of the electron from

island 2 towards the drain. A more complete description of the process can be found

in [108]. In such conditions, the expression for the current is given by:

Ip = e · f, (1.20)

which is similar to the more general one in Eq. 1.5, for the special case of only 1

pumped electron per cycle, which is typical for systems based on SETs. As it will



20 Chapter 1. Introduction

Optically Driven

Electron Pump

(a) Current level

Optically Driven

Electron Pump
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Figure 1.13: The reported values of the currents and the corresponding values of the uncertainty

are reported in (a) and (b), respectively. The black symbols refer to electron pumps based on

metallic islands. The red symbols are associated to GaAs/AlGaAs systems. The magenta symbols

refers to Si based electron pumps. The blue symbols indicate electron pumping devices based on

superconductors. The optically driven electron pump is indicated in green. The data are taken from

the references [111–129]

be shown in the next part of this section, this will not always be the case for many

devices based on different types of driving schemes. From the Eq. 1.18 and 1.19,

it is possible to deduce the typical requirements for electron pumping in devices

based on the adiabatic control of the electron flow: low temperature, high tunnel
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resistance and low island capacitance. The high characteristic time (RTCT ) induces

significant limitations to the maximum driving frequency and, consequently, to the

maximum achievable current.

In Fig. 1.13 the value of the generated current and the corresponding uncertainties

estimated for a set of selected electron pumping devices, which have been realised

since 1990, are plotted as a function of the operating temperature.

The first device generating a quantised current directly proportional to the driving

frequency was an electron turnstile 1 based on four tunnel junctions presented by

Geerlings et al. in [111]; for a maximum frequency of 10MHz (1.6pA) current quan-

tisation was observed with an uncertainty of 2× 10−3 2.

The first electron pump, based on a triple Al/Al2O3 tunnel junction and two metal-

lic islands, was presented in [113, 130]: the maximum tested operating frequency

was 20MHz (3.2pA) and the quantisation of the current was observed within the

experimental limits of 0.02pA for the accuracy. The main limitation for the triple

junction electron pump was attributed to higher order tunneling effects (cotunnel-

ing) [4], which should be reduced when increasing the number of junctions. In [131]

the number of junctions was increased from three to five, obtaining a reduction of

the pumping uncertainty down to 5× 10−7. In [132], Keller et al. used a 7-junction

electron pump to realise a capacitance standard: the pump was used to place a

controllable number of electrons on a capacitor. For this device a very low uncer-

tainty for the electron pumping process of 1.5× 10−8 was obtained at a frequency of

10MHz. In spite of the very high accuracy, the low operation frequency, limited by

the high RTCT constant, strongly limits the applicability of this configuration for

the achievement of sufficiently high currents needed to realise a current standard.

Another approach, aimed at the suppression of cotunneling effects, is presented

in [112], where two resistors were added to a three-juction pump of the kind in [130]

between the double-island region and the contacts (R-pump). The resulting current,

pumped at a frequency of 6MHz (0.96pA), presented a better quality of the current

plateau, due to the reduction of the cotunelling processes, with an uncertainty on

the current of 10−4. An example of R-pump from Lotkhov et al. (2001) [112] is

shown in Fig. 1.14. A 3-junction R-pump was used in the experiment described

in [99], for the closure of the QMT.

Several new opportunities have been introduced by material systems based on semi-

conductors such as GaAs or Si. In such materials it is possible to engineer systems

for the confinement of a small number of electrons in lithographically defined or gate

induced QDs. For semiconductor QDs, the effect of the three dimensional confine-

ment is added to the coulomb blockade, already observable in the metal ’quantum

boxes’ discussed above. This is mainly due to a lower carrier density with respect to

the metal islands, which leads to longer de Broglie wavelengths, comparable to the

1The concept of electron turnstile is slightly different from the one of electron pump. As shown

in [109], for the turnstile, an applied source-drain bias is necessary to pump charges.
2With the term uncertainty the (dimensionless) relative error on the current is meant.
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Figure 1.14: In (a) and (b) respectively the equivalent circuit and a SEM micrograph an R-pump

based on a triple-junction scheme are sown. In (c) the plateau of quantised current is shown for

f = 6MHz. Reprinted from [112], with the permission of AIP Publishing, copyright 2001.

size of the nanostructure and giving rise to the formation of artificial atoms [108].

These effects were exploited for the realisation of different types of semiconductor

single electron devices. Differently from the ones based on metallic structures, on

many semiconductor based devices the external electric periodic modulation was

performed on the tunnel barriers allowing nonadiabatic driving schemes [133]. As

it will be shown below, the nonadiabatic driving scheme allowed to significantly in-

crease the driving frequency of the device and, consequently, to increase the level of

the generated current, keeping a high level of accuracy.

The first electron turnstile based on a semiocnductor QD was presented by Kou-

venohven et al. in [119, 134, 135]. For this device the QD was defined by gating a

GaAs/AlGaAs 2DEG. The electron pumping was obtained by means of the modu-

lation of the tunneling barriers with two phase shifted rf signals. In [120], another

turnstile device was presented, based on a QD structure obtained from the combi-

nation of gating and etching of a GaAs/AlGaAs 2DEG, working at 10MHz with

an uncertainty of 4× 10−3.

Significant improvement to both the current level and the accuracy was brought by

nonadiabatic electron pumps [133, 136]. An example of single-parameter nonadia-

batic pumping scheme is shown in Fig. 1.15. The first demonstrated electrically

driven nonadiabatic pump was based on an AlGaAs nanowire within which a QD

was gate defined [115]. The confining potential of the QD was modulated by means

of two external phase shifted sinusoidal pulses applied on two gates evaporated on

top of the nanowire. A current of ∼ 87pA was reached (f = 547MHz), with an

uncertainty of 10−4. A scheme for single parameter charge pumping was shown
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in [136, 137]. In [117] a pump based on a GaAs QD, driven by a single parameter

modulation of the potential, was reported; the generated current, at a temperature

T = 30mK and for an applied magnetic field of 5T , was ∼ 54.47pA, with an un-

certainty of 10−5. The beneficial effects associated to the application of a magnetic
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Figure 1.15: An example of single-parameter nonadiabatic pumping is shown. On the left-side

it possible to observe the driving scheme based on the rf tuning of one of the tunnelling barrier

defining the QD, by means of on optimised waveform. On the right side, in (e), the quantised

current generated by the pump at f = 945MHz is shown. Reprinted by permission from Macmillan

Publishers Ltd: [Nature Communications] [116], copyright 2012.

field, oriented along the direction orthogonal to the structure plane, were analysed

in [138], where an improvement of about 105 in the current quantisation was ob-

served when applying a magnetic field up to 14T . In [116] Giblin et al. reported

very remarkable results for a pump based on a GaAs QD, in a magnetic field of 14T .

The pump presented in [116], shown in Fig. 1.15, was driven by means of a one-

parameter scheme for the QD barrier tuning, which was based on the optimisation

of the waveform profile beyond the sinusoidal shape used in [117]. The optimised

waveform, the improvement of the current quantisation given by the high magnetic

field and the better design of the gate defined QD allowed to reach a current of

∼ 150pA (f = 945MHz) at a temperature of 300mK and with an uncertainty of

1.2ppm. In [114] another pump based on an AlGaAs/GaAs material system, but

with a different geometry with respect to the one presented in [116], showed a sim-

ilar uncertainty of 0.92ppm at f = 0.95GHz in a magnetic field of 11T and at a

temperature of 300mK. A significant improvement of the accuracy was achieved

in [121] where, for an applied magnetic field of 16T and at a temperature of 100mK,

a current of ∼ 87pA (f = 545MHz) was generated with an uncertainty of 0.2ppm.

Another driving scheme for electron pumping in GaAs/AlGaAs structures is based

on surface acoustic waves (SAWs) [118, 139, 140]. The electrons in a gate-defined

one dimensional channel, obtained in a GaAs/AlGaAs heterostructure, are trapped

in a ’moving potential well’, defined by the SAW, and pumped along the structure.

In [118], an accurate characterisation of the device performance showed that, for
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a driving frequency of 2.7GHz, a current of 432pA, with an error of 2 × 10−4 was

generated.

Besides GaAs/AlGaAs material systems, Si based structures were used for the

realisation of electron pumping devices. For Si based materials the analogous of

the AlGaAs/GaAs heterojunctions is obtained in SiO2/Si systems [108]. The de-

vices are typically based on Si nanowires, through which the current flows, being

controlled by metal-oxide-semiconductor (MOS) junctions. In general, the fabri-

cation technologies for Si allow to obtain very low-sized nanostructures, for which

the charging energy associated to Coulomb blockade effects is significantly higher

than for GaAs [108], resulting in the possibility of higher operating temperatures.

In [125,141] Ono et al. reported electron pumping on a device based on a dual-gate

SET with two metal-oxide-semiconductor-field-effect-transistors (MOSFET) used as

controllable channels for electrons. The generated current for the pump presented

in [125], operated at a temperature T = 20K, was 0.16pA (1MHz) with an uncer-

tainty of 1.2×10−2. In [123] an electron turnstile based on a Si wire charge-coupled

device (CCD) is presented; the device could be operated at the relatively high fre-

quency f = 100MHz, generating a current of 16pA with an uncertainty of 10−2,

at an operating temperature T = 20K. In [122] Fujiwara et al. reported a sin-

gle electron ratchet 3, based on a structure similar to the one in [123] but driven

by means of the nonadiabatic single-parameter tuning barrier scheme mentioned

above [136]. The device, operating at a temperature T = 20K, generated a cur-

rent of 1.1nA, corresponding to three electrons per cycle at f = 3.2GHz, with an

uncertainty of 10−2. In [124], a hybrid metal-semiconductor electron pump, based

on a SiNi nanowire interrupted by two MOSFET tunnel barriers, is presented. A

current of 104pA (f = 650MHz) was generated at a temperature of 0.5K, with an

uncertainty of 1.5 × 10−3. In [126], a single electron QD pump, realised by means

of the MOS technology on Si, is presented. This pump, by means of the tuning of

the QD confining potential at f = 500MHz, generated a current of ∼ 80pA with

an uncertainty of 50ppm.

Electron pumping was recently demonstrated also in other material systems such

as graphene [142] (fixed-barrier system based on a double graphene QD) or InAs

nanowire QDs (nonadiabatic single-parameter pumping) [143].

Several electron pumping devices have been realised using metals in the supercon-

ducting state. In particular, different configurations were based on hybrid conductor(N)-

insulator(I)-superconductor(S) systems [144], on superconducting islands [145] or

sluices [146] 4. In [144] two SET devices, based respectively on NISIN and SINIS

3The name single electron ratchet in [122], refers to the working principle of the device, which

is based on an asymmetric potential which captures the electrons from the source and ejects them

to the drain without a source-drain applied bias. This is true also for the devices typically named

single electron pumps.
4The term sluice, introduced in [146], refers to a device based on a tunable Cooper pair tran-

sistor, allowing to pump several hundreds of Cooper pairs per cycle.
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structures, were operated as electron turnstiles. The electron pumping on the de-

vice is driven by a periodic voltage applied to the gate electrode of the SET. The

electrons can be pumped from source to drain, without needing a second island

as for the three-junction device mentioned above [130]; this is due to the presence

of the superconducting gaps suppressing the tunneling processes, which prevent a

normal SET from working as a turnstile [108]. In [147] it is shown how ten SINIS

hybrid pumps can be parallelised giving rise to a current of ∼ 104pA at 65MHz

(T = 100mK). In [127] an analysis of the accuracy of a SINIS pump showed an un-

certainty of the order of 10−3 mainly related to Andreev tunneling events. Recently

Nakamura at al. [128] showed a system consisting of eleven hybrid pumps generating

a current of 17.6pA (f = 10MHz), with an uncertainty of 3× 10−4. Devices based

on completely superconducting structures can be found in [145, 146, 148, 149]. For

this type of devices the Cooper pairs are pumped through fixed junctions, similarly

to the normal metal pumps described above. The charging of the superconducting

islands is controlled by the modulation of gate voltages. In [145] and [148], devices

based on respectively three and seven junctions are presented. In [146] a device,

based on the pumping of several hundreds of Cooper pairs through a single super-

conducting island (sluice), is shown; the device is characterised by an uncertainty

of ∼ 2% at f = 10MHz for a number of pumped electrons between 200 and 400.

1.2.3 Optically driven electron pumping

In 2011 L.Nevou et al. [129] reported electron pumping on an optoelectronic device

based on self-assembled InAs/GaAs QDs. The working principle, based on the

optical excitation of the electrons sitting on the QD shells, represented a change of

paradigm with respect to the devices presented in Sec. 1.2.2. This optically driven

electron pump is based on a QDIP structure analogous to the one already mentioned

in Sec. 1.1, and shown in Fig. 1.7 [61]. The QD shells are selectively populated by

a QW injector; the structure is designed in order to populate the ground (s) shell of

the QDs at 0V applied bias. The pumping scheme, shown in Fig. 1.16, is based on

the complete ionisation of the entire QD ensemble by means of sufficiently powerful

optical radiation, i.e. complete saturation of the photodetector. The photoexcited

electrons escape towards the continuum above the GaAs bandedge and generate

a current. The QDs are refilled with the electrons from the QW injector after a

characteristic time τ . For a train of incident optical pulses of duration tp, generated

at a rate f , the electron pumping regime is attained when the double condition:

tp � τ � 1/f (1.21)

is fulfilled. Within this regime, the current delivered by the device can be expressed

as:

Ioptp (V ) = Ntot (V ) · e · f, (1.22)
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Figure 1.16: Schematic representation of the electron pumping mechanism at the basis of the

optically-driven electron pumping device.

where Ntot (V ) is the total electron population of the QD ensemble at a given bias

V . The expression in Eq. 1.22 is similar to the one given in Eq. 1.5. The current

quantisation is observed within the bias region for which the QD population stays

constant. The main advantages which can be envisaged for the adoption of this type

of approach are the following:

X High confinement energy (∼ 100meV ), typical of epitaxial InAs/GaAs QDs,

allowing to operate the devices at high temperatures (e.g. 77K or hgiher),

without the necessity of using complex systems (e.g. 3H/4Hee dilution refrig-

erators), which are instead indispensable to reach the ≤ 100mK temperature

range.

X High number (∼ 106) of QDs working in parallel, giving the possibility to

obtain currents of the order of nA for relatively low driving frequencies (∼
1kHz).

In [129] the current generated by the optically driven electron pump was 2.39nA,

obtained exciting the device with optical radiation at a rate f = 1kHz and temper-

ature T = 10K (see Fig. 1.17). The uncertainty on the generated current was of

∼ 0.1. The main factors limiting the accuracy to such a relatively low value are the

following:

- High inhomogenous spectral broadening associated to the QD ensemble, lead-

ing to spectral overlapping between different QD shells.

- High uncertainty (∼ 10%) on the number of QDs taking part to the photocur-

rent generation process.
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Figure 1.17: Current quantisation observed on an optically driven electron pump. Reprinted by

permission from Macmillan Publishers Ltd: [Nature Physics] [129], copyright 2011.

The research work presented in this thesis includes the study of structures very

similar to the one presented in [129]. The structure engineering for the realisation

of optically driven electron pumps, based on QDs with different spectral properties,

will be treated. A thorough study of the working principle of several devices, based

on the analysis of the properties of the current generated in the electron pumping

regime, will be presented.

1.3 Research Plan

The devices designed, fabricated and characterised for the research work presented in

this thesis are based on asymmetric heterostructures analogous to the ones adopted

in [61, 129]. As it is shown in Fig. 1.18, a QD plane is coupled to a QW electron

reservoir, via a GaAs/AlGaAs/GaAs multi-barrier structure. The heterostructure

is engineered in order to place the Fermi level between the s and p shells of the QDs.

A systematic study of the photogeneration process is necessary for the understand-

ing of the possible improvements of the QDIP performance. The quantum efficiency

of the detector is related to both the strength of the inter-sublevel absorption and

the extraction efficiency, quantified by an escape probability pe, of the photoexcited

electrons towards the continuum above the GaAs CB edge (see Fig. 1.18). The
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Figure 1.18: Sketch of the active region of the QDIP heterostructure. The Fermi level lies between

the s and p shells of the QDs. By means of mid-IR incident light the electron populating the s

shell of the QD can be excited onto upper shells, thereby escaping towards the continuum above the

GaAs band-edge. The QD shells are refilled with a characteristic time τ with the electrons from

the InGaAs QW reservoir.

nature of the inter-sublevel transitions (e.g. bound-to-bound, bound-to-continuum)

has a strong impact on the device performance at different values of the applied bias

voltage. Heterostructure engineering, aimed at high values of the escape probability

(ideally pe ' 1) and of the absorption strength, is necessary for the achievement

of high responsivity at 0V applied bias (photovoltaic operation), in a regime of low

dark current.

The realisation of an optically driven electron pump, for the generation of quan-

tised currents with a low uncertainty, is inherently related to the QDIP structure

engineering. An increase of the detector quantum efficiency would facilitate the

complete photo-ionisation of the entire QD ensemble, leading to a decrease of the

optical power needed for the complete device saturation. A decrease of the detector

dark current would have beneficial effects on the accuracy of the generated current

and would give the opportunity to operate the device at higher temperatures. The

necessary condition for the achievement of the electron pumping regime, given in Eq.

1.21 (Sec. 1.2.3), shows the relevance of the filling dynamics of the QD shells with

the electrons from the QW reservoir (see Fig. 1.18). The characteristic filling time

τ can be determined and tuned by means of the GaAs/AlGaAs/GaAs multi-barrier

engineering, defining a superior limit for the rate frequency f (see Eqs. 1.21 and

1.22 in Sec. 1.2.3) at which the electron pump can be driven. The route to overcome
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the main limitations to the device accuracy, spotted by L. Nevou et al. in [129], can

be determined working on several perspectives: self-assembled QD growth improve-

ment, QDIP heterostructure optimisation, control and enhancement of the optical

excitation.

A first important aspect to be taken into account for the development of a new

generation of electron pumping devices is related to the electronic properties of the

QDs. One of the main sources of the uncertainty on the first demonstrated electron

pump was the low spectral homogeneity of the self-assembled QD ensemble. A fun-

damental requirement for the selectivity of the electron injection on the s shell of

the QDs and, consequently, of the photoexcitation is the reduction of the spectral

overlapping between the s and p shells of the QDs. This is achieved by the improve-

ment of the epitaxial growth conditions of the QDs. As a figure of merit for the

evaluation of the spectral overlapping between the s (degeneracy g = 2) and p shells

(degeneracy g = 4, for QD with a circular base), the spectral purity Fs−p can be

defined as:

Fs−p =
∆s−p

FWHM
, (1.23)

where ∆s−p is the energy separation between the s and p QD shells and FWHM

represents the (Gaussian) spectral broadening of the QD ensemble. The behavior

of the spectral overlapping of the QD ensemble, defined as the intersection area

between the two Gaussian peaks associated to the s and p shells, is shown in Fig.

1.19. In the example shown in Fig. 1.19, for FWHM = 30meV , two cases were

considered, with ∆s−p = 40meV and ∆s−p = 60meV , resulting in Fs−p = 1.33 and

Fs−p = 2.0, respectively. Increasing Fs−p of a factor ∼ 1.5 leads to a decrease of the

spectral overlapping of a factor of ∼ 5.

The effects of electrostatic interactions between electrons on QDs have also an impact

on the electron injection of the electrons onto the QD shells. As already discussed

above in Sec. 1.2.2, when describing Coulomb blockade effects, nanometric sized sys-

tems are characterised by a relatively small capacitance, resulting in high charging

energies. Although for an InAs epitaxial QD the charging energies are significantly

lower than the confinement energies, they can be comparable to FWHM or to ∆s−p,

thereby having relevant effects on the charge injection process. Differences in the

QD geometry result in different charging energies, leading to observable effects on

the electron pump current quantisation.

As already mentioned in Sec. 1.2.3, the other main source of error limiting the

performance of the optically driven electron pump in [129] is the high uncertainty

on the number of QDs taking part to the photocurrent generation process. One

of the possible techniques which can be used for a non-destructive in-situ estima-

tion of the QD number on the device is the imaging of the QD inter-band micro-

photoluminscence (µ−PL). The inter-band PL emission from InAs QDs is usually

peaked at λ ∼ 1µm, therefore a reduction of about two order of magnitude of the

QD density, from ∼ 1010cm−2 (QD density in [129]) to ∼ 108cm−2, would be needed
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(a) (b)

(c)

Figure 1.19: The inhomogenously broadened peaks associated to the s and p shells of a QD ensemble.

For FWHM = 30meV , two values ∆s−p = 40meV (in (a)) and ∆s−p = 60meV (in (b)) have been

chosen. In (c) the dependence of spectral overlapping between the s and p shells is shown.

for imaging. For this purpose the necessary growth conditions should be determined,

in combination with the increase the QD spectral purity.

As shown in Sec. 1.1.1, several beneficial effects can be obtained on the QDIP

performance by using optical nano-antennae for the responsivity enhancement. In

particular, complementary split ring resonator (CSRR) nano-antennae for the mid-

IR (see Fig. 1.10) can be implemented on the devices, by patterning the top metal

contact, as shown in Fig. 1.20. The proximity of the detector active region to the top

n+ −GaAs contact can be exploited to couple the QDs to the near field associated

to the localised LC mode. Due to the presence of field components polarised along

the growth direction, it is possible to obtain a significant increase of the coupling

efficiency for normally incident light. Using nano-antennae for the enhancement of

the detector peroformances can have a significant impact on the working principle

of the optically driven electron pump. Several advantages can be easily predicted:
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Figure 1.20: Schematic representation of a CSRR nanoantenna coupled device. The CSRR 2D

array is obtained by patterning the top metal contact of the device.

� Better control over the QDIP saturation process, on which the electron pump-

ing regime is based. A reduction of the optical incident power necessary for

the complete QD ionisation can be achieved.

� Spectral selectivity of the optical excitation, which could allow an effective

reduction of the spectral broadening associated to the QD ensembles of the

device. This effect would be an advantage for the achievement of the current

quantisation.

� Spatial selectivity of the excitation, concentrated within the nano-antennae

’hot spots’, corresponding to the localised mode surfaces. This effect can

be exploited to control the number of QDs taking part to the photocurrent

generation, thereby reducing the uncertainty on the pumped current.

� Reduction of the device dark current, due to the reduction of the device area,

by removing the regions not involved in the photoexcitation process. This

effect would reduce the noise on the photocurrent.

Other approaches can be conceived, combining the spatial selectivity of the nano-

antenna excitation and the reduction of the device area. A possible design could

be envisaged, for which a very small number of QDs could be coupled to nano-

antennae, allowing a spatially and spectrally controllable excitation. The device

heterostructure can be engineered to reduce the refilling time τ , thereby allowing
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higher excitation pulse rates f , in order to compensate for the reduction of the QD

number; the generated quantised currents would be sufficiently high for metrological

applications.

1.4 Thesis structure

The thesis is structured as follows:

� Ch. 2 contains an introduction to the electronic properties of the semiconduc-

tor QDs. The typical method adopted for the resolution of the Schrodinger

equation in QD heterostructures, within the envelope function approximation,

will be introduced, for the determination of the shell structure in dependence

of the QD geometry and composition. Finally, the interaction between electro-

magnetic radiation and the zero-dimensional QDs will be treated in comparison

with the case of the two-dimensional QW. Particular attention will be focused

on the inter-sublevel absorption processes, at the basis of the working principle

of the devices discussed in the subsequent chapters.

� Ch. 3 is dedicated to the description of the morphological and electronic

properties of the QD ensembles which are implemented in the heterostructures

at the basis of the devices described in the thesis. By means of a combined

analysis, based on scanning electron microscopy (SEM) and photoluminescence

at low temperature, the shell structure is related to the geometrical properties

of the QDs.

� In Ch. 4 the heterostructures, based on the QD ensembles discussed and

characterised in Ch. 3, will be introduced. The engineering of the active

region of the devices, by the self-consistent solution of the Schrodinger and

Poisson equations within the heterostructures, will be shown.

� Ch. 5 includes a brief description of the main fabrication techniques utilised

for the realisation of the devices characterised and studied in the thesis.

� In Ch. 6 the electrical and optical characterisation of the QDIPs is discussed.

The spectral response of the photodetectors is studied in relation to the shell

structure of the QDs. Finally, the characterisation of the detector performance,

by means of of the estimation of the responsivity and the specific detectivity,

will be discussed.

� Ch. 7 includes the study of the dynamics of the electron injection mechanism,

from a 2D QW injector to the QD shells, in the heterostructures on which the

devices are based.

� In Ch. 8 two optically driven-electron pumps, based on two different types of

QD ensembles, are studied. From the analysis of the photocurrent generated
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by the devices in saturation conditions, the electron injection mechanism can

be studied. The bias dependence of the current will be related to the spectral

and electrostatic properties of the QDs.

� Ch. 9 is devoted to the study of the enhancement of the detector performance

by means of nano-antennae for mid-IR radiation. The spectral resonances and

the corresponding field distributions will be analysed, for a two-dimensional

array of nano-antennae. The performance of a nano-antenna coupled device

will be compared with the ones of a reference device, in order to quantify the

effects on the detector photoresponse.
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Chapter 2

Electronic Structures of Confined

Systems

Introduction

The purpose of this chapter is to treat briefly the quantum mechanical properties of

semiconductor confined heterostructures. The attention will be focused on the two

types of structures which have been the fundamental elements at the basis of the

optoelectronic devices fabricated and characterised for the research work presented

in this thesis. The main elements, which have an important role for the definition of

the electrical and optical properties of the devices presented in the following chapters,

are the quantum well (QW) and the quantum dot (QD) heterostructures. In the

first type of structure, the carriers are confined along one direction, which coincides

with the growth direction. For the second type of structure, the carriers are confined

along all three dimensions. For both types of structures, the possibility to tailor the

optical and electrical properties of the material will be related to their particular

electronic structures. The envelope function approximation (EFA) will be introduced

for the treatment of the quantum confinement in semiconductor heterostructures.

The electronic structure of QD heterostructure will be treated in more details, in

order to understand the spectral properties of the 0D structures oat the basis of the

devices presented in this thesis. The main material systems which are utilised to

attain the quantum confinement of the carriers in semiconductors will be reported,

with particular attention to the ones adopted for the realisation of the structures

presented in this thesis. The structure of the chapter can be summarised in the

following way:

� Introduction to the main structural and the electronic properties of the binary

semiconductor compounds used for the band structure engineering.

� A brief overview of the k · p approximation method.

� The band structure of QW heterostructures.
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� The band structure of the QD heterostructures.

� The properties of the DOS for 2D and 0D confined heterostructures.

� Optical properties of QWs and QDs.

2.1 III-V binary compounds

In order to understand the quantum mechanical properties of the semiconductor

heterostructures which will be discussed in this thesis, it is worth to introduce the

main electronic features of the materials acting as ’building blocks’ for the realisa-

tion of quantum confined structures. The binary compounds consisting of elements

belonging to the groups III and V of the periodic table (e.g. GaAs, InAs, InP , InSb

etc.) crystallise in the so called zinc-blende structure, consisting of a face centered

cubic (fcc) lattice with two atoms per unit cell [15, 150], as shown in Fig. 2.1. The

corresponding first Brillouin zone (shown in Fig. 2.1) is a truncated octahedron, the

center of which, indicated with Γ, represents the point of highest symmetry for the

system. For many III-V compounds, differently from the elements of group IV (e.g.

Si, Ge), the reciprocal lattice point corresponding to the minimum of the conduc-

tion band (CB) coincides with the one corresponding to the maximum of the valence

band (VB) (direct band gap materials); the minimum of the band gap coincides with

the Γ point (see Fig. 2.2). For III-V binary compounds 8 (3 from the element III

and 5 from the element V) electrons contribute for the formation of the chemical

bonds [15]. The bonding s-like hybridised orbitals generate bands at relatively low

energy, which are always occupied by two electrons. The bonding hybridised p-like

orbitals, involving the remaining 6 electrons per unit cell, generate three valence

bands at higher energy, which usually strongly contribute in determining the optical

end electrical properties of the corresponding materials. The CB originates from the

anti-bonding hybridised orbitals at lower energies; typically the s-like anti-bonding

band is at an energy lower than the p-like anti-bonding bands [15].

2.2 The k · p approximation and the Kane model

The time independent Schrodinger equation for the electrons in a crystal can be

written as [15,151]: (
p2

2m0

+ V (r) + VSO (r)

)
ψ (r) = Eψ (r) , (2.1)

where V (r) represents the effective potential acting on the electrons in the atoms

of the crystal and VSO (r) represents the spin-orbit contribution and is given by the

following expression:

VSO (r) =
~

4m2
0c

2
(σ ×∇V ) · p. (2.2)
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Figure 2.1: The unit cell (on the left) and the first Brillouin zone (on the right) of the zinc-blende

crystal lattice.
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Figure 2.2: The band diagram in proximity of the maximum symmetry Γ point for a direct band

gap semiconductors. The three VB edges (SO, lh and hh) and the CB edge are shown.

Due to the periodicity of the electron potential in the crystal lattice, the eigenfunc-

tions, according to the Bloch theorem, can be written as:

ψn,k (r) = ek·run,k (r) . (2.3)

For the most of the applications in semiconductor physics the attention is focused

on the electronic properties for very small values of k in proximity of the band

extrema. The k ·p approximation is based on the computation of the band structure

at k = 0, and the consequent expansion of the wavefunctions on the basis {un,0}.
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When considering the action of the Hamiltonian operator on the Bloch functions,

the following expression is obtained [15,151]:[
p2

2m0

+
~

4m2
0c

2
(σ ×∇V ) · p+

~
m0

k ·
(
p+

~
4m0c2

(σ ×∇V )

)
+

~2k2

2m0

+ V (r)

]
un,k (r) = En,kun,k (r) . (2.4)

It is therefore possible to split the Hamiltonian in two terms:

H (k = 0) =
p2

2m0

+ V (r) +
~

4m2
0c

2
(σ ×∇V ) · p, (2.5)

which is independent on k, and:

W (k) =
~
m0

k · π +
~2k2

2m0

, (2.6)

where:

π = p+
~

4m0c2
(σ ×∇V ) . (2.7)

A very effective approach to solve the Eq. 2.4 is to expand the solution for a given

band n over a finite subset of bands at k = 0 [152]:

un,k (r) =
∑
m

cnm (k)um,0 (r) . (2.8)

Taking the the wavefunction expressed in 2.8 and projecting the equation 2.4 onto

the state uM,0, the following equation is obtained [15,151] (Kane model):(
EM,0 +

~2k2

2m0

− En (k)

)
c

(n)
M (k) +

~
m0

∑
M 6=n

k · 〈uM,0|π|um,0〉c(n)
m (k) , (2.9)

which is then solved exactly. The higher the number of bands which are taken into

account, the more accurate the solution. A very good accuracy is achieved when

taking into account the contribution from all the 8 band edges mentioned above in

Sec. 2.1 (2 from the CB and 6 from the VB, taking into account the two-fold spin

degeneracy). Due to the presence of the spin-orbit term in the Hamiltonian, it is

convenient to choose a basis for which the total angular momentum J = L+ σ is

diagonal [15]. For the s CB edge, the states are |S, 1
2
,±1

2
〉; for the VB the hh band

edge states are |P, 3
2
,±3

2
〉, the lh band edge states are |P, 3

2
,±1

2
〉 and the SO band

edge states |P, 1
2
,±1

2
〉 see Fig. 2.2. In the following sections the general expression

of the Kane problem expressed in Eq. 2.9, will be applied to the specific cases of

QW and QD semiconductor heterostructures.
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2.3 Quantum Well heterostructures

Composite semiconductor material systems can be obtained by the epitaxial growth

of layered media. The band structure of these semiconductor heterostructures, with

different layer compositions, can be engineered to obtain specific electronic and opti-

cal properties. Several types of heterostructures can be obtained, depending on the
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Figure 2.3: The growth of layers with different composition by means of MBE is schematically

represented for the case of a QW heterostructure. This schematic representation is based on an

analogous figure in [151].

materials chosen for the composition of each layer. The carriers in the composite

medium undergo a spacially varying potential. The epitaxial growth (see Fig. 2.3) of

the different layers forming the heterestrcucture, typically performed by molecular

beam epitaxy (MBE) or metal-organic vapour phase epitaxy (MOVPE), is strongly

influenced by the structural parameters of the different compounds which are jux-

taposed. In particular, materials which are lattice matched should be chosen, in

order to avoid the strain of the atoms belonging to the different crystal structures.

For lattice mismatched crystals, it is only possible to grow thin layers of thickness

below a critical value, above which the structure will relax, thus creating a degra-

dation of the quality of the crystal. As shown in Fig. 2.4, different compounds can

have significant differences in the lattice constants: a typical example is the lattice

mismatch of about 7% existing between InAs and GaAs, which is exploited for the

growth of QDs, as will be shown below in this chapter.
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Figure 2.4: The band gap energy for different semiconductor compounds is shown as a function of

the lattice constant at T = 4.2K. The figure is adapted from [150]

In this section, particular attention will be focused on the case for which a layer of

material B, with band gap energy EB
g = EB

c −EB
v , is sandwiched between two layers

of material A, with band gap energy EA
g = EA

c −EA
v , such that EA

g > EB
g , EA

c > EB
c

and EA
v < EB

v . This interface, known as type-I interface, is such that the carriers

in the CB and the VB are subjected to a confining potential along the spatial co-

ordinate associated to the growth direction (namely z) and is an example of QW

heterostructure. The confining potential, when compared to the crystal periodic

potential appearing in the Eq. 2.4, is a slowly varying function of z. Some examples

of material systems used to obtain such a heterostructure are AlxGa1−xAs/GaAs

or AlxIn1−xAs/InP ; in this thesis several structures based on InxGa1−xAs/GaAs,

with x < 0.3 and for thicknesses which are kept below the relaxation limit, will be

presented.

2.4 Envelope Function approximation

For the computation of the band structure in semiconductor heterostructures, an

extension of the above mentioned k · p method is necessary. In this section the case

of the confinement along one dimension in a QW heterostructure is briefly intro-

duced. The determination of the QW electronic structure allows to understand the

main steps of the approximations which are at the basis of the solutions of three-

dimensional problems, as for the case of QD heterostructures, which will be shown

below in this chapter. The presence of the one-dimensional confining potential in a

QW leads to the reformulation of the problem in terms of systems of one-dimensional

equations which can be explicitly expressed more straightforwardly when compared
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to the three dimensional case. The QW heterostructure introduced above, consist-

ing of the layer B sandwiched between two layers of material A of larger band gap,

as shown in Fig. 2.5, is considered. The first assumption is that the system wave-
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Figure 2.5: A schematic representation of a QW heterostructure evidencing the presence of the

confining potential along the growth direction z.

function can be written as the sum of slowly varying functions fA,Bl (r), associated

to the slowly varying spatial potential of the heterojunction, which modulate the

Bloch states of the materials [15, 151]:

ψ (r) =
∑
l

fA,Bl (r)uA,Bl,0 (r) . (2.10)
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Two more assumptions are made: the envelope functions fA,Bl (r) are slowly varying,

when compared with the Bloch functions, which are associated to the crystal peri-

odicity. This means that, when written in a Fourier decomposition, the wavevectors

are close to the center of the Brillouin zone; the second assumption is that the Bloch

functions are identical in the two different materials A and B. This leads to rewrite

the Eq. 2.10 as:

ψ (r) =
∑
l

fA,Bl (r)ul,0 (r) . (2.11)

The system is such that along two directions it is translationally invariant and that

the ’slow’ modulation of the potential occurs along only one direction (z). The

in-plane direction will be indicated as ‖ and the one along the modulation, which

coincides with the growth direction, will be indicated as ⊥. The envelope functions

assume the following form:

fl
(
r‖, z

)
=

1√
S

exp
(
k‖ · r‖

)
χl (z) , (2.12)

where r‖ ≡ (x, y), k‖ ≡ (kx, ky) is the in-plane wavevector and S is the system area.

The heterostructure Hamiltonian can be written in the form:

H =
p2

2m0

+ VA (r)YA + VB (r)YB, (2.13)

where YA,B are Heavy-side functions, such that:

YA(B) (r) =

{
1 if r ∈ layer A (B)

0 if r ∈ layer B (A)
. (2.14)

To obtain the reformulation of the problem for the case of space dependent band-

edges, several steps are required. When the Hamiltonian operator in Eq. 2.13 acts

on the function ul0 (r), the result is the following:

Hul0 (r) =
(
EA
n (0)YA + EB

n (0)YB
)
ul0 (r) . (2.15)

After having performed the following integration:∫
u∗m,0 (r) exp

(
−ik‖ · r‖

)
χA,Bm (z)Hψ (r) dr, (2.16)

the problem can be rewritten in a very convenient matrix form, as a set of N

eigenvalue problems, where N is the number of bands included:

D(0)

(
z,−i~ ∂

∂z

)
χ = Eχ, (2.17)

where χ is a N dimensional column vector and D(0) a N ×N matrix, the elements

of which are the following:

D
(0)
l,m

(
z,

∂

∂z

)
=

(
Vl (z) +

~2k2
‖

2m0

− ~2

2m0

∂2

∂z2

)
δl,m +

+
~k‖
2m0

〈l|p‖|m〉 −
i~

2m0

〈l|pz|m〉
∂

∂z
, (2.18)
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with Vl (z) = E
(A)
l,0 YA + E

(B)
l,0 YB. It is worth to notice that this matrix operator has

a form which resembles the one for the k · p Hamiltonian introduced above in Eq.

2.4, for bulk materials with [15]:

� kz replaced by −i∂/∂z

� position dependent band edges El,0 (z).

Such approximation is named Envelope Function approximation (EFA). It is in-

structive to consider the one-band case, which gives a good intuition of the different

contributions to be taken into account for the study of heterostructures.

2.4.1 The one-band model

In the one-band case only the conduction band is taken into account. The corre-

sponding Schrodinger equation is the following [151]:(
− ~2

2m∗
∂2

∂z2
+ V (z)

)
χ (z) = Eχ (z) , (2.19)

where the effective mass m∗ coincides with the curvature of the conduction band,

assumed as parabolic. A better approximation takes into account the dependence

of the effective mass on the material, therefore on the position z: m∗ = m∗ (z). The

Schrodinger equation can be rewritten as [15]:(
−~2

2

∂

∂z

1

m∗
∂χ (z)

∂z
+ V (z)

)
χ (z) = Eχ (z) . (2.20)

The continuity boundary conditions are imposed on the wavefunction χ (z) and

1/m∗∂χ/∂z. For the case of the QW heterostructure it is possible to consider con-

stant potentials in the two materials, VA and VB respectively:

V (z) =

{
VB if |z| ≤ L/2

VA if |z| > L/2
, (2.21)

where L is the thickness of the layer of material B. The effective mass m∗ is also

approximated as being constant for the two materials:

m∗ (z) =

{
m∗B if |z| ≤ L/2

m∗A if |z| > L/2
. (2.22)

The zero of the energy can be fixed on the band edge of material B obtaining:

V (z) =

{
0 if |z| ≤ L/2

Vb ≡ VA − VB if |z| > L/2
. (2.23)
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Figure 2.6: A schematic representation of the bandstructure of QW heterostructure for a one-band

model. The CB and VB subbands are shown in the parabolic approximation.

The solutions for the Schrodinger equation are found imposing the continuity bound-

ary conditions introduced above for χ (z) and 1/m∗∂χ∂z. When considering the case

of perfect confinement, for which Vb = +∞, Eq. 2.20 can be solved analytically and

a zero boundary condition is imposed for the wavefunction χ (±L/2) = 0, obtaining

the following expressions for the wavevectors:

kn = n
π

L
, (2.24)

and the corresponding eigenvalues:

En =
~2k2

n

2m∗
=
n2π2~2

2m∗L2
. (2.25)

The corresponding parabolic subbands associated to the single band taken into ac-

count in Eq. 2.20 are expressed as:

En
(
k‖
)

= En +
~k2
‖

2m∗
. (2.26)

The one-band model allows an acceptable description for the CB states; the s-like

conduction band mentioned above in Sec. 2.2 can be treated, in a first approxima-

tion, independently from the three p-like valence bands. For the hole states, the
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one-band model results inappropriate due to valence band mixing. On the other

hand, a first intuition for the confined states in the VB can be obtained considering

the solutions for the heavy-hole (hh) and light-hole (lh) bands separately. In Fig.

2.6 the band structure of a QW heterostructure is schematically represented, includ-

ing the subbands associated to the confinement in the hh and lh bands, within the

one-band approximation. Due to the different effective masses associated to the two

bands, the degeneracy at the Γ point is split. The confined state at higher energy in

the valence band, since m∗hh > m∗lh, is the one associated to the hh band. Depending

on the material system, therefore, on the values for the effective masses associated

to the bands, the ground level of the lh band can be at a higher or lower energy

with respect to the first excited state for the hh band. In spite of its simplicity, the

one-band effective mass model will be very helpful in the following sections of this

chapter, for the discussion of the optical properties of the confined structures.

2.5 Quantum Dot Heterostructures

A quantum dot (QD) heterostructure, differently from a QW, is characterised by

a three dimensional confinement. The starting point to understand the properties

of 0D structures is the case of perfect confinement (infinitely high barriers). The

solutions of this problem can be obtained from the extension of the case reported in

Sec. 2.4.1 for the perfect confinement along the growth direction. When considering

a perfect quantum box with side lengths Lx, Ly and Lz, along the three directions

x, y and z, the solutions of the eigenvalue problem are the following:

ψnx,ny ,nz (x, y, z) =

√
8

LxLyLz
sin

(
nxπ

Lx
x

)
sin

(
nyπ

Ly
y

)
sin

(
nzπ

Lz
z

)
(2.27)

and the eigenvalues are:

Enx,ny ,nz =
~2π2

2

(
n2
x

mxxL2
x

+
n2
y

myyL2
y

+
n2
z

mzzL2
z

)
, (2.28)

where mxx, myy and mzz are the diagonal elements of the effective mass matrix in

the quantum box. It is possible to label the states, using the three quantum numbers

nx, ny and nz, as |nx, ny, nz〉. From the expression of the eigenvalues in Eq. 2.28,

the effect of the confinement along each direction can be understood. In particular,

differently from the case of the QW, in a QD heterostructure the quantisation occurs

in sublevels instead of subbands, due to the quantisation of the three component of

the wavector k. The typical epitaxial QDs are characterised by a low aspect ratio

(∼ 0.1 − 0.3) between the along-growth and in-plane dimensions: Lz � Lx,y. This

means that the confined excited states at lower energies are the ones associated to

nx, ny > 1.

The problem of solving the Schrodinger equation in a realistic QD heterostructure
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is quite challenging, when compared with the one of the QW heterostructure [153].

The first reason for the increased complexity of the computation in inherently re-

lated to the three-dimensional nature of the confinement which does not allow to

write a one-dimensional Schrodinger equation. The second reason is the shape of

the confinement potential which is related to the geometry and the composition of

the structures. The shape of the QDs depends on the adopted growth technique and

the material system. Typical InAs/GaAs QDs have a lens-shaped structure. Quite

often the shape of the QDs has been approximated as pyramidal or truncated pyra-

midal, depending on the aspect ratio. The high confinement energies of the states

in the QDs do not allow to use reliably a one-band model, and all the contributions

from the valence bands in the k · p approximation should be taken into account,

in order to go beyond the parabolic approximation [153]. For these reasons, many

computation techniques for the QD electronic structure have been based on 8-band

k · p approximation. Other approaches have been used to compute the QD spec-

tra, which are based on atomistic or quasi-atomistic pseudo-potential approaches.

Finally, another important contribution to be taken into account is the one related

to the lattice mismatch between the materials used to obtain confined island and

which will be briefly introduced in the next section.

2.5.1 Self-Assembled Quantum Dots

The semiconductor QDs presented in this thesis belong to the category of the so-

called self-assembled (SA) QDs, obtained by the Stranski-Krastanow (S-K) growth

technique [14]. For the latter the QD nucleation relies on the formation of dislocation-

free islands, which have a base size smaller than 50nm. The materials suitable

for this type of growth method should have a lattice mismatch not exceeding the

8% [154]. Looking at the plot in Fig. 2.4, it is possible to find some of the numerous

material systems which fulfill the lattice mismatch condition and allow QD forma-

tion: InAs/GaAs [7–9], InP/GaAs [154], GaSb/GaAs [155], Ge/Si [156]. For such

systems, the material characterised by the larger lattice constant is compressively

strained in order to match coherently the underlying crystal characterised by the

shorter lattice length; in these conditions, the formation of dislocation-free islands

can occur. The most used material system for the growth of SA-QDs consists of a

compressively strained layer of InAs grown on GaAs, with a lattice mismatch of

7% between the two materials. In the early ’90s the formation of 3D islands was

obtained by means of MBE [7–9,154,157,158] and MOVPE [154]. The growth of the

InAs layer over the GaAs begins with the formation of a 2D wetting layer (see Fig.

2.7); for a temperature above 500°C (typically around 530°C), when the InAs layer

thickness reaches values > 1.5 monolayers (ML) [159] a phase transition can occur

and 3D coherent islands start forming. At the increase of the InAs layer thickness,

the density of the islands increases. For values of the layer thickness between 1.5ML

and 2.5ML, the diameter of these coherent islands is about 20nm and, in these con-
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ditions, SA-QDs are formed [159]. When the thickness of the layer is far beyond

the value of 2ML, the appearance of incoherent relaxed islands, which are much

larger than the SA-QDs, is typically observed [159]. Several parameters affect the

size, density and chemical compositions of the islands. Typically the growth rate,

the temperature and the As flux are used to tune the morphology of the islands.

The density of the islands varies between 108cm−2 and 1011cm−2, depending on the

growth conditions. The completion of 3D confined heterostructure is obtained by

growing a layer of GaAs on the top of the QDs: the presence of the capping strongly

influences the shape and the chemical composition of the QDs. Beside the standard

GaAs capping, different types of alloys have been used e.g. InGaAs, InAlAs,

AlGaAs, which allowed to engineer the electronic structure of the QDs [160–163].

The SA-QDs presented in this thesis where grown by means of the S-K technique;

x

y

z

z = [0, 0, 1]

QD formation

Figure 2.7: The steps of the growth of InAs QDs on GaAs. Below a critical thickness of ∼ 1.5ML,

a 2D InAs strained WL is formed. Above the critical thickness the InAs starts nucleating in lens-

shaped islands.

their typical dimensions are L‖ ' 25−30nm (in-plane directions) and L⊥ ' 4−6nm

(growth direction). Ensembles of SA-QDs, obtained using different growth condi-

tions and having different geometries and densities, will be presented in the next
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chapters.

2.5.2 The effects of the strain

For the typical pseudomorphic growth of layered materials, the effects of the displace-

ment of the atoms in the crystal should be taken into account in the Hamiltonian

of the system. As shown above, the effects of the strain are particularly relevant

for systems as the 3D confined islands, obtained by the the S-K technique. Several

methods have been adopted for the inclusion of the effect of the strain. In order to

describe the deformation of a system, the strain tensor ε can be expressed, in terms

of the components of the infinitesimal displacement u ≡ (ux, uy, uz), as [164]:

ε =

∂ux
∂x

∂uy
∂x

∂uz
∂x

∂ux
∂y

∂uy
∂y

∂uz
∂y

∂ux
∂z

∂uy
∂z

∂uz
∂z

 . (2.29)

The first simpler approach to include the effects of the strain is to use a continuum

mechanical (CM) approximation to express the energy associated to the strain as

[165]:

UCM =
1

2

∑
i,j,k,l

Cijklεijεkl, (2.30)

where, due to the cubic symmetry of zinc-blende crystal structures, many of the

elastic constants Cijkl are equal to zero, thus reducing the number of parameters.

An atomistic approach is at the basis of the valence force field (VFF) approximation

[166]; when considering a crystal, the total elastic energy can be expressed as [165]:

UV FF =
1

4

∑
i

(
αij
4

∑
j

(
rij · rij − 3d2

ij

)2

d2
ij

)

+
1

4

∑
i

(∑
j

∑
k 6=j

βijk
2

∑
j

(rij · rik + dijdik)
2

dijdik

)
, (2.31)

where rij indicates the vector distance between the i-th atom in the lattice and its

j-th neighbour, 4dij is the lattice constant of the binary i− j constituent and α and

β can be expressed in terms of the cubic elastic constants. The first term in Eq.

2.31 accounts for the contribution from the ’bond-stretching’ effect, induced by the

strain, whereas the second term for the ’bond-bending’ effect [165]. The VFF model

was also generalised, in order to include higher order bond-stretching terms, as well

as bond-length/bond-angle interactions [167].

The strain contribution on the band bandstructure can be computed from the min-

imisation of the elastic energy. The elastic energy density, for a cubic crystal, can

be decomposed as u = us + ud, where us is the dilatation energy density and ud is

the distortion energy density [165]. The deformation component uc is [168]:

us =
E

6 (1− 2ν)
I2, (2.32)
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where E is the Young modulus, ν is the Poisson ratio and

I = εxx + εyy + εzz (2.33)

is the hydrostatic (isotropic) component of the strain [168]. The distortion compo-

nent of the energy density is expressed as [168]:

ud =
E

6 (1 + ν)

(
(εxx − εyy)2 + (εxx − εzz)2 + (εyy − εzz)2) (2.34)

and is related to the biaxial component of the strain [168]:

B =

√
(εxx − εyy)2 + (εxx − εzz)2 + (εyy − εzz)2. (2.35)

For a biaxially strained layer grown along the z ≡ [0, 0, 1] direction (e.g. an InGaAs

layer grown on top of GaAs), the CB and VBs are shifted [164]. When using a

8-band k · p model to determine the band structure of QDs, it is possible to include

the effects of the strain on the different bands. For the CB the shift in energy,

induced by the hydrostatic strain component, can be expressed as [2, 164]:

δEc = ac (εxx + εyy + εzz) = acI, (2.36)

where ac is the CB hydrostatic deformation potential. For the VBs, related to the

symmetry properties of the strain, significant energy shifts can be computed. When

considering the example of biaxial strain within the QD plane, for the heavy and

light hole bands the shift in energy can be expressed as [164]:

δEv
hh = av (εxx + εyy + εzz)−

b

2
(2εzz − εxx − εyy) (2.37)

δEv
ll = av (εxx + εyy − εzz) +

b

2
(2εzz − εxx − εyy) (2.38)

where av is the hydrostatic deformation potential of the VB and b is a shear defor-

mation potential [2]. For the case of compressive strain, the hh band edge is pushed

toward higher energies with respect to the lh band; the opposite happens for tensile

strain, when the lh bande edge is pushed to a higher energy. The effects on the CB

and VBs are depicted in Fig. 2.8.

For QDs the larger lattice constant of the InAs with respect to the GaAs, induces

a negative sign to the isotropic strain component within the InAs region and, con-

sequently, a compressive hydrostatic strain. An increase of the band gap of more

than 100meV was estimated [153]. The compressive strain within the QD plane

pushes the hh band toward energies higher than the lh band, breaking the degener-

acy at the Γ point; an energy splitting between hh and lh bands, of about 200meV

was computed [153]. For QDs also the off-diagonal components of the strain tensor

should be taken into account [165]. Associated to these components of the strain,

a piezoelectric potential is generated which, for high aspect ratio dots, could induce

corrections of the order of ∼ 10meV to the energy levels [153,169].
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Figure 2.8: The variation of the band structure induced by the presence of biaxial strain within

the growth plane (e.g. the InAs QD plane). The CB and the VB are shifted, due to hydrostatic

strain components. The energy splitting between the hh and lh band edges is positive for the case

of compressive strain, and negative for tensile strain.

2.5.3 The 8-band k · p approach

The approach used in many studies to solve the Schrodinger equation in QD het-

erostructures is based on the 8-band k · p model within the envelope function ap-

proximation [153, 165, 169, 170]. The inclusion of the strain, as mentioned above, is

essential to obtain a more realistic model for the QD. The Hamiltonian operator can

be defined as [153,170]:

HQD = H8kp +Hs, (2.39)

where the term H8kp is obtained, using the envelope function approximation, includ-

ing the contributions from the conduction band and the heavy-hole (hh), light-hole

(lh) and spin-orbit (SO) split-off valence bands. The eigenvalue problem to be solved

is the following:

HQDψ (r) = Eψ (r) . (2.40)

Differently from the case of the QW heterostructure, discussed in Sec. 2.3 in terms

of one variable envelope functions, Eq. 2.40 defines a three-dimensional problem.

The Hamiltonian is given by the sum of two 8 × 8 matrices of operators; one is

associated with the k · p Hamiltonian and the other one with the deformation en-

ergy due to the strain [170]. The strain contribution is obtained from the inclusion

of the hydrostatic deformation potentials for the conduction band (CB) and the

valence bands (VBs), and the contribution from the shear deformation potentials.

The piezoelectric effect, associated to off-diagonal strain components, should also be

taken into account [165,169,170].

In the following part of this section, the results of the solution of the eigenvalue

problem expressed in Eq. 2.40, obtained by means of the commercial software
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Nextnano++1, are shown. The geometry chosen for the QD is a semi-ellipsoid

x = [1,1,0]

y =[-1,1,0]

z=[0,0,1]

b

a

h

Figure 2.9: The lens-shaped quantum considered for the band structure computation. The elliptical

basis is characterised by the two samiaxis lengths a/2 along x and b/2 along y. The height of the

QD is h.

h

a

z

x

WL

Figure 2.10: The profile in the xz pane of the InAs QD geometry used for the simulation.

(see Fig. 2.9): the elliptical basis is characterised by the two basis axis lengths a,

along the x ≡ [1, 1, 0] direction, and b, along the y ≡ [−1, 1, 0] direction; the height

of the QD coincides with the ellipsoid semi-axis h along the z ≡ [0, 0, 1] direction

(growth direction). A very similar geometry can be found in [153, 169, 171]. The

lengths of the two basis axes a and b are usually slightly different, and the corre-

sponding in-plane anisotropy affects the QD spectra, as it will be shown below in

this section. In particular, as shown in [37, 38, 153], the InAs/GaAs QDs typically

present a slight elongation along the [−1, 1, 0] direction, therefore, according to the

notation introduced above, a < b. The QD was simulated for a uniform InAs com-

position and a GaAs capping. An InAs WL was also included in the simulation:

an InAs layer of thickness hWL = 0.5nm is added at the basis of the QD, as shown

in Fig. 2.10. The results for the simulation of a lens-shaped QD with a = 23.0nm,

b = 25.0nm, and h = 3.0nm are shown in the figs. 2.11, 2.12, 2.14. In Fig. 2.11

1Nextnano++ is a software for the simulation of electronic and optoelectronic semiconductor

nanodevices and materials, produced by nextnano GmbH, http://www.nextnano.com.

http://www.nextnano.com
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Figure 2.11: The computed band edges for a lens-shaped QD with a = 27.0nm, b = 25.0nm and

h = 3.0nm along the growth direction z and along the direction x within the plane of the QDs.

the band edges taken into account for the computation are shown. The hh band is

at higher energy than the lh one. The states associated to the first four eigenvalues

in the CB and the VB band have been computed. In order to understand the en-

ergy scale of the carrier confinement in the QDs, the quantisation energy ∆EQ
n and

the binding energy ∆Eb
n associated to each computed eigenstate n of the QD are

considered. The quantisation energy is defined as ∆EQ
n = |En − VQD| associated to

the state n, coincident with the energy difference between the chosen electron (hole)

state n and the bottom (top) of the conduction (valence) band within the InAs QD;

the binding energy, associated to the state n, is defined as ∆Eb
n = En − VGaAs and

is coincident with the energy difference between the chosen electron (hole) state n

and the value of the conduction (valence) band edge energy of the unstrained GaAs.

For the hole binding energy ∆Eb
h, the hh band edge was considered. The values of

State ∆EQ
el ∆Eb

el

s 220meV 292meV

py 255meV 257meV

px 258meV 254meV

d 291meV 222meV

Table 2.1: Values of the quantisation energy ∆EQ and the binding energy ∆Eb for the electron

states in a lens-shaped QD, with a = 23.0nm, b = 25.0nm and h = 3.0nm.

∆EQ and ∆Eb are reported in Tab. 2.1 for the electron states and in Tab. 2.2 for

the VB states.

The confined states are named using the atomic notation: the s state represents

the ground state. The px and py, the first excited states associated to the in-plane
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State ∆EQ
V B ∆Eb

V B

s 88meV 257meV

py 110meV 236meV

px 115meV 231meV

d 130meV 216meV

Table 2.2: Values of the quantisation energy ∆EQ and the binding energy ∆Eb for the VB states

in a lens-shaped QD, with a = 23.0nm, b = 25.0nm and h = 3.0nm.

confining potential which, due the low height-to-basis ratio, is significantly weaker

than the one along the growth direction. The energy splitting between the px and

py levels is due to the elliptical shape of the QD basis; since the axis a along the x

direction has been chosen to be slightly shorter than the axis b along the y direction,

the px level is at an energy slightly higher than the py level. The second excited state

of the QD, which is usually indicated as d [153], for the geometry which was chosen

for the simulation, corresponds with the second excited state due to the in-plane

confining potential; for dots with a higher aspect ratio this state, if confined, might

also be associated to the confinement along the growth direction.

In Fig. 2.12 it is possible to observe the shape of the probability distributions associ-

ated to the 4 computed electron envelope functions as a function of z, for x = y = 0:

the envelope functions associated to the first 4 eigenvalues have a maximum close

to z = 1.5nm = h/2. In order to better understand the symmetry of the envelope

functions, in Fig. 2.13 the sections obtained at z = h/2 = 1.5nm of the prob-

ability densities associated to the first 4 confined electron states are shown. The

in-plane section of the probability distribution associated to the state |s〉, shows a

quasi-circular symmetry (it would be circular for the case a = b), reflecting the high

degree of symmetry of the ground state of the system. The two first excited states

associated to the confinement along the two in-plane directions, present a two-lobed

shape. The state |px〉 consists of two lobes elongated along the y direction; analo-

gously, the two lobes of the state |py〉 are elongated along the x direction. The d

state shows a three-lobed shape elongated along the y axis. The results are quite

similar to the ones presented in [153].

The VB envelope functions associated to the 4 highest eigenvalues are shown in Fig.

2.14 along the growth direction; the in-plane section of the VB probability densities

associated to the 4 computed envelope functions are shown in Fig. 2.15. From Fig.

2.14 it is possible to observe how the px and py states, differently from the homolo-

gous states in CB, present a minimum at z ' h/2 and two local maxima at z ' 0

and z =' h. From the in-plane section of the first 3 VB envelope functions, it is

possible to find rather similar features with respect to the ones for the electrons. For

the fourth VB state the two lateral lobes, also present for the d electron state in CB,

are split in two sub-lobes. For the VB states, due to the stronger band mixing, the
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Figure 2.12: The computed electronic states in the CB of the QD with a = 23.0nm, b = 25.0nm

and h = 3.0nm. The states are shown along the growth direction z in for x = y = 0.
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Figure 2.13: The sections within the xy plane, for z = h/2 = 1.5nm, of the probability densities

associated to the envelope functions corresponding to the first four electron states in the CB.

connection between the envelope function properties and the ones of the confining

potentials along the three dimensions within the VB band is less intuitive than for
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Figure 2.14: The computed electronic states in the VB of the QD with a = 23.0nm, b = 25.0nm

and h = 3.0nm. The states are shown along the growth direction z in for x = y = 0.
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Figure 2.15: The sections within the xy plane, for z = h/2 = 1.5nm, of the probability densities

associated to the envelope functions corresponding to the first four hole states in the VB.

the electron states in the CB.

The value of the quantisation energy associated to the electron ground state is
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∆EQ
el−s = 220meV and the one for the ground VB state is ∆EQ

el−s = 88meV . In the

1-band models, where an effective mass is associated to the each band, as was shown

in Sec. 2.2, the higher values of the quantisation energies for the electron states with

respect to the hole states, is attributed to the lower effective mass associated to the

CB with respect to the VB. For the multi-band model, it becomes problematic to

associate an effective mass to the computed states; on the other hand, a significantly

higher value of the quantisation energy for the electron s state, when compared the

VB state is observed. In [170] a comparison between the energies of the states from

a 1-band model and a 8-band model is presented. The quantisation energies ob-

tained using the 1-band model, for both values of the effective masses of unstrained

(0.023m0) and strained (0.04m0) InAs, are higher than for the 8-band model.

The computed values of binding energies are of 392meV and 257meV for the s state

in the CB and VB, respectively; these values strongly depend on the In concentra-

tion and distribution in the QD. The quantisation due to the in-plane confinement

can be quantified by means of the energy difference between the |s〉 state and the

|px〉 state ∆s−p. For the electrons, the computed value is ∆
(el)
s−p = 35meV and, for

the holes, ∆
(V B)
s−p = 22meV .

In order to better understand the effects of geometry variations on the electronic

properties of the QD, the spectra of the electron and the hole states, were computed

for different values of the base lengths (a and b) and of the height (h). The value of
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Figure 2.16: The CB and VB energy spectra of the QD depending on the variation of the QD base

semiaxis length a and b, at a fixed height h = 3.0nm.

a was increased from 20.5nm to 28.0nm and the difference between the base lengths
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Figure 2.17: The CB and VB energy spectra of the QD depending on the variation of the QD height

h at fixed a = 23.0nm and b = 25.0nm.

b− a was kept equal to 2.0nm. The height h was varied between 2.0nm and 5.0nm.

The electron and hole spectra, computed for different the base lengths, are shown

in Fig. 2.16 and, for different values of h, in Fig. 2.17.

From the Fig. 2.16 and Fig. 2.17, it is possible to observe how the increase of the

QD size, along the in-plane and growth directions, has a strong impact on the QD

spectrum. In particular, it is possible to observe how the effect of the increase of

the lengths a and b, leads to the decrease of the s-p splitting ∆s−p and the increase

of the binding energy ∆Eb (corresponding to a decrease of the quantisation energy

∆EQ).

The values for the electron binding energies in the |s〉 state ∆Eel−s
b and the s-p

splitting for the electrons ∆el
s−p are shown in Tab. 2.3 for different values of the

basis axis lengths (a, b), at a fixed QD height h = 3.0nm. It is possible to observe a

clear increase of the binding energy from 278meV to 314meV and a decrease of the

s-p splitting from 39meV to 29meV , when increasing the base lengths (a, b) from

(20.5nm, 22.5nm) to (28.0nm, 30.0nm).

For the hole states in the VB, an analogous effect on ∆V B
s−p and ∆EV B−s

b is observed,

as shown in Tab. 2.4: when increasing the base length, the ∆EV B−s
b increases from

250meV to 268meV , whereas the ∆V B
s−p decreases from 23meV to 19meV .

A stronger effect on the binding energy, therefore on the quantisation energy, is ob-

served when varying the height h of the QD from 2.0nm to 5.0nm and keeping the

values of the base lengths fixed at a = 23.0nm and b = 25.0nm (see Tab. 2.5 for the
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electron states and Tab. 2.6 for the hole states): the binding energy increases from

249meV to 318meV , for the electrons in the CB, and from 224meV to 270meV , for

the holes in the VB.

The variations of the s-p splitting at the decrease of the QD height h, are less evident

than for the variations of the base lengths reported above. In particular, for the

(a, b) (nm) ∆Eel−s
b ∆el

s−p

(20.5, 22.5) 278meV 38meV

(23.0, 25.0) 292meV 35meV

(25.5, 27.5) 304meV 32meV

(28.0, 30.0) 314meV 29meV

Table 2.3: Values of the binding energy ∆Eel
b for the electron s state and the s-p splitting ∆el

s−p in

a lens-shaped QD, with h = 3.0nm fixed and different values of the base lengths a and b.

(a, b) (nm) ∆EV B−s
b ∆V B

s−p

(20.5, 22.5) 250meV 23meV

(23.0, 25.0) 257meV 22meV

(25.5, 27.5) 263meV 20meV

(38.0, 30.0) 268meV 19meV

Table 2.4: Values of the binding energy ∆EV B
b for the hole s state and the s-p splitting ∆V B

s−p in a

lens-shaped QD, with h = 3.0nm fixed and different values of the base lengths a and b.

h (nm) ∆Eel−s
b ∆el

s−p

2.0 249meV 34meV

3.0 292meV 35meV

4.0 310meV 35meV

5.0 318meV 35meV

Table 2.5: Values of the binding energy ∆Eel
b for the electron s state and the s-p splitting ∆el

s−p in

a lens-shaped QD, with a = 23.0nm and b = 25.0nm fixed, for different values of the height h.

electron states, as shown in Tab. 2.5, ∆el
s−p is nearly constant when varying the QD

height; a slight increase from 34meV to 35meV is observed when increasing h from

2.0nm to 5.0nm. For the hole states in the VB, as reported in Tab. 2.6, the s-p

splitting ∆V B
s−p slightly decreases at the increase of the QD height, from 22meV to

19meV . This effect confirms that the action of the confinement on the hole states

in the VB acts differently than for the electron states in the CB.

To conclude the analysis of the QD band-structure computation, the effects of the
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h (nm) ∆EV B−s
b ∆V B

s−p

2.0 224meV 22meV

3.0 257meV 22meV

4.0 269meV 20meV

5.0 270meV 19meV

Table 2.6: Values of the binding energy ∆EV B
b for the hole s state and the s-p splitting ∆V B

s−p in a

lens-shaped QD, with a = 23.0nm and b = 25.0nm fixed, for different values of the height h.

strain are analysed. From the minimisation of the elastic energy included in the term

Hs of the Hamiltonian, the components of the strain tensor ε were determined. The

non-zero strain components are plotted as a function of z, for x = y = 0, in Fig.

2.18a and as a function of x, for y = 0 and z = 1.5nm, in Fig. 2.18b. The only
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Figure 2.18: The different components of the strain tensor computed for the QD and shown as a

function of the distance along the growth direction z in (a) and the in− plane direction in (b)

non-zero components of the strain tensor, along the z axis, are εzz, εxx and εyy, as

shown in Fig. 2.18a. It is also observed that εxx = εyy: this is due to the equiva-

lence of the x and y directions, related to the isotropy of the system within the xy

plane [164]. The sign of εzz is positive, differently from εxx = εyy which are negative;

this effect can be explained taking into account that the system, in presence of a

compressive strain along the two in-plane x and y directions, responds with a tensile

strain (expansion) along the z direction [164].

From Fig. 2.18b, it can be observed that, along the x axis, the three diagonal ele-

ments εxx, εyy, εzz are non-zero; moreover the component εxz 6= 0 for x 6= 0. The

distribution along the z direction and within the plane xz of the hydrostatic (I) and

biaxial (B) strain components [165, 168], already expressed in Eqs. 2.33 and 2.35

(Sec. 2.5.2), are shown in Fig. 2.19 and Fig. 2.20, respectively. The expected nega-

tive value for the hydrostatic strain in the InAs regions of the QD and the wetting
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layer is related to the negative deformation of the InAs crystal (lattice constant

a = 0.605nm) lattice to match the GaAs (lattice constant a = 0.565nm) crystal.

The value for the hydrostatic strain is close to 8% within the InAs WL and QD

regions and, for the GaAs, it is very close to zero except for the regions in close

proximity to the interfaces with the InAs layers, where it is anyhow lower than 1%.

The biaxial component of the strain is constantly close to 15% within the InAs WL

and QD regions; in the GaAs regions, within a distance up to 2nm from the inter-

faces with the WL and the QD, there is a non negligible component varying between

2.5% and 3.5%, which proves that a significant part of the distortion component of

the strain is transferred from the QD to the surrounding GaAs.
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Figure 2.19: The profile of the hydrostatic (I in black) and biaxial (B in blue) components of the

strain along the growth direction.
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Figure 2.20: The different components of the strain tensor computed for the QD and shown as a

function of the distance along the growth direction z in (a) and the in− plane direction in (b)
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2.6 Density of States in QWs and QDs

The effects of the quantum confinement on the electronic structure of QW and QDs

have a strong impact on the definition of the density of states (DOS). In order

to understand the behaviour of the DOS for systems of different dimensionalities,

the effective mass approximation is very helpful. The latter, as already mentioned

above in Sec. 2.2, allows a very simplified and intuitive treatment which could be

considered, in a first approximation, acceptable for the description of the electronic

properties of semiconductor structures.

The electrons in a semiconductor can be described as ’free’ particles with an effective

mass m∗, which includes the effects of the electronic potential, and an energy:

En (k) =
~2k2

2m∗
+ V, (2.41)

where n is the band index, V is a mean effective potential within the corresponding

band edge and k =
√
k2
x + k2

y + k2
z [164]. When considering the case of a bulk

material, it is possible to associate, in the k-space, a volume 8π3/Ω to each state

[164], with Ω being the total volume of the system in real space. The DOS for a bulk

semiconductor, expressed as the number of states per unit volume and unit energy,

is the following [164]:

DOS3D (E) =

√
2m∗3 (E − V )

π2~3
. (2.42)

Analogously, for a 2D system, such as the QW heterostructure presented in Sec.

2.4.1, the electrons are confined along the growth direction z, and they are free to

move in the xy plane. The energy spectrum is quantised in subbands as seen in Sec.

2.4.1, for which the energy is given by:

Enz (k) =
~2k2

⊥
2m∗

+ Enz + V, (2.43)

where Enz are the eigenvalues of the Schrodinger equation, associated to the envelope

function along the z direction; k⊥ =
√
k2
x + k2

y. In such a system, the characteristic

surface associated to each state is 4π2/Σ in the 2D k-space (kx, ky), where Σ is the

surface of the 2D system in real space. The DOS, defined as the number of states per

unit energy and unit surface, for the subband nz is given by the following expression:

DOS2D,nz (E) =
m∗

π~2
θ (E − Enz) , (2.44)

where θ (E − Enz) is the Heavy-side function. The general expression for the DOS in

a 2D system is given by the sum of the contributions from the single subbands [164]:

DOS2D (E) =
m∗

π~2

∑
nz

θ (E − Enz) . (2.45)
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Figure 2.21: The behaviour of DOS associated to bulk semiconductors and 2D, 1D and 0D confined

systems is shown.

In an analogous way, it is possible to obtain an expression for the DOS in a 1D

system, such as a quantum wire, for which the confinement occurs along two di-

mensions (e.g. x and y). The expression for the DOS, as number of states per unit

length and unit energy, is the following [164]:

DOS1D (E) =

√
2m∗

π~
∑
nx,ny

θ
(
E − Enx,ny

)√
E − Enx,ny

, (2.46)

which presents singularity points for E = Enx,ny . For a 0D system, such as a QD, the

three dimensional confinement leads to the following expression for the DOS [164]:

DOS0D = 2
∑

nx,ny ,nz

δ
(
E − Enx,ny ,nz

)
, (2.47)
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consisting of a sum of δ-functions, centered on each level. The expression obtained

for the DOS of 0D systems, recalls the electronic properties of the atoms. The atom-

like electronic structure of the QDs is at the basis of particular optical and electrical

properties which are exploited for several applications described in this thesis. The

properties of the DOS for systems of different dimensionalities are summarised in

Fig. 2.21.

2.7 Light-matter interaction in low-dimensional

heterostructures

The study of the optical properties of quantum confined systems is at the basis of

the realisation of the QD photodetectors which will be described in this thesis. The

simplified one-band effective mass model, already used in Sec. 2.6, allows a very

intuitive and effective discussion of the light-matter interaction in low-dimensional

heterostructures. In presence of an electro-magnetic field the single-band effective-

mass Hamiltonian of the system can be written as:

H = H0 +Hint (t) , (2.48)

where the term Hint (t) is usually treated perturbatively [15, 151]. The interaction

Hamiltonian can be expressed, in the Coulomb gauge ∇ ·A = 0, as:

Hint =
(p− eA)2

2m∗
, (2.49)

whereA is the vector potential associated to the incident field and m∗ is the effective

mass. When considering a plane wave with a wavevector k, polarisation direction ê

and amplitude E0 for the electric field, the vector potential is expressed as:

A (r, t) = A0e
i(k·r−ωt)ê+ c.c., (2.50)

where A0 = E0/ (2iω) is chosen to be purely imaginary, in order to deal with purely

real electric and magnetic fields [151]. The interaction part of the Hamiltonian,

neglecting the term in |A|2, can be rewritten as:

Hint (t) = − e

m∗
A · p. (2.51)

In order to quantify the strength of the interaction between the electrons and the

incident field, Fermi’s golden rule can be written as:

Wif =
2π

~
|〈f |Hint|i〉|2ρ (Ef − Ei ± ~ω) =

2πe2

~m∗2
|〈f |A · p|i〉|2ρ (Ef − Ei ± ~ω) ,

(2.52)

expressing the transitions probability per unit time for the electron from the state

|i〉, with energy Ei, to the state |f〉, with energy Ef ; ρ (Ef − Ei ± ~ω) represents a
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joint density of states between the initial and final states involved in the transition.

Assuming that the incident field is at wavelengths which are much longer than the

atomic dimensions, it is possible to work in the dipole approximation exp (ik · r) '
1. As a consequence, the matrix element appearing in Eq. 2.52, can be rewritten

as:

〈f |A · p|i〉 = A · 〈f |p|i〉. (2.53)

Using this property, it is possible to rewrite Fermi’s golden rule as [151]:

Wif =
πe2E2

0

2~m∗2ω2
|ê · 〈f |p|i〉|2ρ (Ef − Ei ± ~ω) . (2.54)

From the study of the behaviour of the momentum matrix element, it is possible to

understand many important properties of inter-band and intra-band transitions in

heterostructures. When considering the wavefunction associated to the initial and

final states, expressed as:

|i〉 = χi (r)un (r) (2.55)

|f〉 = χf (r)um (r) (2.56)

it is possible to distinguish the slowly varying envelope component χi,f (r) and the

Bloch component un (r) which has the periodicity of the atomic scale. Using the

expressions in Eqs. 2.55 and 2.55, the matrix element of the momentum operator p

can be written as [151]:

〈f |p|i〉 = 〈χf |p|χi〉δm,n + 〈χf |χi〉〈un|p|um〉, (2.57)

where it is possible to identify the first term as the intra-band contribution and

the second term as the inter-band contribution. For the inter-band contribution, it

is important to take into account of the overlap factor 〈χf |χi〉, which introduces a

dependence on the shape of the envelope functions of states belonging to different

bands. For example, when considering a transition (photon absorption or emission)

involving an electron state and a hole state, the overlap between the corresponding

envelope functions has an important impact for the determination of the selection

rules. These effects will be further discussed in the next chapter when treating the

interband photoluminescence spectroscopy performed on QW and QD heterostruc-

tures. In the remeaining part of this chapter the attention will be focused on the

intraband term, which is of primary importance in determining the physical prop-

erties of the devices discussed in this thesis. In particular, the photon intraband

absorption is at the basis of the photodetection processes. The following section will

be devoted to the treatment of intersubband and inter-sublevel processes in QWs

and QDs.
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2.7.1 Intraband absorption in QW and QD heterostructures

From Eq. 2.54 the intraband absorption rate associated to the |i〉 −→ |f〉 transition,

can be obtained:

Wif =
πe2E2

0

2~m∗2ω2
|ê · 〈f |p|i〉|2ρ (Ef − Ei − ~ω) . (2.58)

The macroscopic quantities, which are typically directly measured in transmission

spectroscopic techniques, can be expressed in terms of the microscopic quantities

introduced above. In particular, when considering a structure containing QWs or

QDs, the absorption occurs within two-dimensional layers. The intensity of the light

incident onto the system is given by the following expression:

I =
1

2
nrcE

2
0 , (2.59)

where nr is the refractive index of the material. A unitless 2D absorption coefficient

α2D can be defined, such that [151]:

Pdiss
S

= Iα2D ⇒ α2D =
Pdiss
IS

, (2.60)

where Pdiss represents the portion of the incident power absorbed by the system, and

S is the surface of the absorbing system. The absorption rate is given by the sum of

all the contributions from the transitions involving the promotion of electrons from

the states |i〉 at lower energies to states |f〉 at higher energies such that Ef−Ei = ~ω:

Wabs =
∑
i,f

Wif =
πe2E2

0

2~m∗2ω2

∑
i,f

|ê · 〈f |p|i〉|2ρ (Ef − Ei − ~ω) . (2.61)

The absorbed power is related to the absorption rate Wabs by the following relation:

Pdiss = S ·Wabs · ~ω, (2.62)

therefore:

α2D (ω) =
Wabs~ω

I
=

πe2

m∗2nrcω

∑
i,f

|ê · 〈f |p|i〉|2ρ (Ef − Ei − ~ω) . (2.63)

Recalling the relationship between the momentum (p) and position (r) operators:

〈f |p|i〉 =
im∗

~
〈f | [H0, r] |i〉 =

im∗

~
(Ef − Ei) 〈f |r|i〉, (2.64)

the absorption coefficient can be rewritten as:

α2D (ω) =
π

nrcω

∑
i,f

ω2
fi|〈f |ê · µ|i〉|2ρ (Ef − Ei − ~ω) . (2.65)
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The definition of oscillator strength can be introduced:

fij =
2m0

~2
|〈j|ê · µ|i〉|2 (Ej − Ei) (2.66)

and the corresponding sum rule is [151]:∑
j

fij =
m0

m∗
. (2.67)

The latter is very relevant for the determination of several important properties of

the absorption. In particular, when considering the simplest case of the initial state

i, coincident with the ground state (which, in many realistic systems, is the only

occupied state), all the oscillator strengths fij, associated to the transitions toward

upper levels, have a positive sign. In this case the superior limit established by the

sum rule in Eq. 2.67, indicates that, the larger the number of ’allowed’ states, the

lower the oscillator strength associated to each transition.

The general concepts introduced above can be more explicitly expressed, in the sec-

ond part of this section, for the two specific cases of the QW and QD heterostruc-

tures.

Inter-subband absorption in a QW

For QWs, as discussed in Sec. 2.4.1, the envelope functions can be written as [151]:

fn =
1√
S
eik‖·r‖χn (z) (2.68)

and the matrix element of one of the in-plane components of the momentum oper-

ator, e.g. the x component, can be expressed as [151]:

〈j|px|i〉 =
δ
k
′
‖,k‖

S
〈χj|χi〉~kx =

1

S
δj,iδk′

‖,k‖
~kx, (2.69)

which is zero for i 6= j (no transitions involving different eigenstates possible). As

a consequence, for a semiconductor QW, an important selection rule forbids inter-

subband absorption of incident light polarised orthogonally to the growth direction

z. Only the contribution of the field along the z direction is relevant and, for incident

radiation at an angle θ with respect to the z axis (growth direction), the absorption

coefficient is [151]:

αQW2D (ω) =
πω

ε0cnr

∑
if

|〈f | − ez|i〉|2ρ (Ef − Ei − ~ω) δkf
‖ ,k

i
‖

sin2 θ

cosθ
. (2.70)

Within a one-band approximation model, the subbands are parallel (see Fig. 2.22)

and, assuming an empty f state, the absorption coefficient can be expressed as [151]:

αQW2D (ω) =
nie

2πω

ε0cnr
|〈f |z|i〉|2δ (Ef − Ei − ~ω)

sin2 θ

cosθ
, (2.71)
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|i〉

|f〉

〈µz〉

Figure 2.22: Schematic representation of the inter-subband transition in a QW involving the two

parabolic subbands |i〉 and |f〉.

where ni is the sheet electron density in the level i (for instance electrons in a n-doped

QW). Considering a more realistic case, for which the system is homogeneously

broadened by scattering with lattice vibrations or interface roughness, the absorption

coefficient can be rewritten as [151]:

αQW2D (ω) =
e2πω

ε0cnr
|〈f |z|i〉|2 Γ

(Ef − Ei − ~ω)2 + Γ2

sin2 θ

cosθ
, (2.72)

where the δ function in Eq. 2.71 is replaced by a Lorentzian function, with FWHM =

2Γ. Often it is convenient to introduce the concept of an absorption cross-section

σabs, which is defined as:

σQWabs =
αQW2D

ni
, (2.73)

associated to each electron in the i-th QW subband.

The first experimental measurement of the absorption in QWs is reported in [172],

on a GaAs/AlGaAs material system; transitions at 152meV and 126meV were

observed, with a homogeneous broadening of 10meV and an oscillator strength

of 12.2. In [173], an absorption cross section σQWabs ∼ 10−15cm2 was reported for

bound-to-bound and bound-to-continuum transitions, at 9.7µm and 10.8µm, in

GaAs/AlGaAs QWs. The polarisation selection rule, associated to the the inter-

subband absorption in QWs, has a strong impact on the photoresponse in quantum

well infrared photodetectors (QWIPs) [27], imposing significant limitations for nor-

mal incidence configurations [33].
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Inter-sublevel absorption in QDs

For a semiconductor QD, as shown in Sec. 2.5.3, the envelope functions fi (r), due

to the 3D confinement, have a different dependence on the the spatial coordinates

(x, y, z) with respect to a QW. The transitions occur between sublevels which have

an atom-like behaviour, as already observed in the discussion about the DOS in Sec.

2.6, with no dispersion in k-space. The 2D absorption coefficient for a semiconductor

QD is written, using the general expression in Eq. 2.61, as:

αQD2D (ω) =
π

nrcε0

ωfi|〈f |ê · µ|i〉|2δ (Ef − Ei − ~ω) . (2.74)

A QD ensemble can be treated, as already observed before, analogously to a QW. In

a plane of SA-QDs, the carriers (e.g. electrons in an n-doped sample), are distributed

in the 0D QDs. Considering the atom-like DOS described in Sec. 2.6, each level is

two-fold degenerate, due to the contribution of the spin. If we denote the density

nQD of SA-QDs in an ensemble, it is possible to define a sheet carrier density for

the carriers associated to the QD plane, analogously to the QW case, as ni =

2nQD. A real ensemble of QDs, due to the nature of the self-assembly of the InAs

islands, consists of QDs of different sizes and In concentrations. Due to the strong

dependence of the QD spectral properties on their morphology, as shown in Sec.

2.5, a relevant inhomogeneity on the electronic structure is observed for SA-QD

ensembles. As an immediate consequence, the atom-like fully discretised DOS of

the system is lost for a QD ensemble. In particular, the δ-functions are replaced by

normal (Gaussian) distributions centred on each energy level, which are typical for

inhomogeneously broadened systems; the DOS of the QD ensemble, associated to

level Ei can be expressed as:

DOSQD (E) =
ni√
2πσ

exp

(
−
(
E − Ei√

2σ

)2
)
, (2.75)

where ni represents the total carrier population in the QD ensemble of the i-th level

of the QDs. The 2D absorption coefficient for the QD ensemble can be therefore

expressed as:

αQD2D (ω) =
π

nrcε0

ω|〈f |ê · µ|i〉|2 2nQD√
2πσtot

exp

−(~ (ω − ωfi)2

√
2σtot

)2
 , (2.76)

where σtot is the total broadening associated to the |i〉 −→ |f〉 transition. Analo-

gously to what was done for the QW, it is possible to introduce a cross-section σabs
for the absorption in QDs [174]:

σQDabs =
αQD2D

2nQD
. (2.77)

The selection rules for the absorption in QDs are less straightforward than for the

case of the QW. The oscillator strength associated to the transitions for each of the
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polarisation components are strongly related to the morphological properties of the

QDs, which determines the shape and the number of the confined eigenstates. The

role of the states in the continuum above the barrier bandedges is also important,

and might have a relevant impact when considering the sum rule of the oscillator

strength mentioned above. It could be quite instructive, though inexact, to consider

again the case of a perfect box for which the expression of the wavefunctions was

given in Sec. 2.5:

|nx, ny, nz〉 =

√
8

LxLyLz
sin

(
nxπ

Lx
x

)
sin

(
nyπ

Ly
y

)
sin

(
nzπ

Lz
z

)
(2.78)

and the eigenvalues:

Enx,ny ,nz =
~2π2

2

(
n2
x

mxxL2
x

+
n2
y

myyL2
y

+
n2
z

mzzL2
z

)
. (2.79)

As already shown above, typical SA-QDs are characterised by a rather low ratio

between the height Lz, which is 4 − 6nm, and the in-plane dimensions Lx and Ly
which are 20− 30nm. In these conditions, even for an unrealistic infinite confining

potential, it is possible to understand what are the contributions to the inter-sublevel

absorption, associated to the different polarisations. For Lz � Lx < Ly and an

isotropic effective mass mxx = myy = mzz, the eigenvalues associated to the first

excited levels along the three directions are such that:

E1,1,2 > E2,1,1 > E1,2,1. (2.80)

For the transitions from the ground level |1, 1, 1〉 to the first excited levels along the

three directions, the non-zero components of dipole operator (mu) matrix elements

are the following:

〈1, 2, 1|µy|1, 1, 1〉;
〈2, 1, 1|µx|1, 1, 1〉;
〈1, 1, 2|µz|1, 1, 1〉.

The absorption is therefore polarised along the confinement direction corresponding

to each excited level. For a typical lens-shaped QD, as shown in the sec 2.5, the

states px and py are related to the confinement along the in-plane directions. The

absorption of light polarised along the x and y directions promotes the electrons

from the s state to the px and py states, respectively (see Fig. 2.23). Due to the

typical high confinement along the growth direction, the corresponding first excited

state is quite often not bound. In many cases the highest oscillator strength for light

polarised along the growth direction, is attributed to s −→ continuum transitions,

which, as it will be shown in the following chapters, have a very important role in

photodetectors based on QDs. For typical lens shaped QDs, the energy separations
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|s〉 = |1, 1, 1〉

|py〉 = |1, 2, 1〉

|px〉 = |2, 1, 1〉

|pz〉 = |1, 1, 2〉
QD

〈µx〉
〈µy〉

〈µz〉

Figure 2.23: Schematic showing the absorption in an ideal quantum box system with infinite barriers

along the three dimensions. The polarisation of the electric dipole associated to the three transitions

involving electrons from the s = |1, 1, 1〉 is specified for each of the first excited states due to the

confinement along each direction.

between the s and p states, varies between 30meV and 70meV , which corresponds

to absorption (in-plane polarised) in the far-infrared region 20 − 40µm. For the

absorption towards the uppermost shells of the QDs, which is typically polarised

along the growth direction, the involved energy scales are of the order of the binding

energies of the electrons in the s states, which, for the typical sizes of the QDs shown

in Sec. 2.5, vary between 200meV and 300meV , corresponding to absorption in the

mid-infrared range 4− 10µm.

In [175] the results of transmission measurements on InAs/GaAs QDs, performed

at low temperature and under the application of a variable magnetic field, are re-

ported. A peak in absorption was observed and attributed to the s −→ p transition;

the corresponding resonance energy varied between ∼ 41meV and ∼ 52meV , de-

pending on the applied magnetic field.

In [176] the energy splitting between the absorption resonances, associated to the

transitions from the s to the two p QD shells, was studied for different values of an

applied magnetic field. The reported energies associated to the two s −→ p transi-

tions, at zero magnetic field, were ' 48meV and ' 50meV .

A study of the absorption in n-doped InAs QDs was reported in [177]: the only

bound electron state in CB was populated with electrons. The absorption, observed



2.7. Light-matter interaction in low-dimensional heterostructures 71

for light polarised along the growth direction, was peaked at 150meV with a broad-

ening of ∼ 130meV , due to the QD size fluctuations. The peak in absorption was

attributed to transitions between the s confined state and the continuum states in

the WL and the GaAs barrier; an absorption cross section ' 3.1 × 10−15cm2 was

estimated.

In [178, 179] the absorption in undoped InAs QDs was measured and transitions

involving CB and VB states were reported for light polarised along the in-plane

and growth directions. As in [177], only one confined electron state in the CB was

observed; depending on the QD size, 2 or 3 confined hole states in the VB were ob-

served. For the electrons in the CB a s −→ WL transition (155−210meV ), polarised

along the growth direction, and a s −→ continumm transition (185− 225meV ), in-

plane polarised, were observed. For the hole states, depending on the number of con-

fined states, inter-sublevel transitions were observed for energies between 110meV

and 150meV , polarised along the in-plane or along-growth directions.

In [37,38,153,180] the absorption in n-doped QDs was studied for the case of more

than one confined electron state in CB. In [153], two peaks corresponding to two

orthogonal in-plane directions for the polarisation at 56meV ([−1, 1, 0] direction)

and 63meV ([1, 1, 0] direction) were observed, associated to the two transitions from

the QD ground level (s) to the first excited states (p). Analogously, two absorption

peaks, associated to the two in-plane directions, for the absorption were reported

in [38]: one peak at 46meV , along the [1, 1, 0] direction, and a second peak at

52meV , for the [1, 1, 0] direction. Other peaks in the absorption at higher energies

were reported in [153]: a peak at 155meV was associated to the s −→ WL transition,

polarised along the growth direction; a second peak at 200meV was attributed to the

s −→ continuum transition. The polarisation of the s −→ continuum transition,

along the growth direction, was explained taking into account that the in-plane

polarised component of the absorption is concentrated in the s −→ p transitions

and, due to the sum rule of the oscillator strength, the remaining component for

the s −→ coninuum in the in-plane directions is significantly lower than for the

growth direction. An absorption cross section of 2.3× 10−14cm−2, associated to the

s −→ continuum transition, was estimated in [181].

An absorption peak at 113meV , with a broadening of 20meV , attributed to the

s −→ d bound-to-bound transition in the QD, was reported in [180], for light po-

larised along the growth direction; the estimated value for the absorption cross

section is ∼ 1.5× 10−13cm2.

The strength of the transitions, quantified by means of the cross section or the

oscillator strength, is strongly dependent on the properties of the specific system

which is characterised: the geometry and the composition of the QDs, as already

mentioned above, determine the properties of the eigenstates, and the number of

confined states. The variation of the s −→ p transition energies and of the energy

splitting between the p levels, depending on the structural properties (size and com-

position) is presented in [182]; the peak energy of the in-plane polarised absorption
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varied between 45meV and 62meV .

As already mentioned in Ch. 1, the different selection rules of the QD inter-sublevel

absorption with respect to to the inter-subband absorption in QWs, are exploited

for the photodetection, in the mid- and far-infrared spectral range, of both in-plane

and along-growth polarised light [183, 184]. In the next chapters of this thesis, sev-

eral structures for the photocurrent generation, based on InAs/GaAs QDs, will be

presented.

Conclusions

This chapter included a discussion of the fundamental physical properties of the

semiconductor heterostructures. The k · p approximation method, typically used

for the determination of the band structure of solids, was introduced. The 1D and

3D quantum confinement was treated, within the envelope function approximation,

for QW and QD heterostructures, respectively. The quantisation of the QW elec-

tronic structure in subbands was discussed, using a simplified one-band model. The

atom-like electronic structure of 0D QDs was determined, adopting an 8-band k · p
approximation, and an analysis of the dependence of the QD spectra on their geom-

etry was presented. The final section of the chapter was focused on the light-matter

interaction in confined systems, determining the selection rules for the intraband

absorption in QWs and QDs. The inter-sublevel absorption in the QDs is at the

basis of the working principle of the devices described in this thesis.



Chapter 3

Growth of self-assembled

Quantum Dots

This chapter is devoted to the description of the QD heterostructures adopted to

realise the quantum dot infrared photodetectors (QDIPs) and the electron pumping

devices discussed in this thesis. The aim of this chapter is to provide an overview of

the morphological and electronic properties of the QDs grown by means of molecular

beam epitaxy (MBE), adopting the Stranski-Krastanow (S-K) growth technique in-

troduced in Ch. 2. The QD heterostructures presented in this thesis were obtained

by means of two growth strategies which will be briefly described in the following

sections. The QD ensemble were characterised by means of Scanning Electron Mi-

croscopy (SEM) and low-temperature photoluminescence (LT-PL). The differences

between the two growth strategies will be summarised in the first section of this

chapter. In the subsequent part the results of the post-growth characterisation, by

means of SEM and LT-PL, will be reported and discussed. Finally, from the inter-

band emission energies estimated from the LT-PL, the binding energies associated

to the electron and hole states in the QDs are estimated.

3.1 Growth strategies

The samples were grown by means of MBE at the FIRST-lab (Center for Micro- and

Nanoscience) of ETHZ. For both the growth methods adopted to obtain the self-

assembled QDs discussed in this thesis, the material system was InAs/GaAs. Semi-

insulating GaAs substrates, with the surface oriented along the [1, 0, 0] direction,

were used for the growth. The InAs was grown on top of a GaAs buffer layer

of 150nm. The material used for the capping layer of the QDs was GaAs. The

structures were grown at a temperature of 530◦C. The main difference between

the two growth strategies was in the growth rate. In particular, as it was shown

in [185, 186], when reducing the growth rate of the InAs of about one order of

magnitude, it is possible to obtain significant variations in the island dimensions,
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composition and density.

The first generation of QDs was obtained from the growth of 2.4ML of InAs at a

rate of 0.088ML/s. The second generation of QDs was obtained growing 2.0ML

of InAs at a rate of 0.01ML/s. The structures used for the morphological and

spectral characterisation of the QDs, as it is shwon in Fig. 3.1, consisted of two

planes of self-assembled QDs. A first plane was grown on the top of a GaAs buffer

layer and capped with 5nm of GaAs; thereafter a second layer of 100nm of GaAs

was grown, on top of which the second QD ensemble, adopting identical conditions

as for the first QD layer, was grown. The second QD layer was left uncapped on

the top surface of the samples. The first capped QD ensemble, forming a complete

GaAs/InAs/GaAs heterostructure, within which the carriers are confined in the

three dimensions, allows the spectroscopic characterisation of the QDs. The second

QD layer can be inspected by means of SEM, thus allowing to obtain the information

about the in-plane morphology and the density of the QDs. In the following sections,

the results of the SEM characterisation and the inter-band photoluminescence of the

QDs will be presented.

3.2 SEM characterisation

The QDs grown on the top surfaces of the structures presented in Sec. 3.1 were

characterised by means of SEM. The electron beam for the SEM characterisation

was set to work at energies lower than 5keV allowing a good contrast in the im-

ages. With respect to the atomic force microscopy (AFM) technique (not shown),

the SEM characterisation allowed to obtain plane-views of the QD ensembles over

relatively large areas, with a good contrast. This resulted in a better observation

of the fluctuations in the QD distribution on the surface of the samples, thereby

allowing a correct estimation of the QD mean density in the ensembles. A first

characterisation of the in-plane morphological properties of the QDs was performed

on ensembles obtained by means of the two growth strategies described in Sec. 3.1.

The results obtained on the QDs grown at the high growth rate 0.088ML/s and on

the ones at the low growth rate 0.01ML/s are shown in Fig. 3.2 and in Fig. 3.3,

respectively. The first important difference between the two ensembles is the QD

density; on the sample grown at a higher rate, a QD density of 2.5× 1010cm−2 is es-

timated; whereas, for the sample grown at lower rate, the estimated value of the QD

density is 4.4×109cm−2. The decrease of the QD density associated to the reduction

of the growth rate was already observed in [185,186]. For the remaining part of the

thesis the QD ensembles grown at high rate will be indicated as high-density QDs

(HD QDs), whereas the ones grown at low rate as low-density QDs (LD QDs).

A statistical analysis of the in-plane morphology was performed on the two ensem-

bles, determining the mean lengths of the two basis axes a and b introduced in the

Ch. 2 and shown here in Fig. 3.4. The statistical distributions of the axes a and b
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z = [0,0,1]

Uncapped InAs QDs for SEM

Capped InAs QDs for LT PL

GaAs

Figure 3.1: A sketch representing the structure used for the morphological and spectroscopic char-

acterisation of the QDs. A first layer of InAs QD is grown and then capped with GaAs. On the

top of a 100nm thick layer of GaAs a second ensemble of InAs QDs is grown and left uncapped

for the direct inspection via SEM.

for the HD QD sample are shown in Fig. 3.5 and, for the LD QD ensemble, in Fig.

3.6. For the HD QDs the mean lengths of the two axes are a = 21nm and b = 24nm

with a relative size fluctuation of ∼ 6%. For the LD QD ensemble the mean lengths

for the axes are a = 27nm and b = 30nm with size fluctuation of ∼ 5.5%. The

results of the morphological analysis are summarised in Tab. 3.1.

QD nQD (a, b) (σa, σb)

HD 2.5× 1010cm−2 (21nm, 24nm) (1.4nm, 1.4nm)

LD 4.4× 109cm−2 (27nm, 30nm) (1.6nm, 1.5nm)

Table 3.1: Summary of the in-plane morphological analysis performed on the HD QD and LD QD

ensembles.
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Figure 3.2: The QD mappping obtained from the SEM analysis of the QDs grown at high growth

rate 0.088ML/S.
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Figure 3.3: The QD mappping obtained from the SEM analysis of the QDs grown at low growth

rate 0.01ML/s.

3.3 inter-band photoluminescence of self-assembled

QDs

The inter-band photoluminescence (PL) is a commonly used experimental technique

for the post-growth characterisation of semiconductors. The electrons are excited,

by means of a light source at a wavelength sufficiently short to provide the necessary

photon energy to compensate the energy gap of the semiconductor, from the VB to

the CB; the excited electrons relax back towards the VB, emitting light at different

wavelengths. The first part of this section is devoted to the description of the

experimental setup used for the LT PL experiments. The second part will be focused

on the analysis of the results of the inter-band PL of the QDs for the structures

presented in Sec. 3.1.
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Figure 3.4: The three lengths characterising the lens-shaped QDs: the two axes a and b of the
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Figure 3.5: Statistical analysis of the in-plane morphology of the HD QD sample.

3.3.1 PL experimental setup

The PL experimental setup is schematically shown in Fig. 3.7. The light source is an

Ar+ laser emitting at λ = 514.5nm, in continuous wave (cw). The output power of

the laser is ∼ 1W and can be attenuated by means of neutral density filters (NDF)

of different optical densities (OD). The beam, focused by means of a lens of focal

length 105mm (L1), reaches the sample at an incidence angle of ∼ 30◦. The sample

is kept in a flow cryostat (model ST-500 from Janis), cooled by means of liquid He

(LHe); the minimum reachable temperature is about 10K. The light emitted by the

sample is collected by means of a parabolic mirror (M2) and then focused through

a lens of focal length 250mm (L2) onto the entrance slit of the spectrometer.

The spectrometer used for the measurements was the model HR-460 by HORIBA

Jobin-Yvon. As shown in Fig. 3.7, the spectrometer is based on a blazed grat-
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Figure 3.6: Statistical analysis of the in-plane morphology of the LD QD sample.

ing acting as monocromator. Two gratings were used for the measurements: one

with 300grooves/mm, for low-resolution measurements, and a second one with

1200grooves/mm, for high-resolution measurements.

Two different operation modes were available the light detection: a multi-channel

operation mode (MCO) and a single-channel operation (SCO) mode. For the MCO

a Si CCD was used for the detection (model Spectrum ONE from Jobin Yvon).

The Si CCD was cooled by means of liquid N2 to temperatures of about 200K;

the spectral response of Si makes it suitable only for the detection of wavelengths

< 900nm. For longer wavelengths an InGaAs photodiode (models DET10C/M and

PDF10C/M from Thorlabs ), responsive from 900nm to 1700nm, was used in the

SCO mode. For the SCO a signal modulation by means of a mechanical chopper was

necessary, in order to detect the signal using a lock-in amplifier (model SR810 from

Stanford Research Systems); the modulation frequency of the signal varied between

30Hz and 5kHz, depending on the adopted pre-amplifying technique.

The incident power on the sample could be varied, by means of the NDFs men-

tioned above, between 10µW and 300mW . Both power-dependent and temperature-

dependent characterisations of the photoluminescence spectra were performed.

3.3.2 PL spectra of QDs

When exciting a semiconductor with photon energies high enough to promote the

electrons from the VB to the CB, electron-hole pairs are generated. The electrons

and the holes, due to the attractive coulombic interaction between their opposite

charges, form an exciton [150,187]. In Fig. 3.8 the photoluminescence emission pro-

cess is sketched: the incident light at λ = 514.5nm, corresponding to an energy of

2.4eV , which is higher than the GaAs bangap energy of 1.52eV , promotes electrons

from the VB toward levels in the CB which are above the GaAs CB edge; the elec-

trons (holes) relax toward the bottom (top) of the CB (VB); the electron-hole pair

relaxes by the emission of a photon at energies which are lower than the excitation
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Figure 3.7: A schematic representation of the experimental setup used for the low-temperature

photoluminescence measurements.

photon energy. The emission from the excitonic radiative recombinations in the bulk

GaAs and the InAs QDs can be observed from the photoluminescence spectra.

The spectra measured on the structures presented above in Sec. 3.1 are shown in

Fig. 3.9, for the HD QDs, and in Fig. 3.10, for the LD QDs. The measurements

were performed varying the incident power between 1.5mW and 300mW . From
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Figure 3.8: The photoluminescence emission is sketched for a generic heterostructure. The electrons

are excited from the VB to the CB and an electron-hole pair is generated. The electrons in the

CB and the holes in the VB relaxes respectively toward the bottom and the top of the respective

band. Therefore the electron-hole pair relaxes radiatively emitting light at longer wavelengths than

the excitation light.

the spectra it is possible to recognise a multi-peak structure, which is typical for

semiconductor QDs, due to their atom-like density of states, already discussed in

Ch. 2. The number of available states for each electron and hole shell in a 0D

heterostructure is very low when compared to the energy bands in bulk materials or

to QW subbands; consequently, when exciting the sample by means of optical radi-

ation at sufficiently high power, the different shells in CB and VB get progressively

filled with electrons and holes respectively. At the increase of the incident power,

the emission from the deeper shells is gradually saturated and peaks, associated to

the emission from the excited states in the QDs, appear at higher energies. For the

HD QD sample, four peaks are clearly observed for the highest excitation power.

For the LD QDs five peaks associated to the QDs are observed. This effect is not

observed in bulk materials, or 2D systems such as QWs. For the case of bulk mate-
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rials, the electrons and holes relax toward the bottom of the CB and the top of the

VB respectively; analogously, for the 2D QW heterostructures, electrons and holes

relax towards the ground sub-bands in CB and VB respectively. For 2D QWs, as

already discussed in Ch. 2, the density of states associated to the ground electron

and hole subbands is high enough to prevent saturation effects analogous to the ones

observed for 0D systems. The different numbers of peaks for the two QD spectra

can be attributed to the different QD densities of the two samples: the higher the

QD density, the higher the number of photons needed to saturate the emission from

the inner QD shells. On the other hand, due to the different dimensions for the QDs

of the two ensembles, as it was shown in Sec. 3.2, it is possible that the LD QDs

have a higher number of confined states than the HD QDs.

The emission energies of the HD QDs are significantly higher than the ones of the

LD QDs. The peak associated to the GaAs excitonic recombination is observed

for both samples at an energy of 1.512eV . A second peak at an energy of 1.49eV

associated to the Carbon impurity levels close to the GaAs band-edges is observed.

On the LD QD sample, at an energy of 1.44eV , a narrow peak associated to the

recombination in the 2D InAs WL is observed. The WL emission is not observed on

the HD QD sample. One reason to explain this effect can be attributed to the higher

density of the QDs, which provide more channel for the non-radiative relaxation of

the electrons and holes from the WL to the shells of the QDs. On the other hand,

for the LD QD sample, the emission from the WL is already observable for a value

of the incident power of 1.5mW , whereas, for the HD QD, even for a value of the

incident power as high as 300mW , no emission from WL is observed. This second

observation leads to assume, for the HD QD ensemble, the absence of a 2D WL.

In order to attribute the peaks observed in the LT-PL spectra to the different inter-

band transitions involving the sub-levels in the CB and the VB of the QDs, it is

necessary to recall the inter-band component of the momentum operator p intro-

duced in Ch. 2:

〈f |p|i〉inter = 〈χf |χi〉〈un|p|um〉. (3.1)

The overlap integral 〈χf |χi〉 has an important role in determining the selection rules

for the inter-band emission. As already discussed in Ch. 2, for QD heterostruc-

tures, there is a significant correspondence between the confined electron states in

the CB and the confined hole states in VB: the shape of the electron and hole en-

velope functions associated to each shell s, p, d . . . are rather similar. This means

that the overlap integrals between electron (in CB) and hole (CB) states associated

with the same QD levels have high values, resulting in relevant contributions to the

corresponding transition strengths. When considering the parity of the envelope

functions associated to the hole and electron states involved in a transition χ
(h)
i and

χ
(e)
j , it is possible to conclude that only transitions involving electron and hole states

such that |i − j| = 2m, with m ∈ N, are allowed [188]. In particular, the strongest

transition strength is attributed to the case i = j. Therefore the peaks in the spec-

tra are attributed to the transitions involving the electron and hole states with the
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Figure 3.9: The power-dependent photoluminescence, measured at T = 10K, on the HD QD sam-

ple.
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Figure 3.10: The power-dependent photoluminescence, measured at T = 10K, on the LD QD

sample.

same quantum number. As a consequence, in Fig. 3.10 and Fig. 3.9, the peaks are

associated to the single shells s, p, d, . . . of the QDs.

A more quantitative analysis of the inter-band spectra is performed by fitting the QD

emission spectra by means of the sum of Gaussian peaks. The results of the fitting for

the HD QD and LD QD samples are shown in Fig. 3.11 and Fig. 3.12, respectively.

The emission from the s level of the QDs is peaked at Es = (1.154± 0.001) eV , for

the HD QDs, and at (1.087± 0.001) eV , for the LD QDs. The energy separation
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Figure 3.11: The power-dependent photoluminescence, measured at T = 10K, on the HD QD

sample.
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Figure 3.12: The power-dependent photoluminescence, measured at T = 10K, on the LD QD

sample.

between the s and p levels of the QDs is ∆sp = (60.0± 0.2)meV , for the LD QDs,

and ∆sp = (67.0± 0.2)meV , for the HD QDs. The significant red-shift and the
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reduction of the energy splitting ∆sp, for the LD QDs with respect to the HD QDs,

taking into account the different QD geometry and compositions for the two ensem-

bles. The LD QD ensembles are characterised by larger dimensions for both the the

in-plane (d) and along-growth directions (h) (i.e. lower confinement), and higher In

concentrations [185,186] with respect to the HD QDs.

The spectral inhomogeneity of the QDs is quantified by the FWHM of the emission

peaks. FWHM = (50± 1)meV and FWHM = (40± 1)meV are measured for the

HD QDs and the LD QDs, respectively. For several applications, as it will be

QD Es FWHM ∆sp F

HD (1.154± 0.001) eV (50± 1)meV (67± 1)meV 1.34

LD (1.087± 0.001) eV (40± 1)meV (60± 1)meV 1.5

Table 3.2: Summary of the results of the inter-band LT-PL characterisation of the LD QDs and

the HD QDs.
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Figure 3.13: The energy differences, determined from the LT PL, between the electron and hole

states corresponding to the different observed shells of the HD QD ensemble.

shown in the following chapters of this thesis, it is very important to work with sys-

tems characterised by a low inhomogeneous broadening which could allow a better
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Figure 3.14: The energy differences, determined from the LT PL, between the electron and hole

states corresponding to the different observed shells of the LD QD ensemble.

spectral resolution of the atom-like shells of the QDs. A figure of merit to quantify

the optical spectral purity of the QD ensembles can be defined as F = ∆sp/FWHM.

The spectral purity for the LD QD is F = 1.5, and it is slightly higher than the one

associated to the HD QD sample F = 1.34.

The results of the inter-band spectroscopic characterisation of the QDs are sum-

marised in Tab. 3.2. As discussed above, the excitonic nature of the peaks observed

in the PL spectra should be taken into account when studying the photolumines-

cence. In particular, in order to determine the value of the energy difference between

the electron and hole states involved in the excitonic recombination process, the

coulombic interactions should be considered. The attractive coulombic interaction

between electrons and holes is quantified by a binding energy EX , which depends

on the dimensionality of the system; the confinement of electrons and holes in het-

erostructures has a strong influence in determining the coulombic interaction. The

emission energy EPL contains the contribution of the exciton binding energy:

EPL = Ec − Ev − EX , (3.2)

where Ec and Ev represent the energies of the states in CB and VB, involved in

the radiative recombination. For bulk materials they coincide with the band edges,
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whereas, for confined structures, they coincide with the quantised energies asso-

ciated to the electron and hole states in CB and holes in VB, respectively. The

exciton binding energy varies form few meV to few tens of meV depending on the

material system and the dimensionality [187]. For bulk GaAs a value of ∼ 5meV

for the binding energy is reported [187]. For semiconductor QDs, the coulombic

interactions between electrons and holes, have usually a relevant impact due to the

proximity between the charges associated to the quantum confinement. In [188],

from a perturbative treatment of the coulombic interactions, the direct coulombic

interaction between electron and holes was computed as:

Eeh
ij =

e2

4πε0εr

∫ ∫ |ψei (re) |2|ψhj (rh) |2
|re − rh|

dredrh, (3.3)

where εr is the relative dielectric constant of the material, and ψei (re) and ψhj (rh)

are the envelope functions associated to the i − th electron state and j − th hole

state, respectively.

Using an approach similar to the one in [189], from the inter-band emission spec-

trum of the QDs, it is possible to estimate the energy spacing between the electron

and the hole QD states involved in the radiative recombinations. For the exciton

binding energies the values of 30meV , 20meV and 16meV , for the s, p and d levels

respectively, are reported in [188] and [189]. For the upper bound QD levels and

the WL, an exciton binding energy of 10meV is assumed [189]. The values for the

energy differences between the electron and hole states involved in the radiative

recombinations, for the two QD ensembles, are shown in Fig. 3.13 and Fig. 3.14.

3.3.3 Comparison with the QD simulation

The results obtained from the PL characterisation can be exploited for the estima-

tion of the energy spectra of the confined states in the CB and the VB of the QDs.

From the SEM characterisation provides the mean lengths of the QD base axes (a

and b) are estimated, but the height is unknown. Another important parameter for

the QD is the In composition in the island.

Using the commercial software Nextnano++ for the solution of the Schroedinger

equation, within 8-band k · p approximation, as shown in Ch. 2, the electronic

structure, for QDs of different geometries and In compositions, can be computed.

Non-uniform In compositions, as a consequence of the inter-mixing process with

the GaAs from the capping layer, is a well known phenomenon, which has a sig-

nificant impact on the definition of the confining potential in the QD region [190].

Non-uniform In compositions were taken into account in many theoretical works

for the simulation of the QDs in the k · p approximation [191] or for atomistic ap-

procahes [167, 192]. For the QDs analysed in this thesis, the results which show

the better agreement with the experimental results obtained from the LT-PL, cor-

respond with the choice of a ’trumpet graded’ In composition profile, which was
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introduced in [192].

The values of the base semi-axes are fixed from the SEM analysis of the uncapped

QDs and the value of the height varied between 2.0nm and 7.0nm. The best agree-

ment with the experimental results of the PL is found for a value of the height

hLD = 6.0nm, for the LD QDs, and hHD = 5.5nm for the HD QDs. The mapping

of the CB edges corresponding to the graded In composition chosen for the HD QDs

and the LD QDs are shown in Fig. 3.15 and Fig. 3.16, respectively. In agreement
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Figure 3.15: The 2D of the CB edge energy for the HD QD with an In composition varying between

20% and 80%.

with the results of the LT-PL for the LD QDs, a WL (In composition of 25%) was

included in the simulation. The In composition for the QDs in the two ensembles

was assumed to be varying between 20%, at the base of the QD, and 70%, at the

tip.

For the computed excited states in CB and VB, several shells closely spaced in en-

ergy are obtained. In the LT-PL analysis shown in Sec. 3.3.2, the fine electronic

structure associated to these closely spaced levels, cannot be observed, due to the

significant inhomogeneous broadening associated to the QD ensembles. In order to

calculate the energy differences between the electron and hole states involved in the

inter-band radiative recombinations, closely spaced levels, e.g. the px and py lev-

els, are grouped together and associated to the same peak in the PL spectra. The

mean value of the energies for the levels belonging to each group are considered for

the calculation of the energy differences attributed to the transitions observed in

the PL spectra. The results for the CB and VB shells are shown in Fig. 3.17, for

the HD QDs, and in Fig. 3.18, for the LD QDs. The calculated inter-band energy

differences for the HD QDs and the LD QDs are shown in Tab. 3.3 and Tab. 3.4,
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Figure 3.16: The 2D of the CB edge energy for the LD QD with an In composition varying between

30% and 90%.

respectively. It is possible to observe a good agreement between these results and

the ones obtained from the PL spectra and shown in Fig. 3.13 and Fig. 3.14. The

differences between the computed levels and the ones estimated from the LT-PL

are not larger than ∼ 15meV , for the s, p and d PL peaks. For the HD QDs a

larger discrepancy is found the f PL peak, which is at an energy of about 18meV

lower than the computed one; analogously, for the LD QDs, larger discrepancies are

found for the f and g peaks which are at energies respectively 23meV and 30meV

lower than the values computed from the simulation. As it will be shown in the

next chapters, the knowledge of the binding energies for the CB electron sub-levels

is very important for the conception of the QDIP heterostructures described in this

thesis.

s p d f

Einter
PL 1.184eV 1.241eV 1.294eV 1.338eV

Einter
sim 1.169eV 1.231eV 1.295eV 1.356eV

∆Eel
b 198meV 153meV 108meV 65meV

Table 3.3: Summary of the computed inter-band energy differences Einter, compared to the ex-

perimental values Einter
PL obtained from the LT-PL, and the computed electron binding energies

DeltaEel
b , for the HD QDs.
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Figure 3.17: The computed electron (a) and hole levels (b) for the LD QDs
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Figure 3.18: The computed electron (a) and hole levels (b) for the LD QDs

s p d f g

Einter
PL 1.117eV 1.169eV 1.221eV 1.268eV 1.322eV

Einter
sim 1.127eV 1.177eV 1.230eV 1.291eV 1.352eV

∆Eel
b 223meV 187meV 149meV 106meV 67meV

Table 3.4: Summary of the computed inter-band energy differences Einter
sim , compared to the ex-

perimental values Einter
PL obtained from the LT-PL, and the computed electron binding energies

DeltaEel
b , for the LD QDs.

Conclusions

In this chapter, the morphological and electronic properties of the QDs, used to

realise the devices described in this thesis, were presented. The QDs were grown

by MBE, adopting two different growth strategies. From the morphological char-

acterisation by SEM, different densities and sizes were found for the QDs in the

ensembles obtained using the two growth methods. For the QDs grown at high

rate (HD QDs), the estimated base axis lengths are a = 24nm and b = 21nm, and
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the density nHD QD = 2.5 × 1010cm−2. For the QDs grown at low rate (LD QDs),

the estimated basis axis lengths are a = 30nm and b = 27nm, and the density

nLD QD = 4.4× 910cm−2.

From the LT-PL spectra, the energy associated to the inter-band excitonic radiative

recombinations were estimated. The QD electronic structure was computed from

the solution of the Schrodinger equation, within an 8-band k · p approximation,

by means of Nextnano++. The basis geometry was fixed from the results of the

SEM analysis and a non-uniform In concentration within the QD was chosen. A

good agreement between the computed electronic structure of the QDs and the one

experimentally obtained from the LT-PL was found for an non-uniform In concen-

tration in the QD, varying between 20% and 70%, and for values of the QD height

hHD = 5.5nm (HD QDs) and hLD = 6.0nm (LD QDs). The computed QD elec-

tronic sub-levels in the CB have a very important role for the design of the device

heterostructures presented in the next chapters.



Chapter 4

Heterostructures for the

Photocurrent Generation based on

self-assembled QDs

The devices discussed in this thesis exploit the unique electronic properties of the

self-assembled QDs described in Ch. 2 and Ch. 3. This chapter is devoted to the

description and the discussion of the heterostructures, containing the self-assembled

QDs described in Ch. 3, which are at the basis of the devices discussed in the next

chapters of this thesis. The self-assembled QDs presented in the previous chapter

are included in heterostructures designed to exploit inter-sublevel transitions in the

CB for the photocurrent generation. The devices are responsive in the mid-infrared

spectral range between 120meV and 300meV . The chapter is structured as follows:

� Description of the structures.

� CB computation by solving self-consistently 1D Schroedinger and Poisson

equations.

� Structure engineering for devices based on low-density (LD) and high-density

(HD) QDs.

� Low-temperature photoluminescence characterisation of the structures.

4.1 Description of the structures

The structures are based on a single layer of self-assembled QDs. The QD levels

are populated with electrons, and the photogeneration process occurs within the CB

of the heterostructure. These structures were grown by means of molecular beam

epitaxy (MBE) on an undoped GaAs substrate along the [001] direction. In order

to fill the QDs with electrons, the heterostructure is included between two heavily

doped layers of GaAs with a doping concentration of ND = 2 × 1018cm−3. The
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Figure 4.1: A schematic representation of the heterostructure for the photocurrent generation. The

structure is based on self-assembled QDs grown by means of MBE

structure is shown in Fig. 4.1. On top of a 100nm thick buffer layer of GaAs, a

first layer of 600nm of heavily doped GaAs and a second one of 500nm of undoped

GaAs are grown. A plane of self-assembled QDs is grown on top on the undoped

GaAs, adopting the growth strategies described in the Ch. 3. The QDs are capped

with 10nm of GaAs. An Al0.3Ga0.7As layer, of variable thickness (between 3.5nm

and 7.0nm), is grown after the capping layer, followed by a 2nm-thick GaAs spacer.

On top of the latter GaAs layer, a 10nm-thick layer of InxGa1−xAs, with a variable

In composition between 21% and 28%, is grown. A 10nm-thick spacer of undoped

GaAs is grown before a 300nm-thick layer of heavily doped GaAs. The two layers

of doped GaAs grown at the bottom and the top of the heterostructures provide the

carriers to fill the QD shells. The InGaAs layer included between the two GaAs

spacers form a QW heterostructure. The InGaAs QW is coupled to the top GaAs

contact and has a very important role as reservoir and injector of electrons towards
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the QD layer, as it will be shown in the next sections.

4.2 Conduction band engineering

The structure presented above is characterised by a strong asymmetry which will be

exploited for the working principle of the devices: the QDs are separated by distances

of ∼ 40nm and 500nm from the top and bottom GaAs contacts, respectively. It is

possible to define an ’active region’ (thickness of ∼ 40nm) between the top contact

and the 500nm-thick GaAs spacer. The active region includes the InGaAs QW

and the QD layer, separated by the AlGaAs stopping layer. The QW is filled

with the electrons from the top n+ − GaAs contact, from which it is separated

by a 10nm-thick GaAs layer. The electrons from the QW can tunnel through the

GaAs/AlGaAs/GaAs structure mentioned above, towards the QD shells. In these

conditions, the QD levels are populated with the electrons, which can be excited,

by means of mid-infrared optical radiation, above the GaAs band-edge.

In spite of its simplicity, the structure contains several features which do not allow

straightforward methods for the computation of the CB profile. In particular, the

presence of both 2D (QW) and 0D (QD) confined structures makes the problem

computationally rather demanding. Moreover the relatively large dimensions of

the structure add further difficulties for the application of rigorous methods for the

complete computation of the band structure. A 1D simulation tool was developed in

our group, for the self-consistent solution of the Schrodinger and Poisson equations

in the structure, based on the following simplified assumptions:

� The problem is solved in one dimension, which coincides with the growth

direction z.

� The Schrodinger equation is solved only within the QW region, using the 1-

band k · p approximation method introduced in Ch. 2.

� The presence of the charges introduces a potential which ’bends’ the band

profile and which is computed by means of the solution of the Poisson equation

along the z direction.

� An effective one-dimensional charge distribution is computed for the structure

taking into account the dimensionality of the heavily-doped contacts, the QD

and the QW regions.

� For the QDs the binding energies estimated from the preliminary characterisa-

tion shown in Ch. 3 are used, without solving self consistently the Schroedinger

and Poisson equations in the QD region.

The material data of the different layers included in the heterostructure are provided

as input parameters. The initial CB profile is obtained, taking into account of the
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band edges of the different materials. The CB edge of the QD is computed by

means of Nextnano++, using the 8-band k · p method as shown in Ch. 3, and is

included in the input band profile. The CB input profile is shown in Fig. 4.2

for a typical structure based on self-assembled QDs. As it will shown below,
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Figure 4.2: The input CB profile for a typical heterostructure based on self-assembled QDs.

for the structure design, the In concentration in the QW has to be adapted to

the electronic structure of the QDs. As it was shown in Ch. 3, different growth

strategies result in QD ensembles with different electronic structures. From the

study of the photoluminescence, it was possible to determine the electronic structure

of the HD QDs and the LD QDs. The contacts are doped with Si, with a doping

concentration ND = 2.0 × 1018cm−3 and the Fermi level EF , corresponding to the

doping level, is computed in the top and bottom contacts. The Schrodinger equation

is solved for the CB in the QW region adopting a 1-band k · p approximation:

HQW
1kp ψ

QW
n (z) = EQW

n ψQWn (z) , (4.1)

obtaining the eigenstates ψQWn and the eigenvalues EQW
n . An effective one-dimensional

electron density is computed for the different regions of the structures, according to

their dimensionalities. The four regions within which a non-zero electron density

is expected are the two heavily doped contacts (3D), the QW region (2D) and the

QDs (0D). For the top and bottom contacts, recalling the expression for the density

of states DOS3D (E) given in Ch. 2, and the Fermi distribution function f (E), the
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Figure 4.3: The active region of the heterostructure, including the InGaAs QW and the InAs QD,

coupled via a GaAs/AlGaAs/GaAs multibarrier region.

charge density is computed as:

ρt,bpc (z) =

∫
DOS3D (E) f (E) dE = (4.2)

=

∫
1

2π2

(
2em∗

~2

) 3
2
√
E − V t,b

c (z)
1

1 + exp
(
E−EF

kBT

) dE,
where the apex t and b refer to the top and bottom contacts, T is the temperature,

kB the Boltzmann constant, m∗ the effective mass, EF the Fermi level and V t,b
c (z)

are the CB edges in the two GaAs heavily doped contacts. For the InGaAs QW,

due to the two-dimensionality of the structure, using the expression of the density of

states DOS2D (E) introduced in Ch. 2, the charge density is given by the following

expression:

ρQW (z) = |ψg (z) |2
∫
DOS2D (E) f (E) dE = (4.3)

= |ψg (z) |2
∫
em∗

π~2
θ (E − Eg)

1

1 + exp
(
E−EF

kBT

) dE
where ψg and Eg are respectively the ground eigenstate and eigenvalue of the

InGaAs QW. For the inclusion of the QD in the 1D model, several approxima-

tions were made. The energies of the QD levels are fixed; the values which are used,

are taken from the estimated binding energies of the QD shells from the analysis of
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the LT-PL, as shown in Ch. 3. The inhomogenous broadening of the QD spectra is

taken into account in the definition of the density of states associated to the QD en-

semble DOSensQD (E), already introduced in the Ch. 2. The charge associated to each

electron injected on the QD is approximated as being uniformly distributed within

the semi-ellipsoidal InAs island defining the dot. An effective charge distribution

ρeffQD (z) is therefore computed along the growth direction z, for each electron present

on the QD. Consequently, for the QD ensemble the charge distribution along the z

direction is given by:

ρQD (z) =

∫
DOSensQD (E) ρeffQD (z) f (E) dE = (4.4)

=

∫
nQD√

2π

Nlev∑
n=1

1

σi
exp

−1

2

(
E − EQD

i

σi

)2
 ρeffQD (z)

1 + exp
(
E−EF

kBT

) dE,
where the σi is the broadening of each QD level EQD

i . The total charge distribution

along the heterostructure is given by:

ρtot (z) = ρtc (z) + ρQW (z) + ρQD (z) + ρbc (z) . (4.5)

Using the one-dimensional Poisson equation:

d2U

dz2
= −ρ

tot (z)

εrε0

(4.6)

the bending potential U can be computed. The total potential is therefore adjusted

by the inclusion of the term U ; the Schrodinger equation is solved within the QW

for the reshaped potential. A typical CB profile, resulting from the self-consistent

solution of the 1D Schrodinger and Poisson equations, is shown in Fig. 4.4, where

the position of the Fermi level EF and the ground state of the InGaAs QW are also

shown.

4.3 Structure design for different types of QDs

The structure design is aimed at a convenient positioning of the Fermi level, in order

to fill the QD s shell with 2 electrons from the QW. An analogous structure was

adopted for the realisation of a photovoltaic Quantum Dot Infrared Photodetector

(QDIP) [61], for which an InGaAs capping was used for the QDs. The photovoltaic

operation was based on the presence of electrons in the QDs at 0V applied bias, due

the positioning of the Fermi level above the lower QD shells. As it will be shown

later in this thesis, the positioning of the Fermi level is also relevant to determine

the properties of the QDIP dark current; the better conditions, which guarantee

both an efficient QD filling and a low dark current level, are the main criteria which

influenced the structure engineering.



4.4. LT-PL characterisation of the structures 97

0.0 100.0 200.0 300.0 400.0 500.0
z (nm)

−0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

E
n
er
gy

 (
eV

)

CB profile

Fermi Level
QW ψg

Figure 4.4: The computed CB for a typical heterostructure based on self-assembled QDs after the

solution of the self-consistent 1D Schrodinger-Poisson equation.

An analogous structure was designed for the realisation of the first optically-driven

electron pump in [129], based on QDs capped with GaAs. A convenient configu-

ration was found for a Fermi level lying between the s and p QD shells. The In

concentration in the QW was chosen in order to match the latter condition.

For the QDIP heterostructures based on HD QDs, the In concentration in the QW

was chosen to be 21%; for the ones based on LD QDs, it was chosen to be 26%, due

to the lower energies associated to the LD QD sublevels (see Ch. 3). The results of

the simulations for the two heterostructures are shown in Fig. 4.5, for the HD QDs,

and in Fig. 4.6, for the LD QDs. In such conditions, the s level of the QDs is

populated with electrons, which can be excited by means of mid-infrared optical

radiation towards the continuum above the GaAs band edge. Due to the asym-

metry of the built-in potential, with the AlGaAs layer acting as a stopping layer

between the QD plane and the top contact, the photoexcited electrons can be swept

towards the bottom contact. The photocurrent generation process will be better

described in the next chapters, where the characterisation of the devices, based on

the heterostructures shown in this section, will be presented.

4.4 LT-PL characterisation of the structures

By means of the LT-PL technique already described in Ch. 3, the heterostructures

were characterised. In particular, the properties of the QWs could be studied. The
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Figure 4.5: The computed CB for the heterostructure based on HD QDs after the solution of the

self-consistent 1D Schrodinger-Poisson equation, with an In concentration of 21% in the QW.
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Figure 4.6: The computed CB for the heterostructure based on LD QDs after the solution of the

self-consistent 1D Schrodinger-Poisson equation, with an In concentration of 26% in the QW.

excitonic emission from the QW was measured for the two structures. The LT-PL

spectra are shown in Fig. 4.7 for the two heterostructures. On both samples it is
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Figure 4.7: The LT-PL emission from the InGaAs QW for the heterostructures based on HD QDs

(blue) and LD QDs (red).

possible to observe the structured shape of the emission spectrum in two peaks which

is typical for doped QWs. The peak at lower energy is associated with the ground

level of the QW, whereas the one at higher energy is related to the Fermi energy of

the electrons in the QW (Fermi edge singularity) [193]. Using the approach which

can be found in [193], it is possible to relate the difference in energy between the

two peaks with the difference between the Fermi level EF and the ground energy

level in the QW Eg:

∆EF = EF − Eg. (4.7)

The difference in energy between the two peaks is ∆EHD
F = 12meV , for the HD QD

sample, and ∆ELD
F = 27meV , for the LD QD sample.

Knowing the expression of the DOS of a 2D system, it is possible to determine the

sheet carrier density in the QW as:

n2D = m∗m0/
(
π~2
)

∆EF , (4.8)

where m0 is the mass of the electron and m∗ is the effective mass in the QW re-

gion. The values used for the effective masses in the QWs are m∗HD = 0.058,

for an In concentration of 21%, and m∗LD = 0.055, for an indium concentration

of 26%. Using the values of ∆EF obtained from the QW PL spectra, the esti-

mated sheet carrier densities for the two structures are: nHDQW = 2.9 × 1011cm−2

and nLDQW = 6.2 × 1011cm−2. The charge densities in the QW, computed from the

self-consistent solution of the Schroedinger and Poisson equations discussed above
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in Sec. 4.2, are nsimHD = 5.34× 1011cm−2 and nsimLD = 6.7× 1011cm−2.

For the LD QD structure, a very good agreement is found between the computed

result and the ons obtained from the analysis of the LT-PL. The discrepancy ob-

served on the HD QD structure can be explained with an underestimation of the

actual In concentration in the QW. The results of the LT-PL analysis for the QWs

on the two structures are summarised in Tab. 4.1.

QD Einter
g ∆EF nQW nsimQW

HD 1.262eV 12meV 2.9× 1011cm−2 nsimHD = 5.34× 1011cm−2

LD 1.205eV 27meV 6.2× 1011cm−2 nsimLD = 6.7× 1011cm−2

Table 4.1: Summary of the properties of the QWs determined from the analysis of the LT-PL.

Conclusions

This chapter contains a discussion on the heterostructures, based on self-assembled

QDs, which are at the basis of devices discussed in this thesis. The highly asymmetric

structures, which are included between to heavily doped GaAs layers, are based on

a single layer of self-assembled QDs coupled, via a GaAs/AlGaAs/GaAs barrier, to

an InGaAs QW. An effective electron density was defined for the heterostructure

and the bending potential was computed by solving a 1D Poisson equation. The

eigenvalues and eigenstates in the InGaAs QW were computed by solving self-

consistently the Schroedinger equation in the corresponding region. The role of the

QW, which acts as a reservoir and injector of electrons, for the positioning of the

Fermi level in the structure, was analysed. The In concentration in the QW is

chosen to position the Fermi level above the QD s shell, thereby filling the QDs

lower shells with electron. By means of the analysis of the LT-PL emission from the

QWs in the two heterostructures, the electron sheet density in the QWs could be

estimated.
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Device Fabrication

This chapter contains a summary of the main technical aspects about the device

fabrication. The layers described in Ch. 4 were processed by means of two different

fabrication strategies, obtaining devices of different sizes and shapes. The second

part of the chapter is focused on the description of the device mounting technique

and of the sample preparation for the low-temperature characterisation. The device

implementation and the electrical connections in a liquid He flow cryostat will be

described.

5.1 The Square Mesa Process

The square mesa process (SMP), is a very simple and fast fabrication procedure. It

consists of the following steps:

� Mesa etching.

� Bottom contact metallisation.

� Top contact metallisation.

� Contacts annealing.

The different steps are based on standard photolithography techniques, utilising

positive or negative photoresists. The complete process flow is shown in Fig. 5.1.

The sample is coated with a ∼ 500nm-thick layer of positive photoresist. By means

of a first lithography, the resist is exposed to broadband (350nm−400nm) UV light

and a mask for the definition of the mesas is obtained (see Fig. 5.2). The mesas

are etched in a highly diluted acid solution containing H3PO4, which allows a low

etching rate of about 100nm/min. In order to reach the bottom n+−GaAs contact,

the etched thickness is ∼ 900nm. After the mesa etching, the sample is coated with

a ∼ 2µm-thick film of negative photoresist. By means of a second lithography, the

bottom contact regions are defined at the basis of the mesas, as opening in the

exposed photoresist, on the top of the bottom n+ − GaAs contact. By means of
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Figure 5.1: A schematic representation of square mesa process flow.
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Figure 5.2: A schematic representation of the mesa etching process.

physical evaporation, a metallic multi-layer of Ge/Au/Ni/Au is deposited. After the
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Figure 5.3: Lift-off proess based on negative photoresist..

resist lift-off, the metal bottom contacts are defined (see Fig. 5.3). An analogous

procedure is used for the definition of the top metal contacts on the top of the

mesas. A standard receipt for the alloying of Ge and Au is adopted, to anneal

the top and bottom contacts. The contact alloying is attained by Rapid Thermal

Annealing (RTA) at 380◦C for 1min. This well-known procedure allows to obtain

ohmic contacts [194]. Further details about the processing steps can be found in

Appendix A.

5.2 The Circular Mesa Process

The circular mesa process (CMP) is based on a procedure very similar to the one

adopted for the SMP. This type of process is used to obtain mesas of circular shapes

and smaller sizes when compared to the SMP. The smallest achievable diameter for

the mesa is of 15µm. The size of the mesa limits the size of the corresponding top-

contacts; the metallisation of larger metal pads, connected to the top metal contacts,

are necessary for the experimental applications. The CMP consists of the following

steps:

� Mesa etching.

� Si3N4 deposition.
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Figure 5.4: A schematic representation of square mesa process flow.

� Definition of the openings in the Si3N4.

� Top and bottom contact metallisation.

� Contact annealing.

The different steps of the CMP are shown in Fig. 5.4. After the procedure described
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above for the mesa definition and etching, a 350nm thick insulating layer of Si3N4

is deposited by means of plasma enhanced chemical vapour deposition (PECVD) on

the top of the sample. In order to define the top and bottom contacts, it is necessary

to open the insulating layer at the top and the basis of the mesas. This is achieved

adopting a dry etching technique by means of a reactive ion etching (RIE) system.

A layer of negative photoresist is used as a mask for the dry etching process (see Fig.

5.5). Further details about the RIE and PECVD steps can be found in Appendix

A A step analogous to the one used for the SMP is adopted for the metallisation of

UV light

Cr mask

Exposure Development Dry etching

2μm

Negative 

photoresist

SiN SiN

.

Figure 5.5: A schematic representation dry etching of the Si3N4 layer.

the bottom and top contacts; differently from the previous case, the top and bottom

contacts are defined in a single step without the possibility to split the process in

two different metallisations. The Ge/Au/Ni/Au contacts are annealed, as for the

SMP . In order to allow the wire bonding of mesas with diameters smaller than

50µm, a further step is needed to define metal pads, which are connected to the

top contacts of the mesa, as shown in Fig. 5.4. The pads are defined exposing the

negative photoresist, as for the bottom and top contacts. A metallic layer of Ti/Au

is deposited, and the contact metallic pads are obtained by means of the lift-off

procedure described above.

5.3 Process finalisation

After the steps shown above for the device fabrication using either the SMP or

the CMP, two further steps are needed in order to prepare the processed layer, for

the implementation in the experimental setups used for the electrical and optical

characterisation. After the process of the top surface, the chip is prepared for the

mechanical polishing procedure aimed at the reduction of the substrate thickness.

As it is shown in Fig. 5.6, the sample is glued on a glass slide by means of wax, with

the processed surface facing down. The chip, which has an initial thickness of about

600µm, is thinned down to a thickness of about 200µm by means of mechanical

polishing; the thinned chip has higher thermal conductivity of and allows for easier

cleaving of the mesas. After the mechanical polishing, the the chip back surface is
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Figure 5.6: A schematic representation of the mechanical polishing and the subsequent metallisation

of the back surface of the chip.

metallised with a Ti/Au layer; the latter metallic layer allows beneficial effects for

the definition of a good thermal contact and the soldering techniques adopted for

the device mounting procedure, which will be described in the next chapter.

5.4 Device electrical connections

This section is devoted to the description of the setup used for the characterisation

of the devices fabricated in circular or squared mesas, as shown in Secs. 5.1 and

5.2. The processed chip is cleaved in pieces containing one or more devices. The

chip is soldered by means of In flux on a Cu sub-mount. The top and bottom
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ohmic contacts are connected by means of golden wires (with wire diameters of

17µm and 25µm) to metallic pads 1, which are insulated from the copper sub-

mount, as shown in Fig. 5.7. The measurements of the photocurrent and the dark

Copper 

sub-mount

Metallic

pads

Figure 5.7: A sketch of two devices mounted on a Cu sub-mount and connected, by means of golden

wires, to metallic pads.

current of the device are performed in a liquid He (LHe) flow cryostat (see Fig.

5.8), which can be used to reach temperatures as low as 10K. The flow cryostat

used for the measurements presented in this thesis is the model ST100 from Janis.

The devices mounted on the copper sub-mount are placed and fastened on the Cu

Cryostat finger

Coaxial cable

Cryo-shield

Opening in the 

cryo-shield

Transparent

window for mid-IR

(ZnSe, KrS5)

Vacuum

jacket

Figure 5.8: A sketch of the electrical connections within the LHe flow cryostat used for the mea-

surements of the current delivered by the devices.

finger of the flow cryostat. The metallic pads corresponding to the top and bottom

contacts of the devices are connected to the inner conductor of two-coaxial cables.

The outer connectors of the coaxial cables are not connected to the cryostat; this

configuration is helpful to avoid possible ground-loops between the ground of the

instruments and the one of the cryostat. An Al shield, which is kept in thermal

1These metal pads, which are placed on the Cu sub-mount, have not to be confused with the

processed on-chip pads mentioned in Sec. 5.2
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contact with the LHe flow, is used to improve the cooling process. Two possible

cryo-shielding configurations are adopted for the device characterisation. The first

one, which is used for the measurement of the dark current, is based on a complete

screening of the sample by means of a cryoshield without openings, so that the

devices are not exposed to the background radiation from the component of the

cryostat vacuum jacket (e.g. the windows), which are at room temperature. For

the second configuration, which is used for the measurement of the photocurrent,

a cryo-shield, with an opening positioned in front of the sample, is used (see Fig.

5.8); the latter allows the optical excitation of the devices. For the measurement

of the photocurrent, transparent windows for the mid-infrared are used: typically

materials are ZnSe (which is transparent between λ = 0.7µm and λ = 14µm) and

KrS5 (transparent between λ = 0.7µm and λ = 30µm).

Conclusions

In this chapter a brief description of the main aspects of the device fabrication

processes was presented. In particular, the two types of mesa (circular and squared)

processes adopted for the device fabrication were shown. The process finalisation

and the sample preparation for the mounting procedure were described, in order to

explain the implementation of the devices in the experimental configurations adopted

for the characterisation step. Finally, the electrical connections of the devices, inside

the liquid He flow cryostat used for the experiments, were described.
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Electrical and Optical

characterisation of the devices

This chapter contains the discussion of the electrical and optical characterisation of

the devices based on the heterostructures discussed in Ch. 4 and fabricated adopting

the techniques described in Ch. 5. The structure of the chapter can be summarised

in the following way:

� Description of the experimental technique for the measurement of the Current-

Voltage (I-V) characteristic curves of the devices.

� Discussion of the I-V curves for the devices based on different types of QDs in

relation to the corresponding heterostructures.

� Description of the experimental techniques for the measurement of the spec-

tral response of the devices by means of Fourier transform infrared (FTIR)

spectroscopy.

� Discussion of the spectral response of the devices, in relation to the spectral

properties of the QDs.

� Characterisation of the device performance: estimation of the responsivty and

the specific detectivity.

6.1 Experimental setup for the Current-Voltage

device characterisation

For the measurements of the Current-Voltage (I-V) characteristic curves, a Keith-

ley SourceMeter® is used. Such an instrument, which is schematised in Fig. 6.1,

contains a current source, a voltage source and two probe units: a voltmeter and

an ammeter. For the measurements discussed in this chapter, the instrument was

used adopting a voltage source configuration combined to an ammeter: the device is
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biased by means of the voltage source and the generated current is measured by the

ammeter, as shown in Fig. 6.1. The I-V curves are obtained varying the applied bias

within a given range, and measuring the corresponding values of the direct current

(DC) flowing through the device. Two different models were used for the measure-

ments presented in this thesis, depending on the necessary degree of accuracy. The

first model is the Keithley 2410 capable of measuring currents as low as 10pA with

a resolution of 1pA; the second instrument is the Keithley 2636B, which allows to

measure currents of 1.0fA with a resolution of 0.1fA. For the measurements of

V
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Voltage

measurementV

I

Voltage

source

Characterized

device

HI

LO

SourceMeter®

Figure 6.1: A schematic of the SourceMeter® used for the measurements of Current-Voltage char-

acteristic curves.

the dark current, the device is kept in the liquid He flow cryostat mentioned in

Ch. 5 and completely screened by a cryo-shield without openings, preventing the

exposure to the background radiation, as shown in Ch. 5. For the measurement of

the background noise current, the I-V curves are measured using a cryo-shield with

an opening (see Ch. 5), but in absence of an external light source.

6.2 I-V curves

Before discussing the I-V curves measured on the characterised devices, it is help-

ful to recall the properties of the heterostructures based on the high-density QDs

(HD QD) and the low-density QDs (LD QDs), which were introduced in Ch. 4.

The simulated CBs of the heterostructures are shown in Fig. 6.2, for the HD QD

device, and in Fig. 6.3, for the LD QD device. From the CB structure, it is possible

to observe that, when applying a negative bias to the structure, between the top

and bottom contacts, the energy of the latter is lowered with respect to the energy

of the former. This means that the QD levels are lowered with respect to the QW

ground subband. For low (absolute) values of the applied bias, the QW ground
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subband is aligned to the deep QD shells: in these conditions a low dark-current

through the device is expected, due to the high and large effective barrier, which

prevents the electrons from flowing towards the bottom contact. An increase of the

dark current is expected when the QW ground subband is aligned with the outer-

most QD shells. The I-V curves measured on two devices, based respectively on
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Figure 6.2: The computed CB of the heterostructure based on the HD QDs, used for the realisation

of the devices for the photocurrent generation. In the inset the active region of the device is shown.

HD QDs and LD QDs, are shown in Fig. 6.4. The devices were fabricated using

the ’circular-mesa’ process introduced in Ch. 5. The mesa diameter is 300µm for

both devices. The measurements were performed at a temperature T = 10K. From

the measurements of the dark current it is possible to observe that the shape of the

curves is similar for the two devices. Correspondingly with the alignment between

the QW injector and the outermost shells of the QDs a very steep increase of the

dark-current is observed. At higher (absolute) values of the applied bias a second

steep increase of the current is observed, probably due to the alignment with the

levels of the continuum above the GaAs CB edge. From Fig. 6.5, where the conduc-

tance dI/dV is plotted as a function of the applied bias, it is possible to estimate the

values of the bias values corresponding to the two resonances which are related to the

above mentioned alignments. For the HD QD device, the first alignment occurs at

Vbias ' −1.55V , the second alignment at Vbias ' −2.78V ; for the LD QD device, the

first alignment occurs at Vbias ' −1.85V , the second alignment at Vbias ' −3.35V .

The value of the dark current for the LD QD device, between −3.26V and 0V , is

significantly lower than the one on the HD QD device. The first explanation for
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Figure 6.3: The computed CB of the heterostructure based on the LD QDs, used for the realisation

of the devices for the photocurrent generation. In the inset the active region of the device is shown.
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Figure 6.4: The dark I-V curves measured on the HD QD (blue) and the LD QD (red) devices.

The measurements were performed at a temperature T = 10K using a cryo-shield.

this effect is the lower density of QDs, which are the channels through which the

electrons flow to generate the current. The second reason is related to the electronic

properties of the device heterostructure. As already discussed in Ch. 3 and Ch. 4,

the LD QD shells are characterised by higher binding energies with respect to the
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Figure 6.5: The conductance dI/dV plotted as a function of the applied bias for the HD QD (blue)

and the LD QD (red) devices. The measurements were performed at a temperature T = 10K using

a cryo-shield.

ones of the HD QDs. Moreover, for the LD QD device, in order to keep the Fermi

level between the s and p shells of the QDs at 0V , the QW injector is characterised

by a higher In concentration, which entails the presence of higher effective barriers

through which the electrons must tunnel to generate the current.

The measurements of the total background current, given by the sum of the back-

ground noise current and the dark current, are shown in Fig. 6.6a, for the HD QD

device, and in Fig. 6.6b, for the LD QD device. For (absolute) values of the applied

bias voltage lower than the ones corresponding to the first resonance in conduc-

tance, a significant contribution, due to the background radiation, can be observed.

In particular, at 0V applied bias, the value of the total background current is of

6.84×10−10A, for the HD QD device, and 4.8×10−11A, for the LD QD device. The

significant difference between the two values of the measured current is explained

by the difference of about one order of magnitude between the QD densities of the

ensembles on which the two devices are based.

6.3 Measurement of the detector spectral response

The second step of the device characterisation is the measurement of the spectral re-

sponse. The devices are prepared for the photocurrent (PC) measurement, realising,

by means of mechanical polishing, a 45◦ wedged facet for the optical coupling. As it

is shown in Fig. 6.7, using this wedged geometry, the two polarisation components

of the incident light along the directions p and s can be coupled with the detector

active region. The p polarisation, assuming the coordinate system shown in Fig.
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Figure 6.6: Comparison between the total current, which includes the contribution from the back-

ground noise, and dark current measured on the devices based on the HD QDs (a) and the LD QDs

(b).
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Figure 6.7: The 45◦ wedged facet for the coupling of the incident light with the device. The two

component of the incident light along the s and p directions, can be coupled with the QDs in the

heterostructures.

6.7 with the z axis coincident with the growth direction, forms an angle of 45◦ with

the z axis, within the zy plane; therefore it consists of two components of equal

intensity, directed along the y and z axes respectively. The s polarisation coincides

with the x direction.

The spectral response of the devices is measured by fourier transform infrared

(FTIR) spectrocopy. The FTIR interferometer used for the measurements is the

Vertex-80v from Bruker. The system, depicted in Fig. 6.8, is based on a Michelson

interferometer scheme. The interferometer is kept under vacuum during the mea-

surements, in order to minimise the absorption from the water component of the

atmosphere. The sample is kept at low temperature in the flow cryostat described
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Figure 6.8: A schematic of the setup for the measurement of the spectral response of the devices.

The system is based on a FTIR interferometer.

in Ch. 5 and used for the I-V measurements (see Sec. 6.1). The cryostat is placed in

an external compartment which is purged with N2. The source is a glowbar emitting

in the mid-infrared spectral range. A KBr beam-splitter is used in the Michelson

interferometer. A polariser, used to select the polarisation direction of the incident

light, is placed in the internal compartment of the FTIR.

For the measurement of the signal generated by the photodetector, two different

configurations were adopted, depending on the experimental conditions and the

signal-to-noise ratio. In the first configuration, the photocurrent generated by the

device is amplified by means of a current pre-amplifier (SR570 from Stanford Re-

search Systems, Inc.). The latter allows also to apply a bias voltage to device. The

circuit to connect the photodetector to the current amplifier is shown in Fig. 6.9.

The two coaxial channels connected to the top and bottom contacts of the devices

(see Ch. 5), are conveyed onto the single input co-axial channel of the amplifier.

An alternative configuration, especially used for the detection of very faint signals,

is based on the amplification of a voltage signal associated to the photocurrent de-

livered by the device across a load resistor RL. The circuit used for the amplification

of the voltage signal is shown in Fig. 6.10. The voltage drop across the load resistor

RL = 1MΩ is collected using a double coaxial channel configuration. The two cables

are connected to the two channels of the differential input of a voltage pre-amplifier

(model 5113 from Edgerton, Germeshausen, and Grier, Inc). An external circuit
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Figure 6.9: A schematic of the circuit for the photocurrent detection based on the current amplifier.

The signal in current is amplified by a current amplifier and transformed in a signal in voltage at

the output.
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Figure 6.10: A schematic of the circuit for the signal detection based on a voltage amplifier. The

voltage drop across a load resistor RL = 1MΩ is amplified by a voltage amplifier with a differential

input configuration.

was needed to bias the device: a 9V battery is connected to a 10kΩ potentiometer

used to tune the bias applied across the device.

The FTIR is used in a rapid scan mode, for which the movable mirror is moved

at constant velocity and the data acquired for each scan, are averaged over a given

time interval to obtain the final interferogram. A HeNe laser emitting at 632.8nm

is used as a reference for the scan. From the scanning frequency it is possible to

calculate the mirror velocity. The Fourier frequency fsig associated to a signal at a
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wavelength λsig is related to the mirror velocity vM by the following relation [195]:

fsig = 2
vM
λsig

. (6.1)

To obtain the correct spectral response of a device which is centred on a given

Fourier frequency f0 with spectral width ∆f , it is important to set properly the

cutoff frequencies of the pre-amplifier band-pass filters, in order to avoid to cut out

signal components.

6.4 Photocurrent Generation Process

In this section the photocurrent generation process in the heterostructures presented

in Ch. 4 will be discussed. In the analysis of the device spectral response, the

photocurrent generation process will be related to the QD electronic structure of

the. A schematic representation of the photocurrent generation process for the

heterostructures presented in Ch. 4 is shown in Fig. 6.11. As already shown in

Ch. 4, the electrons from the heavily doped top contact, populate the ground QW

subband. The latter acts as a reservoir and injector of electrons towards the QDs.

The QW is tunnel-coupled to the QD layer via the GaAs/AlGaAs/GaAs barrier.

The Fermi level, as it was shown in Ch. 4, at 0V applied bias, lies between the s and
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Figure 6.11: A schematic representation of the photogeneration process in the CB based on the

self-assembled QDs.

p shells of the QDs. At 0V applied bias, the s shell of the QDs is populated with
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electrons, which can be excited by means of mid-infrared (mid-IR) optical radiation

directly towards levels in the continuum above the GaAs CB edge or bound levels,

e.g. the QD outermost shells or the WL, from which they can escape towards

the continuum above the GaAs CB edge (see Fig. 6.11). Due to the presence

of the buily-in potential and of the AlGaAs stopping layer between the QDs and

the top contact, the photoexcited electrons are swept towards the bottom contact,

generating a current. The devices generate a photocurrent at 0V and negative values

of the applied bias voltage.

For the understanding of the photogeneration mechanisms, it is convenient to recall

the properties of the QD inter-sublevel absorption, introduced in Ch. 2. The 2D

absorption coefficient associated to a transition |i〉 −→ |f〉 is:

αQD2D (ω) =
π

nrcε0

ωfi|〈f |êµ|i〉|2
2nQD√

2πσ
exp

−(~ (ω − ωfi)2

√
2σ

)2
 , (6.2)

where σ quantifies the spectral inhomogeneous broadening of the |i〉 −→ |f〉 transi-

tion for the QD ensemble and nQD is the QD density. It is possible to express the

photocurrent associated to the |i〉 −→ |f〉 transition, for a given applied bias V and

incident power Pin, as:

Iph (~ω;V ) = e
α2D
QD (~ω)

~ω
Goptpesc (V )Pin = e

nQDg (V )σabsQD (~ω)

~ω
Goptpesc (V )Pin,

(6.3)

where g (V ) is the number of the electrons per QD, at a given bias V , which can be

involved in the transition; σabsQD = α2D
QD/nQD is the absorption cross section; Gopt is a

factor accounting for the optical coupling, e.g. the incidence geometry, the reflection

on the device facet, the window’s transmission; pesc (V ), is a probability associated

to electron escape form the excited level |f〉 of the QD towards the continuum above

the GaAs band edge. Using the expression of the PC given in Eq. 6.3 in the general

definition of the detector responsivity R (~ω) [27,45,46,196], the QDIP responsivity

can be expressed as:

R (~ω;V ) =
Iph
Pin

=
enQDg (V )σabsQD (~ω)

~ω
Goptpesc (V ) . (6.4)

The dipole matrix element |〈f |ê · µ|i〉| in Eq.6.2, determines the selection rules for

the inter-sublevel transitions involved in the PC generation process. As already dis-

cussed in Ch. 2, QDs have significantly different selection rules from QWs. QDIPs,

differently from QWIPs [27,33], are responsive also for incident light polarised along

the in-plane directions [19,153,183,184]. For QDIPs it was observed [153,180] that

the s −→ continuum and the s −→ WL transitions, which give important contri-

butions to the detector photoresponse in the mid-IR range, are polarised along the

growth direction.

The first characterisation steps of the device spectral response, is a study of the
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polarisation dependence of the the signal. The PC measured at 0V applied bias and

at a temperature T = 10K for the HD QD and LD QD devices are shown in Fig.

6.12 and in Fig. 6.13, respectively. For the HD QD device the PC maximum is at

187meV , whereas for the LD QD device the maximum is at 182meV . A photore-

sponse for similar energy ranges was observed in [19, 153, 180]. For both devices,
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Figure 6.12: The PC spectra measured, at 0V applied bias, for incident light polarised along the p

(black) and s (red) direction, for the device based on the HD QDs
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Figure 6.13: The PC spectra measured, at 0V applied bias, for incident light polarised along the p

(black) and s (red) direction, for the device based on the LD QDs

the shape of the PC spectra r (~ω) is independent on the polarisation of the incident
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light. The responsivity for light polarised along the p direction is higher than for

light polarised along the s direction. In particular, the ratio between the signals

corresponding to the two polarisation directions is ∼ 2.6 for the HD QD device and

∼ 1.9 for the LD QD device. The signal along a specific direction i, can be expressed

as:

Si (~ω) = Rir (~ω)Pi, (6.5)

where r (~ω) is the normalised spectral response (spectrum shape), which does not

depend on the polarisation direction; Pi and Ri are respectively the incident power

and the responsivity maximum for light polarised along the direction i. The signal

along the p direction Sp (~ω) contains components polarised along the z and y

directions: Pp = Pz + Py; therefore Sp (~ω) is expressed as:

Sp (~ω) = (RyPy +RzPz) r (~ω) , (6.6)

where Ry and Rz are the maximum values of the responsivity for light polarised

along the y and z directions, respectively. Analogously for the light polarised along

the s ≡ x direction, the signal Ss is expressed as:

Ss (~ω) = RxPxr (~ω) , (6.7)

where Px is the incident power and Rx is the responsivity maximum for light po-

larised along the x direction. The two component of the incident radiation along

the y and z directions can be expressed as Py = Pp cos2 (θ) and Pz = Pp sin2 (θ),

where θ is the angle between the polarisation direction p and the y axis (see Fig.

6.7). For the θ = 45◦, Py = Pz = Pp/2. The equivalence of the in-plane directions,

for the inter-sublevel transitions involved in the PC generation process, entails the

equality Rx = Ry = R⊥. Since Pp = Ps = P , it is possible to write the following

expression for Sz (~ω) ≡ S‖ (~ω):

S‖ (~ω) = R‖Pr (~ω) = 2Sp (~ω)− Ss (~ω) (6.8)

and, considering the expression of Ss in Eq.6.7, the following expression can be

obtained:
R‖
R⊥

= 2
Sp (~ω)

Ss (~ω)
− 1, (6.9)

which expresses the ratio between the values of the responsivity for light polarised

along the growth and in-plane directions, in terms of the ratio between the measured

signals Sp (~ω) and Ss (~ω). By means of Eq.6.9, the ratio R‖/R⊥ can be estimated

for the two devices, obtaining a value of ∼ 5.6 for the HD QD device and of ∼ 3.8

for the LD QD device. The different values of R‖/R⊥ estimated for the two devices

are related to the different nature of the transitions giving rise to the PC generation

and to the different QD geometries in the two ensembles.

The detector spectral response is now analysed in relation to the QD spectral proper-

ties. The normalised photocurrent (PC) spectra of the HD QD and LD QD devices
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are shown in Fig. 6.14 and Fig. 6.15, respectively. The spectra were measured at

Vbias = 0V , −0.5V and −1.0V . For the interpretation of the PC spectra it is helpful

to recall the spectral properties of the QDs which were discussed in Ch. 3. The

s p d f g

∆Eel
b 198meV 153meV 108meV 65meV 26meV

Table 6.1: Summary of the computed interband energy differences Einter and electron binding

energies DeltaEel
b , for the HD QDs

s p d f g WL

∆Eel
b 223meV 187meV 149meV 106meV 67meV 40meV

Table 6.2: Summary of the computed interband energy differences Einter and electron binding

energies DeltaEel
b , for the LD QDs

binding energies associated to the different shells in the CB provide the expected

energy scales for the inter-sublevel transitions giving rise to the photocurrent gen-

eration. The values of the binding energies for the QD shells in CB are reported for

the HD QDs and the LD QDs in Tab. 6.1 and Tab. 6.2, respectively. The value of

40meV for WL binding energy, coincides with the one reported in [165].

The PC spectrum of the HD QD device (Fig. 6.14), for Vbias = 0V , is peaked at

E = 189meV with a FWHM = 34meV . At 0V applied bias only the QD s level is

populated with the electrons; the computed binding energy of the electrons in s level

of the HD QDs is 194meV , a value which is very close to the energy of the PC peak.

Therefore the main peak of the PC spectrum is attributed to the s −→ continumm

transition. Increasing the negative bias, it is possible to observe an increase of the

signal, on the low energy side of the spectrum, with the appearance of two shoulders

at ∼ 165meV and ∼ 125meV . There are two effects which should be taken into

account to explain the appearance of these features: the progressive filling of the

QD p levels and the activation of transitions from the s level towards upper QD

bound levels. The first shoulder at 165meV is associated to the s −→ g transition,

the second one at 125meV is associated to the p −→ g transition.

For the LD QD device, at 0V applied bias, the PC spectrum (Fig. 6.15) exhibits a

main peak at 187meV with a FWHM = 8meV much narrower than the main peak

observed for the HD QD device. This significant difference between the PC spectra

of the two devices is due to the different natures of the transitions associated to the

main PC peaks. Moreover, as discussed in Ch. 3 for the analysis of the PL spectra,

the LD QDs are characterised by a better spectral homogeneity with respect to the

HD QDs. The energy at which the transition occurs does not coincide with the

electron binding energy of the LD QD s shell (231meV ); on the other hand it is

much closer to the energy difference between the s level and the WL ∼ 198meV .
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Figure 6.14: The PC spectra measured on the HD QD device, for three values of the applied bias.

The measurement were performed at a temperature T = 10K. The light was polarised along the p

direction.

100.0 150.0 200.0 250.0 300.0 350.0
Energy (meV)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or
m
a
li
ze
d
 S
ig
n
a
l 
(a
.u
.)

s⟶WL

p⟶continuum

s⟶g
s⟶continuum

0.0V

−0.5V
−1.0V

12.4 8.3 6.2 5.0 4.1 3.5
Wavelength (µm)

Figure 6.15: The PC spectra measured on the LD QD device, for three values of the applied bias.

The measurement were performed at a temperature T = 10K. The light was polarised along the p

direction.

The narrower energy dispersion associated to the bound WL state, with respect to

the states of the continuum above the GaAs band edge, explains the significantly

lower value for the FWHM. On the higher energy side it is possible to identify a

broader feature at ∼ 220meV , which is attributed to s −→ continuum transitions.

When biasing the structure, analogously to the previous case, an increase of the
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signal on the low energy side is observed, with the appearance of two shoulders, one

at ∼ 167meV and another one at ∼ 145meV . The peak at 167meV is associated

to the p −→ continuum transition; the second peak at 145meV is associated to the

activation of the s −→ g transition.

6.5 QDIP performance

After the spectral characterisation of the QDIP, which was shown in Sec. 6.4, the

typical figures of merit are estimated for the two devices. It is worth to recall the

definitions of the main quantities used for the evaluation of the detector performance.

The definition of the detector responsivity, already given in Sec. 6.4 (Eq. 6.4), is:

R (~ω;V ) =
Iph
Pin

= nQD
eσabsQD (~ω)

~ω
Goptpesc (V ) = nQDe

σpi
~ω

, (6.10)

where the photocurrent process is related to the corresponding inter-sublevel ab-

sorption cross-section σabsQD; the escape probability pesc (V ) quantifies the extraction

efficiency of the photoexcited electrons from the QDs; the factor Gopt is associated

to the efficiency of the optical coupling between the incident photons and the QDs.

Both pesc and Gopt have been therefore included in the definition of an effective cross

section σpi ≡ Goptpesc (V )σabsQD, associated to the QD photo-ionisation.

The characterisation of the photodetector performances is completed with the esti-

mation of the specific detectivity D∗ of the devices for different values of the applied

bias and at different temperatures. The value of D∗ is a very important figure of

merit for a detector, because it is related to the signal-to-noise ratio. For the estima-

tion of D∗ it is important to quantify the different contributions to the photodetector

noise. As explained in [27, 45, 46, 196] the two main contributions to the noise of

a photodetector are the shot noise, which is related to the quantum nature of the

photogeneration process, and the thermal noise, associated to thermal fluctuation of

the electron velocity, which is related to the device resistive component. For the shot

noise there are three contributions which have to be taken into account [196]: the

first one In,s is related to the quantum nature and the consequent poissonian statics

of the photogeneration process; the second contribution In,BG is due to the effects

of the background radiation from components at room temperature in proximity of

the detector, within the experimental configuration; the last contribution In,dark is

related to the dark current, which is measured for the device in complete absence

of incident radiation (i.e. perfect cryo-shielding) and which strongly depends on

the temperature. The contributions to the noise current are expressed as statistical

variances of the photogenrated signal; taking into account the frequency bandwidth

∆f of the detection system, it is possible to show [196] that the shot noise can be

expressed as:

〈I2
shot〉 = 〈I2

n,s〉+ 〈I2
n,BG〉+ 〈I2

n,dark〉 = 2e∆f (〈In,s〉+ 〈In,BG〉+ 〈In,dark〉) . (6.11)
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The signal shot-noise component 〈In,s〉 is usually much lower than the other two

components for sufficiently low exciting power. The two components 〈In,BG〉 and

〈In,dark〉 can be determined from the characteristic I-V curves already discussed in

Sec. 6.2 and shown in Fig. 6.6. The thermal noise contribution (also called Johnson-

Nyquist noise) can be determined from the black-body radiation associated to the

resistive detector component [27,46,196] as:

〈I2
n,th〉 =

4kBT∆f

RQDIP

, (6.12)

where kB is the Boltzmann constant, T the temperature and RQDIP is the device re-

sistance. Including the shot and thermal noise contributions, the specific detectivity

D∗ can be expressed as [27,45,46,196]:

D∗ =
R
√
S∆f√

〈I2
shot〉+ 〈I2

n,th〉
=

R
√
S√

2e (〈In,BG〉+ 〈In,dark〉) + 4kBT/RQDIP

(6.13)

where S is the detector surface and R is the responsivity. In Eq. 6.13 the signal

contribution 〈In,s〉 to the shot noise has been neglected. The specific detectivity D∗

is conventionally expressed in Jones ≡ cm×
√
Hz ×W−1.

6.5.1 Experimental setup

The estimation of the device responsivity was performed using a quantum cascade

laser (QCL) 1 as a light source. The QCL emits at a wavelength λ = 6.8µm and

it is driven in a pulsed regime at temperatures varying between −5◦C and 20◦C.

The QCL is kept in a housing box (produced by Alpes Laser SA), within which

the temperature can be controlled by means of a Peltier cooler. The laser was

driven using a DC source modulated by means of a pulse generator (model 8114A

by Agilent) gating a power MOSFET connected to the QCL via a low-impedance

line [151] (see Fig. 6.17b). This driving scheme allows to obtain pulses as short as

20ns. The emission spectrum of the QCL is shown in Fig. 6.16. The light emitted

from the QCL is collected on a first parabolic mirror (PM1) and then reaches a

system of two flat mirrors (M1 and M2) which are arranged in order to rotate the

light polarisation of 90◦ as shown in Fig. 6.17a. The light is finally collected by

a second parabolic mirror (PM2) with focal length F = 50.8mm and focused onto

the device, which is mounted in the LHe flow cryostat described in Ch. 5. For the

measurement of the responsivity, the 45◦ wedged excitation geometry was used (see

Fig. 6.7). The incident light is polarised along the p direction as can be seen in

Fig. 6.17b, where a top-view of the experimental setup is shown. The spot diameter

of the laser beam at the focus of PM2 is of ∼ 100µm. The average QCL incident

power was measured by means of a power-meter.

1The QCL was designed, grown and processed at our lab.



6.5. QDIP performance 125

6.00 6.20 6.40 6.60 6.80 7.00 7.20 7.40
Wavelength(µm)

0.00

0.20

0.40

0.60

0.80

1.00

1.20

S
ig
n
a
l(
a
.u
.)

T=300K

QCL

206.7 200.0 193.8 187.9 182.4 177.2 172.2 167.6
Energy(meV)

Figure 6.16: Spectrum of the QCL used for the device excitation in the setup for the measurement

of the responsivity. The emission is peaked at λ = 6.8µm.

Two different experimental techniques are adopted to measure the phtocurrent. The

first one is based on the modulation of the incident radiation (AC technique): the

pulsed radiation of the QCL, operated at a duty cycle of 1% and a pulse rate of

100KHz, is modulated by the reference signal (30 − 100Hz) (see Fig. 6.18) of

a lock-in amplifier (SR810 by Stanford Research Systems) (see Fig. 6.17b). The

slowly modulated signal is amplified by means of the current preamplifier already

described in Sec. 6.3 and then detected by means of the lock-in amplifier. The

current preamplifier allows to apply a bias voltage to the device. In these conditions,

the device effectively detects long pulses of duration coincident with the one of the

AC modulating long pulse (see Fig. 6.18).

The second technique (DC technique) is based on the measurement of the direct

current (DC), delivered by the device under illumination, as a function of the applied

bias, by means of a Keithley SourceMeter®; in this case, the photocurrent can be

determined from the subtraction of the current generated by the device in absence

of external optical excitation from the one obtained exciting the devices by means

of the QCL.

6.5.2 Measurement of the Responsivity

By means of the experimental setup described in Sec. 6.5.1, the responsivity at

λ = 6.8µm could be estimated as:

R (Vbias;λ = 6.8µm) =
Iph (Vbias)

Pinc
, (6.14)
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(a) A three dimensional sketch of the experimental setup for the measurement of the re-

sponsivity. The light emitted from the QCL, placed at the focus of a first parabolic mirror

(PM1), is collected and sent to a flat mirror pair (M1+M2) for the polarisation rotation

of 90◦. A second parabolic mirror (PM2) collects the light and focuses it onto the device.
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(b) Schematic representation of the experimental setup used for the measurement of the

responsivity.
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Figure 6.18: Modulation of the QCL pulsed radiation (magenta line), with a pulse duration tp =

100ns at a rate fQCL = 100kHz (1% duty cycle). The modulating pulse (blue line) has a rate

between 30Hz and 100Hz (10− 33ms pulse duration).

where Iph is the measured potocurrent, Pinc is the incident power and Vbias the ap-

plied bias voltage. In Fig. 6.19a and Fig. 6.19b the dependence of the photocurrent

Iph on the incident power Pinc is shown for the the HD QD and the LD QD de-

vices, respectively. The photocurrent was measured for light polarised along the p

direction and at Vbias = −0.01V . Within the incident power range chosen for the

measurements, the response of both photodetectors is linear. The responsivity R

was therefore estimated as a function of the applied bias Vbias and the results are

shown in Fig. 6.20a and Fig. 6.20b for the HD QD and the LD QD device, respec-

tively. As expected, for both devices, the responsivity increases at the increasing of
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Figure 6.19: The photocurrent Iph measured at Vbias = −0.01V , as function of the incident power

Pinc, for the device based on the HD QDs ((a), black circles) and the LD QDs ((b), triangle). The

photocurrent was measured for light polarised along the p direction and at Vbias = −0.01V .

the applied bias; the maximum is reached in correspondence of the first alignment

between the QW injector and the outermost QD shells which, as already discussed

in Sec. 6.2, leads to the increase of the device dark current. The increase of the re-

sponsivity is attributed to two main reasons: the first one is the progressive filling of
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Figure 6.20: The responsivity as a function of the applied bias R (Vbias) for the HD QD ((a), black

circles) and the LD QD device ((b), red triangles); the measurements were performed at T = 10K

on the two devices, for p− polarised light with a 45◦ incidence geometry at λ = 6.8µm.

the excited QD shells; the second effect is related to the increase of the escape prob-

ability. These effects were already mentioned for the discussion the device spectral

response in Sec. 6.4 in relation to the the appearance of peaks at longer wavelengths

(see Fig. 6.14 and Fig. 6.15).

For the HD QD device the responsivity increases from 106µA/W at Vbias = 0V to a

maximum of 221µA/W at Vbias = −1.12V . For the LD QD device the responsivity

increases from 6.6µA/W up to 56.6µA/W at Vbias = −1.32V . Due to the higher

QD density, the responsivity of the HD QD device is significantly higher than the

one of the LD QD device. Different behaviours of the bias dependent responsivity

can be observed for the two devices; the increase of the responsivity for the LD QD

device is much steeper than the one observed for the HD QD device. This effect is

due to the different natures of the transitions at the basis of photocurrent generation

on the two devices, discussed in Sec. 6.4. In particular, for the LD QD device, the

main contribution to the photocurrent generation process has been attributed to

the s −→ WL transition whereas, for the HD QD device, to the s −→ continuum

transition. Due to the bound-to-bound nature of the transition on the LD QD de-

vice, the effective photoionisation cross section σpi has a strong dependence on the

applied bias.

Further discussions about the effects of the escape probability for the determination

of the effective photoionisation cross section σpi will be presented in Ch. 8, where

the devices are studied in a saturation regime. From the value of the responsivity

estimated at λ = 6.8µm, the PC spectra can be calibrated; the calibrated spectral

responses are shown in Fig. 6.21a, for the HD QD device, and in Fig. 6.21b, for the

LD QD device.

The responsivity was finally measured as a function of the temperature and the

data are shown in Fig. 6.22a, for the HD QD device, and in Fig. 6.22b, for the
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Figure 6.21: The calibrated spectral response of the photodetectors is shown in (a) for the HD QD

device and in (b) for the LD QD device; the measurements were performed at T = 10K.

LD QD device, at different values of the applied bias between −0.01V and −0.5V .

For the HD QD device, at Vbias = −0.06V , the reponsivity stays nearly constant for

temperatures below 60K; for the LD QD device, at the same value of the applied
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bias, a nearly constant responsivity is observed up to 80K. For both devices, at

the increase of the applied bias, the responsivity drop occurs at lower temperatures;

at −0.5V applied bias, the HD QD responsivity starts decreasing for temperature

values above 50K whereas, for the LD QD device, the responsivity starts dropping

for T > 60K.
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Figure 6.22: Temperature dependence of the responsivity for the HD QD ( in (a)) and the LD QD

(in (b)) device. The temperature was varied between 10K and 100K. The responsivity is plotted

for several values of the applied bias between −0.06V and −0.5V .

6.6 Estimation of TBLIP and D∗

The performance characterisation of the devices is completed with the analysis the

noise contributions and the estimation of the specific detectivity D∗. The first char-

acterisation step is the measurement of the temperature-dependent I-V characteristic

curves of the devices for both the complete and the non-complete cryo-shielded con-

figurations already discussed in Sec. 6.2. In particular, the current I totn measured

for a non-perfect cryo-shielded system (with an opening for the optical excitation),

in absence of external optical excitation, is given by:

I totn = In,BG + In,dark. (6.15)

Knowing the dark current In,dark, from the I-V curves measured in completely cryo-

shielded conditions, it is possible to obtain In,BG from Eq. 6.15. The analysis

of the temperature dependence of both In,BG and In,dark allows to evaluate the

importance of the two contributions to the total noise current. The background

limited performance (BLIP) of a detector corresponds to the condition In,BG ≥
In,dark + In,th, for which the background shot-noise component is dominant with

respect to the other noise components. An important parameter for a detector is

the so-called TBLIP , i.e. the temperature above which In,BG < In,dark + In,th. The
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value of TBLIP depends on the value of the applied bias: the higher the applied

bias, the lower the value of TBLIP . In Fig. 6.23a and in Fig. 6.23b, the dark
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Figure 6.23: Temperature dependence of the dark current In,dark for the HD QD ( in (a)) and the

LD QD (in (b)) device. The temperature was varied between 10K and 100K. The background noise

current In,BG (black dashed line) is shown either for the HD QD device (measured at T = 60K)

and for the LD QD device (at T = 70K).

current In,dark, measured as a function of the applied bias voltage Vbias, at different

temperatures between 10K and 100K, is shown for the HD QD and the LD QD

devices, respectively. For values of the applied voltage close to 0V , the TBLIP ' 60K

for the HD QD device and TBLIP ' 70K for the LD QD device. The higher value

of TBLIP for the LD QD device can be explained by the higher values of the electron

binding energies for the LD QDs with respect to the HD QDs. The higher is the

energy difference between the GaAs band edges and the QD shells, the higher is the

temperature needed for the activation process leading to the increase of the dark

current.

Knowing the responsivity and the noise current, using the Eq.6.13, the specific

detectivity D∗ can be estimated for the two devices. In Fig. 6.24a and in Fig.

6.24b the D∗ is plotted, as a function of the temperature, for the HD QD and the

LD QD devices, respectively. For the HD QD device, it is possible to observe how

the maximum value of D∗ = 2.3 × 108Jones does not depend on the value of the

applied bias. On the contrary, for the LD QD device, the maximum value of D∗

increases from 0.65×108Jones at −0.06V to 1.30×108Jones at −0.5V applied bias.

This behaviour can be explained with the strong dependence of the responsivity on

the applied bias which was already observed in Sec. 6.5.2.

D∗ stays nearly constant at low temperatures and it starts decreasing when the

temperature approaches the value of TBLIP . For the HD QD device, at −0.06V

applied bias, the temperature at which the level of the detector performance starts

decreasing is T = 50K whereas, for the LD QD device, D∗ starts decreasing at

T = 60K. At the TBLIP and −0.06V applied bias, the value of D∗, for the HD QD
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Figure 6.24: Temperature dependence of the specific detectivity D∗ for the HD QD ( in (a)) and

the LD QD (in (b)) device. The temperature was varied between 10K and 100K. The D∗ is plotted

for several values of the applied bias between −0.06V and −0.5V .

device is 1.70× 108Jones whereas, for the LD QD device, it is 5.2× 107Jones. For

the device presented in [61], which was based on an InGaAs capped QD ensemble

with a QD density similar to the one of the HD QD device, the estimated value
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of D∗ is about one order of magnitude higher than the one here estimated for the

HD QD device. The better performance for the device in [61] is attributed to the

presence of the InGaAs capping layer allowing for more efficient escape processes

of the photoexcited electrons, therefore resulting in higher responsivity values.

Conclusions

In this chapter the electrical and optical characterisation of two devices, based re-

spectively on HD QDs and LD QDs, was presented. In the first part of the chapter,

the dark current of the two devices was analysed. The presence of resonances in

conductance for negative values of the applied bias was related to the alignments

between the QW ground level and the outermost QD shells. The background cur-

rent for the two devices was also measured and a dependence on the QD density was

observed.

In the second part of the chapter the spectral response of the two devices was stud-

ied. The analysis of the polarisation dependence of the device PC signals showed

that the inter-sublevel transitions involved in the PC generation process for the two

devices have higher oscillator strengths for light polarised along the growth direction

than along the in-plane directions.

The PC spectrum for the HD QD device is peaked, for 0V applied bias, at∼ 189meV

with a FWHM = 34meV whereas, for the LD QD device, the maximum PC is at

∼ 187meV with a FWHM = 8meV . For the HD QD device, the main peak was

associated with a s −→ continuum transition whereas, for the LD QD device, it

was associated to a s −→ WL transition. For higher negative values of the applied

bias the PC spectra exhibit peaks at energies lower than the one corresponding to

the main peak. Those spectral features are attributed to transitions from the QD p

shells to the continuum or to the activation of transitions from the s level to upper

bound QD states.

The responsivity and the specific detectivity D∗ were estimated for the two de-

vices, at different temperatures and for different values of the applied bias. For

the HD QD device a maximum responsivity of 130µA/W was measured at −0.06V ,

for temperatures below 70K. For the LD QD device a maximum responsivity of

8µA/W was estimated at −0.06V , for temperatures below 80K. At −0.06V ap-

plied bias D∗BLIP = 1.70 × 108Jones, for the HD QD device (THDBLIP ' 60K), and

D∗BLIP = 4.0× 107Jones for the LD QD device (TLDBLIP = 70K).
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Chapter 7

Dynamical Properties of the

devices

This chapter includes the study of the dynamics of the electron injection process

for devices having similar electrical and optical properties to the ones presented in

Ch. 6. In particular, the tunnel coupling between the QW reservoir and the QD

layer was studied by means of Pump&Probe experiments. The results presented in

this chapter, already shown in [197], prove the tunability of the device dynamical

properties, based on the engineering of the barrier between the QW and the QD

layer in the heterostrcutures adopted for the photocurrent generation process.

7.1 Description of the structures

The dynamics of the tunnelling process between the InGaAs QW and the QDs

is studied for heterostructures similar to the ones described in Ch. 4. In par-

ticular, an InGaAs QW, with an In concentration of 22% is coupled via the

GaAs/AlGaAs/GaAs multi-barrier structure to the QD ensemble (see Fig. 7.1a).

The samples are based on QDs grown at high rate (see Ch. 3), with a density of the

order of ∼ 1010cm−2 (HD QDs). For the study of the tunnel injection process, three

structures were used, based respectively on 3.5nm, 5.0nm and 7.0nm thick AlGaAs

stopping layers, as shown in Fig. 7.1b.

For a preliminary characterisation of the three structures, the low temperature pho-

toluminescence (LT-PL) technique, already described in Ch. 3, was used. The QD

emission spectra of the three structures are shown in Fig. 7.2a. The three samples

showed the same PL emission energy (1.15eV for the s shell), very close to the one of

the test structure in Ch. 3. These three samples were grown immediately after the

test structure and in the same growth conditions, therefore the QDs can be assumed

identical to the ones on the test structure.

The QW emission spectra for the three samples are shown in Fig. 7.2b. Structured

peaks are observed and, as already discussed in Ch. 4, the peak shape is related
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Figure 7.1: In (b) the heterostructure, based on the HD QDs, for the photocurent generation. In

the inset, the active region of the structure is shown, with an InGaAs QW coupled to the plane of

QDs. In (b) the GaAs/AlGaAs/GaAs multi-barrier structures with three different thicknesses for

the AlGaAs stopping layer
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Figure 7.2: In (a) the interband LT PL from the QDs (in (a)) and the QWs (in (b)) on the three

structures with three different AlGaAs barrier thicknesses: 3.5nm (blue squares), 5.0 (green circles)

and 7.0nm (red triangles).
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to the presence of electrons in the QW. The excitonic recombination of the QW

electrons and holes in the CB and VB ground states, which is associated to the low-

energy shoulders, occurs at different energies for the three samples. In particular,

for the sample based on the 3.5nm thick AlGaAs barrier, the emission energy is

1.270eV whereas, for the one based on the 7.0nm thick AlGaAs barrier, is 1.278eV .

The difference of ∼ 8meV can be attributed to slightly different values of the QW

thickness.

Analogously to what was shown in Ch. 4, it is possible to calculate the QW electron

sheet density from the energy difference between the two spectral features associated

to the QW inter-band emission. The results of the LT-PL characterisation of the

three structures are summarised in Tab. 7.1.

Barrier thickness Einter
g ∆EF nQW

3.5nm 1.270eV 18meV 4.4× 1011cm−2

5.0nm 1.277eV 11meV 2.7× 1011cm−2

7.0nm 1.278eV 10meV 2.4× 1011cm−2

Table 7.1: Summary of the properties of the QWs determined from the analysis of the LT-PL on

the structures based on three different barrier thicknesses.

7.2 Electrical characterisation of the devices

The structures described in Sec. 7.1, were processed in circular mesas, adopting

the CMP fabrication procedure introduced in Ch. 5. Three devices (mesa diameter

300µm), based respectively on the three structures described above in Sec. 7.1,

were characterised. The total noise current current I totn = IBG + Idark (see Ch. 6),

measured as a function of the applied bias voltage (see Ch. 6) at a temperature

T = 10K, is shown in Fig. 7.3a for the three devices. From the dependence of the

noise current on the applied bias, it is possible to observe very similar features to

the ones already discussed in Ch. 6. The noise current increases as a function of

the applied bias, and it is possible to observe changes in the slope of the curves,

which are associated to the alignments between the QW ground subband and the

QD outermost shells. When considering the conductance dIItotn
/dV , measured as a

function of the applied bias and shown in Fig. 7.3b, it is possible to better observe

the resonances corresponding to the above mentioned alignments.

The values of the bias voltage corresponding to the two resonances in conductance for

the three characterised devices, are summarised in Tab. 7.2. At the increase of the

barrier thickness, it is possible to observe a decrease of the bias values corresponding

to the conductance resonances. To understand this effect, it is possible to introduce

a linear lever arm approximation [176,189], in order to relate the voltage difference

between the top and bottom contact Vbias, to the corresponding energy variation of
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Figure 7.3: The total noise current (in (a)) and conductance (in (b)) measured, at a temperature

T = 10K, as a function of the applied bias voltage for the three devices based on structures with

different AlGaAs barrier thickness values: 3.5nm (blue dash dotted line), 5.0nm (green dashed

line) and 7.0nm (red solid line).

the QD shells with respect to the QW ground level:

∆EQD = −|e|Vbias
LQD
Ltot

= −|e|Vbias
Λ

, (7.1)

where LQD is the distance between the QW and QDs, Ltot is the distance between the

QW and the bottom contact (see Fig. 7.4a and Fig. 8.11b) and Λ ≡ Ltot/LQD is the

lever arm. Due to the strong asymmetry of the structure, for which Ltot � LQD,

correspondingly to a small variation of the barrier thickness ∆LQD � Ltot, the

variation of the lever arm Λ is the following:

∆Λ =
Ltot + ∆LQD
LQD + ∆LQD

− Ltot
LQD

' −Λ · ∆LQD
LQD + ∆LQD

. (7.2)

Eq. 7.2 implies that an increase of the barrier thickness (∆LQD > 0) results in a

decrease of Λ (∆Λ < 0). As a consequence, according to Eq. 7.1, an increase of the

barrier thickness leads to an increase of the absolute energy variation |∆EQD (Vbias) |.
The latter effect explains the decrease of the bias voltages associated to the reso-

nances in conductance, at the increase of the barrier thickness.

The noise current values measured at 0V and at the bias values corresponding to

the conductance resonances are summarised in Tab. 7.3. For values of the applied

bias which are lower than the one corresponding to the first conductance resonance,

the noise current level varies between ∼ 0.2nA and ∼ 2.0nA and it does not depend

on the barrier thickness. The noise current associated to the first resonance clearly

depends on the barrier thickness; the decrease of the barrier thickness produces an

increase of the tunnelling probability (decrease of the effective resistance), therefore

an increase of three orders of magnitude is observed correspondingly to the decrease

of the barrier thickness from 7.0nm to 3.5nm.
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Figure 7.4: The conduction band profile of the device is shown in (a); the distance Ltot coincides

with the distance between the maximum of the QW ground state and the bottom contact. In (b) the

active region of the device based with the 5.0nm thick AlGaAs barrier is shown; the distance LQD

coincides with the distance between the maximum of the QW ground state and the maxima of the

QD states along the growth direction z.

Barrier thickness 1stresonance 2ndresonance

3.5nm 1.81V 3.10V

5.0nm 1.60V 2.97V

7.0nm 1.36V 2.55V

Table 7.2: The bias voltages corresponding to 1st and 2nd resonance in conductance for the devices

based on the three different AlGaAs barrier thicknesses.

Barrier thickness 0V 1stresonance 2ndresonance

3.5nm 6.4× 10−10A 1.4× 10−5A 1.1× 10−3A

5.0nm 2.8× 10−10A 6.1× 10−7A 5.8× 10−5A

7.0nm 3.6× 10−10A 2.4× 10−8A 2.0× 10−6A

Table 7.3: The values of the noise current measured on the devices based on the three different

barrier thicknesses, at 0V applied bias and for the values of bias corresponding to the different

resonances in conductance.

7.3 The dynamics of the tunnel coupling between

the QW and the QDs

The photocurrent generation process in the structures presented in Sec. 7.1, was

already described in Ch. 4 and Ch. 6. The InGaAs QW, which is filled with the

electrons from the top heavily doped contacts, works as a reservoir and injector of
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Figure 7.5: In (a) the normalised PC spectral response measured at T = 10K, for 0V applied

bias, ont he three devices based on the three different barrier thicknesses of 3.5nm (blue squares),

5.0nm (green circles) and 7.0nm (red triangles). In (b) a schematic of the photocurrent generation

process. The electrons are excited from the s shells of the QD toward the continuum above the

GaAs conduction bandedge by means of mid-IR optical radiation. The s shell of the QDs is refilled

with the electrons from the QW reservoir and injector.

electrons toward the QD ensemble. At 0V applied bias, the QD s shell is filled

with the electrons from the QW. The electrons in the QD s shell can be excited by

means of mid-infrared (mid-IR) radiation toward the continuum above the GaAs

CB edge, thereby they can be swept by the built-in potential toward the bottom

contact generating a current.

The PC spectra were characterised by means of the FTIR spectroscopic technique

already described in Ch. 6. The spectral response of the three devices, measured

at 0V applied bias and at a temperature T = 10K, is shown in Fig. 7.5a. The

three devices, as expected, show a very similar spectral response. The main peak is

placed at an energy of 190meV for the devices with 3.5nm and 5nm thick barriers;

for the device based on the 7.0nm thick barrier, the main peak is at 194meV . The

FWHM of the spectra is of ∼ 27meV . The energy associated to the main transition

for the PC generation process is very close to the one observed for the HD QD

device discussed in Ch. 6. The main PC peaks, as already discussed in Ch. 6, are

associated to a s −→ continuum transition, as (see Fig. 7.5b).

The time dependent QD electron population nQD (t;Vbias), for a given value of the

applied bias voltage Vbias, can be modelled by means of a rate equation [197]:

dnQD (t)

dt
=
Ntot (Vbias)− nQD (t;Vbias)

τ
− σpi (Vbias)φ (t)nQD (t;Vbias) , (7.3)

where Ntot (Vbias) is the total number of states available for the electrons in the QD

ensemble; φ (t) is the incident photon flux; τ is the characteristic tunnelling time

from the QW to the QDs; σpi (Vbias) is the effective cross section associated to the
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photo-ionisation process in the QDs, already defined in Ch. 6, as:

σpi = σabs · pesc (Vbias) ·Gcoup, (7.4)

where σabs is the absorption cross section; pesc (Vbias) is the escape probability from

the QD outermost shells toward the continuum above the GaAs band edge; Gcoup

is a factor associated for the optical coupling (taking into account the incidence

geometry, the reflection at the sample facet and the window’s transmission).

For the study of the refilling process a Pump&Probe (PP) experiment was per-

formed. The setup for the optical excitation of the devices was the one described in

Ch. 6 for the measurement of the responsivity. A QCL, working in pulsed regime

and emitting at a wavelength λ = 6.8µm, was used as a light source. A two-pulse

scheme was used for the device excitation, as shown in Fig. 7.6: two pulses (pulse

duration tp varying between 30ns and 100ns), were generated at a rate f . The first

pulse (Pump) photoionise the QDs, the second pulse (Probe) probes the refilling of

the QD shells. By varying the delay ∆ between the Pump and the Probe pulses

(see Fig. 7.6), it is possible to study the dynamics of the tunnel process between

the QW and the QD layer.

Ntot (Vbias)

tp

φ0

∆

Pump pulse Probe pulse

Figure 7.6: Schematics of the double pulse excitation for the Pump&Probe experiment. Two pulses

of duration tp and carrying a photon flux φ0 illuminate the device, with a variable delay ∆ between

the pulses.

Assuming pulses with a constant peak power φ0 and a pulse duration tp, the pho-

tocurrent IPP generated be the device, at a given bias Vbias, can be expressed as:

IPP (∆;Vbias) = efσpiφ0

(∫ tp

0

nQD (t;Vbias) dt+

∫ ∆+tp

∆

nQD (t;Vbias) dt

)
. (7.5)

A more explicit expression for IPP (∆;Vbias) can be obtained by solving the Eq. 7.3

in the three following temporal intervals: [0, tp], associated to the first pulse; ]tp,∆[,

associated to the interval between the end of the first pulse and the beginning of the
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second pulse; [∆,∆ + tp], associated to the second pulse. For the first pulse, during

which the system is excited by an optical flux φ0, the solution of the Eq. 7.3 is the

following:

nQD (t;Vbias) =
Ntot (Vbias)

1 + σpiφ0τ

(
σpiφ0τ · exp

(
−(1 + σpiφ0τ) · t

τ

)
+ 1

)
, (7.6)

having assumed that nQD (0;Vbias) = Ntot (Vbias). The Eq. 7.6 describes the expo-

nential decrease of the electron population due to the photoionisation process, and

the contemporary beginning of the refilling process from the QW to the QDs. For

the second time interval, between the end of the first pulse and the beginning of the

second one, the optical flux φ0 = 0 and the Eq. 7.3 becomes:

dnQD
dt

=
Ntot (Vbias)− nQD (t;Vbias)

τ
; (7.7)

the solution is the following:

nQD (t;Vbias) = Ntot (Vbias)

(
1−

(
−t− tp

τ

))
+ nQD

(
t−p
)

exp

(
−t− tp

τ

)
, (7.8)

which describes the refilling process from the QW to the QD plane, in absence of

an optical pulse during the time interval between the two pulses. For the third time

interval, corresponding to the second pulse, assumed to be identical to the first one,

with a constant optical pulse φ0, the solution of the Eq. 7.3 is the following:

nQD (t;Vbias) =
Ntot (Vbias)

1 + σpiφ0τ

(
1− exp

(
−(1 + σpiφ0τ) · (∆− t)

τ

))
+

+ nQD
(
∆−;Vbias

)
· exp

(
−(1 + σpiφ0τ) · (∆− t)

τ

)
, (7.9)

where nQD (∆−;Vbias) is the initial population at the beginning of the second pulse.

The current generated in the PP experiment can be therefore obtained from the Eq.

7.5, integrating the expressions in Eq. 7.6 and Eq. 7.9 over the duration of the two

pulses.

The results of the PP experiment, performed on the three devices at T = 10K, are

shown in Fig. 7.7; the normalised PP current, defined as:

InormPP (∆;Vbias) =
IPP (∆;Vbias)− IPP (0; 0V )

IPP (∞;Vbias)− IPP (0;Vbias)
, (7.10)

at Vbias = 0V , is shown for the three devices based on 3.5nm, 5.0nm and 7.0nm thick

AlGaAs barriers, respectively. The experimental data are fitted with the expression

of the PP current given in Eq. 7.5 and the refilling times τ can be estimated for

the three devices; the results are summarised in Tab. 7.4. As expected, an increase

of the barrier thickness induces an increase of the refilling time; when increasing

the barrier thickness from 3.5nm to 7.0nm, an increase of the refilling time τ from

(1.14± 0.03)µs to (130± 3)µs is observed.
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Figure 7.7: The normalised PP current measured at OV applied bias at a temperature T = 10K.

The experiment was performed on the three devices based on the on 3.5nm (blue squares), 5.0nm

(green circles) and 7.0nm (red triangles) thick AlGaAs barriers, respectively.

7.4 A model for the tunnelling process

A transfer matrix approach, similar to the one presented in [198, 199], is adopted

to model the tunnelling between the QW and the QDs on the three devices. The

GaAs/AlGaAs/GaAs multi-barrier structure which couples the QW with the QDs

in the device heterostructures can be approximated as a piece-wise constant potential

consisting of a given number Napprox of flat barriers. The higher is the number of

segments Napprox, the better is the approximation of the real potential profile U (z).

The thickness of each piece of the approximating potential is given by:

∆z =
Lbarrier
Napprox

, (7.11)

where Lbarrier = L
(1)
GaAs + LAlGaAs + L

(2)
GaAs. The length L

(1)
GaAs = 2.0nm coincides

with the thickness of the GaAs spacer between the QW and the AlGaAs barrier.

L
(2)
GaAs = 4.5nm is the thickness of the GaAs capping layer between the AlGaAs

layer and the QD tip; in agreement with the results of the simulations shown in Ch.

3 the Qd height is assumed to be hHD = 5.5nm high. The thickness of the AlGaAs

layer varies between 3.5nm and 7.0nm. The potential value for each flat barrier

approximating the CB profile is:

Ul =
1

2
(U (zl) + U (zl+1)) =

1

2
(U (zl) + U (zl + ∆z)) , (7.12)
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where the zl are the coordinates corresponding to the segment extrema. An example

of the piece-wise constant potential, resulting from this approximation procedure, is

shown in Fig. 7.8.
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Figure 7.8: Approximation of the real potential profile of the GaAs/AlGaAs/GaAs multi-barrier

structure coupling the QW injector with the QDs (black line), with a piece-wise constant potential

consisting of Napprox segments (red circles).

When considering an electron at energy E, with effective mass m∗l = m∗ (zl) asso-

ciated to each barrier l, the transfer matrix associated to the l − th barrier is the

following [198]:

T l =
1

2

(
(1 + βl) exp (−i (kl+1 − kl) zl) (1− βl) exp (−i (kl+1 + kl) zl)

(1− βl) exp (i (kl+1 + kl) zl) (1 + βl) exp (i (kl+1 − kl) zl)

)
, (7.13)

where kl =
√

2m∗l (E − Ul)/~ and βl = m∗l+1/m
∗
l · kl/kl+1. The total transfer ma-

trix associated to the multi-barrier structure can be therefore determined from the

product of the matrices associated to each segment:

T tot =

Napprox∏
l=0

T l (7.14)

The transmission coefficient associated to the total transfer matrix expressed in Eq.

7.14 is [198]:

T =
m∗QD
m∗QW

kQW
kQD

1

|T tot
2,2|2

, (7.15)
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where m∗QW = 0.053 is the electron effective mass in the InGaAs QW and m∗QD =

0.040 is the electron effective mass in the InAs QD [170]. An attempt frequency

νatt, associated to the electrons with energy E in the QW, can be defined as [1]:

νatt =
E

~
. (7.16)

The tunnelling time τ can be therefore expressed as:

τ =
1

νatt · T
. (7.17)

The comparison between the values of τ obtained from the PP experiment and the

ones computed by means of the expression in Eq. 7.17 are shown in Fig. 7.9 and

summarised in Tab. 7.4. The values used for the energy E associated to the elec-
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Figure 7.9: The comparison between the estimates of the refilling times τ , obtained by means of

the PP experiment (red triangles), and the ones computed by means of the transfer matrix model

(black circles).

trons was 7meV for the device based on the 3.5nm thick barrier, 14meV for the one

based on the 5.0nm thick barrier and 15meV for the one based on the 7.0nm thick

barrier; these assumptions are in agreement with the energy differences observed in

the QW LT-PL spectra shown in Sec. 7.1. In spite of the simplicity of the model, a

good agreement with the experimental results is observed. The observed deviations

of the computed refilling times (τmod) from the ones experimentally estimated (τexp)

can be attributed to the possible differences between the actual values of the QW

In concentration and the ones used for the simulation of the CB profile. Another
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Barrier thickness τexp τmod

3.5nm (130± 3)µs 223µs

5.0nm (4.7± 0.1)µs 3.6µs

7.0nm (1.14± 0.03)µs 0.7µs

Table 7.4: Summary of the values of the refilling time estimated by the PP experiment τexp and

the ones computed by means of the transfer matrix model τmod.

source of uncertainty can be found in the shape of the multi-barrier profile; the com-

putation was performed considering the profile obtained along the growth direction,

at the center of the QD.

Conclusions

This chapter contains a study of the dynamical properties of the devices based on

the heterostructures introduced in the previous chapters. Three photodetectors,

based on HD QD ensembles, with 3.5nm, 5.0nm and 7.0nm thick AlGaAs barriers,

respectively, were characterised. The spectral properties of the QW and the QDs on

the heterostructures of the three devices were determined from the study of the LT-

PL. The background current was measured on the three devices, showing a relation

between the positions of the conductance resonances and the barrier thickness.

The QD refilling process, based on the tunnel coupling between the QW reservoir

and the QD ensemble, was studied in relation to the AlGaAs barrier thickness. By

means of a Pump&Probe experiment, the QD refilling times were estimated for the

three devices. An increase of the AlGaAs barrier thickness from 3.5nm to 7.0nm

produces an increase of the refilling time from 1.14µs to 130µs. The refilling process

was modelled by means of a transfer-matrix formalism. The refilling times estimated

from the Pump&Probe experiment are in good agreement with the ones computed

by means of the transfer-matrix method. The tunability of the refilling time is a

very important feature for the design of the heterostructures for electron pumping

devices.



Chapter 8

Study of the electron pumping

regime

In this chapter the two devices based respectively on LD QD and HD QD ensembles

and already described in Ch. 6, will be operated as electron pumps. The working

principle of the optically driven electron pumping, already introduced in Ch. 1,

will be illustrated for the QDIPs working in the saturation regime. The dynamical

properties of the two devices will be shown, using the results of a Pump&Probe

experiment analogous to the one discussed in Ch. 7. The saturation process of the

devices, by means of mid-IR pulsed laser radiation, will by analysed. The bias depen-

dent electron population of the QD ensemble is determined from the photocurrent

generated in the saturation regime. The spectral selectivity of the electron injection

onto the QD shells is studied in relation to the electrostatic interactions between

the electrons in the QDs and the spectral purity of the QD ensembles. The results

discussed in this chapter are reported in [200].

8.1 Optically Driven Electron Pumping

As already mentioned in Ch. 1, an electron pumping device, is a source of quantised

current Ipump, for which the latter is generated by a controllable number of electrons

n. The typical principle of operation of such a device (see Ch. 1) is based on the

capability to manipulate a precise number of electrons (typically a single electron)

on a system (e.g. metallic nanoislands, semiconductor quantum dots) by means of

one or more periodic electrical modulation potentials at a given frequency f , in order

to generate a current given by the following expression:

Ipump = n · e · f. (8.1)

In Ch. 1 several material systems adopted for the realisation of single electron

pumping devices were mentioned.

For an optically driven electron pump is based on a change of paradigm. The
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structures used for the realisation of this type of device coincide with the ones at

the basis of the QDIPs described in Ch. 6. The atom-like electronic shell structure

of the self-assembled InAs QDs is exploited to control the electron population of

the ensembles. As already mentioned in Ch. 4, the structures designed for the

photocurrent generation process can be engineered in order to position the Fermi

level between the QD s and p shells. As shown in Ch. 6, within a relatively large

range of applied bias voltage, the background current generated by the devices can

be kept at a low level. Within this bias range it is possible to control the electron

population of the QD ensemble. The selectivity of the electron injection mechanism

on the QD shells is related to the spectral properties of both the QW injector and

the QD ensemble.

The first optically driven electron pump was demonstrated by L.Nevou et al. [129]

in 2011. The device was based on a structure analogous to the ones described in

this thesis. The device presented in [129], which was working at a temperature

T = 10K, delivered a current of 2.39nA with an accuracy of 10−1, when driven

at a frequency f = 1kHz. The main limitations for the device performance were

the inhomogeneous spectral broadening of the QD ensemble and the uncertainty on

the number of QDs taking part to the photocurrent generation process. The high

confinement potential (high binding energies) for the electrons in the QD allows to

operate the devices at temperatures much higher than the ones typically necessary

for the single electron devices (SEDs) (T ∼ 100mK) (see Ch. 1). Moreover, due

to the high QD density in the ensembles, millions of QDs work in parallel for the

generation of currents higher than the ones typically produced by the SEDs.

The electron pumping devices described in this thesis are based on the same working

principle as for the first demonstrated electron pump. In the following part of this

section, it will be shown how the QDIPs described in Ch. 6, when operated in a

saturation regime, can work as electron pumping devices. In order to understand

the device working principle, it is helpful to recall the rate equation describing the

time evolution of the QD population, which was introduced in Ch. 7:

dnQD (t)

dt
=
Ntot (Vbias)− nQD (t;Vbias)

τ
− σpi (Vbias)φ (t)nQD (t;Vbias) , (8.2)

where Ntot (Vbias) is the total number of states available for the electrons in the QD

ensemble; φ (t) is the incident photon flux; τ is the characteristic tunneling time

from the QW to the QDs; σpi (Vbias) is the effective cross section associated to the

photo-ionisation process. When considering an incident pulse at t = 0 of duration

tp and of nearly constant photon flux φo, it is possible to express the QD population

nQD (t;Vbias), at a given applied bias Vbias and for 0 ≤ t ≤ tp, as:

nQD (t;Vbias) =
Ntot (Vbias)

1 + σpiφ0τ

(
σpiφ0τ · exp

(
−(1 + σpiφ0τ) · t

τ

)
+ 1

)
, (8.3)

having assumed that the initial QD population is Ntot (Vbias). For a pulsed source at

rate f , exciting the devices in a regime for which 1/f � τ , the QDs get completely
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refilled during the time interval between to consecutive pulses. In this regime, the

current generated by the devices can be written as:

Iph (φ0;Vbias) = efσpiφ0 ·
∫ tp

0

nQD (t;Vbias) dt =

= Ntot (Vbias) ef
σpiφ0

1 + σpiφ0τ
·
(
tp −

σpiφ0τ
2

1 + σpiφ0τ

)(
exp

(
−(1 + σpiφ0τ) tp

τ

)
− 1

)
.

(8.4)

If sufficiently powerful incident light ionises all the QDs in the ensemble, the satu-

ration current Isat (Vbias) is expressed as:

Isat (Vbias) = lim
φ0−→∞

Iph (φ0;Vbias) = Ntot (Vbias) ef

(
1 +

tp
τ

)
. (8.5)

For the case of short pulses, for which tp � τ , the saturation current can be written

as:

Isat (Vbias) = Ntot (Vbias) · e · f ≡ Ipump, (8.6)

expression analogous to the one in Eq. 8.1; In these conditions the QDIP works as

an electron pump. The different steps of the optically driven electron pumping are

depicted in Fig. 8.1.

Optical excitation by means of mid-infrared pulses Refilling of the QD shells with electrons form the QW

Ntot (Vbias)

tp 1

f

τ

φ0

Figure 8.1: A schematic representation of the electron pumping mechanism within the structures

used for the photocurrent generation. An incident optical radiation of duration tp, at a rate f , and

carrying a photon flux φ0, completely ionise all the QDs present on the structures, by means of

the photoexcitation of the electrons form the s and p shells of the QDs. The QDs are completely

refilled during the time interval 1/f between to consecutive pulses, with a characteristic time τ .

8.2 Preliminary characterisation of the devices

The analysis of the electron pumping regime is conducted on two devices based

respectively on HD QD and LD QD ensembles which, as discussed in Ch. 3, are
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characterised by different morphological properties. In Fig. 8.2 the emission spectra,

obtained by means of LT-PL, for the HD QDs and the LD QDs are shown. The
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Figure 8.2: Comparison between the low temperature photoluminescence spectra measured, at a

temperature T = 10K, on the HD QDs (black circles) and the LT QDs (red triangles). The

experimental results are fitted with the a multi-peak gaussian function.

emission from the LD QDs is peaked at energies lower than the ones for the HD QD;

this is due to the larger size of the LD QDs with respect to the HD QDs. As already

discussed in Ch. 3, for the LT PL emission from the s and p QD shells, the optical

spectral purity can be quantified by the figure of merit Fopt, defined as:

Fopt =
FWHM

∆inter
s−p

, (8.7)

where the FWHM quantifies the inhomogeneous broadening of the ensembles and

∆inter
s−p is the energy difference between the emission energies from the s and p QD

shells. As it can be observed from Fig. 8.2, the optical spectral purity associated

to the LD QDs is higher than the one for the HD QDs: FHD
opt = 1.3 and FLD

opt = 1.5.

This differences in the spectral properties, as it will be shown in the following sections

of this chapter, have an impact on the selectivity of the injection process from the

QW to the QDs.

The devices were fabricated using the circular mesa process described in Ch. 5.

The mesa diameter, for the two characterised devices, is 300µm. In Fig. 8.3a,

the comparison between the total noise currents measured on the HD QD and the

LD QD devices is shown. As it was already discussed in Ch. 6, the noise current,

for low applied bias, depends both on the QD number and on the effective height of

the barriers which the electrons need to cross to generate a current. For low values

of the applied bias the noise current on the LD QD device is about one order of
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Figure 8.3: In (a) the comparison between the total noise current measured at a temperature T =

10K on the devices based on HD QDs (blue line) and on the LD QDs (red line). In (b) the

Comparison between the spectral response of the devices based on HD QDs (blue circles) and on

the LD QDs (red triangles), measured at a temperature T = 10K.

magnitude lower than the one for the HD QD device.

The comparison between the spectral responses of the two detectors, measured at

−0.5V applied bias and a temperature T = 10K, is shown in Fig. 8.3b. For the

HD QD device, the maximum of the photoresponse is at an energy of 187meV

(λ = 6.6µm), with a FWHM = 34meV . For the LD QD device the peak of the

photoresponse is at 182meV (λ = 6.2µm) with a FWHM = 10meV . The transitions

associated to the photcurrent generation in the two devices were discussed in Ch. 6:

for the HD QD device, the main peak is associated to a s −→ continuum transition;

for the LD QD device, the main peak is associated to a s −→ WL transition.

The dynamical properties of the devices have a strong impact for the determination

of the necessary conditions to achieve the electron pumping regime. In particular,

as it was shown in Sec. 8.1, to operate the devices as electron pumps the following

necessary condition must be fulfilled:

tp � τ � 1

f
. (8.8)

The refilling time τ was estimated for the two devices, at an applied bias of −0.5V ,

by means of the Pump&Probe experimental technique described in Ch. 7. The

Pump&Probe (PP) normalised photocurrent is shown in Fig. 8.4 for the two devices.

The rate equation model discussed in Ch. 7 was used to fit the experimental data.

The refilling times τHD and τLD estimated on the HD QD and the LD QD devices,

respectively, are: τHD = (3.07± 0.06)µs and τLD = (5.6± 0.1)µs. The refilling

times were also computed by means of the transfer-matrix approach discussed in

Ch. 7, including the effect of the applied bias: for the HD QD device the predicted

refilling time is τmodHD = 2.6µs and, for the LD QD device, τmodLD = 5.7µs. A very good
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agreement is observed between the experimental estimates of the refilling times and

the ones predicted by the transfer-matrix model. The results are summarised in

Tab. 8.1.
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Figure 8.4: Comparison between the normalized Pump&Probe currents measured, at a temperature

T = 10K, on the devices based on the HD QDs (blue circles) and the LD QDs (red triangles).

QD τ exp τmod

HD (3.07± 0.06)µs 2.6µs

LD (5.6± 0.1)µs 5.7µs

Table 8.1: Summary of the values of the refilling times estimated from the Pump-Probe experiment,

in comparison with the ones predicted from the transfer-matrix model.

8.3 Experimental Setup

The experimental setup for the characterisation of the electron pumping operation

is based on a laser source which generates 100ps long pulses within the wavelength

range between 3.0µm and 16µm. The measurements were performed at the Swiss

Light Source (SLS) laboratory of the Paul Scherrer Institute (PSI) in collaboration

with the Laboratory for Micro and Nanotechnology (LMN)1. The light generation

in the mid-infrared spectral range is obtained by means of a difference frequency

generation (DFG) system pumped by a Nd : Y AG laser. A more thorough descrip-

tion of the DFG system can be found in [201]. In the spectral range of interest for

1The measurements were performed in collaboration with Dr. Peter Friedli (member of the

LMN till 2013) and Dr. Hans Sigg.
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the device photoexcitation (λ ' 6.5µm− 6.8µm), the system delivers pulses with a

maximum peak power of about 250kW at a rate f = 1kHz. When considering the

refilling times measured for the two devices and reported in Sec. 8.2, it is possible

to conclude that the pulsed DFG laser source fulfils the conditions expressed in Eq.

8.8, therefore allowing to characterise the electron pumping operation of the two

devices.

DFG System

Variable 

NDF

lens 

Ketithley 

Sourcemeter®

He flow crystat

Figure 8.5: A schematic of the experimental setup adopted for the saturation of the devices in fro

the characterisation of the electron pumping regime. The DFG laser system delivers 100ps long

pulses at a 1kHz pulse rate. The maximum peak power for the pulses at λ = 6.8µm is 250kW .

A schematic representation of the experimental setup is shown in Fig. 8.5. The

DFG light is focused by means of a lens (focal length of 100mm) onto the device;

the beam diameter is ∼ 200µm on the sample. The incident power can be varied

using a series of neutral density filters (NDFs) of different optical densities. The

sample is kept in the liquid He flow cryostat already mentioned in Ch. 5 and Ch.

6. The 45◦ wedged incidence geometry, already discussed in Ch. 6, is adopted for

the optical excitation of the samples. The currents are measured by means of the

Keithley Sourcemeter® 2410, which has a resolution of 1pA (see Ch. 6). The DC

current, generated by the device when excited by the DFG laser source, is measured

as a function of the applied bias. The photocurrent is obtained by the subtraction of

the total background noise current from the current produced by the device under

illumination.

8.4 Device Saturation

The photcurrent was measured at a temperature T = 10K, for different values of the

incident power. The results are shown in Fig. 8.6a, for the HD QD device, and in

Fig. 8.6b, for the LD QD device. For both devices, when increasing the (absolute)

value of the applied bias Vbias, the photocurrent increases up to reach a maximum

value, after which it starts decreasing. For the HD QD device the maximum is
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Figure 8.6: The photocurrent generated by the devices based on the HD QDs (in (a)) and on the

LD QDs (in (b)), measured at a temperature T = 10K, as a function of the applied bias, for

different values of the incident power.

reached for Vbias = −1.1V whereas, for the LD QD device, the maximum is at Vbias =

−1.4V . The bias dependence of the photocurrent, for low values of the incident

power, is similar to the one of the responsivity discussed in Ch. 6. The positions

of the photcurrent maximum is related to the position of the first conductance

resonance. The decrease of the photocurrent after having reached the maximum,

as already discussed in Ch. 6, coincides with the strong increase of the total noise

current, associated to the first conductance resonance.

In order to better understand the device saturation process, the behaviour of the

photocurrent, as a function of the incident power, is studied. The photocurrent

density, plotted as a function of the incident power, for three values of the applied

bias voltage Vbias = −0.1V,−0.5V and −1.0V , is shown in in Fig. 8.7a and in Fig.

8.7b for the HD QD and LD QD devices, respectively. The experimental data are

fitted using the expression for Iph (φ, Vbias) in Eq. 8.4. A good agreement is found

between the model and the experimental results. From the fit, it is possible to

estimate the QD photoionzation cross section σpi, at different values of the applied

bias. The results are summarised in Tab. 8.2. For the HD QD device, a slight

decrease of the value of σpi from 5.0 × 10−15cm2 to 4.2 × 10−15cm2, a the increase

of the applied bias from −0.1V to −1.0V , is observed. This effect is attributed

to the contribution of the electrons from the QD p shells, which are progressively

filled as the applied bias increases. The effective cross section associated to the

photoionisation of the QD p shells at λ = 6.5µm, is lower than the one for the s

shells, thereby inducing a decrease of σpi, which is an effective cross section associated

to the total QD electron population. For the LD QD device, σpi increases of one

order of magnitude from 9 × 10−16cm2, at Vbias = −0.1V , to 9 × 10−15cm2, at

Vbias = −1.0V . This effect can be understood when taking into account, as already
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Figure 8.7: The photocurrent generated by the devices based on the HD QDs (in (a)) and the

LD QDs (in (b)), measured at a temperature T = 10K, as a function of the incident power, for

Vbias = −0.1V (blue circles), −0.5V (green triangles) and −1.0V (magenta squares).

done in Ch. 6 for the study of the device responsivity, the bound-to-bound nature

of the s −→ WL transition at the basis of the photocurrent generation process. For

this type of transition, the contribution of the escape probability associated to the

electrons excited toward the WL bound state is important; the significant increase

of σpi is attributed to the increase of the escape probability at the increase of the

applied bias.

Vbias σHDpi σLDpi

−0.1V (5.0± 0.2)× 10−15cm2 (0.9± 0.2)× 10−15cm2

−0.5V (4.6± 0.3)× 10−15cm2 (4± 1)× 10−15cm2

−1.0V (4.2± 0.2)× 10−15cm2 (9± 1)× 10−15cm2

Table 8.2: The values of the effective cross sections σpi, associated to the photoionzation process

on the HD QD and LD QD device, estimated from the saturation of the photocurrent, at Vbias =

−0.1V,−0.5V and −1.0V .

8.5 The Electron Pumping Operation

The device photocurrent in the electron pumping regime is given by:

Isat (Vbias) = Ntot (Vbias) · e · f, (8.9)

obtained in Sec. 8.1, which expresses the typical direct proportionality relation

between the generated current, the total number of electrons Ntot (Vbias), and the



156 Chapter 8. Study of the electron pumping regime

driving pulse rate frequency f . From the Eq. 8.9 an expression for the photocurrent

density Jsat can be obtained:

Jsat (Vbias) =
Isat
Sdev

= g (Vbias)nQD · e · f, (8.10)

where Sdev is the device mesa surface, nQD is the QD density of QDs and g (Vbias)

is the mean electron population of each QD in the ensemble. In order to obtain

an estimate for the QD density on the two devices, which can be more accurate

than the one estimated by SEM and reported in Ch. 3, the two samples were

characterised by means of transmission electron microscopy (TEM) 2. The TEM

offered the opportunity to inspect the capped QD layers on the same samples which

were processed to fabricate the devices, on a region of the wafer placed as close

as possible to the one chosen for the device fabrication. The results of the plane-

view TEM characterisation of the two QD ensembles are shown in Fig. 8.8. The

values of the QD density estimated from the TEM characterisation are nHD QD =

(2.11± 0.09) × 1010cm−2, for the HD QD ensemble, and nLD QD = (2.3± 0.1) ×
109cm−2, for the LD QD ensemble.

 (a)                                                                                        (b)

Figure 8.8: The TEM micrographs showing the different QD densities corresponding to the two

growths of self-assembled QDs. For the HD QD (a) the dot density is nHD QD = 2.1× 1010cm−2;

for the LD QD (b) the dot density is nLD QD = 2.3× 109cm−2 .

Knowing the saturation current density at a given bias Jsat (Vbias), the QD density

nQD for the two ensembles and the rate frequency f = 1kHz, the mean QD electron

population g (Vbias) can be determined, from Eq. 8.10, as:

g (Vbias) =
Jsat (Vbias)

nQDef
. (8.11)

2The TEM characterisation was performed by Dr. Fabian Gramm, member of the Scientific

Center for Optical and Electron Microscopy (SCOPEM) of ETH Zurich.
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This is valid within the applied bias range between −1.0V and −0.1V , for which, due

to the low value of the dark current, the QD electron population can be controlled.

The electron population estimated for the two devices is shown in Fig. 8.9 as a

function of the applied bias. The mean electron population for the HD QD device
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Figure 8.9: The QD electron population estimated on the two devices based on the HD QDs (black

circles) and the LD QDs (red triangles).

increases from g (−0.1) = 1.3 to g (−1.0) = 2.3; for the LD QD device it varies from

g (−0.1) = 1.6 to g (−0.1) = 3.2. For both devices, the complete filling of the QD s

shells is observed, within the bias range selected for the analysis.

8.5.1 Modeling the electron population in the QD ensembles

For the study of the injection mechanism form the QW to the QD as a function of

the applied bias Vbias, it is important to relate the energy variation between the QD

shells and the QW ground subband to the bias voltage applied across the structure

Vbias. This relation is obtained within the linear lever arm approximation already

introduced in Ch. 7; for the estimation of the lever arm associated to the QDs, it

is assumed that the QW injector behaves as an extension of the top heavily doped

contact, therefore the Fermi level is considered as pinned to the ground QW subband.

In these conditions, the level arm is given by:

Λ =
Ltot
LQD

, (8.12)

where Ltot (see Fig. 8.10) is the distance between the position of the maximum of

the QW ground state and the bottom contact; LQD (see Fig. 8.11) is the distance
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between the positions of the maximum of the QW ground state and the maximum

of the QD state. The energy variation associated to the applied bias Vbias can be

expressed as [175,176,189]:

E = −|e|Λ−1Vbias. (8.13)

// In order to perform a quantitative analysis of the electron injection process, the
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Figure 8.10: The conduction band profile of the device; the distance Ltot coincides with the distance

between the maximum of the QW ground state and the bottom contact.

spectral properties of the QD ensembles are taken into account. Considering the

inhomogeneous spectral broadening of the QD ensembles (see Ch. 2), the density of

states (DOS) associated to the QD shells can be expressed as:

DOSQD (E) =

Nl∑
i=1

nQD√
2πσi

exp

(
−
(
E − Ei√

2σ

)2
)
, (8.14)

where Ei and σi are the energies and the corresponding dispersions of each QD level

i and Nl is the total number of confined levels in the QD.

For the study of the injection process of the electrons form the QW to the QDs,

the effects of the electrostatic interaction between the electrons on the QDs have

to be taken into account. There are two terms contributing to the electron-electron

electrostatic interaction in the QDs [202–204]: the intra-dot interaction, between
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Figure 8.11: The active regions of the two devices based on the HD QDs (a) and the LD QDs (b).

The distance LQD coincides with the distance between the maximum of the QW ground state and

the maxima of the QD states along the growth direction z.

electrons on the same dot, and the inter-dot interaction, between electrons on differ-

ent dots. The latter strongly depends on the QD density in the ensemble: the higher

is the QD density, the shorter is the mean inter-dot distance and the stronger is the

interaction. Moreover, the presence of charges in the QW reservoir is relevant for the

determination of the coulombic interactions. For the two QD ensembles, the mean

QD distance can be determined from the value of the QD density: for the HD QD

ensemble the inter-dot distance is ∼ 69nm whereas, for the LD QD, it is ∼ 209nm.

The distance between the QW and the QD layer is ∼ 12nm, this means that, for

both devices, the latter is much shorter than the mean inter-dot distance; for this

reason the inter-dot coulombic interaction on the two devices, can be considered

as completely screened by the electrons in the QW reservoir [202]. The intra-dot

electron-electron interaction term is typically treated as a perturbation of the single

particle Hamiltonian discussed in Ch. 2. An efficient model including the coulom-

bic perturbation term can be found in [188], where the direct coulombic interaction

between the electrons on the QDs is expressed as:

Ec
ij =

e2

4πεrε0

∫ ∫ |ψei (r1) |2|ψej (r2) |2
|r1 − r2|

dr1dr2 (8.15)

and the exchange interaction as:

Ex
ij =

e2

4πεrε0

∫ ∫
ψei (r1)∗ ψej (r2)∗ ψei (r2)ψej (r1)

|r1 − r2|
dr1dr2. (8.16)

The total intra-dot coulombic interaction energy between the electrons on the shells

i and j can be therefore expressed as:

Eintra
ij = Ec

ij − Ex
ij. (8.17)
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According to the model described in [188], the total energy associated to a QD

containing N electrons, can be expressed as:

E (N) =
N∑
i=1

Ei +
N∑

i,j=1

Eintra
ij −N |e|Λ−1 (Vbias − V0) , (8.18)

where V0, as shown in Fig. 8.12, is an offset related to the initial position of the

Fermi level with respect to the QD s level for Vbias = 0:

− |e|Λ−1V0 = EF − Es ≡ ∆F−s. (8.19)

QD

EF

Es

Es + Eintra
s−s

∆F−s = −|e|Λ−1V0

Figure 8.12: Schematic representation of the energy offset ∆F−s between the Fermi level at energy

EF and the s level of the empty QD at Vbias = 0.

The condition for the tunnelling of the n − th electron on the QD is met for an

applied bias voltage Vn such that:

E (n) = E (n− 1) . (8.20)

According to Eq. 8.20, the condition for the injection of the first electron on the

QD s shell is:

− |e|Λ−1 (V1 − V0) = Es. (8.21)

Analogously, the condition for the injection of a second electron on the QD s shell

can be determined:

E (2) = E (1)⇒ −|e|Λ−1 (V2 − V0) = Es + Eintra
s−s . (8.22)

An addition energy Eadd
2 , associated to the injection of the second electron, can be

defined as:

Eadd
2 = −|e|Λ−1V add

2 = −|e|Λ−1 (V2 − V1) = Eintra
s−s , (8.23)

where V add
2 ≡ V2 − V1 is the corresponding addition voltage for the second electron.

Analogously, the addition voltages can be determined for the other electrons injected
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on the QD shells. Adopting the approximation described in [188], where the QD,

due to low aspect ratio between the height and the basis diameter, is approximated

as a two-dimensional harmonic oscillator, the addition voltages associated to the

injection of the other electrons on the QDs can be determined. In Tab. 8.3, the

values of the addition bias values associated to the injection of the first 6 electrons

on the QD s and p levels are reported; the values of V add
i are expressed in terms

of the energy splitting between the QD s and p shells ∆el
s−p and of the intra-dot

charging energy Eintra
s−s associated to the interaction between the two electrons on

the s shell.

nel V add
i

1st 0

2nd λ
e
Eintra
s−s (eV )

3rd λ
e

(
∆el
s−p + 5

4
Eintra
s−s

)
4th λ

e

(
∆el
s−p + 7

4
Eintra
s−s

)
5th λ

e

(
∆el
s−p + 21

8
Eintra
s−s

)
6th λ

e

(
∆el
s−p + 25

8
Eintra
s−s

)
Table 8.3: List of the values of the addition bias voltages V add

i associated to the injection of the

i− th electron onto the QD, expressed in terms of the energy separation between the s and p shells

of the QDs ∆el
s−p and of the intra-dot coulombic interaction energy between the two electrons on

the s shell Eintra
s−s .

Taking into account the effects of the electrostatic interactions between the electrons

on the QD shells, the DOS can be re-expressed as:

DOS (E) =

nl∑
i=1

1√
2πσi

exp

(
−1

2

(
E − Ei − Eintra

i

σi

)2
)
. (8.24)

The conversion of the energy scale into a voltage scale by means of the lever arm

approximation, allows to obtain the voltage dependent DOS:

DOS (V ) =

nl∑
i=1

1√
2πσV i

exp

(
−1

2

(
V − V add

i − V0

σV i

)2
)
. (8.25)

Using the Eq. 8.25, the QD electron population, at a given applied bias voltage

Vbias, can be obtained as:

g (Vbias) =

∫ +∞

Vbias

DOS (Vbias) dV =

=

nl∑
i=1

1√
2π

∫ +∞

Vbias

1

σV i
exp

(
−1

2

(
V − V add

i − V0

σV i

)2
)

=

=
1

2

nl∑
i=1

[
1− erf

(
Vbias − V add

i − V0√
2σV i

)]
.

(8.26)
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8.5.2 Data Fitting

The expression in Eq. 8.26 for the QD electron population can be used to fit the data

shown in Fig. 8.9. The electron spectra of the QD are determined from analysis

of the LT-PL spectra, as discussed in Ch. 3; the s to p energy splitting ∆el
s−p is

assumed to coincide with the mean value of the energy differences between the s

shell and the px and py shells. For the HD QDs ∆el
s−p = 45meV whereas, for the

LD QDs ∆el
s−p = 38meV .

The intra-dot charging energy Eintra
s−s , the FWHMV = 2

√
2ln (2)σV and the voltage

offset V0 are used as fitting parameters. The broadening σV i is assumed to be the

same (σV ) for all QD levels. In Eq. 8.26 the effect of the spectral broadening of

the QW injector is not taken explicitly into account. The latter is considered as

implicitly included in the broadening σV associated to the injection on each QD

level.

Fig. 8.13 shows the data fitting of the electron populations, estimated as functions

of the applied bias Vbias, for the two devices. The parameters estimated from the fit

are summarised in Tab. 8.4 The estimated intradot charging energies are Eintra
HD =

−1.0 −0.5 0.0 0.5
Voltage (V)

0.5

1.0

1.5
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HD_QD data
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Figure 8.13: The estimated electron population as a function of the applied bias g (Vbias) estimated

for the devices based on the HD QD (black circles) and the LD QDs (red triangles), are fitted with

the model expressed in Eq. 8.26.

(28± 7)meV , for the HD QD device, and Eintra
LD = (14± 4)meV , for the LD QD

device.

An effective spectral energy dispersion associated to the injection mechanism can be



8.5. The Electron Pumping Operation 163

QD ∆el
s−p (fixed) Eintra

s−s FWHMinj ∆F−s

HD QDs 45meV (28± 7)meV (49± 2)meV (21± 4)meV

LD QDs 38meV (14± 4)meV (45± 2)meV (17± 3)meV

Table 8.4: Estimated parameters from the fit of the electron population, as a function of the applied

bias g (Vbias), for the HD QD and LD QD devices.

defined as:

FWHMinj = −|e|Λ−1FWHMV . (8.27)

As mentioned above, the broadening FWHMV contains also the contribution of the

spectral dispersion of the QW injector which, as shown in Ch. 4, depends on the

electron sheet density in the QW. The value of FWHMinj estimated for the HD QD

device is (49± 2)meV and, for the LD QD device, is (45± 2)meV . From the offset

voltage V0, according to the Eq. 8.19, the energy difference ∆EF−s = EF − Es
between the Fermi level and the QD s shell, at 0V applied bias, can be determined:

for the HD QD device the energy difference is ∆EHD
F−s = (21± 4)meV and, for the

LD QD device, ∆ELD
F−s = (17± 3)meV . These results show that, for both devices,

the Fermi level lies between the s and p QD levels, at 0V applied bias; this is in

agreement with the simulations of the device CB structure, which were discussed in

Ch. 4.

The estimates of Eintra
HD is in quite good agreement with the values typically estimated

by means of the C − V technique [175, 176, 189]. The significantly lower value

estimated for Eintra
LD is attributed to two main reasons. The first one is related to

the different QD sizes for the two ensembles; as it was shown in Ch. 3, the basis

lengths of the LD QDs are ∼ 1.25 times larger than the ones of the HD QDs. As it

is shown in [175], due to the low height (h) to basis (d = (a+ b) /2) ratio, the QD

can be approximated as a disk of diameter d, for which an effective capacitance can

be defined as:

CQD = 4ε0εrd. (8.28)

The intra-dot charging energy can be expressed as a function of the effective capac-

itance [175]:

Eintra
s−s =

e2

C
=

e2

4ε0εrd
. (8.29)

From the Eq. 8.29, an inverse proportionality relationship between the charging

energy and the QD basis length can be deduced. The second reason which leads to

a lower charging energy for the LD QD is related to the screening effects induced by

the electrons in the QW reservoir. Due to the short distance between the QW and the

QD layer (∼ 12nm), which is comparable to the size of the QDs (∼ 23− 29nm), the

screening effects can have an influence on the intra-dot coulombic interaction [202].

As it was shown in Ch. 4 the electron concentration in the QW, for the LD QD

device, is about two times higher than the one for the HD QD device. For this reason
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a stronger effect from the screening of the electron-electron intra-dot interaction is

expected for the LD QD device.

A figure of merit associated to the injection mechanism Finj can be defined, taking

into account the injection inhomogeneous broadening FWHMinj introduced above.

Finj can be compared with the optical spectral purity Fopt defined in Eq. 8.7 for

the study of the photoluminescence. For the complete filling of the QD s shells,

corresponding to an electron population g = 2, the injection spectral purity Finj can

be defined as:

Finj =
V add

3 − V add
2

FWHMV

=
∆el
s−p + 1/4Eintra

s−p
FWHMinj

. (8.30)

For the HD QD device is FHD
inj = 1.05 whereas, for the LD QD device, FLD

inj = 0.94.

When comparing these values with the Fopt estimated from the LT PL, (see Tab.

8.5), it is possible to observe that the device based on the LD QDs, which have

a higher optical spectral purity (FLD
opt = 1.5), is characterised by a lower injection

spectral purity. There are two main concurring reasons to determine this effect. The

first one is the lower value of the charging energy Eintra
s−s for the LD QD device with

respect to the HD QD device. The second reason is attributed to the broadening of

the QW injector level, causing an increase of FWHMinj. Due to the higher electron

concentration in the QW for the LD QD device, a larger contribution to FWHMinj

is expected, inducing a decrease of the injection spectral purity Finj.

QD Fopt Finj

HD QDs 1.3 1.05

LD QDs 1.5 0.94

Table 8.5: Comparison between the optical spectral purity Fopt estimated from the LT PL spectra

and the injection spectral purity Finj estimated from the fit of g (Vbuas).

Conclusions

This chapter presented the study of two QDIPs operated as optically driven electron

pumps. The two detectors, already described in Ch. 6, are based on HD QD and

LD QD ensembles, respectively. The QD ensembles, as already discussed in Ch. 3,

are characterised by different QD densities and morphologies. The working principle

of the optically driven electron pump was studied in relation to the spectral selec-

tivity of the electron injection process from the QW reservoir to the QD ensembles.

The two QD ensembles, as it is observed from the analysis of the LT-PL, have dif-

ferent degrees of optical spectral purity Fopt: for the HD QD ensemble, Fopt = 1.3

and, for the LD QD ensemble, Fopt = 1.5. By means of TEM the QD density

was estimated on the two samples: for the HD QD sample, the estimated QD

density is nHDQD = (2.1± 0.1) × 1010cm−2 and, for the LD QDs sample, nLDQD =
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(2.3± 0.1)× 109cm−2.

The dynamical properties of the two devices were characterised by means of the

Pump-Probe technique discussed in Ch. 7. The estimated refilling times at Vbias =

−0.5V for the two devices are: τHD = (3.07± 0.06)µs, for the HD QD device, and

τLD = (5.6± 0.1)µs, for the LD QD device.

In order to study the electron pumping regime, the devices were excited by DFG

laser pulsed radiation at λ = 6.5µm − 6.8µm, with a pulse duration tp = 100ps

and a pulse rate f = 1kHz. For sufficiently high incident power, the devices can

be saturated and all the QDs completely photo-ionised. In saturation conditions

and for tp � τ � 1/f , the devices deliver a photocurrent density Jpump (Vbias) =

g (Vbias)nQDef , proportional to the rate frequency f and to the total electron density

in the QD ensembles g (Vbias)nQD, where g (Vbias) is the mean number of electrons

per QD.

The QD electron population g (Vbias) was studied for −1.0V < Vbias < −0.1V , cor-

responding to a low value of the dark current. The effects of the inhomogeneous

spectral broadening and of the intra-dot coulombic interaction were included in the

expression of the DOS for the QD ensemble. Using the expression of the DOS,

g (Vbias) can be modelled for the two ensembles. The larger size of the LD QDs lead

to a higher value of the QD capacitance which results in a lower charging energy.

Knowing the electron QD spectra, already discussed in Ch. 3, it was possible, by

fitting the experimental electron population g (Vbias), to estimate the values of the

intra-dot charging energy Eintra
s−s and of an effective spectral broadening FWHMinj

associated to the electron injection from the QW to the QDs. The estimated charg-

ing energies are (28± 7)meV , for the HD QD device, and (14± 3)meV , for the

LD QD device. Within the selected bias range for the study of the electron popula-

tion, on both devices the complete filling of the QD s shell is observed, corresponding

to g = 2. Associated to the spectral selectivity of the electron injection onto the

s and p QD shells, an injection spectral purity Finj was defined and estimated for

the two devices: FHD
inj = 1.05, for the HD QD device, and FLD

inj = 0.94, for the

LD QD device. The LD QD device, in spite of the higher optical spectral purity

of the LD Qd ensemble, exhibits a worse selectivity for the electron injection. This

effect is attributed to the higher electron concentration in the QW injector, which

contributes to increase the total injection broadening FWHMinj and to decrease the

intra-dot charging energy.
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Chapter 9

Nano-antenna coupled QDIP

In this chapter the performance enhancement of a QDIP, by means of optical nanoan-

tennae, will be discussed. The nano-antennae adopted for this application are based

on the so-called complementary split-ring resonator (CSRR) design, which is char-

acterised by a high field enhancement (FE) and a high quality factor (Q). For the

detectors based on the structures discussed in Ch. 4, the proximity of the active

region to the top contact, allows to couple the near-field of the CSRR to the QD

layer, thereby enhancing the detector responsivity to normally incident light.

The CSRR resonators, due to the high Q factor and the localisation of the generated

modes, give the opportunity to spectrally and spatially control the photo-excitation

of the QDs. This effect can find important applications for the improvement of the

electron pump performance.

In the first part of the chapter the physical properties of the sub-wavelength struc-

tures, giving rise to the resonances at the basis of the near-field enhancement, are

briefly discussed. In the second part of the chapter the characterisation of the 2D

CSRR nano-antenna array, by means of transmission spectroscopy, will be discussed.

Finally the performance of a nano-antenna coupled device will be presented and com-

pared with the one of a reference sample. The results discussed in this chapter are

reported in [205].

9.1 CSRR nanoantennae for mid-infrared

The concept of split-ring-resonator was initially introduced in [85] for the realisation

of 2D or 3D periodic structures of sub-wavelength elementary constituents with a

sub-wavelength lattice constant. This kind of system, typically named metamaterial,

gives the possibilty to realise artificial materials [85, 206] with adjustable electrical

and magnetic permittivities ε and µ. Particular interest arose about the possibility

to obtain materials with a contemporary negative value for ε and µ within a limited

spectral range, resulting in a negative refractive index [85].

The SRR is based on a conductive structure within which the electrons move along
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loops (L, inductive component), which are interrupted by gaps (C, capacitive com-

ponent), as shown in Fig. 9.1. In such a system, a resonant mode at ωLC ' 1/
√

LC

can be excited and the response in transmission will be similar to the one of a RLC

circuit acting as a band-stop filter. The systems presented in this thesis, are based

CSRR

Inductive loop

Capactive

gap

Inductive loop
SRR

Capactive

gap

Inductive loop

Figure 9.1: Comparison between a SRR and the correspinding CSRR. The inductive (L) and capac-

itive (C) components associated to the surface currents are evidenced for both types of structures.

on 2D arrays of CSRR, obtained from the direct SRR design by applying the Babi-

net’s principle [207]. The LC resonance in a CSRR is associated to a maximum in

transmission, analogously to a band-pass filter.

The next three sections present several basic concepts to understand the physical

properties of the 2D CSRR arrays utilised for the enhancement of the QDIP perfor-

mance. Sec. 9.1.1 is dedicated to a brief discussion of the fundamental properties of

surface plasmon excitations at a metal-dielectric interface. The excitation of Bragg-

like standing plasmonic modes will be discussed, in Sec. 9.1.2, for 2D arrays of

sub-wavelength holes in metallic layers. In Sec. 9.1.3, the case of a 2D array of

CSRRs will be considered, taking into account the excitation of both localised (LC)

and non-localised (Bragg) modes.

9.1.1 Surface plasmon excitations at metal-dielectric inter-

faces

The surface plasmon (SP) modes at a metal-dielectric interface arise from the os-

cillation of electrons at the surface of the metal [208–210]; they are confined at the

metal-dielectric interface, decaying exponentially on both sides of the interface (Fig.

9.2a and Fig. 9.2b).

A metal(m)-dielectric(d) interface is considered (see Fig. 9.2a), for which the di-

electric functions εd > 0 and εm < 0 are assumed to be real (losses are neglected

in a first simplified approximation). For such a system, an incident electromagnetic
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wave, travelling from the medium d (z > 0) to the medium m (z < 0), is denoted

as [209,210]:

Ed =
(
Ed
x, 0, E

d
z

)
exp (i (kxx+ kz,dz − ωt)) (9.1)

The corresponding wave in the medium m can be analogously expressed as:

Em = (Em
x , 0, E

m
z ) exp (i (kxx+ kz,mz − ωt)) . (9.2)

The Maxwell’s equations, written in a source-free system, are [211]:

∇×H i = εi
1

c

∂Ei

∂t
(9.3)

∇×Ei = −1

c

∂H i

∂t
(9.4)

∇ ·Ei = 0 (9.5)

∇ ·H i = 0 (9.6)

and, when imposing the continuity boundary conditions for the tangential compo-

nents of the electric and magnetic fields at z = 0, the following relations can be

determined:

kx,d = kx,m = kx. (9.7)

From the Eq. 9.3 it is possible to obtain that [209,210]:

Hd
y =

ωεd
ckz,d

Ed
x (9.8)

Hm
y =

ωεm
ckz,m

Em
x , (9.9)

where c is the speed of light in vacuum. From Eqs. 9.8 and 9.9 and the continuity of

the tangential components of the fields, the following expression is obtained [210]:

εd
kz,d

=
εm
kz,m

. (9.10)

Moreover, from the Eqs. 9.3,9.4 and 9.5, the relations between the wavevectors along

the z and x directions in the two media can be obtained [210]:

kz,d = −i
√
k2
x −

ω2

c2
εd (9.11)

kz,m = i

√
k2
x −

ω2

c2
εm. (9.12)

The SP excitation are confined within the metal-dielectric interface, and are asso-

ciated to evanescent modes in the two media, which means that the z components

of the wavevectors in the two media satisfy the following conditions:

ikz,d > 0

ikz,m < 0. (9.13)
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Figure 9.2: In (a) the SP excitation at a metal-dielectric interface is depicted. In (b) the exponential

decay of the electric field component Ez for a SP mode, at a metal-dielectric interface, is shown. In

(c) the dispersion relation ω (kx) associated to a SP mode at a metal-dielectric interface is shown.
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Therefore the wavevectors kz,i are purely imaginary and with opposite signs. In order

to fulfill Eq. 9.13 , from the Eq. 9.11 and Eq. 9.12 the two following conditions can

be determined [210]:

k2
x > εdω

2/c2 (9.14)

k2
x > εmω

2/c2 (9.15)

for the x component of the wavevector. The condition 9.15 is satisfied for εm < 0

[210]. From the condition 9.14 it is possible to deduce that the momentum asso-

ciated to the SP excitation is greater than the maximum possible x component of

the wavevector associated to the incident photon [210] (corresponding to the ’light

line’ in Fig. 9.2c). This means that the SPs cannot be optically excited by freely

propagating photons incident on a smooth surface. The expressions for kz,d and

kz,m in Eqs. 9.11, 9.12 can be used in Eq. 9.10, obtaining the following dispersion

relation [210]:

kx =
ω

c

(
εdεm
εd + εm

) 1
2

≡ kSP . (9.16)

The treatment of the problem for more realistic systems including an imaginary

components for εm can be found in [209, 210]. Attenuation effects of the SP along

the in-plane directions (i.e. x for the case here considered), lead to the definition of

a SP length related to the imaginary part of kSP .

Several techniques can be adopted to optically excite SP modes in a metal [70,209,

210] based on prisma-coupling geometries, gratings and the excitation of localised

SP modes by means of sub-wavelength topological defects on the surface [212,213].

9.1.2 Plasmonic modes on patterned metallic surfaces

The definition of periodic structures on metal layers produce important effects on

the properties of the SP excitation at metal-dielectric interfaces [70,72]. A particular

example is the one of a patterned metallic slab with sub-wavelength perforations. In

Fig. 9.2c, a 2D square array of square holes, with a lattice constant d and hole side

length a, is shown. When considering optical incident radiation on such a system,

with an in-plane momentum component kin, Bragg-like scattering mechanisms take

place on the periodic structures. As a consequence, an additional in-plane compo-

nent G is added to the incident photons [72] (see Fig. 9.3b). In such conditions,

differently from the case of the smooth metal-dielectric interface discussed in Sec.

9.1.1, the total momentum associated to the incident optical radiation is high enough

to excite plasmonic modes on the metal surface. The periodic array of holes adds the

momentum G = nGx +mGy, where Gx = Gy = 2π/d, where n and m are integers;

correspondingly to these values of the in-plane momentum, stationary plasmonic

modes are generated on the metal surface [70–72,214–217]. The necessary condition

to fulfil the in-plane momentum conservation is given by:

kSP = kin +mGx + nGy, (9.17)



172 Chapter 9. Nano-antenna coupled QDIP

d

a

z

x

y

(a)

ω

k
x

k
SP

k
0

G

incident momentum

 along x

component provided 

by the grating

(b)

Figure 9.3: In (a) a sketch of a 2D array of square holes defined in a metal layer; unit cell side

length of the square lattice is d; the side length of the holes is a << λ. In (b) the dispersion relation

ω (kx) associated to a SP wave on a grating is shown; the momentum Gx provided by the Bragg

scattering along the x direction of the 2D array, allows the excitation of SP standing modes.

where m and n are integers. Using the expression for kSP given in Eq. 9.16, from the

Eq. 9.17, for the case of normally incident light (kin = 0), the following expression for

the wavelengths λi,j, corresponding to the standing Bragg-like modes in the system,

is obtained:

λi,j =
d√

i2 + j2

√
εdεm
εd + εm

' d√
i2 + j2

√
εd, (9.18)

for |εm| � εd.

When the Bragg mode is excited, a relatively high electromagnetic field, in corre-

spondence of each hole is generated. Due to the high field enhancement in corre-

spondence of the sub-wavelength apertures, the light can be radiatively coupled to

the substrate and transmitted [71, 72]. In these conditions, the transmission coef-

ficient, normalised to the hole area, assumes values > 1, and this phenomenon is

commonly indicated as extraordinary transmission [71]. A specific system consisting

of an array of square holes obtained in a 100nm thick Au layer on undoped GaAs

(εGaAs = 10.89, for the spectral region of interest) is analysed. The side length of

the square hole is a = 550nm, and the lattice constant is d = 1.5µm. Accord-

ing to the Eq. 9.18, the wavelength associated to the lowest order resonance is

λtheor10 = λtheor01 = 4.95µm, whereas the one associated to the second order resonance

is λtheor11 = 3.50µm. The system was simulated by means of CST Microwave Studio
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® 1 and the results are shown in Fig. 9.4, Fig. 9.5a and Fig. 9.5b. From the

transmission spectrum shown in Fig. 9.4, obtained for normally incident light from

the upper side (z > 0, vacuum), polarised along the x direction (the y direction is

equivalent, due to the symmetry of the system), it is possible to observe two res-

onances within the spectral range chosen for the analysis. The positions of these

resonances at λsim10 = 4.90µm and λsim11 = 3.65µm can clearly be identified with the

first two grating modes at λtheor10 and λtheor11 , respectively. In order to understand the
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Figure 9.4: The computed Transmission spectrum for a 2D square array of holes in a Au layer

on a GaAs substrate, with lattice constant d = 1.5µm and hole side length a = 0.550µm. The

transmittance is computed for light normally incident onto the array, and polarised along the x

direction (the y direction is equivalent, due to the symmetry of the system). From the spectrum it

is possible to identify the first two order grating resonances at λ10 = 4.90µm and at λ11 = 3.65µm.

near-field properties, which are very important to study the evanescent plasmonic

modes, it is helpful to introduce the concept of field enhancement (FE) associated

to a given position r ≡ (x, y, z):

FE (x, y, z) =

√
|Ex|2 + |Ey|2 + |Ez|2

|Ein|
, (9.19)

where E (x, y, z) ≡ (Ex, Ey, Ez) is the electric field at a given position (x, y, z)

and Ein is the incident field. The FE distributions, associated respectively to the

1CST is a tool for the 3D simulation for electromagnetic design and analysis https://www.

cst.com/

https://www.cst.com/
https://www.cst.com/
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Figure 9.5: The FE computed for the modes at λ01 = 4.90µm (in (a)) and at λ11 = 3.65µm (in (b))

are shown. The FE is computed within the plane orthogonal to the z direction at the Au −GaAs
interface (z = 0).

modes at λ10 = 4.90µm and λ11 = 3.65µm, computed as a function of the in-plane

coordinates (x, y) within the plane orthogonal to the z direction and coincident with

the Au/GaAs interface (which corresponds to z = 0), are shown in Fig. 9.5a and

Fig. 9.5b, respectively. From the distribution of the FE, it is possible to confirm

the interpretation attributed to the two resonances. The maxima of the FE occur

in correspondence of the hole ridges; the field distributions show the periodicities

corresponding to d (λ1, 0) and d/
√

2 (λ1, 0). The results present features which are

very similar to the ones in [218, 219], where a similar system was modelled for the

cases of real and ideal conductor, respectively. The excitation of the standing array

modes is always combined to the excitation of localised plasmon mode associated to

each hole [218], which are typically localised at the hole ridges contributing to the

FE in that region and to the corresponding increase of the transmission.

2D hole array structure were largely utilised, as already mentioned in Ch. 1, for

the realisation of plasmonic enhanced QDIPs [74–77]. For such devices, the high

field enhancement along the z direction, in proximity of the metal-semiconductor

interface, was exploited for the optical coupling of normally incident light with the

detector active region..

9.1.3 The Complementary Split-Ring Resonator

The sub-wavelength holes in the 2D array discussed above have an important role

for the phenomenon of the extraordinary transmission. Besides the excitation of

non-localised array modes, sub-wavelength holes in metals allow also the excitation

of localised modes with a significant component of transmitted light, above the limit

predicted by Bethe [220]. For an opening in a metal of diameter a < λ/2 no propagat-
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ing mode should be allowed. Nevertheless, due to the excitation of localised surface

plasmon modes, the presence of resonances in transmission is observed [72,221,222].

The transmission through sub-wavelength holes of rectangular or elliptical shapes

was related to dipole-like emission from the excitation of plasmon modes localised

at the edges of the holes. From the study of the transmission spectra of periodic

and randomly distributed hole arrays and of single apertures, the spectral properties

of those modes was characterised [222–226]. In particular, for rectangular holes, a

strong dependence on the hole aspect ratio was found [222]. Theoretical models for

the study of the transmission through single sub-wavelength apertures in an ideal

and a real metal can be found in [227] and [228], respectively. It is also interesting to

mention the analogy stressed in [222] between the transmission through nano-holes

in metals and the absorption of metallic nanoparticles. For metal nanoparticles,

peaks in absorption were observed, which were related to the excitation of surface

plasmonic modes [229]. The dependence of the maximum absorption wavelength

on the nanoparticle shape [229] showed analogies with the transmission peak depen-

dence on the sub-wavelength hole shape in [222]. In [222] this analogy was explained

with the above mentioned complementarity Babinet’s principle and the sum rules

associated to the plasmonic resonances [230].

The structured sub-wavelength hole in the metal defining the CSRR allow the ex-

citation of different types of localised modes. As already mentioned above, when

the electrons move along a path which includes inductive loops (L) and capacitive

gaps (C), LC resonant modes can be excited. For the first type of SRR, introduced

in [85], the structure consisted of two concentric split-rings and was designed to

obtain a magnetic response. Such geometries can be efficiently approximated by

means of an equivalent LC circuit (or a RLC circuit when taking the losses into

account) [231–233]. Correspondingly to the resonance ωLC = 1/
√
LtotCtot, with Ltot

and Ctot effective inductance and capacitance associated to the system, a Lorentzian

peak in transmission is observed for the CSRRs (corresponding to a peak in absorp-

tion for the SRR). Close to this resonance the metametrials based on the SRRs can

exhibit exotic effects such as the above mentioned negative refractive index (associ-

ated to ε < 0 and µ < 0) or effects on the magnetic response [85,206,234].

For the work described in this thesis, particular interest is focused on the so called

electric split-ring resonator (ESRR) design [86, 89], which, due to the symmetry of

the structure [235], shows exclusively coupling with an incident electric field. In

particular, the ESRR was considered in his complementary design (still indicated as

CSRR, in order to keep the notation as simple as possible), i.e. defined by shaping

the hole in a metal layer in order to obtain the desired paths for the electrons. In Fig.

9.6a, the CSRR structure analysed in this thesis is shown, whereas the associated

equivalent RLC circuit is shown in Fig. 9.6b. The design is very similar to the ones

presented in [86,89,90,231] for applications within the Terahertz and sub-Terahertz

range, e.g. realisation of THz modulators or the study of ultra-strongly coupled

systems [92,236,237].
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Figure 9.6: In (a), the unit cell of the CSRR 2D square array with lattice constant d = 1.5µm

is shown. Two possible path for the electron are indicated. When exciting the structure with an

electric field polarised along the direction orthogonal to the central gap of the CSRR, the system

shows a LC resonance which is associated to the inductive loops and the capacitve central gap and

depends on the size and shape of the resonator. In (b), the RLC circuit associated to the resonant

behaviour of the CSRR is shown. The capacitance (C) is associated to the central gap, whereas the

two inductances (L), in parallel with the central capacitance, are associated with the two loops in

the electron paths. The resistive components (R) accounts for the losses.
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In order to obtain a resonant response in the mid-infrared spectral range, the res-

onators were scaled down so as to reach the right values of L and C needed to

obtain the desired value of ωLC. The spectral response for the QDIP based on the

HD QDs, as shown in Ch. 6, is peaked at λQD ' 6.6µm and the resonator was

designed in order to position the LC resonance λLC close to λQD. A system consist-

ing of a square 2D array of CSRRs, with a lattice constant d = 1.5µm (see Fig.

9.6a), is considered; the external side lengths of the CSRR, as shown in Fig. 9.6a,

are of 520 − 530nm, whereas the width of the internal gap is of 60nm. In Fig. 9.7

the computed transmission spectra associated to normally incident light polarised

along the two in-plane (x and y) directions are shown. The spectra associated to the

two polarisation directions show significant differences. In particular, for incident

light polarised along the x direction, which is orthogonal to the CSRR capacitive

gap, a peak at λLC = 6.47µm is observed, associated to the excitation of the CSRR

LC mode. Fig. 9.8a and Fig. 9.8b show the FE distributions of the LC mode

(λLC = 6.47µm) in the xy and xz planes, respectively. As expected, the strongest

FE for the LC mode is obtained within the region between the central ’capacitor

plates’ of the CSRR. Other resonances can be identified in Fig. 9.7 at λ01 = 4.84µm
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Figure 9.7: The computed transmission spectra, associated to the two in-plane (x and y) polarisa-

tions, for a square 2D array of CSRRs, with a lattice constant d = 1.5µm. For light polarised along

the x direction (blue curve, a peak in transmission at λLC = 6.47µm and a second peak associated

to an array mode at λ10 = 4.59µm are observable. For the light polarised along the y direction (red

curve), the peaks associated to the array modes λ01 = 4.84µm and λ11 = 3.64µm are observed.

and λ10 = 4.59µm for light polarised along the y and x directions, respectively. The
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Figure 9.8: In (a) the FE, computed for the mode at λLC = 6.47µm and incident light polarised

along the x direction, is shown. The FE is computed within a plane orthogonal to the z direction

at the Au−GaAs interface (z = 0). In (b) the LC mode FE within the plane y = 0, orthogonal to

the CSRR central gap and to the Au/GaAs interface, is shown.

modes associated to these resonances have the same origin as the lowest order array

mode identified on the transmission spectrum in Fig. 9.4, for the 2D array of square

holes. The wavelength splitting between the two resonances is due to the hole shape:

the x and y directions are not equivalent for the system. Fig. 9.9a and Fig. 9.9b

show the FE distributions associated to the resonances at λ01 and λ10, respectively.

Analogously to what was already discussed in Sec. 9.1.2 for the 2D array of square

holes, the maximum FE is reached in proximity of the hole edges; in particular, for

light polarised along the direction orthogonal to the central gap of the CSRR, the

maximum FE is observed in proximity of the edges of the capacitor plates, whereas

for light polarised along the y direction, the maximum FE is observed in proximity

of the external edges of the resonator.

9.2 Fabrication of the CSRR nano-antennae

The fabrication of the CSRR 2D array required a procedure for patterning an Au

layer to define structures, which, as can be deduced from the Sec. 9.1.3, contain

features of sizes< 100nm. For this reason, the standard photolithography techniques

typically used for micro-fabrication processes (e.g. the mesa processes described in

Ch. 5) had to be replaced by electron beam lithography (EBL) techniques. Two

different approaches were adopted to fabricate the nano-antenna arrays: the first

one was based on a metal lift-off technique; the second one was based on a metal

etching technique. These two fabrication processes will be described in the next two

sections.
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Figure 9.9: The FE computed for the mode at λ01 = 4.84µm (in (a)) and at λ10 = 4.59µm (in

(b)) are shown. The FE distributions are computed within the plane orthogonal to the z direction

at the Au−GaAs interface (z = 0).

9.2.1 The lift-off process

For the lift-off process (LOP) Poly(methyl methacrylate)(PMMA) positive tone re-

sists are used for the EBL. The LOP, illustrated in Fig. 9.10, consists of the following

steps:

� Bi-layer PMMA resist spin-coating.

� EBL for the definition of the CSRR array2.

� Ti/Au evaporation.

� Metal lift-off.

As already mentioned in Ch. 5, for a lift-off process, it is very helpful to have

overhangs in the resist profile: this type of profile allows the solvents to creep below

the resist layer, on the top of which the metal is deposited. A technique typically

used to attain this type of profiles is based on the usage of a bi-layer resist consisting

of a bottom thicker layer of PMMA of low molecular weight, followed by a thinner

PMMA layer of higher molecular weight (see Appendix A). The bottom layer is

spin-coated in order to obtain a thickness of ∼ 250 − 300nm whereas, for the top

layer, the aimed thickness is ∼ 100nm. A quite challenging step for the LOP is

the EBL exposure, which has to be performed on relatively large areas (∼ mm2)

with a relatively high resolution. For a LOP, the regions of the surface from which

the metal has to be lifted coincide with the ones which are not exposed. In order

to obtain the 2D array of structured holes presented in Sec. 9.1.3, the region of

2The EBL was performed at the Binnig and Rohrer Nanotechnology Center (BRNC) cleanroom

facility located at the IBM Zurich labs in Rueschlikon (ZH).
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Figure 9.10: Schematic representation of the LOP. The process flow consists of four steps: bi-layer

PMMA resist spin-coating; EBL to define the CSRR; deposition of the Ti/Au metal layer; metal

lift-off.

the resist to be exposed is the one complementary to the holes in the metal. The

possibility to obtain a pattern with features < 100nm, for which very large regions

of exposed resist are separated by very small gaps, is strongly dependent on the

correction of proximity effects [238], typical in EBL exposures. Furthermore, the

choice of the PMMA resists for the composition of the bi-layer film is crucial to

define the extent of the overhangs: the maximum overhang size has to be smaller

than 1/2 of the width of the smallest features (∼ 60nm). The lower the molecular

weight of the bottom resist layer, the higher is the solubility in the resist developer.

The best combination, which allowed to avoid the collapse of the smallest features,

consisted of a bottom layer of PMMA-600K followed by a layer of PMMA-950K.

The developed bi-layer PMMA resist is shown in Fig. 9.11a (plane-view) and in Fig.

9.11b (side-view). It is possible to observe how the developed resist does not show

an optimal profile: after an initial slight overhanging profile, a change of sign in the
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(a) (b)

Figure 9.11: In (a) a SEM micrograph showing a plane-view of the developed PMMA bi-layer resist.

In (b) a SEM micrograph showing the profile of the developed bi-layer PMMA resist.

(a) (b)

Figure 9.12: SEM photos, taken at two different magnifications, showing plane-views of the CSRR

array obtained by the LOP.

slope is observed toward the bottom of the resist layer.

A metal layer of Ti/Au(5nm/60nm) was deposited by means of the standard electron

beam evaporation technique already mentioned in Ch. 5. For the working principle

of the CSRR, it is important to choose a metal thickness which can endure the

high opacity of the metal layer [239] within the spectral range of interest for the

applications. A thickness of 60nm, more than two times thicker than the field skin

depth of ∼ 26nm at λ = 6.6µm), was chosen for the Au layer. The lift-off process

was performed either in acetone (at 50◦C) or in dimethyl Sulfoxide (DMSO) (at

90◦C). The best results were obtained in DMSO after relatively long soaking times

(∼ 1h), and are shown in Fig. 9.12. The presence of many resonators which, after

the resist dissolution, fell into the recess opened in the metal layer, did not allow to

obtain regions with a clearly defined CSRR array.
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9.2.2 Metal etching process

The second approach for the realisation of the CSRR 2D arrays, is based on the

patterning of the Ti/Au metallic surface by means of dry etching. The metal etching

process (MEP), which is illustrated in Fig. 9.13, consists of the following steps:

� Ti/Au deposition.

� Resist spin-coating.

� EBL for the definition of the 2D CSRR array.

� Metal patterning by dry etching.

The positive tone resist to be used for this type of process must fulfil different types of

requirements compared to the PMMA used for the LOP. In particular, an important

requirement is the high resistance to the dry etching process; the resist film has to

work as a mask for the etching of the Ti/Au metal layer. For this purpose a resist

based on the polymer poly(α-methylstyrene-co-α-chloroacrylatemethylester) (CSAR)

is used.

The first step of the MEP is the deposition of a Ti/Au(10nm/100nm) layer by

means of electron beam evaporation. The CSAR resist is spin-coated in order to

reach a film thickness of ∼ 200nm. The EBL step differs from the one of the LOP;

in this case the resist regions to be exposed to the electron beam coincide with the

metal layer regions to be etched. There are at least two beneficial effects for the

EBL exposure: a smaller area to be exposed resulting in shorter writing times; lower

impact of proximity effects.

The etching process utilised to pattern the Ti/Au layer is based on the ion beam

etching (IBE) technique (see Appendix A). The IBE technique, differently from the

RIE technique mentioned in Ch. 5, which involves chemical reactions between the

plasma and the target material, is based on the physical etching of the metal by

means of high energy Ar+ ions (ion-milling). The etching tool3 is provided with

a secondary ion mass spectroscopic (SIMS) system which allows to monitor the

composition of the etched layer in real-time. After the etching process, the resist is

stripped in N-Methyl-2-pyrrolidone (NMP) (at 130◦C) or in DMSO (at 90◦C).

A CSRR array obtained on an undoped GaAs substrate, by means of the MEP, is

shown in Fig. 9.14a, (plane-view) and in Fig. 9.14b (cross-sectional view). It is

possible to observe the better quality of the CSRRs obtained by means of the MEP

with respect to the LOP (see Fig. 9.12b). On the other hand two minor limitations

can be observed: the non-completely vertical profile of the CSRR edges, which is

related to non-completely isotropic and vertical etching process within the low-sized

openings in the resist mask; the over-etching of ∼ 30nm in the GaAs substrate, due

3The IBE process was performed at the Binnig and Rohrer Nanotechnology Center (BRNC)

cleanroom facility located at the IBM Zurich labs in Rueschlikon (ZH)
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Figure 9.13: Schematic representation of the Au etching process. The process flow consists of four

steps: deposition of the Ti/Au metal layer; resist spin-coating; EBL to define the CSRR; metal

etching.

to a non perfect calibration of the Ar+-milling process. Due to the good quality of

the obtained patterns and the reproducibility of the results, the MEP was chosen

for the implementation of the CSRR nanoantenna arrays on the QDIPs.

9.3 Transmission spectra of the CSRR array

A 2D CSRR array (shown in Fig. 9.14b) obtained by means of the MEP on un-

doped GaAs (transparent in the mid-IR spectral range), was characterised by means

of transmission spectroscopy. The CSRR square array coincides with the one dis-
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(a) (b)

Figure 9.14: In (a) a SEM micrograph shows a plane view of the CSRR 2D obtained by the MEP.

In (b) a cross-sectional SEM micrograph (plane orthogonal to the CSRR capacitive gap) of the

CSRR obtained by the MEP is shown.

cussed in Sec. 9.1.3: the side length of the unit cell is d = 1.5µm. The measurements

of the transmission spectra were performed by means of the FTIR interferometer

presented in Ch. 6. The sample was placed in the evacuated sample compartment

of the interferometer. A glowbar emitting in the mid-IR spectral range was used as

semi-insulating

GaAs

substrate
Normally

incident light

Figure 9.15: Schematic representation of the measurement of the transmission spectra, at normal

incidence, for the 2D CSRR array.

a source. The light was detected by means of a deuterated triglycine sulfate (DTGS)

infrared detector. The transmission through the samples for normally incident light,

polarised along the directions ⊥ and ‖ to the central capacitive gap of the CSRR

(see Fig. 9.15) was measured. The results are shown in Fig. 9.16a and in Fig. 9.16b

for incident light polarised along the ⊥ and ‖ directions, respectively. In order to

evaluate the relative amplitudes of the resonances, the spectra were normalised to

the value of the transmission at the LC peak for both the experimental and simu-

lated data.
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Figure 9.16: In (a) the CSRR array transmission spectrum (blu solid line), measured for normally

incident light polarised along the direction ⊥ to the CSRR capacitive gap, is shown with the corre-

sponding simulated transmission spectrum (blue dashed line). In (b) the CSRR array transmission

spectrum (red solid line) measured for normally incident light polarised along the direction ‖ to

the CSRR capacitive gap is shown, with the corresponding simulated transmission spectrum (red

dashed line).

From the analysis of the spectra, a good agreement between the experimental and

the simulated data is observed. In particular, for the LC mode λexpLC = 6.58µm and

λsimLC = 6.47µm. The positions of the other resonances at λ10 (polarisation ⊥), λ01

and λ11 (polarisation ‖), which are associated to the array modes discussed in Sec.

9.1.3, are summarised in Tab.9.1.

mode Experiment Simulation

λLC 6.58µm 6.47µm

λ10 4.78µm 4.59µm

λ01 5.04µm 4.84µm

λ11 3.66µm 3.64µm

Table 9.1: Summary of the values of the wavelength λLC, λ10, λ01 and λ11 observed in the trans-

mission spectra of the 2D CSRR array.

When considering the value of the normalised transmission coefficient for light po-

larised along the direction ‖ to the CSRR capacitive gap, shown in Fig. 9.16b, it is

possible to observe a good agreement between the simulated and the experimental

data only for the array mode at λ01. For the modes at λ10 and λ11 a significant

discrepancy between the simulated and the experimental transmission coefficients is

observed.

The FWHM associated to the loretzian LC peak is 33meV for the experimental

transmission coefficient and 17meV for the simulation. The quality factor (Q fac-
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tor) for the LC mode is defined as:

Q =
hνLC

FWHMLC

, (9.20)

where νLC is the LC mode frequency. The value obtained from the experimental data

is Qexp = 5.7, significantly lower than the one expected from the simulation Qsim =

11.3. The main reason for this discrepancy is attributed to the underestimation of

the electric losses in the metal layer.

9.4 Fabrication of the nano-antenna coupled QDIP

For the QDIP heterostructures presented in Ch. 4, the proximity between the QD

layer and the top n+−GaAs contact can be exploited to couple the near-field of the

CSRR LC modes with the QDs. The fabrication process for the implementation of

the CSRR nano-antennae on the QDIP is based on the combination of the square

mesa process (SMP) described in Ch. 5 and the MEP process described in Sec.

9.2.2. The fabrication of the nano-antenna coupled QDIP consists of the following

steps:

� n+ −GaAs top contact thickness reduction by chemical etching.

� Definition of alignment marks for the EBL.

� Mesa etching.

� Bottom contact metallisation.

� Bottom metal contact annealing.

� Top contact metallisation.

� Top contact patterning for the definition of the CSRR 2D array.

� Definition of contact pads on the top and bottom contacts.

The first step of the process is the controlled thckness reduction of the top n+−GaAs
contact, in order to reduce the distance between the QD layer and the top device

surface, where the CSRR 2D array will be defined. A minimum thickness for the

n+−GaAs of ∼ 30nm is required in order to avoid the depletion of the top contact

after the metallisation, which would not allow the realisation of an ohmic metal-

semiconductor junction contact. In order to fulfil these requirements, a target thick-

ness of 50nm was chosen: the 300nm thick top contact is thinned down to 50nm

by means of slow wet chemical etching, using the H3PO4 based solution already

mentioned in Ch. 5.

A standard bi-layer PMMA resist combination is spin coated on the sample and the
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Figure 9.17: Schematic representation of the process flow for the fabrication of the CSRR nano-

antenna based QDIP. The process is based on the combination between the SMP for the definition

of the devices and the MEP for the 2D CSRR arrays.

alignment marks are defined by means of EBL. A Ti/Au(10nm/100nm) metallic

layer is evaporated by standard electron beam deposition. The alignment marks are

obtained as metallic micro-structures on the top surface of the sample, by means of

a lift-off technique.

Using the alignment marks as a reference, the same steps described in Ch. 5 for the

SMP are performed to etch the mesas and to metallise the bottom contact with a

Ge/Au/Ni/Au layer, which is finally alloyed by means of rapid thermal annealing

(RTA). Differently from the SMP described in Ch. 5, a Ti/Au(10nm/100nm) metal
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(a) (b)

Figure 9.18: In (a) a SEM micrograph showing a plane view of the CSRR 2D obtained by the MEP.

In (b) a SEM micrograph showing a cross-section (plane orthogonal to the CSRR capacitive gap)

of the CSRR, obtained by the MEP.

layer is used to metallise the top contact, using the standard photolithography +

lift-off procedure. This metallic surface is the one to be patterned in order to obtain

the CSRR 2D array. It is important to stress that some mesas are left uncovered,

in order to obtain reference devices without the CSRR nanoantennae.

According to the MEP procedure already described in Sec. 9.2.2, the CSRRs are

defined by means of an EBL step followed by Ar+-milling for the metal etching; the

results obtained for a sample with a unit cell side length d = 2.0µm are shown in

Fig. 9.18 and in Fig. 9.19. From the plane-view shown in Fig. 9.18a it is possible to

observe that the CSRRs obtained on the QDIP show smoother edges with respect

to the ones obtained on the reference sample for the transmission measurement (see

Fig. 9.18a); this is due the improvement of the conditions for the EBL exposure.

From the cross-sectional SEM micrograph in Fig. 9.19, it is possible to observe that,

as a result of the improvement of the metal etching step, the sample does not show

the ’over-etched’ features observed on the reference transmission sample (see Fig.

9.14b in Sec. 9.2.2).

The QDIP process was finalised with the definition (by standard photolithography)

and metallisation (electron beam deposition + lift-off) of metal pads on the top

and bottom contacts. The metal pads consist of a Ti/P t/Au(10nm/50nm/200nm)

layer. It must be stressed that these pads work as top (ohmic) metal contacts for

the reference devices not covered with the previous Ti/Au layer. Moreover, these

pads provide a clean and thick layer to facilitate the wire-bonding procedure (see

Ch. 5).

After the thickness reduction by mechanical polishing and the back contact met-

allisation (see post-processing procedure described in Ch. 5), the processed chip is

ready for mounting.
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Figure 9.19: Cross sectional SEM micrograph of the 2D CSRR array obtained on GaAs by means

of the MEP.

9.5 Characterisation of the nano-antenna coupled

QDIP

The nanoantenna coupled and the reference devices are electrically and optically

characterised by means of the experimental techniques described in Ch. 6. The

main difference with respect to the experiments discussed in Ch. 6, is the incidence

configuration for the excitation: the devices are optically characterised at normal

incidence, instead of using the typical 45◦ wedged geometry.

The sample used for the realisation of the nano-antenna coupled QDIP is based on

the HD QDs. The heterostructure is the one described in Ch. 4, with a 3.5nm

thick AlGaAs barrier. The performance of a CSRR nanoantenna coupled device

will be compared with the one of a reference device without the nano-antenna array,

which shows identical electrical properties. The mesa surface of the two devices is

of 750µm× 750µm. In the next subsections the different characterisation steps will

be presented.

9.5.1 Dark Current

The dark-current was measured on the two devices, as a function of the applied

bias voltage (I-V), utilising the technique already described in Ch. 6. The devices

were kept in the LHe flow cryostat at a temperature T = 10K, using a completely

cryo-shielded configuration, in order to remove the noise component generated from

the background radiation. The results are shown in Fig. 9.21. The I-V curves

exhibit similar behaviours and a strong increase of the dark current is observed at
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A

(a) CSRR coupled QDIP

A

(b) Reference QDIP

Figure 9.20: The sketches of the QDIPs with (in (a)) and without (in (b)) the 2D CSRR array,

obtained by the combination of the SMP and the MEP.

Vbias ' −1.3V . As it was already discussed in Ch. 6, the increase of the dark current

is associated with the alignment between the QW injector and the QD outermost

shells. The study of the device performance will be conducted for 0.0V ≥ Vbias ≥
−0.5V . For the reference sample the dark current varies from 1.96 × 10−13A at

Vbias = 0.0V to 2.33 × 10−8A at Vbias = −0.5V . For the CSRR coupled device the

current increases from 1.94 × 10−14A at 0.0V to 7.8 × 10−9A at −0.5V . The lower

value for the estimated current at Vbias = −0.5V on the CSRR coupled device is

explained taking into account possible inhomogeneities on the mesa surface, due to

the wet etching technique used for the thickness reduction of the top n+ − GaAs

contact layer; mesa regions, for which the n+ − GaAs is thinner than the intended

thickness of 50nm, can get locally depleted, due to the presence of the Ti/Au metal

patterned layer. On the other hand, the difference between the dark current values

becomes negligible for values of the applied bias close to 0.0V and these conditions

are sufficient to perform a reasonable performance comparison between the two

devices.

In order to estimate the TBLIP for the two devices the temperature dependence of

the dark current was analysed and compared with the background noise current,

obtained for a non completely cryo-shielded configuration (see Ch. 5 and Ch. 6)

and in absence of external optical radiation. In Fig. 9.22a and Fig. 9.22b the I-

V curves, measured at different temperatures, are shown for the reference and the

CSRR nanoantenna based device, respectively. The two devices exhibit a similar

behaviour at the increase of the temperature, which confirms that they can be

considered electrically equivalent and comparable. For both devices, at Vbias = 0V ,

TBLIP ' 55K was estimated.
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Figure 9.21: Comparison between the dark current, as a function of the applied bias voltage, mea-

sured on the CSRR coupled device (green solid line) and the reference device (blue dash dotted line).

The measurements were performed at T = 10K, and the two devices were completely cryo-shielded.

9.5.2 Device Performance

The spectral response of the two QDIPs is characterised by means of the FTIR

spectroscopic technique introduced in Ch. 6. The photcurrent (PC) spectra are

calibrated by measuring the responsivity at λ = 6.8µm. The two devices are excited

at normal incidence and, by means of a polariser, it is possible to select between

the two polarisation directions orthogonal (⊥-CSRR) and parallel (‖-CSRR) to the

CSRR capacitive gap, as shown in Fig. 9.23. In Fig. 9.24 (reference) and in Fig.

9.25 (antenna coupled) the calibrated responsivity spectra Rref (λ) and RCSRR (λ)

of the two devices are shown, at Vbias = 0.0V and Vbias = −0.5V , for incident light

polarised along the directions ⊥-CSRR and ‖-CSRR.

From the spectral response of the reference sample (Fig. 9.24) it is possible to observe

a slight dependence of the responsivity on the polarisation of the incident radiation.

The responsivity value for light polarised along the ⊥-CSRR direction is ∼ 1.2

times higher than for light polarised along the ‖-CSRR direction. The responsivity

maximum is observed at λ = 6.62µm (187meV ), with a FWHM ' 1.0µm (29meV ),

similarly to what was already observed for the HD QD devices used to study the

dynamical properties of the electron injection on the QDs, which were discussed in

Ch. 7.

The spectral response of the nano-antenna coupled photodetector is given by:

RCSRR (λ) = Rref (λ) · η (λ) , (9.21)
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Figure 9.22: Temperature dependence of the dark current of the reference (in (a)) and the CSRR

based device (in (b)). The background current IBG measured at TBLIP = 60K is shown (black

dashed curve) for the two devices.

Normally 

incident 
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Figure 9.23: Schematic representation of the incidence geometry used for the optical excitation of

the CSRR coupled QDIP.

where Rref (λ) is the spectral response of the reference device and η (λ) is the spec-

tral dependent responsivity enhancement induced by the CSRR 2D array. From Fig.

9.25, it is possible to observe the strong polarisation anisotropy introduced by the
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Figure 9.24: Calibrated spectral response of the reference device for light polarised along the direc-

tions ⊥ (green solid curves) and ‖ (magenta dash dotted curves) to the central capacitive gap of

the CSRR at Vbias = 0.0V (in (a)) and Vbias = −0.5V (in (b)). The measurements were performed

at T = 10K for normal incidence.
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Figure 9.25: Calibrated spectral response of the CSRR based device for light polarised along the

directions ⊥ (green solid curves) and ‖ (magenta dash dotted curves) to the central capacitive gap

of the CSRR at Vbias = 0.0V (in (a)) and Vbias = −0.5V (in (b)). The black dashed curves

represent the PC spectra of the reference sample without the 2D CSRR array for light polarised

along the direction ⊥ to the central capacitive gap. The measurements were performed at T = 10K

for normal incidence.
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Figure 9.26: Temperature dependence of the responsivity measured on the reference (in (a)) and

the CSRR based device (in (b)). The measurements were performed, for different values of Vbias,

exciting the devices with light polarised along the direction ⊥ to the central capacitive gap of the

CSRR, at normal incidence.

2D CSRR array, which is designed in order to position the LC resonance spectrally

near to the maximum of the QD response. For light polarised along the ⊥-CSRR di-

rection, the PC spectrum, differently from the reference device, exhibits a structured

shape: a first peak is observable at λ = 6.7µm and a second one at λ = 7.2µm. For

incident light polarised along the central gap, a clear sharp resonance is observed

at λ = 4.9µm, besides the peak at λ = 6.6µm. From the comparison between the

PC spectra of the two samples, it is possible to give an interpretation for the main

spectral features. For incident light polarised orthogonally to the central capacitive

gap of the CSRR, the peak observed at λ = 7.2µm is associated to the CSRR LC

mode and it does not coincide with the peak of QD response at 6.6µm. For light

polarised along the capacitve gap, the sharp feature appearing at 4.9µm clearly re-

lated to the (0, 1) array mode already discussed in Sec. 9.1.3 and Sec. 9.3.

The responsivity and the specific detectivty D∗ were estimated at different temper-

atures, analogously to what was shown in Ch. 6. In Fig. 9.26 and in Fig. 9.27 the

temperature dependence of the responsivity and D∗ is shown for the two devices.

The device performance was estimated at different values of Vbias and for incident

light at λ = 6.8µm. The polarisation direction ⊥ to the central CSRR capacitive

gap was chosen for the incident radiation, in order to obtain the highest possible

signal at λ = 6.8µm.

The behaviour of the reponsivity, as a function of the temperature, is slightly differ-

ent for the two devices. In particular, from Fig. 9.26a, it is possible to observe, for

the reference sample, at Vbias = −0.05V a rather constant value of the responsivity,

for 10K ≤ T ≤ 80K, of ' 65µA/W . Whereas, for the CSRR based device, as it can

be observed in Fig. 9.26b, a decrease of ∼ 20% is observable for the responsivity,

from ∼ 64µA/W , at T = 10K, to ∼ 49µA/W , at T = 30K. After this significant
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Figure 9.27: Temperature dependence of the specific detectivity D∗ measured on the reference (in

(a)) and the CSRR based device (in (b)). The measurements were performed, for different values

of Vbias, exciting the devices with light polarised along the direction ⊥ to the central capacitive gap

of the CSRR, at normal incidence.

decrease, the value of the responsivity stays constant for 30K ≤ T ≤ 70K. For

the reference sample the responsivity starts decreasing significantly for T ≥ 80K

whereas, for the CSRR based device, a similar behaviour is observed for T ≥ 70K.

Analogously to what was observed for the devices presented in Ch. 6, for both

devices the decreases of the responsivity at lower temperature for higher values of

the applied bias. In Fig. 9.27 the specific detectivity D∗, estimated for the two

devices, as a function of the temperature, at different values of the applied bias, is

shown. For the estimation of D∗ the responsivity values discussed above, measured

for light polarised along the direction ⊥ to the CSRR capacitive gap, are used. For

the reference device, a decrease of D∗ from 1.58× 108Jones, measured at T = 10K,

to 0.60 × 108Jones, at T = TBLIP, is observed. Analogously, for the CSRR based

device, a decrease of D∗ from 1.93× 108Jones ,at T = 10K, to 0.51× 108Jones, at

T = TBLIP, is observed.

9.5.3 Effects of the CSRR nano-antennae on the device per-

formance

In this section, the effects of the CSRRs on the detector response will be studied.

For this purpose, the responsivity of the nanoantenna coupled and the reference

devices will be analysed at T = 10K; at this temperature both devices exhibit their

best performance and are not affected by the specific transport properties which

become relevant at higher temperatures, as shown for the temperature dependence

of R and D∗ in Sec. 9.5.2. In Fig. 9.28, the responsivity of the two devices (at

T = 10K) is shown as a function of the applied bias, for normally incident light at

λ = 6.8µm, polarised along the direction ⊥ to the capacitive gap of the CSRR. From
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the analysis of bias dependence of the responsivity, it is possible to observe that,

analogously to what was already discussed for the devices described in Ch. 6, the

responsivity increases as a function of the applied bias, up to a maximum value. The

decrease of the responsivity for values of the applied bias voltage higher than the one

corresponding to the maximum, is related to the first alignment between the QW

injector and the outermost QD shells, leading to the strong increase of the dark cur-

rent already mentioned in Sec. 9.5.1. The value of the responsivity for the reference

sample increases from 66µA/W at Vbias = 0.00V to 87µA/W at Vbias = −1.00V .

For the CSRR nano-antenna coupled device, the value of the responsivity increases

from 62µA/W at Vbias = 0.00V to 97µA/W at Vbias = −0.95V .

Figure 9.28: Responsivity measured, as a function of the applied bias voltage, on the CSRR cou-

pled (green solid line) and the reference (blue dash dotted line) devices. The measurements were

performed at T = 10K, at normal incidence for light polarised along the direction ⊥ to the CSRR

central gap.

In the previous section, when discussing the spectral response of the two devices

shown in Fig. 9.24 and in Fig. 9.25, several spectral features, related to the cou-

pling with the CSRR modes, could be recognised. Here a more thorough analysis of

the spectral properties will be presented; the device spectral response will be stud-

ied in relation with the computed transmission spectra of the 2D CSRR array. The

simulated CSRR array transmission spectra are obtained by using the actual geom-

etry determined from the SEM characterisation of the CSRRs on the QDIP, which

was shown in Fig. 9.18a. With respect to the transmission data analysed in Sec.

9.3, the LC resonance of the CSRR is red-shifted and it is peaked at λLC = 7.3µm.

In Fig. 9.29 the comparison between the spectral response of the two detectors,
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(a) ⊥ (b) ‖

Figure 9.29: Comparison between the spectral response of the nano-antenna coupled and the refer-

ence devices, for normally incident light polarised along the directions ⊥ (in (a)) and ‖ (in (b)) to

the central capacitive gap of the CSRR. The measurements were performed at T = 10K.

measured at Vbias = 0.00V , for light polarised along the directions ⊥ and ‖ to the

CSRR capacitive, is shown. From the Eq. 9.21 it is possible to obtain the spectral

dependent responsivity enhancement η (λ) induced by the CSRR 2D array as:

η (λ) =
RCSRR (λ)

Rref (λ)
, (9.22)

where RCSRR (λ) and Rref (λ) are the spectral responses of the nano-antenna coupled

and the reference devices, respectively. RCSRR (λ) and Rref (λ) are shown in Fig. 9.29

for the two polarisation directions ⊥-CSRR (Fig. 9.29a) and ‖-CSRR (Fig. 9.29b).

The resulting spectral responsivity enhancement η (λ) is shown in Fig. 9.30 for the

two polarisation directions. From the estimated responsivity enhancement η (λ), for

incident light ⊥ to the CSRR central gap (see Fig. 9.30a), it is possible to observe a

peak at λLC = 7.4µm, very close to the LC resonance in the simulated transmission

spectrum at 7.3µm. For the other polarisation, ‖ to the CSRR central gap, the clear

feature at λ = 4.90 is associated to the 2D array mode at λ01. For the LC mode

at λLC = 7.4µm, ηLC ≡ η (λLC) = 1.74; for th (0, 1) array mode at λ01 = 4.9µm,

η01 ≡ η (λ01) = 9.91.

For the CSRR nano-antenna coupled device, the responsivity RCSRR can be re-

expressed as:

RCSRR (~ω;V ) =
Iph
Pin

=
I ipph + Izph
Pin

, (9.23)

where I ipph and Izph coincide with the contributions to the photogenerated current from

the light polarised along the in-plane and z directions, respectively. The responsivity
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(a) ⊥ (b) ‖

Figure 9.30: Comparison between the spectral responsivity enhancement η (λ) estimated for the

nano-antenna coupled device for normally incident light polarised along the directions ⊥ (in (a))

and ‖ (in (b)) to the central capacitive gap of the CSRR.
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Figure 9.31: The FEip (in (a)) and FEz (in (b)) distributions computed for the LC mode (λLC =

7.32µm), at a distance of 90nm from the CSRR 2D array.
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Figure 9.32: The FEip (in (a)) and FEz (in (b)) distributions computed for the array mode at

λ01 = 4.90µm, at a distance of 90nm from the CSRR 2D array.

of the devices, according to the expression already given in Ch. 6 is:

RCSRR =
e

~ω
(
GCSRR

ip σip +GCSRR
z σz

)
NQD (9.24)

Rref =
e

~ω
Gref

ip σipNQD, (9.25)

where NQD is the electron sheet density in the QD layer; GCSRR
ip , GCSRR

z and Gref
ip

are the coefficients quantifying the optical coupling between the QD layer and the

incident field; σip and σz are the effective cross sections associated to the photoion-

isation process for incident light polarised respectively along the in-plane and the

z directions, respectively4. For the reference sample, the coupling coefficient Gref
ip

includes the effects of the reflection at the Vacuum/GaAs interface: for nGaAs = 3.3,

the reflectance at normal incidence is RGaAs ' 0.3. For the CSRR antenna cou-

pled device, the optical coupling can be determined from the FE distributions; in

particular, it is helpful to define the FE for the in-plane (FEip) and the z (FEz)

components of the electric field as:

FE (x, y, z)ip =

√
|Ex|2 + |Ey|2
|Ein|

(9.26)

FE (x, y, z)z =
|Ez|
|Ein|

, (9.27)

where Ex, Ey and Ez are the field components at the position (x, y, z), and |Ein| is

the amplitude of the incident field. In the QDIP heterostructure the QD layer is at

zQD ' −90nm with respect to the CSRR/GaAs interface at z = 0. The distributions

4Differently from what was done in Ch. 6, the optical coupling coefficient Gopt has not been

included in the definition of the effective cross section σpi. This choice is aimed at obtaining a

more convenient notation for the definitions of RCSRR and Rref .
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FEip (x, y, zQD) and FEz (x, y, zQD), computed within the QD plane, are shown in

Fig. 9.31 and in Fig. 9.32 for the LC and the (0, 1) modes, respectively. The optical

coupling coefficients GCSRR
ip and GCSRR

z can be expressed in terms of FEip and FEz:

GCSRR
ip =

1

d2

∫ d/2

−d/2
dx

∫ d/2

−d/2
dyFE2

ip (x, y, zQD) (9.28)

GCSRR
z =

1

d2

∫ d/2

−d/2
dx

∫ d/2

−d/2
dyFE2

z (x, y, zQD) , (9.29)

where d = 1.5µm is the side length of the square unit cell of the 2D CSRR array.

From Eq. 9.24 and Eq. 9.25, it is possible to re-express η as:

η =
RCSRR

Rref

=
GCSRR

ip

Gref
ip

+
GCSRR
z

Gref
ip

σz
σip

. (9.30)

For normal incidence, Gref
ip = 1 − RGaAs ' 0.7. Analogously to what was shown

for the HD QD detector in Ch. 6, the responsivity for incident light polarised

along the growth direction is significantly higher than for light polarised along the

in-plane directions; a ratio σz/σip ' 4.3 was experimentally estimated. By using

the expressions of GCSRR
ip (Eq. 9.28) and GCSRR

z (Eq. 9.29) in Eq. 9.30, for the

computed distributions FEip (x, y, zQD) and FEz (x, y, zQD), it is possible to estimate

the expected enhancement factors associated to the LC and the (0, 1) modes. The

values obtained for the two modes at λLC and λ01 are ηsimLC = 3.77 and ηsim01 = 18.75,

respectively. For both modes, the computed enhancement factors ηsimLC and ηsim01

are ∼ 2 times higher than the experimental ones ηLC and η01. This discrepancy

can be explained taking into account several contributions. The first effect to be

considered is related to possible stray reflections within the substrate, especially at

the back surface of the chip; this contribution is not included in the expressions of

Rref and RCSRR given above. Due to the higher transmission of the Vacuum/GaAs

interface with respect to the CSRR/GaAs interface, the effects of stray reflections

for the reference device would be significantly stronger than for the nanoantenna

coupled device. Other contributions are related to possible inhomogeneities of the

top mesa surface, due to the wet etching technique utilised for the top contact

thickness reduction. For mesa regions with a top n+ − GaAs contact thickness

> 50nm, the distance between the QD layer and the CSRRs would be > 90nm,

resulting in a lower coupling efficiency. Another effect is related to the possible

presence, already discussed in Sec. 9.5.1, of depleted top n+−GaAs contact regions

for the nanoantenna coupled device, which could cause a decrease of the electron

sheet density in the QD layer.

From the estimated value of the responsivity at λ = λLC, the specific detectivity can

be estimated for the nano-antenna coupled and the reference device. For the CSRR

based device D∗ (λLC, 10K) = 1.48 × 108Jones, whereas for the reference device

D∗ (λLC, 10K) = 0.67 × 108Jones. The enhancement of the specific detectivity is
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∼ 2.2.

From the analysis of the FE distributions associated to the LC and the (0, 1) modes,

which are shown in Fig. 9.31 and in Fig. 9.32, a significant difference between the

areas of the active surfaces associated to each mode can be deduced. In particular,

the LC mode is strongly localised within the central ’capacitor plates’ of the CSRR.

A normalised responsivity enhancement ηnorm
LC can be defined as:

ηnorm
LC =

S

SLC

· ηLC, (9.31)

where S = d2 is the area of the unit cell and SLC is the area of the effective surface

associated to the LC mode. SLC can be defined as the size of the region within which

the amplitude of the electric field is such that ln (E (x, y, zQD) /Emax) ≥ −1, where

Emax is the electric field maximum within the plane z = zQD. The ratio between

the area of the unit cell and the one of the LC active surface is ' 11.3. By means

of Eq. 9.31, it is possible to compute a value ηnorm
LC ' 19.7.

The high localisation of the LC mode, can be exploited for the conception of a new

generation of devices. Fabrication processes, based on wet or dry etching techniques,

could be used to remove the mesa regions which are not included within the LC mode

active surface, thereby allowing a strong reduction of the dark current. A similar

approach can be found in [88], where a patch antenna coupled QWIP was presented

and the device regions not coupled to the antennae were removed, leading to a

significant reduction of the dark current and a consequent increase of TBLIP. For the

CSRR coupled QDIP, the removal of the device regions which are not coupled to the

highly localised LC mode would result in a decrease of the dark current of a factor of

S/SLC ' 11.3. Correspondingly to this dark current reduction, the effects on both

TBLIP and D∗ can be estimated. In order to distinguish the three main contributions

to the noise current, it is helpful to recall the definition of D∗, already given in Ch.

6:

D∗ =
R
√
S√

2e (〈In,BG〉+ 〈In,dark〉) + 4kBT/RQDIP

, (9.32)

where RQDIP is the QDIP differential resistance, In,dark is the dark noise current and

In,BG is the background (BG) noise current. Besides the two contributions In,dark
and In,BG to the shot noise, the thermal (Johnson) noise component 4kBT/RQDIP

is considered. In order to analyse the effects on the BLIP condition, In,BG has to

be compared with the sum of In,dark and the effective thermal current contribution

In,th ≡ 2kBT/ (eRQDIP). The background (BG) contribution In,BG is assumed as

not affected by the selective removal of the inactive device regions. TBLIP can be

estimated as the value of the temperature for which:

In,BG
In,dark + In,th

= 1. (9.33)

In Fig. 9.33a the temperature dependence of In,BG/ (In,dark + In,th) is shown for

the original and etched (i.e. after the removal of the inactive QDs) nanoantenna
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Figure 9.33: In (a) the temperature dependence of the ratio between In,BG and In,dark + In,th
components of the detector noise current is shown. For the reference (black triangles) and the

original CSRR design (red squares) TBLIP ' 55K whereas, for the CSRR selectively etched design

(green circles), a TBLIP ' 70K is predicted. In (b) the temperature dependence of D∗ for incident

light polarised orthogonally to the central CSRR capacitive gap, at λLC is shown. The values

estimated on the reference (without CSRR) and the CSRR coupled device (CSRR original) are

compared with the ones predicted on selectively etched CSRR coupled device (CSRR etched).

coupled devices. An increase of TBLIP form ∼ 55K to ∼ 70K is predicted. Due to the

decrease of In,dark, for the selectively etched device, beneficial effects are expected

at temperature values close to TBLIP. The comparison between the values of D∗ (at

λ = λLC), measured on the reference (without CSRR), the CSRR coupled device

(CSRR original) and the ones predicted on a selectively etched CSRR coupled device

(CSRR etched), is shown in Fig. 9.33b. At T = 70K, for the selectively etched

device, the predicted value of D∗ is about 1.9 times higher than the one estimated

for the original CSRR coupled device.

Conclusions and Perspectives

In this chapter a study of the coupling between a 2D array of CSRR nano-antennae

and the active region of a QDIP was presented. The CSRR nano-antennae are ar-

ranged in a 2D square array, with a unit cell side length d = 1.5µm. The CSRR was

designed in order to place the LC lorentzian resonance spectrally close to the QDIP

responsivity maximum at λ = 6.6µm. The LC mode, which is localised within the

capacitor plates of the CSRR, can be excited by means of optical radiation polarised

along the direction ⊥ to the CSRR capacitive gap. Due to the chosen side length of

unit cell, the LC localised mode coexists with Bragg-like standing modes related to

the 2D array periodicity; in particular, within the spectral range of interest for the

applications, a resonance at λ01 = 4.90µm is observed, for incident light polarised

along the direction ‖ to the CSRR capacitive gap.
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The 2D CSRR array fabrication was based on the patterning of a Ti/Au metallic

layer, by means of a process consisting of an EBL step followed by a dry etching

step (Ar-milling) (MEP) to pattern the metallic layer. A test sample, for which

a 2D CSRR array was fabricated on top of a semi-insulating GaAs substrate, was

characterised by means of transmission FTIR spectroscopy. The transmission spec-

tra showed a good agreement with the ones obtained by the numerical simulation of

the system. A Q factor of 5.7 was estimated for the LC mode.

The square mesa process (SMP), described in Ch. 5, combined with the MEP for

the 2D CSRR array, was used to fabricate the nano-antenna based QDIPs. The

proximity between the QD layer and the top surface of the devices, allows to couple

the detector active region with the near-field of the CSRR LC mode, thereby pro-

ducing the enhancement of the detector responsivity.

The performance of a nanoantenna coupled QDIP was compared with the one of a

reference device without resonators. The two devices showed nearly identical electri-

cal properties. From the study of the spectral response of the two devices, the clear

signature of the CSRRs was found. In particular, for the PC spectra of the CSRR

coupled device, a strong polarisation anisotropy was observed. For light polarised

along the direction ⊥ to the CSRR central gap, a peak at λ = 7.2µm was observed;

whereas, for light polarised along the direction ‖ to the CSRR central gap, a clear

sharp spectral feature was observed at λ = 4.9µm. The effects of the coupling

with the 2D CSRR array on the device responsivity were studied at a temperature

T = 10K and Vbias = 0.0V . In order to quantify the performance enhancement,

the responsivity enhancement factor was defines as η = RCSRR/Rref . The values

ηLC = 1.74 and η01 = 9.92 were estimated at λLC = 7.4µm and λ01 = 4.9µm, re-

spectively. Correspondingly to the responsivity enhancement at λLC, an increase of

a factor ∼ 2.2 was estimated for D∗ (λLC, 10K) on the CSRR coupled device with

respect to the reference device.

The significantly higher enhancement factor associated to the (0, 1) array mode with

respect to the LC mode is due to the spatial distributions of the field enhancement

FE of the two modes; the LC mode is localised within the ’capacitor plater’ of the

CSRR, therefore involving a significantly lower number of QDs in the photogener-

ation process with respect to the non-localised (0, 1) mode. When normalising the

responsivity enhancement to the effective active surface associated to the LC mode,

the normalised enhancement factor ηnorm
LC ' 19.7 is estimated. The high value of

ηnorm
LC shows the potentiality of this type of approach for the realisation of high per-

formance QDIPs.

The global effect of the CSRR at λLC can be enhanced by increasing the density

of the CSRRs (reduction of the unit cell side length). Fabrication techniques could

be used to remove, by means of etching processes, the QDIP regions which are not

included within the LC mode active surface. This would allow, for a next genera-

tion of devices, to significantly reduce the dark current, thereby resulting in higher

values of TBLIP and D∗. Other possible configurations could be conceived, based on
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site-controlled QDs [240–242], which would allow to superimpose the CSRRs on top

of the QDs.

The properties of the CSRR nano-antenna arrays can offer also many opportunities

to improve the performance of the electron pumping devices presented in Ch. 8,

producing several beneficial effects for their working principle. As mentioned in Ch.

8 one of the limitations preventing the generation of a quantised current on the de-

vices based on the LD QDs and HD QDs, was the high inhomogeneous broadening

of the QD energy levels. The design of CSRRs with a high Q factor would allow

a better control of the device saturation, with the possibility to select spectrally

the QD shells from which the electrons are photoexcited. Significant improvements

could be obtained combining the effects of a better optical spectral purity of the QD

ensemble, which is achievable for self-assembled QDs [162, 243], and a good spec-

tral and spatial control of the optical excitation by means of the coupling with the

LC mode of high Q CSRRs. The high optical spectral purity observed on the site

controlled QDs in [240,242], can be exploited to conceive electron pumping devices

based on CSRRs placed on top of the QDs, thereby combining the possibility to

know the exact number of QDs present on the device and the better control of the

device optical excitation.



Conclusions

The research work presented in this thesis was focused on devices, based on self-

assembled QDs, for the photocurrent generation. By means of two different growth

strategies, two types of self-assembled InAs/GaAs QD ensembles are obtained. The

QD density was typically estimated by means of scanning electron microscopy (SEM)

and transmission electron microscopy (TEM). For the first type of QD ensemble,

grown at higher rate, a QD density of ∼ 1010cm−2 is estimated; whereas, for the

QDs grown at lower rate, the estimated QD density is ∼ 109cm−2. The two QD en-

sembles are indicated as high density QD (HD QD) and low-density QD (LD QD),

respectively.

A combined analysis of the photoluminescence at low temperature (LT-PL) and of

SEM micrographs of the QD ensembles allowed to relate the QD electronic shell

structure to the dot geometry. The HD QDs (base lengths ∼ 21nm− 24nm), emit

at higher energies and exhibit a larger energy splitting between the s and p QD

shells, with respect to the LD QDs (base lengths ∼ 27nm − 30nm). The HD QD

ensemble, due to a higher inhomogeneous spectral broadening, is characterised by a

lower spectral purity with respect to the LD QD ensemble.

For each type of QD ensemble, heterostructures for the photocurrent generation

were conceived, adapting the design of the active region to the spectral properties

of the QDs. The heterostructures, included between two n+ − GaAs contacts, are

based on a single layer of self-assembled QDs coupled, via a GaAs/AlGaAs/GaAs

structure, to an InGaAs QW, which works as a reservoir and injector of electrons.

The strongly asymmetric heterostructure potential allows the photocurrent genera-

tion at 0V applied bias (phtovoltaic operation).

The electrical and optical properties of devices based both on HD QDs and on

LD QDs were characterised. The PC spectra are typically peaked at wavelengths

between ∼ 6.5µm and 6.8µm. From the analysis of the spectral response, the nature

of the transitions involved in the photocurrent generation process was studied. For

the devices based on HD QDs the main contribution arises from s −→ continuum

transitions. For the devices based on LD QDs, the dominant contribution is due to

a bound-to-bound s −→ WL transition.

The device performance is characterised by means of the measurement of the re-

sponsivity and the specific detectivity (D∗). For a 45◦ wedged incidence geometry,

responsivity values of ∼ 130µA/W (at T ≤ 70K and Vbias = −0.06V ) and 8µA/W
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(at T ≤ 80K and Vbias = −0.06V ) were estimated on the HD QD and the LD QD

devices, respectively. For the HD QD device D∗ = 1.7× 108Jones was estimated at

TBLIP = 60K, whereas, for the LD QD device, D∗ = 8.0× 107Jones was estimated

at TBLIP = 70K.

The dynamics of the injection process from the QW to the QD shells in the device

active region was characterised by means of Pump&Probe (P&P) experiments. Cor-

respondingly to a variation of the AlGaAs layer thickness from 3.5nm to 7.0nm, the

tunability of the refilling time τ , from 1µs to 130µs, was observed. The dynamics of

the refilling process was modelled by means of a rate equation which allowed to fit

the experimental data from the P&P experiment. The refilling time associated to the

tunnelling through the multi-barrier GaAs/AlGaAs/GaAs structure was computed

by using a transfer matrix approximation; a good agreement was found between

the values of the refilling times estimated by the P&P experiments and the ones

predicted by the transfer-matrix model.

When operated in a fully saturated regime, for which the QD ensembles are com-

pletely ionised by the incident optical radiation, the photodetectors can work as elec-

tron pumping devices. Two devices, based respectively on HD QDs and LD QDs,

were studied in saturation regime, using mid-IR pulsed laser radiation for the exci-

tation, with pulse duration tp ' 100ps and pulse rate f = 1kHz. When fulfilling

the necessary conditions for the electron pumping, i.e. tp � τ � 1/f , within the

saturation regime, the two devices generate a current Ipump (Vbias) = g (Vbias)NQDef ,

where g (Vbias) is the mean QD electron population at a given bias Vbias and NQD the

total number of QDs on the device. From Ipump (Vbias), knowing the QD density, it

was possible to estimate g (Vbias). For both devices, the electron injection in the QD

ensembles can be controlled within the bias range −1V ≤ Vbias ≤ 0V , coincident

with the region of low dark current. The complete filling of the s shell (g = 2), is

observed. A study of the electron injection mechanism from the QW to the QDs

was performed for the two devices. In particular, the impact of the spectral (i.e.

inhomogeneous spectral broadening, s to p energy splitting) and electrostatic (i.e.

charging energy associated to the coulombic electron-electron interaction) properties

of the QD ensembles on the electron injection process was analysed. A model for

the electron density of states (DOS) of the QD ensembles, including both the in-

homogeneous spectral broadening and the electron-electron interactions within the

QDs, was used to compute the expected bias dependent electron population for the

two ensembles. The HD QD ensemble showed, despite a lower optical spectral pu-

rity, a better spectral selectivity for the electron injection. This effect is due to the

combination of a larger QD charging energy and a lower spectral energy dispersion

of the QW injector.

The study of the performance enhancement of a QDIP by means of a 2D array

of complementary split-ring resonators (CSRRs) was presented. The proximity of

the QD plane to the top n+ − GaAs contact is exploited for the coupling of the

QDIP active region with the near-field of the antenna modes. The CSRR antenna
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was designed in order to place the LC resonance spectrally close to the respon-

sivity maximum of the detector; the CSRR LC mode produces a high near-field

enhancement within a very localised region. The CSRR arrays adopted for the

study, due to a relatively large unit cell (side length d = 1.5µm), exhibit the co-

existence of plasmonic array modes (e.g. λ01 = 4.9µm) with the localised LC mode

(at λLC = 7.4µm), within the spectral range of interest for the applications. The

spectral response of the antenna-coupled device, for normal incidence excitation,

showed the spectral signatures of the coupling with the CSRR array. In order to

quantify the effects of the CSRR antennae on the detector response, a comparative

study, between an antenna based device and a reference device, was performed. A

responsivity enhancement of a factor 1.74 was observed at λLC = 7.4µm, due to the

coupling with the localised LC mode. A significant enhancement factor ∼ 9.9 was

observed at λ01 = 4.9µm, due to the coupling with the non-localised (0, 1) array

mode. The responsivity enhancement normalised to the LC mode active surface is

' 19.7, showing the potentiality of this approach to realise a next generation of high

performance QDIPs.

Outlook

The approach at the basis of the research work presented in this thesis was aimed

at a thorough understanding of the device working principle, which is indispensable

to conceive and develop a new generation of QDIPs and optically driven electron

pumps. The reproducibility of the growth conditions allows also to have a good

control on the spectral properties of the QDs. The future perspectives for the two

classes of devices presented in this thesis can follow different routes, depending on

the desired objectives.

Improvements of the detector performance can be produced by optimising the QD

heterostructures. The material composition of the QD underlying and capping layers

can be chosen in order to increase the absorption strength and the extraction effi-

ciency. Beneficial effects could be obtained by using higher band gap materials [53]

(e.g. AlGaAs), by implementing dot-in-a-well designs [50, 244] (e.g. InGaAs cap-

ping), or by combining the two approaches [55, 58, 64]. The increase of the binding

energies associated to the QD shell and the possible inclusion of spectrally selective

extractors, such as QW based resonant tunnelling structures [56], can induce a re-

duction of the dark current and an increase of the operating temperature.

The utilisation of nano-antenna coupled designs can provide several possibilities to

enhance the coupling with normally incident light. Strong effects can be obtained

by modifying the design of the 2D CSRR array presented in this thesis. A better

overlapping can be obtained between the tailorable spectral properties of the LC

mode and the QD spectral response. Moreover, an increase of the CSRR density

would result in higher responsivity values. The increase of the responsivity could

also be achieved conceiving resonators which produce a higher field enhancement in
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the QD layer. Beneficial effects on the specific detectivity can be achieved exploiting

the high localisation of the CSRR LC mode. Etching techniques can be used for the

removal of the mesa regions which are not included within the ’hot spots’ associated

to the LC mode, in order to obtain a strong reduction of the dark current.

The improvement of the detector performance would result in many advantages for

the electron pumping operation. A more efficient photocurrent generation process

would allow a decrease of the incident optical power necessary for the complete

saturation of the device. A lower dark current would increase the accuracy of the

saturation photocurrent. On the other hand, specific strategies are necessary in

order to obtain a quantised current. Many efforts are needed in the growth optimi-

sation, in order to increase the spectral purity of the QD ensemble. The study of

the injection mechanism from the QW to the QDs in the electron pumping regime,

showed how crucial is this contribution to the electron DOS of the QD ensembles.

Several techniques can be chosen, within the field of the self-assembled epitaxy, to

increase the energy splitting between the s and p QD levels; examples can be found

in [162, 243], where an optical spectral purity ≥ 2.5 was reached using AlAs and

AlGaAs capping layers, respectively. Other opportunities can be found within the

field of the site-controlled epitaxy [240,242]. In [240] a value of the optical spectral

purity as high as ∼ 8.8 was reached. The energy dispersion of the QW injector has

an important role for the determination of the injection spectral purity of an electron

pumping device. The optimisation of the structure design, aimed at the reduction

of the QW electron density, would lead to the decrease of the spectral broadening

associated to the injector, therefore improving the spectral selectivity of the electron

pumping device.

Significant advantages can be envisaged from the utilisation of CSRR nano-antenna

coupled devices. The above mentioned possibility to remove the regions not included

within the LC mode active surface, can significantly improve the performance of the

optically driven electron pump. A good control of the device saturation would result

in a significant reduction of the uncertainty on the number of QDs really taking part

to the photocurrent generation; this uncertainty strongly limits the accuracy of the

first demonstrated optically driven electron pump in [129]. The combination of a 2D

array of site-controlled QDs and a 2D array of nano-antennae can produce further

improvements; for such a system, a precise overlapping between the nano-antenna

array and the QD array could be obtained. A high quality factor CSRR can work

as a very narrow band pass filter: such a system would allow a spectral selection of

the QDs to be excited, leading to the improvement of the excitation spectral purity.



Appendix A

Processing

This appendix contains supplementary information about several processing steps

described in Ch. 5, for the standard QDIP fabrication, and in Ch. 9, for the

fabrication of the nano-antenna coupled QDIPs.

A.1 Resist Spin-coating

The positive-tone resist used for the photolithography steps of both the square and

circular mesa fabrication processes (SMP and CMP described in Ch. 5) is the

AZ®1505 1. The resist spin-coating procedure is the following:

� First step at 1400rpm for 4s.

� Second step at 4000rpm for 45s.

� Post-baking at 110◦C for 60s.

The resulting resist film is ∼ 550nm thick. After a single exposure in hard contact

(2.7s for an incident power of 11mW at λ = 405nm), the resist is developed for

about 30s by means of the developer AZ®726. This resist is suitable for wet etching

processes.

The negative-tone resist utilised for the photolithography steps of both the CMP

and SMP is the maN-1420 2. The spin-coating procedure is the following:

� First step at 2000rpm for 20s.

� Second step at 3000rpm for 30s.

� Post-baking at 120◦C for 120s.

1The resist AZ®1505 and the developer AZ®726 are produced by MicroChemicals GmbH
2The resist maN-1420 and the developer ma-D 533/S are produced by Micro Resist Technology

GmbH
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This resulting resist film is ∼ 2µm thick. The photolithography step is performed by

a multiple-exposure (4×) of the resist (the duration of the single-exposure is 23s for

an incident power of 4.8mW at λ = 365nm). The resist is developed for 90s− 120s

by means of the developer ma-D 533/S. This resist is suitable both for dry etching

and lift-off processes.

In EBL based lift-off processes (e.g. for the fabrication of the EBL alignment marks

and of the CSRR nanoantennae), bilayer resist films are utilised. The latter consist

of a bottom layer, typically MMA or PMMA-600K, and a top layer of PMMA-

950K. The resists used for the process are the AR-P 617 (MMA) and the AR-P 672

(PMMA) 3. The spin-coating procedure of the bottom layer is the following:

� Pre-baking at 180◦C for 10min.

� First spin-coating step at 500rpm for 5s.

� Second spin-coating step at 4000rpm for 60s.

� Post-baking at 180◦C for 5min.

The resulting bottom resist layer is ∼ 250nm thick. For the second resist layer, the

spin-coating procedure is the following:

� First spin-coating step at 500rpm for 5s.

� Second spin-coating step at 6000rpm for 60s.

� Post-baking at 180◦C for 5min.

The resulting top resist layer is ∼ 100nm thick. After the EBL writing, the resist is

developed in a MIBK:IPA(1:2) solution for 2min.

For the metal etching process (MEP), the EBL positive tone resist AR-P 6200

(CSAR 62) is utilised. The resist spin-coating procedure is the following:

� Pre-baking at 180◦C for 10min.

� First spin-coating step at 500rpm for 5s.

� Second spin-coating step at 4000rpm for 60s.

� Post-baking at 180◦C for 5min.

This procedure results in a ∼ 220nm thick resist film. After the EBL writing,

the resist is developed for 1min by means of the amyl acetate based developer AR

600-546.

3The resists AR-P 617, AR-P 672, AR-P 6200 (CSAR 62) and the developer AR 600-546 are

produced by ALLRESIST GmbH



A.2. Wet etching process 211

A.2 Wet etching process

The mesas are etched using the AZ®1505 resist as a mask. The solution used for

the wet chemical etching process is H3PO4 : H2O : H2O2 (3 : 40 : 1). For this highly

diluted solution, the etching rate is of ∼ 100nm/min.

A.3 Si3N4 PECVD deposition

The PECVD deposition of the insulating Si3N4 layer was performed by means of

an Oxford Instruments Plasma 80+ system. The deposition recipe is the following:

Pressure (mTorr) 900

Temmperature (◦C) 300

SiH4 (sccm) 800

NH3 (sccm) 30

RF power (W) 20

RF pulse time (s) 0

LF power (W) 0

LF pulse time (s) 0

The deposition rate is of ∼ 18nm/min.

A.4 RIE dry etching

The RIE etching of the Si3N4 layer is performed by means of an Oxford Instruments

RIE 80 Plus system. The etching recipe is the following:

Pressure (mTorr) 25

Temmperature (◦C) 20

O2 (sccm) 5

CHF3 (sccm) 50

RF power (W) 55

The etching rate is of ∼ 60nm/min.

A.5 Ion beam dry etching

The Ar+ ion beam etching (Ar+ milling) process for the fabrication of the CSRR

nanoantennae was performed by means of an Oxford Ionfab 300 Plus system. The

etching recipe is the following:
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Platen Temmperature (◦C) 5

Ar (sccm) 10

RF power (W) 1000

Beam current (mA) 150

Beam voltage (V) 600

Beam accelerator (V) 390
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thaus, G Medeiros-Ribeiro, P. M. Petroff, and S. Huant. Coulomb interactions

in small charge-tunable quantum dots : A simple model. Physical Review B,

58(24):16221–16231, 1998.

[189] W. Lei, M. Offer, a. Lorke, C. Notthoff, C. Meier, O. Wibbelhoff, and

a. D. Wieck. Probing the band structure of InAsGaAs quantum dots by

capacitance-voltage and photoluminescence spectroscopy. Applied Physics Let-

ters, 92(19):90–93, 2008.

[190] H. Eisele, A. Lenz, R. Heitz, R. Timm, M. Dáıhne, Y. Temko, T. Suzuki, and
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