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Abstract

The demand for large capacities in the transmission channels as e.g. an op¬

tical fiber of telecommunication or in data-transmission systems in general
is growing rapidly. The speed capability and also the sensitivity of the trans¬

mitter and receiver circuits has therefore to be improved. The requirements
for the electronic circuits can only be fulfilled with an adequate transistor

technology. One promising technology is the heterojunction bipolar tran¬

sistor (HBT) technology based on indium phosphide (InP), which provides

good high-frequency properties in order to satisfy the speed requirements.
An InP HBT-technology, which is investigated in this thesis, has been devel¬

oped in a previous work at the Institute of Quantum Electronics. In addition

to the technology itself, the models of the transistors have to be developed,
which make it possible to simulate and optimize the circuit before fabrica¬

tion. For the development of these models, the transistors have to be char¬

acterized with respect to their DC, RF, and noise behavior.

The main focus of this work is the characterization and modeling of the

noise properties of the transistors which are above all related to the sensitiv¬

ity of receivers. To acquire the fundamentals for the noise considerations,

we first give a short introduction into the theory of noisy two-ports. The

individual noise phenomena such as thermal noise, shot noise, generation-
recombination noise, and diffusion noise are described.

A complete characterization of the transistors was carried out by mea¬

suring the DC characteristics, the RF S-parameters, and the noise parameters

for different transistor geometries, bias-points, and at different temperatures.
These measurement data serve, together with the theoretical considerations,

to develop and verify the small-signal and noise model. This model will be

used for the simulation and optimization of the circuits and should there¬

fore be valid in the whole frequency range where the circuits will be de¬

signed. This means for the noise model that the low- and high-frequency
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noise sources have to be included.

The model is not only verified for a single device but also for complete
circuits. For this purpose, we have designed and fabricated a 50 GHz am¬

plifier, a 40Gb/s photoreceiver with differential outputs and two oscillators

providing center frequencies of 40 and 60 GHz. The selection of the circuits

was mainly based on two reasons. First, to demonstrate the potential of our

in-house InP HBT-technology to operate in the multi-ten gigahertz range.

Second, because of the facts that the high-frequency noise is meaningful in

amplifier circuits and the low-frequency noise determines the phase-noise
in oscillators.

The main objective of this work was to investigate the noise properties
of our InP HBT-technology and to develop a model which can be used for

the design of RF circuits such as amplifiers and oscillators.



Zusammenfassung

In der Telekommunikation und Datenübertragung für z.B. Multimediaan¬

wendungen, Videokonferenzen werden immer grösseie Anforderungen an

die Kapazität des Übertragungsmediums (optische Fiber) und damit ver¬

bunden, an die Geschwindigkeit und Empfindlichkeit der Sende- und Emp¬
fangselektronik gestellt. Um die nötigen Anforderungen zu erfüllen, müs¬

sen dafür geeignete Technologien zur Verfügung stehen. Die Heterobipolar
Transistortechnologie (HBT) basierend auf Indium Phosphid (InP) ist dank

ihrer guten Hochfrequenzeigenschaften bestens für den Einsatz in schnel¬

len elektronischen Schaltunsen geeignet. Eine InP HBT-Technolosie wur-

de im Rahmen einer früheren Arbeit am Institut für Quantenelektronik der

ETH Zürich entwickelt. Diese Technologie wurde in dieser Arbeit vor al¬

lem bezüglich der Rauscheigenschaften der Transistoren untersucht. Zudem

wurden auch Schaltungen mit den HBTs entworfen und fabriziert. Um die

nötigen Leistungsdaten der Schaltungen zu erreichen, müssen die Schaltun-

gen vor der Herstellung simuliert werden können. Dazu ist es notwendig,
dass die Transistoren bezüglich DC, Hochfrequenz- und Rauscheigenschaf¬
ten charakterisiert werden, um daraus ein Modell für die Simulationen zu

erstellen.

Der Schwerpunkt in dieser Arbeit wird auf die Charakterisierung und

Modelheruns der Rauscheigenschaften der Transistoren gelegt. Dazu wird

zuerst eine kurze Einführung in die Theorie rauschender Zweitore gege¬

ben. Die Rauschphänomene wie Schrotrauschen, thermisches Rauschen,

Generations-Rekombinations-Rauschen, welche das Rauschen in elektroni¬

schen Schaltungen generieren, werden theoretisch betrachtet. Diese gewon¬

nenen Erkenntnisse dienen als Grundlage für die Rauschbetrachtungen am

HBT.

Um einerseits die Eigenschaften der Transistoren zu bestimmen und an¬

dererseits das Kleinsignal- und Rauschmodell zu erstellen und zu überprü-
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fen, werden DC-Messungen sowie S-Parameter- und Rauschparametermes¬

sungen durchgeführt. Diese Messungen werden sowohl bei verschiedenen

Transistorgeometrien und Arbeitspunkten als auch bei verschiedenen Tem¬

peraturen durchgeführt.

Das Kleinsignal- und Rauschmodell, welches zu Simulations- und Op¬

timierungszwecken von Schaltungen verwendet werden soll, wird aufgrund
der theoretischen Untersuchungen und der Messungen entwickelt. Das Mo¬

dell soll im ganzen messbaren Frequenzbereich gültig sein. Das heisst im

speziellen für das Rauschmodell, dass dieses sowohl die Hochfrequenz- als

auch die Niederfrequenz-Rauschquellen enthalten soll.

Nicht nur die Übereinstimmung der Modelle mit den Messdaten der Ein¬

zeltransistoren wird gezeigt, sondern es wird auch die Verwendbarkeit der

Modelle für den Schaltungsentwurf demonstriert. Dazu wurden ein 50 GHz

Verstärker, ein 40Gb/s Photoreceiver mit différentiellen Ausgängen und

zwei Oszillatoren mit Oszillationsfrequenzen von 40 und 60 GHz entwor¬

fen und implementiert. Die Wahl der Schaltungen beruht darauf, dass das

Hochfrequenzrauschen vor allem in Verstärkern und das Niederfrequenzrau¬
schen für das Phasenrauschen in Oszillatoren von Bedeutung ist. Am Ende

der Arbeit liegt ein Modell vor, mit welchem Verstärker und Oszillatoren

entworfen werden können.



Chapter 1

Introduction

The transmission capacity of fiber-optical communication systems and the

number of wireless applications in the millimeter-wave range have increased

rapidly. High-speed electronic circuits are required for the transmission and

processing of the data with data rates in the multi-gigabit per second range.
The transistors incorporated in these circuits must therefore provide good

high-speed characteristics to be able to handle these high data rates. Het-

erojunction bipolar transistors (HBT) [L 2, 3, 4] and high electron mobility
transistors (HEMT) [5] realized in different material systems are the most

promising technologies to cover the speed requirements. In a previous work
at the Institute of Quantum Electronics (IQE). an indium phosphide indium

gallium arsenide (InP/InGaAs) HBT technology was developed [6], which

provides the potential for high-speed communication circuits. This technol¬

ogy is the ideal candidate for investigations in the field of high-frequency
circuits and was therefore used in this work.

In communication system not only high data rates, but also the sensitiv¬

ity, e.g. of receiver systems, are of interest. Since the sensitivity is directly
related to the noise properties of the receiver, it is a figure of merit for the

smallest detectable signal level. Besides dispersion effects, the sensitivity
limits therefore the maximal distance between two data regeneration cir¬

cuits in a transmission system. This is a consequence of the fact that signals
are attenuated during the transmission and only amplitudes larger than the

noise floor can be detected. The total noise floor is determined by the noise

in the incoming signal and the noise added by the receiver. The distance be¬

tween the regeneration circuits determines the required number which has
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a direct impact on the cost of the system. Hence, noise considerations and

moreover, the optimization are important issues in data communication sys¬

tems. Thus, we concentrate on the analysis of the noise properties of the

InP-HBT technology.

1.1 Motivation and State-Of-The-Art

The data rates of opto-electronic communication have reached 40Gb/s and

higher using III-V semiconductor technologies. These technologies provide
the potential for high-speed front-end circuits, amplifiers, and multiplexers,
which are needed in these communication systems. Moreover, oscillators

are required in clock and data regeneration circuits as well as for applica¬
tions such as wireless communication, radar, or collision avoidance systems,

which operate in the the V- and IE-bands. Accurate models are necessary

for the design and optimization of all these circuits.

Noise is an important issue especially in the front ends but also in os¬

cillators. In order to predict and optimize the noise properties of the crit¬

ical circuits, noise models were developed. The classical noise models

have serious deficiencies when applied to microwave HBTs such as ne¬

glecting the correlation and the exclusion of the collector delay. However,

there exist models which take the correlation between base and collector

noise into account [7, 8] and even consider the bias- and temperature de¬

pendence of the model elements [9, 10, 111, but they have the following
drawbacks. Although all these models were developed for the investiga¬
tion of the noise properties of the HBT or the design of low-noise circuits

in the microwave range, the noise sources incorporated in the model are

frequency-independent. The variation of the power spectral densities of the

noise sources with frequency may become important when the operating

frequencies are extended to 40 GHz and higher. Noise models which in¬

clude frequency-dependent noise sources [12] often neglect the correlation

between the base- and collector noise current.

For the design of noise optimized oscillators, it is further important that

the model includes the low- and high-frequency noise sources. On the one

hand, the combination of low- and high-frequency noise is often missing
in models of HBTs which were developed for the design of microwave cir¬

cuits. On the other hand, noise models which are used to investigate the

noise behavior in the low-frequency range f 13, 14, 15] do not account of the

microwave noise.



1.2. Organization 3

This work summarizes and discusses methods for noise modeling with

emphasis on the correlation between base and collector current noise and on

the frequency dependence of the noise source which is relevant on the one

hand in the low-frequency range (< 10 MHz) and in the very high frequency

range (> 40 GHz).

1.2 Organization

In this thesis, the major aspects of noise in InP single heterojunction bipolar
transistors (SHBT) are discussed. A detailed investigation of the issues,

presented in the previous sections, will be carried out.

In Chapter 2, a short introduction to the theory of noisy two-ports is

given and the noise parameters, which completely describe the noise behav¬

ior of a two-port, will be explained. Furthermore, the fundamental noise

phenomena with their physical origins are described.

Chapter 3 deals with the heterojunction bipolar transistor technology
used throughout this work. The basic technological aspects involved in the

fabrication of the devices are discussed and the epitaxial layer structure as

well as the complete process flow are presented.

Chapter 4 concentrates on the experimental results of the DC, RF, and

noise measurements. A complete characterization of the transistors is per¬

formed for different bias points, temperatures, device geometries, and layer
structures.

In Chapter 5, the broadband noise model based on the measurement

results of the previous chapter will be developed. The small-signal model

is presented and model elements are determined. Most of our emphasis
is attributed to the calculation of the power spectral densities of the noise

sources which are included in the model. For the verification of this model,

the simulation results are compared with the measurement data.

Chapter 6 summarizes the implementation of the noise-critical circuits

which were designed using the noise model of the the InP HBTs. The se¬

lected circuits are a 50 GHz broadband amplifier, a 40 Gb/s differential pho¬

toreceiver, and 40 and 60 GHz oscillators. They are all key components in

communication systems. For all those circuits, the design and measurement

results are presented. The results are also compared with the simulations.

In Chapter 7, concluding remarks and an outlook for further investiga¬
tion of noise problems in InP HBTs are given.
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Chapter 2

•wK -y a m «mmag i|

Noise Th

In active and passive electronic circuits and devices, we do not only find

the signals carrying the information, but also additional statistical fluctua¬

tions of the currents and voltages are observed. These fluctuations are called

noise. Noise is especially relevant in measurement equipments and in com¬

munication systems. In both applications, it can be important to detect sig¬
nals with amplitudes as small as the noise level. In order to improve the

signal-to-noise ratio, we have to employ low-noise devices and circuits, e.g.

low-noise amplifiers. For the design and optimization of such low-noise cir¬

cuits, the noise behavior of the devices must be accurately described and

noise models have to be developed.

The noise behavior of devices and circuits is modeled by employing
equivalent noise sources. The amount of noise is most often expressed by
the power spectral density which is the voltage square, respectively current

square, within a bandwidth of one Hertz. Each noise phenomenon provides
its particular spectral distribution of the noise power. A specific noise phe¬
nomenon may therefore dominate the total noise behavior of a device in a

specific frequency range.

In this chapter, we describe methods to analyze and describe the noise

behavior of one- and two-ports (Sec. 2.1). Therefore, the parameters which

are necessary for the characterization of the noise properties are explained.
Section 2.2 concentrates on the physical origin of the individual noise phe¬
nomenon. The origin of each phenomenon will be analyzed in the following
sections.
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2.1 Noise in One- and Two-Ports

The noise behavior of a noisy one port is described by an ideal noise-free

part and one noise source. Figure 2. i shows the two possibilities to arrange

the noise source. The noise source is either connected in series, as a voltase

Figure 2.1: Representation of a noisy one-port with the impedance Z

noise source (e„), or in parallel, as a current noise source (in), to the one-

port. The two representations of Figure 2.1 are equivalent if en = Z ?'n,

where Z is the impedance of the one-port. Noise analysis is most often car¬

ried out in the frequency domain where the power spectral densities See (/),
Su(f) are considered. These are related to the time domain sources by

See(f) = Hàce(T)) (2.1)

(2.2)

where T denotes the Fourier-transform and ore (r) and én(r) are the auto¬

correlations of cn and /„, respectively. The power spectral densities SeP(f)
respectively Su(f) of the noise sources in Figure 2.1 can be calculated by

transforming all the internal noise sources of the one-port to its input. If

the internal physical processes are independent of each other, this transfor¬

mation can be made individually for each internal source. Otherwise, the

correlations between the processes have to be taken into account.

For the description of the noise behavior of a two-port, we use a noise-

free linear two-port and two generally correlated noise sources. These two

noise sources can either be placed at the input, the output or one source at

each port. Analogous to the one-port, all the internal noise sources of the

two-port have to be transformed into these two noise sources e„ and in and

their correlation factor c.

The noise analysis becomes especially easy when a voltage noise source

en and a current noise source in are placed at the input of the two-port.

Figure 2.2 shows this configuration. The reference directions of the noise
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InS

Figure 2.2: Noisy two-port, with power-gain Gp, the voltages noise source

en, and the current noise source in, connected to a signal voltages source

Vs providing a noisy source admittance Yq with a noise current spectral

density of\ins\2

sources have to be introduced for the definition of the correlation factor c is

given for this configuration by

ce.

e*i
(2.3)

Often, not the two noise sources, but the noise figure F is used to char¬

acterize the noise behavior of a two-port. The definition of F is given in

Eq.(2.4).

F
S/N\ noisy 2-poit

S/N

Sm/Nw
_

.
N-2-port

noise-lice 2-potl Omit / N out Ns
(2.4)

where S/N designates the signal-to-noise ratio. N-2~p0rt and Ns are the

noise powers of the two-port and the source, respectively. The noise figure
is a measure for the noise which is added by the two-port to the noise of

the signal source. The subscripts in and oat denote input and output of the

two-port. The noise of the two-port N2-p0rt can be expressed by the noise

sources en, in, and the source admittance Yq and the noise power of the

source Ns by ins = -ikTGi (see Sec. 2.2.1), Gs = ^{Ys}, where 3?

denotes the real part. We then obtain

F = 1 +
ln F

YqC

S'«-,;

hisr

= I
+ |y 2 + 2%{Cc;iÇ}

!l n S

(2.5)

The noise figure is independent of the noise-free part of the two-port, but

it is a function of the source admittance and can therefore be minimized
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with respect to the source admittance Y5. When this minimum is reached,

we have noise match. The noise figure is then equal to the minimum noise

figure Fmin and the source admittance reaches then the optimum source

admittance Yopf, To determine this minimum, respectively optimum, we

have to differentiate of Eq. (2.5) with respect to G9 and Bq = $s{Ys] and

set it zero. 3 denotes the imaginary part. The result is then

Fmw = L -t- ^r1 ft{eni*} + y c~?'~ - 3{en?7,}2 (2.6)

(2.7)

(2.8)

i *= 1

Bopi = 5i4^Lf (2.9)
c2

In order to determine the deviation of the noise figure from its minimum

for Ys ^ Yopi, we use Eq. (2.10) consisting of Fmin, the difference I5 -

Yopi and the noise resistance Rn.

F
-
F + —lie

-

1' +12
- F +

^Jr^JieLzlA^ (o 10)
/ — J- min \^

f-i i1 b L opt f
— 'inrnT , , _

19 \.
-, -,-, i \^.i\j i

LtS (1 "- |t ,91" J I t + 1 0pf I

where r^ = Rn/Ro is the normalized noise resistance, Vs is the source

reflection factor and Tnpf its optimum. From Eq. (2.10), we can see that

Rn describes the increase of the noise figure if Yq ^ Yopt. The minimum

noise figure Fmin, the optimum source reflection factor Topl, and the noise

resistance Rn are not only functions of the noise sources in the two-port but

also of the noise-free part of the two-port. The three noise parameters Fmm.
Rn, and Topt are often used for the characterization of the noise behavior of

a two-port.

When N two-ports are connected in a cascade, a general formula of

the overall noise figure F can be calculated if the impedances for optimum
noise match and optimum power match are identical and if the output of

each two-port is matched to the input of the following stage. We then obtain

Friis 's formula [ 16]

ZA-1 /'\ 1
F = 1 + Fl - 1 + ~ + .. .4 —- (2.11)

Lipi G p\ . . . (rp/Y
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which points out that for a large power gain Gp\ of the first stage the overall

noise figure F approximates the noise figure F{ of the first stage. Hence,

the input stage of a low-noise amplifier should not only have a small noise

figure but also a large power gain. For that reason, we need a figure of merit

which includes the stage gain in addition to the noise figure. To find this

parameter, we determine the noise figure of a cascade of a large number N

of identical two-ports. If N -4 oo we have

/? _
i

b = 1 4-
TTpi—

=
-*• Y ^ (2.12)

1 - 1/Gpi

where M is called the noise measure. It provides a good measure of the

noisiness of a stage because the power gain is as well taken into account

besides the noise properties of the two-port.

Previously, we have elaborated the possibilities of describing a noisy

two-port by the noise sources or noise parameters. The next section will

report on the physical origin of the noise sources.

2.2 Noise Phenomena

There are different types of noise phenomena in electronic devices which

lead to a fluctuation of the signals. The most important types are ther¬

mal noise, shot noise, diffusion noise, generation-recombination noise, and

flicker (1//) noise. The amount of contribution of one noise phenomena to

the overall noise not only depends on the device and its operation principals
but also on the operating conditions such as temperature, bias point, and

frequency. A description of the noise phenomena is given in the following
sections. More details can be found in [17, 181.

2.2.1 Thermal Noise

Thermal noise is generated in any physical resistance which shows dissipa¬
tion if current is passed through it. There is no macroscopically measurable

average-current if the electric field 8 is zero. However, there is a random

thermal motion of the charge carriers generating microscopic current fluc¬

tuations. The direction of the charge carrier motion is changed after each

impact. To determine the noise power in a solid with an area A and a length
I, the currents / i and /o in the positive and negative directions, respectively,
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have to be calculated.

/Vi
H = Aji = Aniqvx - —qvx (2.13a)

N - iVi
<2 = Aj-2 = —An-2qvx =

y—-gv.c (2.13b)

where j\ and j2 are current densities, rii and ??2 are the carrier concen¬

trations, N, i'Vj, and N2 are the total numbers of carriers, the number of

carriers flowing in positive and negative direction, respectively, vx is the

thermal velocity in .^-direction, and q is the charge of an electron. The total

current which is flowing is the sum of the two currents

Kt)--= h(t) + i-2(t) ='^j1
y

(2.14)

We do not know the exact number of carriers contributing to the two

current i\ and i2, but we can calculate the probabilities of carriers moving
in either direction. Having a probability pi of an electron moving in positive
direction, the probability for the negative direction becomes (1 — Pi )- If the

single events of movement are independent of each other, the probability
P/Vi that this event is occurring A\ times and not occurring N — Ni is given
by the product of the single probabilities

Pni =^0- Pi)x~Nl (2-15)

where N is the total number of electrons. There are (^ ) ways to chose

Nl events out of N and hence, the probability that the number of events rj

equals N^ will be

P(r) = A"i) =
A.

PlVl(l - Pi)-V-JVl (2-16)

The probabilities of a single charge carrier to move in positive or negative
direction are the same. Thus pi = 0.5 and as a result, the mean value

M{;n) = N/2 and variance Ji2(??) = A</4.

Assuming that the change in the number of charge carriers is propor¬
tional to the number of carriers suffering impacts, the density function of

the time distribution between two collisions will be exponential (Appendix
A. 1.1). We can then write for the autocorrelation function of the current i(t)
(Eq.2.14)

^(r) = ?[f)7i7+7) == ^Ç±M'2(ri)c-r/0 = ^n4e "r/0 (2.17)
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N
where 0 denotes the average time between impacts and n —

-jj .
To calculate

the power spectral density of thermal noise, Eq. (2.17) is transformed into

the frequency domain using the Wiener-Khinchine theorem

f°° 4aV 0
Si(u) - 4 / ài{r) cos{ur)dT = --^nA-^—^ (2.18)

Jo

With the equipartition theorem

/
'

\ + u2e2

\m%v2 = \kT (2.19)

and the facts that the conductivity a = —-n9 (Appendix A. 1.2) and G =

.A
a j, Eq. (2.18) results in

St(f) = 4kTG (2.20a)

Sv(f) =4kTR (2.20b)

if u6 -C 1 which is fulfilled for a; < 1012 rad/s [18]. Thus, for our con¬

siderations, the thermal noise has a white spectrum, it is proportional to the

temperature and to the conductance, respectively resistance.

For very high frequencies, not only the frequency dependent term of

Eq. (2.18) but also the zero-point energy of the electrons must be taken into

account. Hence, we have [17]

Siif) = 4G(lhf+^/m-r]) (2.20

which is identical to Eq. (2.20a) for hf «C kT. At room temperatures hf =

kT for / = 6THz. For extremely low temperatures, the increase in S,(f)
should be taken into account even in the microwave region. Increasing the

frequency toward optical regions, the charge carriers are causing shot noise

(Sec. 2.2.2) since the optical radiation is inherently quantized. This kind of

noise is called quantum noise.

In the HBT, thermal noise occurs in the series resistances from transistor

terminals to the active region. We will see that the thermal noise of the base

series resistance is one of the dominant noise sources.

2.2.2 Shot Noise

Shot noise occurs when charge carrier pass through a junction, e.g. the

emitter-base or base-collector junction in a bipolar transistor. Each electron
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passing the junction causes a carrent pulse i with the length At, where At

is the time for the transition. For a constant velocity of the charge carriers,

the current i carried by Ni electrons is

0 < t < At

0 elsewhere
(2.22)

The generation of this current is randomly. To determine the noise of the

N

oooo

o-

Q

Figure 2.3: Junction where the total number of N electrons have to pass

through

current, we first have to calculate the fluctuation of the current i carried by

Ni electrons.

If the total number of AT electrons pass through a junction within the

time T, the probability that one single electron passes the junction is At/F.
The movements of the electrons are independent of each other. Therefore,

the overall probability is given by the product of the single probabilities.

According to the Sec. 2.2.1, Eq. (2.16) we have then

P(r} = -Vi) =
N -TV;

(2.23)

Because a current is flowing through the junction, the number AT of the elec¬

trons is not fix. To approximate this situation, both AT and 7" will approach

infinity. In this case, we have to operate with an average number A = Ar=^-
of electrons passing the junction. Eq. (2.23) is modified as follows

hm
TV-v x

A/77-iO

p(n = n{) =

AA'-

,-A

AT
(2.24)

which is the Poisson distribution. Both, the mean value M ft]) and the mean

square value j\F2(ï)) equal to A. The mean value of the current carried by
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JVi electrons (Eq. 2.22) is

AN{t) q -, M(ï])q \q
i(t) = • =4- / = % = — =

-t- (2.25)

where AiV(i) = Nx (t) - N\. Using Eq. (2.22) and (2.25) the autocorrela¬

tion function of the current i can be expressed as

Hï)2M'2(±N){\-&) \r\<At

cj>i(T) = i(t)i(t + T) = {^>
v /v ^' ''-

(2.26)
0 elsewhere

Since the mean value M(rj) and the mean square value M2(r]) of Eq. (2.24)

are the same, we have for the autocorrelation function

0,(T) = £r(l-g) (2.27)

in the interval |r| < At Thus, the power spectral density can be calculated

Sl(f) = 4 [
'

0,-(r) cos(o;r)(/r = 2ql^^^ß- (2.28)

In junctions with short transit times At, the term a;At <C 1 for frequencies
below 160 GHz at At shorter than 1 ps which is fulfilled e.g. for the collector

transit time. Eq. (2.28) can then be simplified to

Si(f) = 2ql (2.29)

which is a white spectrum. The power spectral density of the shot noise is

proportional to the current flowing through the junction.

2.2.3 Diffusion Noise

Diffusion noise occurs in semiconductors with an electron density gradient

dn/dx where the thermally activated electrons move from locations with a

high electron concentration to locations with a low concentration. The noise

is caused by collisions of the moving carriers with the lattice. For modeling
these collisions, the semiconductor is divided into boxes with the volume

Ax Ay Az indicated by the indices (/,',/. m). Two of these boxes are shown

in Figure 2.4. Due to the collisions, the electrons can make random jumps
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(kj,m) (k 4- 1, l,m)

Ay

&

A:

V

m.k+u

U'k f-Ufc

jrr(k ,l,m) n {.k 4- 1, /, m)

Ax

Figure 2.4: Diffusion noise model with die two particle current Wk,k h l an<J

WjH-t ,k flowing between the two boxes (k, L rn) and (/»;-{- I, /, rn) which have

an electron concentration r?(A*, Km) andnik 4- I. /, m)

from one box to its adjacent box. These jumps are assumed to be indepen¬
dent of each other. n(k,Km) is the charge carrier density. The particle
current Wk,k h from the element (fe, /, m) to (A- 4- 1 J, m) is

Wk.k+v = «, n(k, K rn) Ax Ay A

and in the reverse direction

Wk+i,k := an(k 4- 1, K rn) Ax Ay Ac

dn\

(2.30a)

__

n n(k,l,m) +
dx

Ax

A-./,?

Ax Ay Ac
(2.30b)

where a is the probability that and electron makes a jump within the time

interval At and has to be calculated. The net particle current w = u^./c+i
~

Wk+i.k is

KdnN
ic —a

dx
Ax2 AyAz (2.31)

k.Lm

The net particle current density uy/(Ay Ac) must be independent of the way
in which the semiconductor is divided. Therefore, a Ax2 has to be constant

and is called electron diffusion constant Dn. The particle current Wk,k4i

and the net particle current w can then be expressed by

Ay Ac
u'k.k+i = Dn n{k,Km)

_

w = - £>,
0n

Ox
Ay A:

(2.32)

(2.33)
k.Lm
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respectively. The particle currents Wk.k+i ,Wk)i<k> and w generate electrical

currents ik,k + i - qwk,k+i, Ûfi.A = FHii» and i = (lw> respectively.
The noise generated by these currents are the fluctuations Ai around the

mean value which equals the net current ?'.

Ai = ik.k+i + ? ah-LA
- i = Aik.k+i + A/k+i.k (2.34)

with A-ifi,k+i = Aik^i.k = DnqnikJ^m)--1^1. The currents Aifc,fc+i
and A?'fc+i,fc are independent of each other and show full shot noise. The

spectral density of these currents is then (Sec. 2.2.2)

Si(f) = 2qAik^ii + 2 Aik+uk = M2qDn n(kj.m)-——: (2.35)
Ax

If the current is made up of majority carriers and if the Einstein relation

(Dn = pnk T/q) holds, the diffusion noise reduces to thermal noise

S,(/) = 4kF[qpnn(x)}-~^ = — (2.36)
A.r A/l

where

Ai? = A^-v (2.37)
qpnn(x)Ay Ac

is the resistance of the box (Ax Ay Ac). If the current is determined by
the minority carriers the step from Eq. (2.35) to Eq. (2.36) is not allowed

and therefore, Eq. (2.35) is used for the analysis of the diffusion noise of

minority carriers. Hence, we will refer to this equation for the determination

of the noise of the diffusive base transport of the HBT.

2.2.4 Generation-Recombination Noise

Generation and recombination cause fluctuations in the number of free elec¬

trons producing changes in the resistance. The resistance R of a homoge¬
neous semiconductor block of length L and cross section A is

/? = -r-r—^—
=
--—-^1

-~ (2.38)
A q {nn n + fipp) q (//„ A 4 pPP)

where n and/? are the densities of the electrons and holes, p their mobility,
and N and P are the number of electrons and holes in the volume Vol =

AL, respectively. The number of electrons and holes are fluctuating due
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to generation and recombination. Thus, we have A" -= N0 4- AN(t) and

P = P0 4- AP(t), where AN(t) and AP(t) are the random fluctuations.

The current /"(£) through a semiconductor with a constant voltage drop V is

i(t) = 7 + A/(f) = rg(Mj^±^-V) + /'p(P° + -^P))
(2.39)

for the fluctuation of the current we have then

AI(f) _ ^/(/^AA^-f-^AP) _

YbAN + AP
U

Iv2 j?l?Ar04-P0
"

where 6 — pn/pp. Using the fact that the DC current / = V/R is flowing,
the mean square value of the fluctuation of the current A/2can be expressed
by

_ >

r
A/2 = ^^^^(^0NJV(T) + 2bôXP(r) 4 d>PP(r)) (2.41)

(0 A0 4 1 o)-

where (/)nn(t~) and <t>pp(r) are the autocorrelation functions of the electron

and hole number fluctuations, respectively, and 0yp(r) is the crosscorrela-

tion function. Transforming Eq. (2.41) into the frequency domain, we have

St(f) = 7JJT^:r^^^2SNN(f) + 2 66\j>(/) + SpP(f)) (2.42)

where Saw and 6Vp power spectral densities of the fluctuations of the num¬

ber of electrons and holes, respectively, and Snp is the cross power den¬

sity spectrum. For example in an n-type semiconductor where Po <C A'o,

Eq. (2.42) is simplified to

S,(f) = i;?S^s (2.43)

or in an intrinsic semiconductor only pair-wise generation and recombina¬

tion occur. Thus, the number of the fluctuating electrons AAT and holes A P

is identical, and we have

S,(f) = I'2 fTA^rV) 5w(/) (2-44)
\bA0 + PoJ

To determine S,(f), the spectral densities S\\y. Syp, and Spp have

to be calculated. For simplicity, only single step processes e.g. transitions

between the conduction band and the valence band are treated here.
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The power spectral density of the noise is determined by the autocorre¬

lation function which is derived from the differential equation of the gener¬

ation-recombination process

dANjt)

dt

AN(t)
(2.45)

yr

where AA" is the fluctuation in the number of carriers, and rqr is the recom¬

bination time of added carriers. According to Eq. (2.17), the autocorrelation

function is then

çWy(r) = AN2e~7/r^ (2.46)

and finally, by transforming ^v(r) into the frequency domain, the power

spectral density will be

SwN(f) = 4AAr2 gr

14- —
(2.47)

0J"1
gr

Hence, the spectrum Syy(/) is known as soon as AAr'2 and rgr are de¬

termined. These two parameters are obtained using the master ecpiation

(Appendix A.2.1, [19]) which is the differential equation for the probability

P(N) of finding N electrons in the conduction. The result of this equation
is

-1

AN2 = g(N0)
dr

FN
Yi

dg

dX
(2.48)

and for the carrier lifetime

Tgr —
dv_
~dN

dg

V,i
dN

(2.49)

where r and g are the recombination rate and the generation rate, respec¬

tively. As AAr = goTgr the spectrum of Eq. (2.47) may be rewritten as

c
5\ \ —

JQoTgr
(2.50)

If more than one generation-recombination process having different life¬

times Tj are involved in the noise process, Eq. (2.47) may be reformulated

as

>n

5w(/)= lAA22_iH
J f ^j~ i

~

(2.51)
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where p(rf) is the probability function of the lifetimes rt and m is the num¬

ber of g-r centers.

At not too low temperatures, the generation-recombination noise has

only an influence if the conductance of the semiconductor is dominated by
the minority carriers, since the density of the majority charge carriers is

constant and is practically equal to the density of the doping atoms.

There exists a special kind of g-r-noise called burst or popcorn noise.

Generally, this type of noise is observed in passive or active devices of im¬

perfect structure e.g. imperfect crystal in carbon film [20] resistors, p — n

junction [21] etc. It typically manifests itself by random pulses of variable

length and equal height. Often, more than two levels arc observed which

can be explained by pulses being superimposed upon each other. Since burst

noise has the character of g-r noise, it leads to a Lorentzian spectrum.

Generation-Recombination noise may be observed in a frequency range

depending on the recombination time. In the HBT. recombination noise in

the base contributes to high-frequency noise, but also Lorentzian spectra can

be observed in the low-frequency range.

2.2.5 Flicker Noise

Flicker noise is a low-frequency noise with a 1// slope of the spectrum and

is therefore usually called i/f-noise. In contrast to the noise phenomena
described in the previous sections, the physical origin of the 1//-noise is not

fully clear [22]. One of the main questions is whether flicker noise is a bulk

effect or a surface effect. Furthermore, if there is no lower frequency limit

for the iff-noise, the the total noise power would be infinite. Flicker noise

has been observed down to L0~6 Hz [23] and no lower frequency limit could

be found yet.

The power spectral density of this noise can generally be expressed as

S(f) = T ^52)

where / is the frequency of measurement. The parameter (y depends on

material, scattering mechanism, and operating conditions. The exponent 7 is

close to unity, which can be explained by a superposition of a large number

of Lorentzian spectra (this is one explanation having not necessarily to be

true for all kinds of 1// noise). Therefore, Eq. (2.51) has to be reformulated
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as

SNN(f) = 4AN2 / p(Ty
4-^2r2

(2.53)

The probability p(r) has to be normalized and must have a form which leads

to a I// spectrum of Eq. (2.53). This is the case for (Appendix A.2.2)

(It/i

p(r)di ln(n/r0)
for To < T < Ti

0 otherwise

One obtains for the power spectral density

(2.54)

2AA"2

, V„,1;
_„

V_.W1
(2.55)

7r/ln(ri/r0;

Figure 2.5 shows the spectrum of Saw(/) and in Eq. (2.56) are the corre¬

sponding formula.

771

Figure 2.5: Superposition of Lorentzian spectra with distributed time con¬

stants

4AA'2n

ln(n/ro)

Snn(/) = <
AY-1

/ln(ri/r0)

AW-'/rn

k. ,t-/2 ln(ri/ro1

foru; << {/t\

for ï/ti <C ^ < 1/ro

for ^ > I / r0

(2.56)

Over a wide intermediate frequency domain (1/ri <C to <C L/to), the spec¬

trum varies as 1//. For very low frequencies {f\ <C l/4ri). the spectrum is

constant and above /o = 1/tt2to, we have a l//2 slope.

The above theory cannot be considered as a general explanation of the

1// slope of the flicker noise and is only applicable if the distribution func¬

tion p(r) can be justified by the physical phenomena causing the noise. This

is only possible in several cases.
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1// -noise as a surface effect

The low-frequency noise is generated by the charge carriers interacting with

traps located in e.g. an oxide layer [24]. The distance from the semiconduc¬

tor-oxide interface to the trap is y. The greater the distance y, the longer is

the average time for a transition. In this case

r = To cxp(7t/) T] = T0 cxp(7?/i) (2.57)

where 7 is the tunneling parameter. Assuming a uniform distribution of the

traps in the oxide layer, we have

f(y) = f- tor0<!)<iJl
(2.58)

I 0 elsewhere

From this distribution of the trap locations, we can calculate the distribution

function p(r) of the time constants r. By the fact that f(y)dy = p(r)dr,
the density function of the time constants r is p(r) = f(y) ^, resulting in

1 It
lor T\

< r < To

p(r)= { 'AnAo)
- < - m,

(2_5C))
I 0 otherwise

which is a continuous distribution of time constants r with the statistical

weights proportional to t~~
l

.
In analogy to Eq. (2.54) to (2.56), this leads to

a 1/f spectrum in the range from 1/t( <$C lo <C 1/tq.

l//-noise as a bulk effect

The bulk effect causing the 1/f-noise is a fluctuation in the conductance

respectively resistance [22]. If we have a resistor of the length L which

contains N electrons with the mobility /*, the resistance Z? can be written as

r2
R = —^ (2.60)

QPA

Only N and // can fluctuate resulting in number fluctuation if N fluctuates

or mobility fluctuation 125] if p fluctuates.

When number fluctuation causes the 1// noise in a resistor with the volt¬

age drop V, we have

Sy(f) Sp(f) Sx(f) AN2 a

-^--^
~

_-r-
= ___

-

=T
= _= (2.61)

V R" X- X-finin/ro) fN
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In several experiments, a was too low to be explained by number fluctu¬

ation [25] and rather mobility fluctuation is the the reason for \/f noise.

Mobility fluctuation noise is assumed to be caused by electrons interacting

with slowly fluctuating acoustical-phonons. Since in many experiments, no

lower frequency limit as in Eq. (2.56) could be found, Hooge postulated [26]

a general form for the flicker noise

Sv(f) Sr(f)
_

Sfl(f)
_

a H

Y r
>

tr /A7
(2.62)

where the Hooge parameter ah is determined by the effective mobility //.

Assuming that p/an is the mobility due to lattice scattering and pimp the

mobility due to impurity scattering, we have

1 I

b blatf bimP

ôb
_

$blaff
. àtbmp

_

_

__ . .j _

b~ biati bimp
(2.63)

where öpiatt and Sp7mp are the independent fluctuations of p;att and p,mp,

respectively. For the power spectral densities, this leads to

s»(f)

b'

s,(f]

b2 latt bJatt

s^f]
b2

b'

impr imp

(2.64)

Often, especially for low doping levels, [5;/ (f)/b'2]imp is negligible and lat¬

tice scattering, which is scattering due to acoustical-phonons, predominates.

Therefore, the Hooge parameter can be expressed as follows

c\Pi — abo

b

.Piatt.
(2.65)

The parameter a ho was experimentally found to be a constant of the value

2 x 10~3 [26].

Several types of 1/f noise were discussed in the above sections. In

HBTs, low-frequency noise originating from recombination at the base-

emitter interface or base surface [13, 271 as well as mobility fluctuation

[28, 29] were observed. However, there is no general rule to determine

which of those types dominates the flicker noise in a particular case. The

dominant 1/f noise source may be found experimentally by investigating the

dependences on bias point, geometry, doping level etc. [30].
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2.3 Summary

This chapter gave an introduction into the theory of noisy two-ports. The

noise properties can either be described by the power spectral densities of

the noise sources or by the noise parameters minimum noise figure Fmin,

noise resistance Rn and optimum sources reflection coefficient Tflpf. The

description using the power spectral densities is applied in the low-frequen¬

cy range and the noise parameters are used for the high-frequency range.

Furthermore, all the noise phenomena such as thermal noise, shot noise, dif¬

fusion noise, generation-recombination noise, and flicker (1//) noise were

analyzed. Thermal noise and shot noise are, in a large frequency range,

independent of frequency and have therefore a white spectrum. They are

the dominant noise sources in a wide frequency range. Noise originating
from generation-recombination processes show a Lorentz-type spectrum.

Generation-recombination noise can be observed in a large frequency range

since the corner frequency is related to the carrier lifetime, which can vary

from a few seconds down to picoseconds. The spectrum of flicker noise is

inverse proportional to the frequency and is therefore also called l//~noise.
This type of noise only influences the noise behavior of a device in the low-

frequency range. The l//-corner frequency can range from some Flertz to a

few MHz, depending on the device. Flicker noise may determine the noise

behavior of an oscillator because the noise can be mixed to the oscillation

frequency.
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Technology of the
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InP/InGaAs HBT

One major advantage of heterojunction bipolar transistors (HBT) is that not

only the device geometries and the vertical doping profiles can be varied,

but also different materials can be chosen for different transistor regions.
This fact relaxes various tradeoffs which have to be made in conventional

homojunction bipolar transistors. Using a wide band gap material for the

emitter and a narrow band gap material for the base, an almost unity emitter

efficiency can be achieved independently of the emitter to base doping ratio.

An InP emitter together with a lattice-matched InGaAs base fulfill these

criteria optimally. The high carrier mobilities in these two materials make

them ideal candidates for high speed devices. Furthermore, InP-HBTs offer

the possibility to monolithically integrate p - i — n photodiodes with pre¬

amplifiers [31], driver circuits and lasers, which enhances the potential and

performance of opto-electronic integrated circuits (OE1C).

When the materials for the different transistor regions are determined,

the vertical layer structure and the device geometries have to be chosen in

order to find the optimal tradeoffs for a variety of device properties. These

tradeoffs are e.g. current gain versus base resistance, transit frequency fp
versus base resistance, fp versus breakdown voltage etc. A detailed inves¬

tigation for the optimization of these tradeoffs can be found in [6]. In the

next sections, we give a brief overview of the layer structure (Sec. 3.1) and

of the main processing steps of our in-house HBT technology [6] (Sec. 3.2).

These two sections summarize the considerations which led to the particular
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device structure of the HBTs used in the experiments on device characteri¬

zation, modeling and for the circuit design.

3.1 Vertical Structure

The vertical device structure mainly determines important characteristic pa¬

rameters of the HBT such as current gain, transit frequency, breakdown volt¬

age etc. Hence, the vertical structure has to be carefully optimized to find

an optimal structure for the application specific tradeoffs.

3.1.1 Emitter and Base-Emitter Heterojunction

Since HBTs have the advantage that they can reach almost unity emitter

efficiency independently of emitter to base doping, they are relatively in¬

sensitive to emitter thickness and doping. These two parameters mainly de¬

termine the tradeoff emitter series resistance versus base-emitter depletion

capacitance.

The design of the base-emitter heterojunction is much more relevant for

device operation than the emitter itself. An abrupt junction, as used in the

HBTs throughout this work, causes the electrons to be injected with excess

kinetic energy into the base and hence, reduces the base transit time [32].

A too large energy influences the avalanche multiplication in the collector

which can reduce the breakdown voltage [33]. Comparisons between ab¬

rupt and graded junctions showed [34] that for a given base delay time, the

implementation of an abrupt junction permits the use of a thicker base and

thus, lowers the base resistance compared to graded junctions. Since an ab¬

rupt junction increases the turn-on voltage of the device, the relatively small

conduction band offset of the InP/InGaAs junction of 0.23 eV (compared
to e.g. a AlInAs/InGaAs junction, 0.5 eV) represents a good compromise
between high intrinsic speed, low base resistance, and high breakdown volt¬

age. Moreover, the base-emitter junction determines the turn-on voltage of

the transistor and the ideality factor of the base-emitter diode.

3.1.2 Base

In the base region, a low base resistance can mainly be traded for high cur¬

rent gain and low base delay. For low thermal noise of the base resistance

and for a high power gain at high frequencies, the base resistance must be
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small (see Eq. (4.4)). This can be reached with a high base doping or a large
base thickness Xp The latter is not preferred since the base delay Tp which

is in first approximation given by [35]

XI

Tp
~ —£- (3.1)

2Dn

would be increased (Dtl : electron diffusion constant). As a consequence,

the transit frequency, which is dominantly influenced by the base and collec¬

tor delays (Eq. (4.3)), can be reduced. Hence, the base doping should be as

high as possible which is additionally advantageous for low base contact re¬

sistances. The upper limit of the base doping concentration is determined by

technological aspects such as maximum dopant level of the epitaxial growth
and the abruptness of the doping profile, respectively dopant out-diffusion.

Furthermore, when the base is too heavily doped, the lifetime of the minority
carriers is reduced leading to elevated bulk recombination. This decreases

the small-signal current gain of InP/InGaAs HBTs which is mainly deter¬

mined by base recombination [36]. The small-signal current gain ß can be

expressed as [37]

2

ß oc —f (3.2)
Aß

where Ln = \fDn rn is the electron diffusion length and rn denotes the

electron minority carrier lifetime. From Eq. (3.2) we further see that ß
increases with the inverse of the square of the base thickness. Fligh ß values

are not only advantageous for setting the bias point of the transistors in a

circuit but also to lower base current noise which is proportional to the base

current.

Although the base delay is reduced and the small-signal current gain is

increased with decreasing base width, the base should not be too thin. Very
thin bases (< 50 nm) can be problematic, as the electrons pass the base bal-

listically and enter the collector with an excess energy leading to scattering
mechanisms, which increase the collector delay. In addition, ohmic contacts

to extremely thin base layers are difficult to realize with good reliability due

to contact metal diffusion into the base-collector junction.

As a genera] rule for the base design, the base doping should be as

high as possible and the base thickness is chosen to find the optimal and

application-specific tradeoff related to current gain and base delay versus

base resistance.
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3.1.3 Collector

The thickness and doping profile of the collector influence a series of prop¬

erties of the HBT such as breakdown voltage, collector delay, base-collector

capacitance, output conductance, and maximum collector current density.

The breakdown voltage BYce is an important parameter of transistors

because it limits the output voltage swing. For a high breakdown voltage
a large collector width Xc is required. The collector width influences the

speed properties of the device as well. On one hand a large collector space

charge width Xc increases the collector delay re which is given by [38]

re = t^1 (3.3)
£l sat

where v$at is the electron saturation velocity. This reduces the transit fre¬

quency. On the other hand, the base-collector capacitance is diminished

which is advantageous to achieve high fma r
values. High speed devices are

often designed with a thin collector. Nevertheless, high fmax values can be

achieved by an under-etching of the base, resulting in a reduced collector

area and therefore in a reduced base-collector capacitance.

Furthermore, the collector width has an impact on the critical collector

current density Jck which determines the drop of fp in the fp vs. lc

characteristics. Jck is given by the collector current density for the onset

of the base push-out [39].

JCK - qveff
2erE:0(Vcp + vftj)

. Ar
-—- 4- iVfr-X

. c

(3.4)

where veff is the effective carrier velocity. As the collector width is in¬

creased, Jck is reduced.

When designing OFJCs, the base-collector junction can be used as pho¬
todiode co-integrated with electronic circuits. In this case, the collector

width does not only influence the depletion capacitance of the diode and

the carrier transit time but also its responsivity |40]. With a thicker collec¬

tor, more photons can be absorbed in the depleted region of the collector and

therefore, the responsivity of the photodiode is improved.

3.1.4 Layer Structure

The vertical layer structures of the transistors investigated in this work was

developed for high-speed circuits of fiber-optical communication systems
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[6] such as laser drivers [41] or optical receivers [42]. The specific parame¬

ters of each layer are given in Table 3.1.

Layer Material 'fype Thickness

[ nm]

Doping
[cm-3]

Cap InGaAs n"' 300 Sn: 2-1019

Emitter InP n
' 50 Si: M0J9

Emitter InP 77 250
^

Si: 4-LO17

Spacer
Base

InGaAs 5 undoped
InGaAs p+ 80 / 75 / 50 Zn: 3.5-1019

Collector InGaAs n 800 / 600 / 400 Sn: 140lfi

Collector InGaAs ^ 50 Sn: M0i9

Subcollector InGaAs 77
~

1100/340 Sn: M019

Substrate InP:Fe S.l.

Table 3.1: Vertical layer structure of the InP/InGaAs HBT grown bv

MOVPE

The device layer structure is grown by metal organic vapor phase epitaxy
(MOVPE). A heavily doped InGaAs cap layer and a wide band gap InP layer
form the emitter of the HBT. The cap layer is introduced in order to achieve

good ohmic emitter contacts where values of pcp a 1.5-10~7 Ocm2) were

reached. The InP emitter and the InGaAs base constitute the heterojunction.
There is a spacer layer between the emitter and the base to prevent the out-

diffusion of the Zn from the base into the emitter. The base thicknesses of

the devices was not the same in all experiments. We explored layer struc¬

tures with base thicknesses from 80 nm down to 50 nm. This reduction im¬

proved the high speed properties due to the lower base delay. Furthermore,

the current gain increased. The base dopant level of Zn: 3.5 • 10i9 cm" 3 is

the maximum achievable with the MOVPE-growth technology. An InGaAs

layer doped to Sn: 1 • 10ib cm"
3 forms the collector. The reduction of the

collector thickness from 800 nm down to 400 nm trades low base-collector

capacitance and good responsivity of the photodiode for low collector delay
time. For a low collector series resistance a heavily doped InGaAs layer (Sn:
l-1019cm~ 3) builds the subcollector. which is the connection between the

collector contact and the active collector area. A thick subcollector of is use¬

ful for the operation of high collector currents when the voltage drop over

the collector series resistance can lead to saturation problems. On the other

hand, it is harmful for the thermal properties. As a consequence, the thick¬

ness of the subcollector layer was reduced from 1100 nm down to 340 nm.
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The different thicknesses of the base, collector and subcollector refer

to the different layer structures of the wafers used in different experiments.
Most of the noise characterization and modeling were carried out using the

HBTs having the structure with a base and collector layer thicknesses of

Xp = 80 nm and Xc — 600 nm, respectively, whereas the designs of the

high-speed circuits were implemented using the devices with Xp = 50 nm

and Xc = 400 nm.

3.2 Processing

After the epitaxial layer growth by MOVPE the HBT is processed in order to

determine the lateral dimensions of the transistors. Moreover, the resistors,

and capacitors are formed. The lateral dimensions have generally a large
influence on the parasitic elements. Therefore, the processing steps consist¬

ing of etching steps, lift-offs, evaporation of metals etc., have to be carefully

optimized in order to minimize these parasitics. The major parasitics are

the series resistances and in particular the contact resistances which can be

minimized using optimal metal deposition techniques. Furthermore, self-

aligned processing steps help to minimize the distance between the transis¬

tor terminal and the active region, which also reduces the series resistance,

e.g. the base resistance. Under-etching techniques can further reduce para¬

sitic capacitances e.g the extrinsic base-collector capacitance. The process

flow shown in Figure 3.2 will be described next.

1. The emitter mesa is formed by wet chemically etching. The etchant

is material selective for InP and InGaAs which enables the complete

stopping of the emitter-etch at the emitter-base interface. An other ad¬

vantage of this method is the fact that the etching is crystal orientation

dependent which forms an emitter undercut profile. The emitter can

therefore be used as mask for the base metalization deposition with¬

out the creation of emitter-base shortcuts. In this way, the distance

between the base contact and the emitter, as well as the exposed base

surface, is minimized. The former reduces the base series resistance,

and therefore the thermal noise of the base resistance. The latter may

cause a decrease of the low-frequency noise because the area, where

surface recombination can take place, is reduced

2. When the emitter structure is formed, the base and emitter metaliza-

tions can be deposited. The same non-alloyed metalization scheme
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(Ti/Pt/Au) can be applied for the ^-contact to the base and the n-

contact because of the narrow band gap of the InGaAs and the very

high doping levels of the base and the emitter cap. A low specific con¬

tact resistance (pcB ~ 34(r7 i leva2) with very little penetration of the

metal into the InGaAs is achieved. This is very important when con¬

tacting thm bases (XB < 100 nm). The thickness of the Au should

be chosen as large as possible (55 ...
70nm depending on the wafer)

in order to reduce the series resistance of the metalization, but a too

thick base metal could form base-emitter shorts.

3. Once the deposition of the base- and emitter metalization is com¬

pleted, the base collector mesa is formed by wet chemical etching,
which is self-aligned to the base metalization. Figure 3.1 shows a

SEM (scanning electron microscopy) photograph of an HBT with an

emitter area of 1.5 x 5 pm2 after this etching step. Part of the base con¬

tact is under-etched in order to reduce the base-collector capacitance.
To prevent mechanical instability of the contacts, excessive under-

etching must be avoided. The etching of the collector is stopped at

the subcollector by an InP etch-stop layer.

Figure 3.1: SEMphotograph of an HBT with an emitter area of 1.5 x 5 pm2
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4. After completion of the base-collector mesa etching, the collector

metalization formed by Ti/Pt/Au can be deposited onto the InGaAs

subcollector layer. As this metalization layer is also used as first in¬

terconnect metal, a low series resistance must be achieved and hence,

the metal layer should be relatively thick. A specific contact resistance

of 5 • 10~~8 Ocm2 is obtained for Ti/Pt/Au of 30nm/40 nm/500nm.

5. The subcollector layer is wet chemically etched down to the semi-

insulating InP in order to isolate the devices from each other. Since

the sheet resistance of the subcollector is 10
...

15 O/D, this layer is

suitable to form resistors with low values (< 50 0).

6. The previous etching steps formed a highly non-planar device struc¬

ture which has to be planarized for the second level interconnect met¬

al. Moreover, a dielectric is required for accessing the device termi¬

nals and the device structure has to be passivated in order to reduce

leakage currents. The reduced leakage currents may also decrease

the low-frequency noise level [43]. Polyimide has been used because

it provides good planarization characteristics, good dielectric perfor¬
mance and excellent passivation of the InP based material surfaces

144].

To be able to contact very small emitter sizes, a technique for self-

aligned emitter access is required. Therefore, the wafer is coated with

thick polyimide to obtain a fully planarized surface. This polyimide
is etched back until the emitter contact is exposed. The minimum

of the emitter width (« 0.7 pm) is generally given by the fact that

surface recombination currents begin to dominate the base current.

This reduces the current gain (Fig. 4.5).

The base and collector are accessed using photolithographically de¬

fined via-etching. The minimum opening of the is about 1.5 pm. This

value is limited by the minimum feature size and the alignment toler¬

ance of the mask, which are 0.6 pm and 0.5//m, respectively. This

method is also used to form the via holes for the placing the Cr-

resistors and the MIM-capacitors. A

7. There are several possibilities to form capacitors. The first is the re¬

verse biased base-collector depletion capacitance. Its specific capaci¬
tance is a function of the collector width and varies from 0.35 fF//mi2
to 0.45fF///nr for the collector width of 800 nm and 500 nm. This

capacitor type should only be used as DC-block because of their volt¬

age dependence. A second type of capacitor is formed by the first
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and second (processing step Nr. 9) level interconnect metals and the

polyimide as dielectric having a specific capacitance of 0.037 fF/pm2.
This type can only be used for small capacitor values (< 50 IF). Oth¬

erwise the chip area consumption would be too large which would

additionally have detrimental effects on the microwave behavior. The

last kind of capacitor requires an additional processing step because

it uses tantalum pentoxide (Ta2O~0 instead of polyimide as dielectric.

The Ta205 is deposited onto the collector metalization in the previ¬

ously etched via openings. The specific capacitance was measured to

be0.45fF//7m2.

8. Resistors with higher values (> 200 Q) formed by the subcollector

layer would be longer than 100 pm. This would introduce parasitic
inductances and delays, which can be a serious drawback especially
in feedback amplifiers. Hence, resistors are required with a higher
sheet resistance. These are formed by Cr-film s deposited directly
onto the semi-insulating InP substrate within the opening previously
etched into the polyimide. The Cr-resistors have a sheet resistance of

50O/D±5%.

9. The final processing step is the deposition of the second level inter¬

connect metal which should provide low sheet resistance and good
adhesion to polyimide. A metalization scheme with 30 nm of Cr and

700 nm of Au fulfills these requirements and a sheet resistance of

50mO/D is achieved.

3.3 Summary

In the preceding sections, the vertical structure, grown by MOVPE, of our

InP/InGaAs HBTs and the main processing steps were presented. The ab¬

rupt InP/InGaAs heterojunction constitutes a good compromise between

high intrinsic speed and low turn-on voltage. To obtain a low base and base

contact resistance, the base doping is as high as technologically possible.
Our devices have different base and collector thicknesses which will help to

investigate their influence on current gain, speed properties and breakdown.

Wet-chemical etching and metal deposition steps lead to a self-aligned
fabrication of the SHBT with reduced parasitics. Self-aligned base and emit¬

ter metalization deposition and the under-cut of the base metalization reduce

the base resistance and the base-collector junction capacitance, respectively.
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Chapter 4

Measurements and

HBT-Characterization

In this chapter, the experimental DC, high-frequency and noise character¬

istics of the InP SHBT investigated during this work are presented. These

measurements serve as basis for the development of the noise model. The

interpretation of the measurement results is carried out by employing simple
formulas derived in the literature. A more detailed analysis will be given in

the modeling chapter (Chapter 5). Devices with different layer structures

were examined. Furthermore, some processing steps were changed during
this work as well. The influence of these technological modifications on

the characteristic parameters of the devices are only described where it is

relevant for the high-frequency and noise properties of the transistor.

4.1 DC-Characteristics

For the DC characterization of a bipolar transistor, mainly two types of mea¬

surements have been carried out. The first is the output characteristic which

describes the collector current versus collector-emitter voltage and the sec¬

ond is the Gummel-plot which shows the collector and base currents versus

the base-emitter voltage. The Gummel-plot is therefore useful to investigate
the quality of the base-emitter junction.

The DC characteristics of the HBTs are obtained from on-wafer mea¬

surements using a parameter analyzer (HP4145B). Although DC signals
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are measured, the devices cannot be contacted with DC probe tips because

the HBTs tend to oscillate. These oscillations would either lead to unac¬

ceptable measurement errors or even destroy the device. In order to prevent

these oscillations the transistor has to be properly terminated to 50 O for

frequencies in the RF range. To achieve the 50 O termination, the DC-bias

must be applied via bias-tees with a 50 ft resistor connected to the RF input
of the bias-tee. The bias-tees are connected to ground-signal-ground (GSG)
RF probe tips which contact the pads on the wafer. Coplanar lines connect

these pads with the HBT.

4.1.1 Output Characteristics

Figure 4.1 shows a typical output characteristic, which is the collector cur¬

rent Ic versus the collector-emitter voltage 1 f<E, of an HBT having an emit¬

ter area of 2.5 x 8 /mi2. The measurement was carried out for base current
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Figure 4.1: Common emitter output characteristics ofan HBT with an emit¬

ter area Ae = 2.5 x 8 pm2

steps of Alp of 100 //A.

A key parameter of the transistor is the output conductance, which can

be determined from the output characteristic. This parameter is related to

the base thickness modulation due to the variation of the collector-emitter

voltage Yce- This causes an increased Ic with higher Vce- As a conse-
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quence, the curves in the active region have a certain slope which is charac¬

terized by the Early-voltage Va- The output conductance g0 is then Ic/Va-
There are other effects e.g. self-heating and breakdown modifying the Ic

vs. Vce characteristics. The thermal effects cause that output conduction

g0 extracted from the output characteristics is higher than the effective g0,

which is obtained when the device is operated at a constant collector-emitter

voltage. Pulsed measurements with pulses shorter than the thermal time

constant could be used to avoid thermal effects. However, the influence of

these effects on the extrapolation of \ a can also be minimized if Va is de¬

termined at a low current level. Typical values of Va —
55 ± LO V were

found at Ip = 100 pA for a wafer with a base thickness Xp of 75 nm and

20 ± 5 V for Xp = 50 nm. The resulting output resistance r0 = l/g0
varies from 55 kO to 2.2 kÜ and from 20 kÛ to 1 kO for Xp = 75 nm and

Xp = 50 nm with a variation of the collector current from 1 mA to 20 mA.

The offset voltage Al c^, which is the collector-emitter voltage where

the collector current starts to be positive, is 180mV. For other materials,

e.g. InAlAs/InGaAs and AlGaAs/GaAs HBTs, values of 300mV [45] were

found. This difference could be expected due to the different conduction

band offsets at the base-emitter heterojunction of 0.23 eV and 0.5 eV for

InP/InGaAs and InAlAs/InGaAs [46J junctions, respectively. The saturation

or knee voltage is Vsat = 560 mV at Jc — l0DA/cm2. The saturation

voltage is relevant in switching transistors because saturation effects lead to

slower switching times.

Figure 4.2 shows the breakdown characteristics of our HBTs which is

another important figure of merit. The breakdown voltage at zero collec¬

tor current is B\"ceo = 8.9 V for an HBT with an emitter area Ae =

2.5 x 8//m2 and a collector thickness of 400 nm. This measurement was

carried out with an open base terminal leading to lp = 0. For a thicker

collector of 800nm, B\~cpo increases to 17 V. The breakdown voltages at

elevated current levels are considerably reduced due to self-heating. As a

consequence, the devices can only operate up to collector-emitter bias volt¬

ages of about 2 V at a collector current densities of Jc = \0D A/cm2.

4.1.2 Gummel-Plot

The Gummel-plot is used for the investigation of the injection behavior of

the base-emitter junction in forward operation. Although the injection be¬

havior of a heterojunction is different to a homojunction, the behavior can
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VCE M
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Figure 4.2: Breakdown characteristics of an HBT with an emitter area

Ap = 2.5 x 8 pm'2 and a collector thickness of'400nm at Ip = 0

be similarly described by [47, 36J

exp i -—r— I — 1

oxp 1 + 1SE exp

(44)

Vbe \

nEVp J
1 (4.2)

where Vp is the thermal voltage kT/q, Is, the saturation current, BF, the

large-signal forward current gain, Ise denotes the low-current leakage satu¬

ration current, n F,np, and n p are the emission coefficients of the collector,

base, and base-emitter leakage currents, respectively. Generally, the emis¬

sion coefficients are current dependent for heterojunctions. This dependence
can be neglected for base-emitter voltages I pE > kT/q, which is fulfilled

for the bias points of interest [48].

In order to more easily determine the parameters of Eqs. (4.1) and (4.2),
the currents are plotted in logarithmic scale in the Gummel-plot which is

depicted in Figure 4.3.

Two important parameters which are extrapolated from the Gummel-

plot are the small- and large-signal current gains 3 (= die/dip) and BF

(Ic/Ip), respectively. Figure 4.4 shows the two current gains vs. collector-

current Ic. The low current gain in the low-current region (Ip < 10nA)
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Figure 4.3: Gummel-plot ofan HBT with an emitter area of 2.5 x & ptrr
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Figure 4.4: Current gain vs. Ic ofan HBT with a base thickness of75nm

having an emitter area Ap of2.o x 8 pm2

is a consequence of the base current Ip being dominated by base-emitter

leakage or recombination currents. For large currents, the current gains in¬

crease with increasing Ic. In contrast to a homojunction bipolar transistor
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(BJT), the currents gains do not reach a constant value because of the differ¬

ent emission coefficients of the base (7? _?* = 1.55) and collector (rip = 1.29)

currents. The different emission coefficients rip and np are caused by por¬

tions of recombination currents in the base current which lead to an increase

of the emission coefficient. These recombinations centers cannot be exactly
located. Recombination in the spacer layer or at the surface are the most

probable origins leading to a modification of rip.

The maximum small- and large-signal current gains for an HBT having

a base thickness of 75 nm and an emitter area of 2.5 x 8 //m2 were measured

to be ß = 30 and BF = 25, respectively. The difference in the small- and

large-signal current gain can be explained by the different emission coeffi¬

cients of the base and collector currents, where 3 ~ np/np • BF. Devices

with the same emitter area but a thinner base (50 nm) achieved /3-values of

58. Due to surface recombination effects, the small-signal current gain ß

strongly depends on the emitter width We as depicted in Figure 4.5.
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Figure 4.5: Small-signal current gain 3 as a function of emitter width Wp

for devices with a base thickness of 50 nm and an emitter length Le ofSpm

The high-current region could not be measured due to thermal destruc¬

tion of the devices. Therefore, the decrease in the current gains due to high-
current effects cannot be shown. The destruction of the device could be

avoided with pulsed measurements. Nevertheless, a flattening of the Ip and

Ic curves at higher current levels can be observed in Figure 4.3. This is a

consequence of the voltage drop over the base and emitter series resistors.

In addition to the emission coefficients, the saturation current F de¬

scribes the transfer characteristic of the transistor in the forward active re¬

gion. In contrast to the emission coefficients, which do not scale with de-
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Figure 4.6: Saturation current Iq vs. emitter-area Ap

vice geometry, the saturation current Zç is proportional to the emitter area

(Fig. 4.6) which corresponds very well with the theory [381.

As already mentioned, the small current region is dominated by leak¬

age or recombination currents. Two parameters, the low-current leakage
saturation current Ise and the low-current base-emitter leakage emission

coefficient np, are needed to characterize the device at low current level.

The values for Ise and np of the 2.5 x 8/mr device (Fig. 4.3) are 124fA

and 1.80, respectively. These two parameters also depend on device geom¬

etry which is shown in the Figures 4.7 and 4.8. The two parameters fqp
and np are plotted as a function the emitter length Lp for emitter widths

ranging from 0.5 to 2.5 pm. No significant dependence upon emitter width

can be observed. However, Fe and np are functions of Lp. Ise shows

a oc L'E4 dependence upon Lp. whereas the emission coefficient rip is a

linear function of Lp.
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4.2 High-Frequency Characteristics

The HBTs were characterized in the RF range on the basis of on-wafer S-

parameter measurements from 45 MHz up to 40 GHz (Wiltron 37269A) and

120 GHz (HP85IOC), respectively. Care had to be taken in order to operate

the transistor in its linear region. This means that the input voltage swing
should be so low that the exponential characteristic of the base-emitter diode

could be approximated linearly. This is obtained when the peak-to-peak

voltage swing is smaller than the thermal voltage 1 T = kT/q. Therefore,

the input power must be lower than -35 dBm.

Figure 4.9 shows the S-Parameters of an HBT having an emitter area

of 2.5 x 8 pm2 which was operated at a collector current of 12.2mA in the

frequency range from 45 MHz to 40 GHz. These S-parameter data were cor-
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Figure 4.9: S-parameters of an HBT (wafer IFo) with an emitter area

Ap = 2.5 x 8pm2 at a collector current 1(< = 12.2wA and a collec¬

tor-emitter voltage Vce =1-5 V, frequency raniige: 0.045
...

40 GHz.
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rected using a de-embedding procedure (Appendix B. 1) in order to eliminate

the influences of the pads. To carry out the de-embedding, the S-parameters
of open and short structures had to be measured before.

The high-frequency characteristics of a transistor are usually described

by the transit frequency fp and the maximum oscillation frequency fmax. In

order to determine these parameters, the small-signal current gain h2\, Ma¬

son's unilateral power gain MUG [49], and the maximum available power

gain MAG are plotted versus frequency, as shown in Figure 4.10 for an HBT

with an emitter area of 1.0 x 8 pm2. Cut-off frequencies, for devices on wa-
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Figure 4.10: Maximum available gain (MAG), Mason's unilateral gain

(MUG), and small-signal current gain (h2i) of an HBT (wafer W3) hav¬

ing an emitter area of 1.0 x S pm2 at a collector current Ic = 10.8 mA

fer II3, fp and fmot of 130GHz and 220GHz are obtained at a collector

current Ic = 10.8 mA and a collector-emitter voltage Vce = 2.0 V. These

are the highest fp and fmnr values reached with our InP-SHBTs. The cut¬

off frequencies are commonly extrapolated from -20dB/dec roll-offs of the

gain curves. Therefore, the Mason's unilateral gain MUG is well suited to

determine fma r
because the maximum available gain MAG does not show a

-20 dB/dec roll-off. Theoretically, both gains. MUG and MAG, should have

the same intercept point with the 0 dB line.

The cut-off frequencies are a function of the collector current Jc<. In

Figure 4.11, ff and fmax are depicted as a function of the collector current
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for an HBT with an emitter area of 2.5 x 8//m2 fabricated on three different

wafers having the vertical layer structures presented in Table 4.1. A sig-
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W\ ... Wz (Table 4.1), device size: Ap = 2.5 x $ pm2

TTi w2 TT»

Xp [nm] 80 75 50

AV[nm] 600 800 400

Table 4.1: Base and collector thicknesses of the layer structures used in the

experiments

nifrcant influence of the collector current lc< and the layer structure can be

observed. The dependence of fp upon Ic respectively emitter current Ip is

given by the following formula [50]

/:T 2^

npkl
—7—(.'BE
qip

Rp Re
npkT

qip
t

i -r

Cpc + rp + tc

(4.3)

where np is the ideality factor of the collector current, RE and lie are

the series resistances of the emitter and collector, respectively, Cpp and

Gpc denote the base-emitter and base-collector depletion capacitances, and
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rp and re are the base and collector delays. From Eq. (4.3), it becomes

obvious that fp increases with Ip and therefore with Ic as well. At higher

Ic, both fp and fmax decrease due to base push-out [5IF This decrease

starts at smaller Ic for wider collectors because the critical current (Eq.

(3.4)) is reduced with larger collector thicknesses Xc-

The layer structure, especially the thicknesses of the base and collector

layers, significantly influence the RF performance of the HBT. A thinner

base and collector reduces the base and collector transit times rp and to

respectively, resulting in higher fp (Eq. (4.3)) values. The comparison of

the fp values of the wafers H\ and W2 demonstrates the influence of the

collector thickness Xc because they have almost the same base width. As

expected, the HBTs on wafer TFi with the thinner collector has a higher fp
than the devices on wafer ITA A further reduction of the base and collec¬

tor thicknesses (wafer W:i) leads to an additional increase of fp, whereas

the base-collector capacitance Cpc is also increased by the reduction of

the collector thickness. Since Cpc *s much smaller than the base-emitter

capacitance Cpp, the increase in Cpc does not significantly affect fp but

is much more relevant for fmax. The relation of fmax and the transit fre¬

quency fp, the base resistance Rp, and the base-collector capacitance cpc
is given by [52, 53]

/ Tr
J max — \/ -z^jj~~y;

• (4.4)
V biihpL'PC

The maximum oscillation frequency fmax is much more affected by para¬

sitics than fp which results in a different dependence upon the layer struc¬

ture. This is a consequence of the influence of the base-collector capacitance
Gpc which increases with decreasing collector thickness. The larger Cpc
can then compensate for a shorter transit time when reducing the collector

thickness which can be observed by comparing TT ^ and IT4.

fmax also depends stronger on the emitter geometry than fp because

Rp and Cpc are functions of the emitter width and length. A larger emitter

width increases both, rp and Cpc* which affects fmnx adversely. A longer
emitter, however, enlarges the base-collector capacitance Cpc but reduces

the base series resistance Rp and therefore the emitter length should, in first

approximation, not significantly influence fmax very much.

From Eq.4.4, fmax should show a similar current dependence than fp,
which can be observed in Figure 4.11.

The previous comments on fp and fmux only explain Eqs. (4.3) and

(4.4) qualitatively. In Section 5.3, the quantitative verification will be given.
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4.3 Low-Frequency Noise Characteristics

Low-frequency noise becomes important in broadband applications which

should operate from DC or in oscillators where the noise is converted up

to the oscillation frequency. Therefore, the low-frequency noise behavior

of our InP/InGaAs HBTs was measured and characterized in the frequency

range from 0.2 Hz to 500 kHz. To find out where the noise sources are lo¬

cated and which of these sources dominate, it is necessary that the depen¬
dences of the noise behavior on bias point, transistor geometry, and temper¬
ature are known additionally to the frequency dependence.

4.3.1 Measurement Setup

The low-frequency noise was also measured on-wafer. The setup for these

measurements is depicted in Figure 4.12. The supply voltage for the base

Ay

Â Rc

A
\ c

B \X T WÀ

•—j^HBT SR 560

Shielded

Box

Vector

Signal

Analyzer

HP 89441A

Figure 4.12: Setup for low-frequency noise measurements

and collector are generated by batteries because they introduce much less

noise than other power supplies. The bias point of the transistor can be

adjusted using potentiometer and controlled by multi-meters. These multi¬

meters have to be disconnected during measurement because they add too

much noise. Since we have the same oscillation problem as described in

Chapter 4.1, the base had to be terminated with a 50 Q resistor using a bias-

tee. We constructed this bias-tee with a resistive DC-feed. By choosing ap¬

propriate values for the resistor and capacitor of the bias-tee, it was possible
that the bias-tee did not modify the frequency characteristic of the measured

LF-noise data which facilitated the evaluation of the measurement results.

In the analysis of the data, the noise of all the resistors in the setup had to be

taken into account.
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For the measurement of the output noise voltage, we connected the col¬

lector of the HBT to a low-noise amplifier (SR 560), which has an equiva¬
lent input noise voltage of 4 nV/vFFz. This value is more than a magnitude
smaller than the measured output noise voltage of the transistor and does

therefore not modify the results. The output signal of the amplifier was vi¬

sualized using a vector signal analyzer (HP 89441 A). In oder to obtain the

noise at the base, the measured collector noise voltage was transformed ac¬

cording to the formula derived in Appendix B.2.

The DC probe station, together with the whole measurement setup with¬

out the vector signal analyzer, was placed in a shielded box. Otherwise,

signals in the air or in power supply cables (e.g. 50 Hz signal) would enor¬

mously disturb the measurements.

4.3.2 Frequency-Dependence

Figure 4.13 represents the power spectral density of the base noise current

for an HBT with an emitter area of 2.5x8 pm'2 in the frequency range from

5 Hz to 500 kHz. At a base current of 020 pA, a power spectral noise density
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Figure 4.13: Power spectral density of the low-frequency noise for an HBT

with 2.5 x S pm2 at a base current of 620 pA in the frequency range from
5 Hz to 500 kHz

SiB of MO16 A-VHz is measured at 100 H/. Some InP HBTs [27, 541 show
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a comparable low-frequency noise level but in general, their noise level is

lower [13, 55]. The measured noise level is more typical for AlGaAs/GaAs

devices [14, 56].

The investigation of the frequency dependence of the low-frequency
noise helps to identify which noise phenomena dominates. This is possible
because different noise phenomena show different spectral noise densities.

We therefore fitted the power spectral current density of the low-frequency
noise of the base current to an expression consisting of a 1/f-part (Spf), a

sum of Lorentzian type spectra (L;), which are typical for generation-re¬
combination noise (Sec. 2.2.4), and a component showing white noise.

Sip.ep = si/f i 2l, ^i + £

(=i

Bo

Jx
+E

B,

"[ fo.i

w}} ite

1

14 F

4.9white (4.5)

^GR

Eq. (4.5) is often used for the characterization of low-frequency noise [17]
and already found to be well suited for InP/InGaAs HBTs [28]. Up to

500 kHz, the white noise Swiute is approximately 2 decades smaller than

the other noise components and can therefore be neglected here.

From the fitting procedure for the curve in Fig. 4.13, which was mea¬

sured for an HBT with an emitter area of 2.5 x 8^/m2 operated at IB =

620 pA and at a temperature of 20 °C, the values of the parameters Bo, B,,

f0l presented in Table 4.2 were obtained. These parameters (Bq, B,, f0f)

S\/f Ll L-2 Fs

Bt [X2] 1.4-10"L5 1.9-10-14 0.5-10
-^ 5.4-10-L5

/o LHz] - 10
I ^ 106

Table 4.2: Amplitude Bq of the 1/f component and amplitudes (B\ and

Bo) and corner frequencies of the Lorentzian spectra of an HBT with

Ap = 2.5 x 8 pm2 at IB = 620 pA

are not constant but are functions of bias point, emitter geometry, and tem¬

perature, which is described in Sections 4.3.3, 4.3.4, and 4.3.5, respectively.
The Lorentz spectrum /,j is not considered further because of the fact that

for certain bias points and transistors, the corner frequency was outside the

measurement range.
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When we extrapolate the low-frequency noise toward higher frequen¬

cies, we obtain the 1/f corner frequency /r at the cross-point with the white

noise floor. Due to the high low-frequency noise level, also high values of

fc between 1 and 10 MHz are found.

4.3.3 Bias-Dependence

Because the low-frequency (LF) noise consists of different noise contribu¬

tions such as I// part Syf and generation-recombination Sen parts, the

bias-point dependence of all these components has to be investigated. The

base current Ip dominantly determines the LF-noise. Therefore, Figure
4.14 shows the LF-noise components as a function of lp. The different
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Figure 4.14: \jf component (Bo) and generation-recombination compo¬

nents (Bi and B->) of the IF-noise versus base current Ip; emitter area

AE = 1-5 x 8 pm2

noise contributions show different Ip dependences.

The 1/f part (B0) depends linearly on the base current. This behavior

is typical for noise which is associated with fluctuations in the diffusion

constant [30] or minority carrier trapping [57]. Hence, it can be stated that

Syf in our HBTs should not result from recombination of the carriers at the

base surface or along the surface of the emitter-base space charge region.
Otherwise, a quadratic Ip dependence would be observed (Eq. (2.43)).

The dependences of the noise components of the Lorentzian spectra of

Eq. (4.5) are also depicted in Figure 4.14. These components start to con¬

tribute to the low-frequency noise when the values of Bi and B<2 exceed the
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value of Bo. The two parameters approximately show a quadratic current

dependence which is typical for generation-recombination processes.

4.3.4 Geometry-Dependence

A method which is additionally used for the localization of the noise phe¬
nomena is the investigation of the influence of the geometry upon the noise

power. Moreover, the geometry-dependence of the noise behavior can help

to identify the noise phenomena incorporated in the total noise. Therefore,

the 1/f and generation-recombination part of the low-frequency noise are

plotted in Figure 4.15 vs. perimeter Fp to emitter area Ap ratio. In spite
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Figure 4.15: 1/f component (Bq) and generation-recombination compo¬

nents (B{ and Bo) of the LF-noise vs. emitter perimeter Pp to emitter area

Ap ratio, base current Ip — 250 pA, T = 20 °C

of the uncertainty of the measured data, quadratic dependence of the G-R-

parts (Bi and Bo) Pp/-lp ratio is stated. Thus, the noise power can be

approximated by

Slb.q X

P

P

Ap
4 (4.6)

which is typical for extrinsic base surface recombination [13] for the fol¬

lowing reasons. We can assume that the surface recombination current Rs

is proportional to the perimeter length Pp. The noise power 5 f}S due to this

recombination current is proportional to If)S [58]. If SRs is expressed by
the base current Ip (lp oc Ap), Eq.(4.6) is obtained.
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We can observe that the 1/f-noise part is independent of the Pp/Ap
ratio. Hence, the 1/f noise portion should not result from surface recom¬

bination and is more likely associated with bulk effects (2.2.5). This was

already found from the linear base current dependence (Section 4.3.3).

4.3.5 Temperature-Dependence

For the investigation of the temperature dependence of the low-frequency
noise, the substrate was heated by placing the wafer on a Peltier element.

To control the temperature, a temperature controlled LDT5910B was used.

Figure 4.16 shows the low-frequency noise components vs. substrate tem¬

perature. A 1/f noise component, which is insensitive to temperature vari-
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Figure 4.16: I// component (Bo) and generation-recombination compo¬
nents (Bi and B2) of the LF-noise versus temperature; Ip = 500 pA,
Ap — 2.5 x 8 pm2

ations, is observed. This behavior was already found by Costa et al. [43].
The G-R-parts approximately increases linearly with temperature which can

be explained by a higher recombination rate at elevated temperatures.

4.3.6 Long-Term Measurements

The long-term measurements of the 1/f noise are used to investigate the

burn-in behavior of our HBTs. Furthermore, the results may give informa¬

tion on the reliability of the devices [14]. Figure 4.17 shows the base current

as a function of time and the I//-noise components for these base currents.

The base current increases from about 40 //A to 110//A and remains after
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(Bq) versus Ip

an operation time of 100 hours at this value. This equals a degradation in the

large-signal current gain B of a factor of 2.5. The dependence of the 1//-
noise upon Ip is linear during the time of measurements which was already
observed in Section 4.3.3. Thus, the processes generating the l//-noise do

not change during burn-in.

4.4 High-Frequency Noise Characteristics

The noise generated by an electronic device at high frequencies is essential

for the design of RF circuits, especially for amplifiers. The noise behavior

of a two-port, and therefore of a transistor, can be described by the noise

parameters Fmin, Rn and Topf, as already presented in Chapter2.1. In this

work, all these parameters were measured as a function of frequency, bias

point, emitter geometry and temperature. After a short description of the

measurement setup (Sec. 4.4.1). measurement data are presented in the Sec¬

tions 4.4.2 to 4.4.5. These data arc corrected for the influence of the pads as

described in [59].

4.4.1 Measurement Setup

The high-frequency noise characterization of the HBT was carried out on-

wafer in the frequency range from 2 to 26 GHz using the Cascade noise

parameter measurement system NPT26 shown m Figure 4.18. The most
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Figure 4.18: Setup for high-frequencv noise parameter measurements

important components of this system are the input head with the tuners and

an output head with a low-noise amplifier, a noise figure meter (HP 8970B),

a noise source (HP346B), and a network analyzer (HP8510B). The part

which limits the frequency range of measurements is the tuner (Fig. 4.19).

The tuner generates the different source reflection factors which are neces-

From:

Noise

Source

Attenuators

x >-

2 dB ldB

lo:

Test

Port

Figure 4.19: Tuner for different source reflection factors

sary for the noise parameter measurement. The measurement system de¬

termines the noise figure for each reflection factor. From these data, the

minimum noise figure Fmin, the corresponding optimum source reflection

factor Topf, and the equivalent noise resistance Rn can be calculated [601.
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For an error-free calculation of noise parameters, it should be possible to set

the attenuators of the tuner in a way that the reflection factors offered to the

device-under-test are well distributed in the Smith-chart and cover a large
area. This condition must be fulfilled for all frequency points. In the worst

case, where the condition previously described is not fulfilled, all possible
reflection factors are concentrated in one point in the Smith-chart. Thus,

no Fm,„ and Topt can be calculated. Hence, the attenuators in the tuners

should show similar values for all frequencies. This requirement is difficult

to meet especially at higher frequencies where e.g. the connection between

the tuner and the probe head introduces additional phase shift and loss which

lead to a redistribution of the reflection factors and the worst case discussed

above could occur. In the measurement equipment we used, the frequency

range was therefore limited from 2 to 26 GHz, which is often too small for

an accurate noise modeling of transistors with transit frequencies larger than
100 GHz (e.g. devices on wafer IF3, Table 4.1). Thus, the noise models for

these devices, which are used for the design of the RF circuits operating up

to 50 GHz, cannot be verified in the frequency range of interest. Hence, only
noise models with extrapolated noise parameters can be used for the designs
at these frequencies.

4.4.2 Frequency-Dependence

The room temperature frequency dependences of the minimum noise fig¬
ures Fmm for an HBT having an emitter area of 1.5 x 8 /mi2 operated at a

collector current of 7.2 mA are plotted in Figure 4.20 for different vertical

layer structures. At microwave frequencies, the dominant noise sources in

an HBT are the current noise from the base and collector currents and the

thermal noise from the base series resistance. Because of the broadband

nature of these noise sources, Fmm remains constant over a very wide fre¬

quency range, as can be seen in Figure 4.20. At lower frequencies, Fmw
can approximately be expressed as [10]

From Eq. (4.7) we can see that F,VU1 is increased with higher base and emit¬

ter series resistances (Rp and Be) and collector current Ic but decreases

with an increased small-signal current gain 3. The smallest noise figure is

observed for the HBT of wafer IF3. This is the wafer with the thinnest base

resulting in the highest 3 value (Eq. (teeh:eq:beta)) ( ? = 18, 23, 52 for 144,
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Figure 4.20: Minimum noise figure Fmm *,ç- frequency at le — 7.2mA

for three different layer structures W\ ... TVj (Table 4.1), device size:

Ap = 1.5 x 8 pm2

W-2, W3 (Table 4.1), respectively. As a consequence of the larger ß, the base

current noise of the transistor is reduced at a constant collector current. The

voltage noise from the increased base resistance, which results as a conse¬

quence of the thinner base of W{, is more than compensated by the decrease

in the current noise. Thus, it is advantageous to design a transistor with a

high current gain at a cost of a high base resistance. This statement is not

valid for all collector currents. If the current is reduced, the thermal noise

of the base resistance begins to dominate the current noise which makes the

design strategy for the device contrary.

The minimum noise figure increases moderately at higher frequencies
because the current gain is reduced. The corner frequency, where the Fmm
starts rising, is related to the 3 dB cut-off frequency of the current gain 3.

The noise resistance Rn. which describes the increase of the noise figure
if the source impedance does not equal the optimum value, is given by [10]

Rn(f)^^(Rp + Rp)F^^
10 qle

(4.8)

where F0 is the ambient temperature. Rn should be equal for devices with

the same emitter geometries operated at equivalent collector currents. This
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is the case for the devices on wafer W2 and WF as can be observed in

Figure 4.21. The HBTs on wafer IF3 show a higher noise resistance than

a

CL

80

70

60

50

30

20

0

AE=1.5x8um'

lc=7.2 mA

^

j_
i -t H—r

T —t

_*—K"

.^_-

je- -' 4rv

40 f- x^_x^K-^x^-x^^^~4Jt444>f-^-

W1 +

W2 x

w3 *

smoothed —

10 15 20

Frequency [GHz]

25 30

Figure 4.21: Noise resistance Rn vs. frequency at lp — 1.2 mA

for three different layer structures Wy .. . TF3 (Table 4.1), device size:

Ae = 1-5 x 8 pm'2

the devices on the other two wafers. This can be caused by an elevated

device temperature due to the thicker subcollector providing a worse heat

sink.

The optimum source resistance Ropt and reactance Xopt are shown ver¬

sus frequency in Figure 4.22. The variation of Ropi and Xopf in the fre¬

quency range of measurement is very small which simplifies broadband

noise matching of our HBTs. The optimum source impedance Zopi is, in

first approximation, the ratio between voltage noise c2n and current noise Fn
at the input of the transistor (see 2.1) and can be expressed as [10]

Kopt(f) jXFiF(uB + nE}+"'-'kT
ql( qlC

Xopt{f)~«j3(f)C}Ep-
ncbF

qlc
'

(4.9)

(4.10)

Here we observe that the optimum real and imaginary parts of Zopf are the

same for the HBTs on wafer IFi and IF2 because they have approximately
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the same base thickness which leads to similar current gains 3 and base

resistances Rp. Wafer 11^ which has a thinner base, resulting in higher 3

and Rp values, exhibit larger values for Rnpi and Xopi. This can render

noise matching to 50 Û more difficult, especially in broadband applications.
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4.4.3 Bias-Dependence

For circuit design, the variation of the noise parameters as a function of

bias point is an important issue. The small-signal and noise behavior of

transistor is dominantly determined by the collector current Ic- Figure 4.23

shows Fnnn at 10 GHz as a function of Ic and Jc- Since the current noise
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Figure 4.23: Minimum noise figure Fmw vs. Ic and Jc at f = 10 GHz:

Ap — 2.5 x 8 pm2 and L.O x S pm2

becomes larger with higher currents, the minimum noise figure increases.

According to Eq. (4.7), Fmm rises with the square root of Ic and Jc-

respectively. Hence, the transistor should be operated at low current level

for low-noise design.

The behavior of the noise resistance depicted in Figure 4.24 is differ¬

ent. Our HBTs show a minimum at a current density of approximately

0.25mA//im2 and then increases linearly with Ic- At low current, Rn tends

towards infinity (kT/Ip). Since the noise resistance is a measure for the

sensitivity of the noise figure to deviation of source impedance from its op¬

timum, the current should not be lowered too much due to the resulting noise

matching problems. This can be especially important in broadband circuits

where the source impedance will not be optimal in the whole frequency

range.

4.4.4 Geometry-Dependence

The dependence of the noise properties of an HBT upon the devices ge¬

ometry is an important issue for choosing the optimal transistor size in a
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low-noise circuit. Therefore, the noise parameters were measured for HBTs

with different emitter areas, respectively emitter width and emitter length.
Concerning the biasing of the devices, two different situation were investi¬

gated.

constant collector current Ic

constant collector current density Jc

At a constant collector current, the influences of the emitter geometry on

the noise behavior caused by variation of the base and emitter resistance

and of ,3 are considered. When the devices are operated at constant collec¬

tor current densities Jc- we investigate the noise properties of the transistors

showing similar RF performance (the RF performance is dominantly deter¬

mined by Jc).

Figure 4.25 shows the minimum noise figure Fmw at 10 GHz versus

emitter width Wp and emitter length Lp. The devices were biased at Ic —

7 mA and Jc = 510l A/cm2, respectively. The curve for a constant collector

current shows a minimum at an emitter width TFr; around 1.5 pm. For wider

emitters, Rp becomes larger and the thermal noise of the base resistance

is increased which takes the affects Fnun similarly. The slightly higher
current gain 3 of the wider emitter devices reduces the base current and
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Figure 4.25: Minimum noise figure Fmni at 10GHz versus emitter width

Wp and emitter length Lp

therefore the base current noise but can not compensate for the noise of the

base resistance. For an emitter width smaller than L5//m, the situation is

quite the contrary. The base resistance is reduced, resulting in a smaller

thermal noise, but ß drops significantly due to surface recombination. As a

consequence, Fmjn increases. Hence, for low-noise operation, the emitter

width should only be reduced, as long as the current gain does not decrease.

The curve for a constant collector current density Je does not show

a minimum, but Fnun becomes larger for wider emitters. This could be

expected because all noise powers of the noise sources are larger for larger
emitter widths.

In Figure 4.25, the minimum noise figure Firnn at 10 GHz is depicted as

function of the emitter length LE at a constant collector current Ic = 8 mA

and at constant collector current densities. For a given collector current, the

decrease of the base and emitter resistance for longer emitter devices sig¬

nificantly reduces the minimum noise figure. At a constant collector current

density, Fmm is almost constant for all the investigated emitter lengths. This

means that the reduction of the thermal noise of the base resistance is com¬

pensated by the increased current noise of the base and collector currents.

This can be observed for all current densities. The noise characteristics of

the transistor is therefore insensitive to the emitter length.
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4.4.5 Temperature-Dependence

The temperature dependence of the noise behavior is mainly determined by
the thermal noise of the base resistance. Figure 4.26 shows the minimum

noise figure Fmm and the noise resistance R„ as a function of the tempera¬

ture. Since the thermal noise increases with rising temperature, both F,
m in
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Figure 4.26: Minimum noise figure F11un and noise resistance R„ versus

temperature T, Ap = 1.5 x 8 pm2, f = 10 GHz

and Rn become larger. The slope of the curve for R71 at Ic = 2 mA is

steeper than the one for Ic = 8 mA. Hence, the sensitivity upon temper¬

ature is slightly stronger for a smaller collector current because the term

kT/Ip in Eq. (4.8) becomes more dominant.

4.5 Summary

A complete characterization of the DC, RF and noise properties of our

InP/InGaAs SHBTs was presented. A peculiarity of these transistors are

the different emission coefficients of the base and collector currents which

lead the unequal small- and large-signal current gains. Concerning the RF

performance, maximum values of 130 GH/ and 220 GHz were obtained for

fp and fmax, respectively. The dependence upon the layer structure showed

the expected reduction of fp for thicker base and collector layers.

The noise behavior was characterized in the low- and high-frequency

range. The low-frequency noise was found to be a superposition of a com¬

ponent showing an 1/f spectrum and components with a Lorentzian spec¬

trum which is typical for generation-recombination noise. The fact that the
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1/f noise depends linearly upon base current and that it is independent of

the perimeter-to-area ratio (Pp/Ap) indicates that this noise component is

more likely associated with bulk effects than with surface effects. The low-

frequency excess generation-recombination components show a quadratic

dependence upon base current and perimeter-to-area ration. This behavior

is typical for surface recombination effects.

The high-frequency noise properties were characterized using the noise

parameters minimum noise figure Fm}n, noise resistance Rn and optimum
source impedance Zopt. The measurement results demonstrated that the

devices should be operated at low collector current level. In order not to

deteriorate the RF performance, the device size has to be scaled down. Care

has to be taken because the base resistance, and therefore its thermal noise

increases with a smaller emitter length. A reduced emitter width may dimin¬

ish the small-signal current gain ß which increases the base current noise.

Hence, high ß values are desired which can be reached with a thin base. The

tradeoff constituted by high 3 value vs. small base resistance has to be taken

into account. For our HBTs, the devices with the thinnest base of 50 nm led

to the lowest noise figures since they had still a low base resistance due to

the high base doping.
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Noise Model

For the design and even more for the optimization of a circuit with respect to

noise, we need a noise model of our InP SHBT. Based on device physics and

the measurement data presented in the previous chapter, a small-signal noise

model was developed and implemented in the design environment HP ADS

(Advanced Design System [61]). Since the model will be used for circuit

design, it should not be too complex, but its parameters have to be physically
reasonable all the same. In the following (Sec. 5.1) the fundamental ideas

behind this model are explained. A more detailed analysis is carried out

in Section 5.2 where the determination of the elements of the model, i.e.

the small-signal parameters and the noise sources, is described. Finally, the

simulation results using this model are compared with measurement data of

the HBT (Sec. 5.3)

5.1 Model Description

In order to find a model which fits the behavior of the HBT, we investigate
the cross-sectional view of the transistor depicted in Figure 5.1. We can

divide the device in an intrinsic region which determines the current trans¬

port in the device and an extrinsic region which consists of the parasitic
elements. In forward active operation, the base-emitter junction is forward

biased and the base-collector junction is reverse biased. The base-emitter

diode is therefore modeled by its small-signal resistance rT and capacitance
cn. The base-collector diode is represented by the junction capacitance c/(
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intrinsic region

InP substrate

semiinsulating

Figure 5.1: Cross-sectional view of the HBT with the elements of the

small-signal model

and a leakage resistance rß. The dominant current flow in the transistor is

modeled by a current source ic which is controlled by the internal base-

emitter voltage uK by the relation ic — uKgm cxp(- juirc), where gm de¬

notes the transconductance and re, the collector delay. The extrinsic region
consists of the series resistances form the terminals of the device to the in¬

trinsic region and of the junction capacitance of the extrinsic part of the base

collector capacitance. The equivalent electric circuit of the model is shown

in Figure 5.2. A hybrid-7r model was chosen because this type of model is

B
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Figure 5.2: Equivalent small-signal model including the current noise

sources inx and the thermal noise sources un r

commonly used for circuit design in contrast to the 'f-model which better

represents the device physics than the zr-model. In addition to the small-

signal parameters, the noise sources are included in the model.

The model consists of the thermal noise sources (vni)C, unbb, une, anc)
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of the series resistances (r?,c, r&&, re, rc). In order to calculate the power

spectral densities of these noise sources, the values of the resistances have to

be determined. According to Fq. (2.20b), the thermal noise sources ?/,Kr =

4kTRx, where k is the Boltzmann constant, T the temperature, and RT

denotes the series resistance.

The second type of noise originate from the fluctuations of the base and

collector currents. These fluctuations can be caused by fluctuations in the

diffusion or generation-recombination processes or from shot noise. For the

detailed analysis (see Sec. 5.2), the current transport and the fluctuations of

these currents have to be analyzed. We will refer to the theory of homojunc¬
tion bipolar transistors. Thus, the influence of the heterojunction, which

could cause a quasi-ballistic instead of a diffusive transport of the electrons

through the base, is not taken into account. This assumption is based on

different studies [37, 35]. They suggest that the base transport is diffusive

for base thicknesses Xp as small as 20 nm and therefore, ballistics transport

effects should not be dominant in our devices which have Xp > 50 nm.

The diffusive transport-modeling behavior is possible because only a small

amount of scattering can produce device characteristics that appear to be

diffusive although transport is far from thermal equilibrium [62]. More¬

over, ballistic transport mechanism should not strongly influence the noise

behavior since no carriers recombine. It may only change the frequency de¬

pendence of the noise source because they do not undergo the speed-limiting
diffusion and recombination processes.

5.2 Determination of the Model Parameters

Different approaches are used to evaluate the model parameters of the equiv¬
alent circuit depicted in Figure 5.2.

We can first rely on numerical optimization techniques, second try to

measure the parameters directly, or third determine them from device phys¬
ics. The numerical optimization methods try to fit the S-parameters of the

model to the measured S-parameters. Problems associated with this tech¬

nique are that the resulting parameters depend on starting values, that the

results may not be unique and that it can cost a lot of computation time for

the optimization.

Direct measurement techniques of the equivalent circuit parameters are

often impossible, e.g. the internal base resistance. An alternative method

is to extract the model parameters directly from S-parameter measurements



66 Chapter 5. Noise Model

[63]. This can be a good solution to determine the small-signal parame¬

ters only but is problematic for noise sources. Especially, the current noise

sources and their correlation can not be determined directly from measure¬

ment data.

The third method is to determine the parameters from device physics
which has the advantage that one should be able to predict the device char¬

acteristics and no time consuming measurements and optimizations would

be necessary. Fully physics-based models are often too complex to be used

in a circuit simulators. This causes large simulation times which would

make up for the time saved for model development. Furthermore, parasitic
effects e.g. surface effects are difficult to predict and moreover, differences

between the nominal values of the technology parameters and the values of

the parameters of the fabricated devices may lead to significant errors.

Hence, the optimal compromise or combination of these methods have

to be found. We chose a combination of numerical optimization and de¬

vice physics. With numerical optimization, we can fit the parameters of our

model, which is well suitable for circuit simulation, so that its S-parameters
will match the measured data. The device physics is used first to study the

devices operation with emphasis to the noise behavior and second to chose

the starting values and constraints for the optimization.

.2.1 Currents m the HBT

Because the base and collector currents are the main variables of our noise

model of the HBT, we will investigate the different current components

which are illustrated in Figure 5.3 and listed below.

• electron current /( •„, Ipn

• bulk recombination of the base current Ipr

• hole injection current /;, = Ipp = Ipp

• space charge recombination current Isen

These current components are generated in different regions of the transistor

and are therefore determined by the physical processes in these regions. The

electron currents (Ipn * hin) and the bulk recombination of the base current

(Ipr) have their origin in the diffusion and generation-recombination pro¬

cesses in the base region (Sec. 5.2.3). The current Ip is caused by holes

injected from the base into the emitter (Sec. 5.2.2). Recombination in the
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Figure 53: Current components in the HBT

space charge region of the base-collectorjunction leads to Iscr (Sec. 5.2.4).

Which one of these currents is really relevant will be worked out after the

investigation of the individual currents (Sec. 5.2.5).

These current components build the collector, emitter and base terminal

currents Ic, Ip, and Ip. respectively.

Ic = Ipn

h- — IEn

lp = Iß,

F 1sen

Flp

F I» F I,SCR

(5.1)

(5.2)

(5.3)

For the noise consideration, the fluctuations of all these current compo¬

nents are calculated. These calculations are based on a linear approximation
which means that the noise current XI fluctuates around a DC current 1.

The microscopic fluctuations of the currents are transformed into the noise

sources it)X added to the small-signal model of the transistor. Furthermore,

the noise sources unx of the thermal noise of the series resistors have to be

determined.
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5.2.2 Noise in the Emitter

Two types of noise, the current noise and the thermal noise of the emitter

series resistance, have their origins in the emitter. The current noise is deter¬

mined by the holes injected from the base and diffusing through the emitter

and recombining there. Although this current should be negligible in het¬

erojunction transistors (5.2.5), the noise is calculated here all the same in

order to give an introduction to the investigation of noise problems in bipo¬
lar transistors. For the calculation of the spectral noise density, the diffusion

and recombination processes at the base edge of the emitter are analyzed.

The thermal noise is generated by the series resistance located between

the emitter terminal and the base emitter space charge region.

Noise of the Hole Current

In order to calculate the current of the holes injected from the base into the

emitter, the minority carrier concentration in the emitter has to be consid¬

ered. Therefore, the continuity equations for the minority carrier flow of

holes in the field-free n -region have to be solved.

Op' Op'
_

p' I dip

D.r
*

Of tp A q dx
î
p
= -qDpA^-, -^- = --

_p (5.4)

where A is the cross-sectional area through which the holes are flowing,

p' = p
—

pU)p is the excess hole concentration, ip denotes the hole current,

Dp and rp are the diffusion constant and the hole lifetime, respectively, and q

is the electron charge. Eq. (5.4) is analogous to the differential equations of

the lossy transmission line depicted in Figure 5.4. The differential equations

\RXx \RXx

CXx GXx

Figure 5.4: Equivalent circuit of a lossy transmission line segment

for this transmission line are written as

L_
= _#/, i_

= .-GV - CV (5-5)
ox c)x at
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Comparing Eqs. (5.4) and (5.5) we can find the following analogies

VFpf I = i
p>

RF
1

qDpA
G=—. C=qA (5.6)

The expressions for the the characteristic impedance Zq and the propagation
constant 7 can be written as

Zn —

R
1/2 AF

G + juC, [qWpA\l+ju;Tp)Y/*

P(X _i_ ,', ,/^Ml/2 - 0 F J'^Tp)
R(GFjujCA\/ =—tjz ^TJX~

(5.7)

(5.8)

For the given electron concentrations p0,# at me base end of the emitter the

hole concentration in the emitter region can be calculated as a function of x

p'(x)=pipF"^ (5.9)

where jp is the propagation constant of the hole current in the emitter. At

static condition (lu = 0), the propagation constant 70.p = (DpTp)^1/2 =

1/Lp, where Lp denote the hole diffusion length. The resulting hole con¬

centration of Eq. (5.9) is depicted in Figure 5.5. Since the finally calculated

^ x

Figure 5.5: Hole concentration in the n-doped emitter

noise current will be expressed by the DC current, we determine here the

hole current ip(x) for a carrier distribution p'(x) which is independent of

frequency. 7^ in Eq. (5.9) can therefore be substituted by 70,p. The result¬

ing hole current can now be derived from the carrier concentration using
Eq.(5.4)

FF, Po.p qDpA ~o,pe
1

0 EX
(5.10)
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The DC base and emitter current components which are generated by holes

injected from the base into the emitter correspond to the hole current ip(x)
at location x = 0.

lp = IBp = lEp = p'()
(
B q Dp ,-l-/0 ,B (5.11)

The noise generated by diffusion and g-r noise can again be considered with

the analogy with the transmission line theory [64]. There are microscopic
diffusion and g-r processes in the emitter which can be modeled in every

element of the length dx. as shown in Figure 5.6. These microscopic noise

x 4

-V.V Fk(T)\/X
(X)

dx
i)

X

Figure 5.6: Element ofthe equivalent distributed noise circuit ofthe emitter

sources at location ,r generate a noise current Xip at the base edge of the

emitter.

Xip = Xihp = Mcp = (±irx F ^) e
w (5.12)

The current noise of the generation-recombination processes Xigrx orig¬
inate from a generation current, which is proportional to the equilibrium
hole density pn,p, and from a recombination current, which is proportional
to the total hole density in the base. Both of these currents show full shot

noise and are assumed to be independent of each other. Hence, the power

spectral density of the generation-recombination noise in the volume ele¬

ment XVol = AXx is

qp(x)AXx qpn,F(x)AXx
Xi2rx = 2ç^^-^A,f +2g^^=^=A/ (5.13)

'p tp

\i2r~, recombination a?-^, generation

The diffusion component Xpx can be obtained from the fluctuation in x

direction of the diffusion current in a volume element XVol — AXx. The
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power spectral density of this fluctuation is given by Eq. (2.35)

A4 = 4q2Dpp(x)-^-Af (5.14)

From Eq. (5.14), the fluctuation of the carrier density is Xp =

-4,4/7
Ax

and its power spectral density at location «r can be calculated

Ap* — Ai'F ——-Ax =
xxx— (5.15)

ox \ ClADn I Dr,A

p-

The mechanisms of fluctuation in the electron concentration due to dif¬

fusion and recombination are independent of each other. Thereafter, the

noise sources are uncorrelated and the power spectral densities can be added

quadratically. We can directly calculate the total power spectral densities of

the noise at the base edge of the emitter i2.

2 ,
-2 '2

"

—
\ ^

A '2

lp
~

qhp
—

'ep
—

/__. P

AcfA

Tp

yp

10.E
p'(x) + pn.r)e-2acxdx

2rA I (p'(x) + '2ptuE)e-'2aEXdx (5.16)
tp Jo

where aE = ^{te} = X.eJ (l 4 yl 4- F2t'2J /2.

The contribution of the holes injected from the base into the emitter to the

noise of the base and emitter current can be calculated

, _____
/ '2(1 F \ Fl TP

ri = i'ip = /?;, = 2qlp — - L + -2qlPl)— (547)

where lPo = prupqDpA~,Q p. For the detailed calculation of Eq. (5.17), the

reader is referred to Appendix C.l. For low frequencies (/ X (2— ^~L

Eq. (5.17) reduces to

Yn'lp

>2) = 2q(IpF2IP()) (5.18)

This equation can be interpreted as two currents (Ip 4 lPo) and —IPn show¬

ing full shot noise in a p—n junction. The shot noise model is well suitable

for low-frequencies but does not describe the physical mechanism as recom¬

bination and diffusion which lead to the frequency-dependent terms in the
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Figure 5.7: Normalized noise power spectral density Cjjp — i2/(2qlp) of
the hole injection current vs. frequency

previous equations. This would give incorrect results at higher frequencies.

Figure 5.7 shows the normalized power spectral density Gtp = i2/(2qlp)
of the hole injection current up to 200 GHz. As long as Cip is unity, the

noise current shows shot noise. However, an increase of the noise power

with frequency is observed and is at 200GFIz more than double than the

shot noise level. This increase can be explained by analyzing Eq. (5.12)

which describes the influence of the microscopic noise sources on the noise

current at the base edge of the emitter. From this equation, we learn that

the influence of the diffusion noise source Apx becomes stronger at higher

frequencies due to the reduced characteristic impedance of the transmission

line Zq. It is true that the absorption of the transmission line is higher as well

at higher frequencies. For the noise at the emitter edge, where we have high

minority carrier concentration, the stronger absorption does not compensate

for the elevated diffusion noise power.

A more physical explanation can be given by investigating the carrier

transport. At low frequencies, holes are injected from the base into the

emitter and recombine there. At higher frequencies, some holes return to

the base without recombining. These additional transits through the base-

emitter junction lead to an elevated power spectral density of the noise cur¬

rent 165].

The power spectral density of the hole noise current does of course not

increase to infinity. For frequencies / > l/(2;rri), where r, are the transit



5.2. Determination of the Model Parameters 73

times of the recombination and diffusion processes, the exact power spec¬

tral density of the shot noise process (Eq. (2.28)) limits the power spectral
density of the emitter noise current. This limiting effect is not taken into

account here.

Thermal noise

In addition to the current noise, thermal noise of the series emitter resistance

exists as well. This resistance consists of three parts (Fig. 5.8), the contact

resistance Rcp, the resistance of the InGaAs cap layer Rcap, and the resis¬

tance of the InP-emitter Rpp from the cap layer to the space charge region.
For the calculation of the three parts of the emitter resistance, the emitter

Emitter

Base

cap

Figure 5.8: Cross sectional view ofthe emitter to calculate the emitter series

resistance Rp = RcE + Rcnp 4- Rpp

under-cut is neglected. Thus, the the emitter area Ap = WpLp and we

obtain

RcL =

-[leap —

R

PcP

Ap

Pb.t ap^eap

IT
pbcFp

if p =

Ap

R] = Rx + Reap A Rpp

(5.19)

(5.20)

(5.21)

(5.22)

where pcp denotes the specific contact resistance, pb.eap and pbp are the

specific resistance of the cap and emitter layer, respectively. Xcap and Xp
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are the thicknesses of the cap and emitter layer, respectively. The specific
resistances can either be determined from measurement data of sheet, re¬

spectively contact resistance or from the technology parameters presented
in Table 5.1. The measurement method which we have used is based on a

doping

[cm~3]
p[66]

lcm2/Vs]
P

[Ocm]

X

[nm]

cap 2-JLO19 r 7oo t.5-10-1 300

emil

emi2

FLO19

4-1017

1000

2800

6.3- i0~4

5.6-10 "3

50

250

Table 5.1 : Experimentally obtained technology parameters used for the cal¬

culation of the emitter series resistance

transmission line model (TLM) [67]. This method is well suited for mea¬

suring the contact resistance pcp. A typical value of 1 • 10~7 Ocm2 was

obtained. A problem occurs for measuring the sheet resistances of all lay¬

ers. Due to the lateral current flow in the TFM-method and the different

specific resistances of the different layers, the current is not homogeneously
distributed and the the method is not useful. For the resistances of the layer

we therefore rely on technology data (Table 5.1). In order to compare the

different components of the emitter resistance, the specific resistances are

multiplied by the layer thicknesses. As an example for an emitter area of

contact cap emi 1 emi2

p [Ocm2] 1-iO"7 i.35-ur8 ImB^icr^ 1.4-10-7

Rel. 39 F 5 7c l 7c 55%

Table 5.2: Relative contribution to the total emitter resistance of the contact

and the different laxer resistances

1.5 x 8/mi2, the total emitter resistance Rp is 2.1 O.

The power spectral density of the thermal noise associated with the emit¬

ter resistance Rp can then be calculated using Eq. (2.20b)

where k is the Boltzmann constant and T, the absolute temperature.
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5.2.3 Noise in the Base

As in the emitter, current noise and thermal noise are also generated in the

base region. Fluctuations in the diffusion and recombination processes de¬

termine the noise currents. In contrast to the homojunction bipolar tran¬

sistor, recombination cannot be neglected because of the high base doping
which is made possible by the heterojunction but leads to a short lifetime of

the minority carriers (20 ...
30 ps). The thermal noise in the base originates

from the base series resistance between the base terminal and the intrinsic

transistor region.

Noise of the Electron Current

In order to calculate the the power spectral densities of the noise sources in

the base, the differential equations governing the electron current flow in the

base are solved. Doing this, the noise generated by the recombination and

diffusion processes in the base are considered. In analogy to the emitter, the

first step is to analyze the differential equation for the electron transport in a

j9-doped base region.

On' On' F I din
in = q DnA— ,

— = + T~^~' ^5'24^
ox ot rn Aq ox

A is the cross-sectional area where the electrons are injected from the emit¬

ter, n' = n — rip is the excess electron concentration, in denotes the electron

current in ^-direction, Dn and rn are the electron diffusion constant and the

electron lifetime, respectively, and q ,is the electron charge. The boundary
conditions for the calculation of the carrier concentration is different than in

the emitter because of the finite thickness Xp of the base. This leads to a

different function, with respect to the location j\ of electron concentration

in the base than the hole concentration in the emitter. For the given elec¬

tron concentrations ip\p at the emitter end and 7.0.c at the collector end of

the base, respectively, the electron concentration in the base region can be

calculated as a function of ,r

sink->£}(.Yö-.r) sinh ~,Bx
n(x) = 77o.zf r-r

— h rio.c—, 4?^ (5-25)
sinh "pXp sinn ^.pAp

where Xp is the base width, and A.ß = "0./. \/T+ .X'Fi is the propagation
constant with ~;0,/? = (Dnrn) ~l/'2

= \./Ln\ Ln is the diffusion length.

Figure 5.9 shows the electron concentration in the base. The deviation of
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Figure 5.9: Electron concentration in the p-doped base

the carrier concentration from a linear decrease (—) from the emitter to the

collector boundaries of the base is a consequence of recombination.

According to Eq. (5.24), the electron current at the location x becomes

'l r, X = -JioqDnA^B
cosh 4/j (XB - x)

sinh 7/jA"b
(5.26)

where no = no,#. The emitter and collector current are —i„(x — 0) and

—in(x = Xp). respectively.

I
En — tp) Q Dn A

1

B

Ic» = noqDnAjD-

tanh jpXp
I

sinh ~fpXp

(5.27)

(5.28)

The base current due to recombination Ipr = Ipri — Ten and the current

gain B — Ipn/Ipr is determined by bulk recombination in the base region,
if only the electron transport in the base is considered.

IBr

B

I

En

h'n
_

_____^^

I

Br robh ~. b A/3 - 1

Ic» = n0qDnA~B

J

cosh ~ ftA'ft — I

sinh ~ßXp
(5.29)

(5.30)

This is valid for Xp X Ln.

For the consideration of the noise in the base region, we can take ad¬

vantage of the analogy of the diffusion equation and the equation of a trans¬

mission line 164] with microscopic generation-recombination and diffusion

noise sources, as depicted in Figure 5.10. Using this analogy, we can calcu-
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Figure 5.10: Element of the equivalent distributed noise circuit of the base

with base thickness Xp «C Ln, Ln electron diffusion length

lated the fluctuations of the noise currents at the emitter edge (Aicn) and col¬

lector edge (A?'c„) of the base, expressed by the microscopic noise sources.
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(5.31)

(5.32)

whereto = ~jJrri/(Dn(l F jtox)) denotes the characteristic impe¬

dance. Anx andA/7r,r represent the microscopic diffusion and generation-
recombination noise source, respectively.

In analogy to Eqs. (5.13) and (5.15), the power spectral densities of the

diffusion component An'j and generation-recombination component Ai2rx
are

Ax =

ln(x)AxAf

D„A

—
.—_/ i

An2 — AiF ———

dx\qAD,

-rx- 0
(Fi-r)AAx qnp(x)AAx

Ai~x= 2q A/ + 2q—L A/

a4A recombination a)2,, generation
PI (Jl ' c

(5.33)

(5.34)

For simplicity, ??p is neglected with respect to n (n X np X n
~ n') and

thus, the generation noise can be neglected.

As already assumed for the emitter, the fluctuation in the electron con¬

centration due to diffusion and recombination are independent of each other.

Hence, the power spectral densities of the noise at the emitter and collector

edge of the base i'jn and ?j? , respectively, are obtained by a quadratic addi-
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tion of the individual noise sources which results in the following integrals.

-2 _
V^ A^2

4q2A

Tr.
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2q2A
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(5.35)
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The correlation between emitter and collector noise currents results in

ll^lr
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smh ~,j3 Aft4

In each equation of the Eqs. (5.35) to (5.37), the first integral corresponds to

the diffusion noise source and the second to the recombination noise source.

For the noise of the base current, its correlation with the collector current

and, according to Fq. (2.3), for the correlation coefficient c^lc we obtain

7r — \7n
' 7-n)\Fn 7n)

4
_

OV- A ?
'en
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jH'p4<*"

'In

7 /
7,4 en

('ibi

74» 'en

f-,,-! en

i2 i2

<br lcn

(5.38)

(5.39)

(5.40)

The interpretation of these results is carried out by a numerical analysis
because the analytic calculation of the the integrals leads to complex ex¬

pressions. For our model, the noise of the base and collector currents are
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of interest. Therefore, the normalized power spectral noise densities Cm =

ilr/(2qlp) and Ccc = i2n/(2qlc) of the base and collector, respectively,
for base thicknesses from 50 to lOOnm are shown in Figure 5.11. Full shot

Xd—

- 100nm

75 nm
"

50 nm

i

„

wcc

.

XX -

—

_'_ - -v
-

~

1i i

0 50 100 150 200

Frequency [GHz]

Figure 5.11: Normalized power spectral densities Cbb = ï'ir/fèqlp) and

Ccc — i'in/('^Qlc) of the base and collector noise currents for base thick¬

nesses Xp = 50, 75, and 100 nm, rn = 20ps and Dn = 44 cm2/s

noise, i.e. both Cm and Cec equal unity, can be observed at low frequencies.
At higher frequencies, the collector current noise still shows shot noise,

whereas the base noise significantly increases. This characteristics of the

noise currents can be similarly explained to the noise current in the emit¬

ter (Sec. 5.2.2), where an increased diffusion noise was noticed at higher

frequencies at locations with high carrier concentration. A high carrier con¬

centration is found at the emitter edge of the base. At a larger distance from

the emitter edge where the carrier concentration decreases as well, absorp¬
tion of the dominant microscopic noise sources becomes stronger. Moving
toward the collector edge, where the excess hole concentration is zero, ab¬

sorption compensates the increase originating from the reduced character¬

istic impedance and a white spectrum will be found. Hence, the collector

noise is constant with frequency.

The physical explanation is also similar to Section 5.2.2 and to [65].
The electrons are injected from the base into the emitter. At lower frequen¬
cies, they are either collected by the collector or the recombine. At higher

frequencies, some electrons return to the emitter before they recombine or

before they reach the collector. These returning electrons lead to an increase
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of the base current noise. This increase is again limited by the decay of the

power spectral density of the shot noise processes at higher frequencies,
which is not taken into account in this model.

For the variation of the base thickness from 50 to 100 nm, the increase

is between 10 and 20% in the frequency range from 2 to 26 GHz, where

measurements of the noise parameters are possible, ln contrast to this, the

enlargement at 50 GHz is already up to a factor 2. This increase makes

it unavoidable to take the frequency dependence of the noise sources into

account.

In the conventional bipolar transistor noise model, the correlation coef¬

ficient CMC of the base and collector noise currents is often assumed to be

zero. As depicted in Figure 5.12 this is only the case at low frequencies. At

0 r
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Figure 5.12: Real and imaginary part of the correlation coefficient c^c of
the base and collector noise currents vs. frequency

higher frequencies, this is not the case anymore. In Figure 5.12, we observe

a negative real part and a positive imaginary part of ct\nc •
As already for Cm

and Ccc, the deviation from zero is stronger for larger base thicknesses.

The simulation of the noise generated in the base was carried out for

diffusion constant Dn = llcnr/s and an electron lifetime rn = 20 ps,

which were measured for a base doping of 3.5 • 10L9 cm ~s
[6]. Since these

two measures are difficult to determine exactly and different values were

found in literature [68, 69], their influence on the base and collector noise

was investigated and presented in Figure 5.13. Longer electron lifetimes

and smaller diffusion constants lead to a stronger frequency dependence
base current noise source.

From these simulations, we evaluate the power spectral densities of the
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Figure 5.13: Influence of the diffusion length Dn and electron lifetime 77

on the normalized base and collector current noise Cm = ilr/(2qlp) and

Ccc = i'ij{2qlc), Xp = 75/7/7/

noise sources incorporated in the model and their correlation as well. We

obtain

i2br = 2qIB(l + pr„&)2)

ijn = 2qlc

rhricn = 2qlc(e -J~tb/3
_ F

(5.41)

(5.42)

(5.43)

where Pß = ^jf- denotes the base delay and 77?, = v"rr?rft/3. In order to

obtain a good agreement between measurement and model in the frequency
range from 2 to 26 GHz, it is not absolutely necessary to take the frequency
dependence of the base noise current into account. On the other hand, if the

model should be extrapolated to higher frequencies, frequency dependent
base noise source and correlation current have to be employed.

Not only the frequency dependence of the current noise sources, but also

the different emission coefficients of the base and collector currents affect

the correlation between the base and collector noise [18]. This influence is

not taken into account in the model described before and leads to an addi¬

tional term in Eq. (5.43). We then obtain for the correlation current

(5.44)

3n t -+ nwhere nc =

—JXjJt, This influence of the emission coefficients can
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roughly be explained by the fact that we express the noise currents by DC

currents, but actually, they are small-signal quantities.

Thermal Noise

The thermal noise in the base of the HBT is determined by the base series

resistance Rp. Figure 5.14 illustrates the different parts of Rp. The to-

Figure 5.14: Cross-sectional view of the base to calculate the base resis¬

tance Rp = Rcp F Rgp F Rtp, distributed internal base resistance R,p
and contact resistance Rcp

tal base resistance is formed of a contact resistance Rcp = Rcpi\\RcB2, a

gap resistance Rgp = Rgp\ \\RgP2 and an internal base resistance R;p =

RjBi\\RiB2> respectively. The calculation of the resistances is different to

the emitter because of the lateral current flow of the base current in contrast

to the vertical current flow in the emitter. The base contact resistance and

the internal base resistance must be considered as distributed elements. This

is necessary because the current flow along the contact or base-emitter junc¬
tion, respectively, causes a voltage drop leading to a non-uniform current

flow.

Berger [67] investigated distributed contact resistances using a transmis¬

sion line model (TLM). The results of this TLM-method can be adopted for
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the calculation of the base contact resistance

IF
p

RcB = RcBl\\RcB-2 = ^r-VRsBPciB eothl WcB F ^^ | (5.45)
2Rp y y pcip

where Lp is the emitter length, Rsp the base sheet resistance, pc[p the

specific contact resistance corrected for the TLM-method. and Wcp denotes

the base contact width.

The effects of the distributed nature of the internal base resistance Ifp
was investigated by Häuser [70]. This calculation takes the voltage drop in

base along the base-emitter junction into account. This effect reduces the

base resistance by about 20 7c. For the devices with base contacts on either

side of the emitter, we obtain

„
Hg tan~ — z ptp Wp

RiP = p&RTT-j^-r—o- ^
-77777-7- (5-46)

XßLp 4z tan~ z 12
XpLp

where We is the emitter width and z is given by the following implicit

equation

lp Tift; PbB
/c „_,.~ tan z = -TT-7- -r- 7X~ (5-47)

ApLp I Zip

The effect of the voltage drop parallel to the junction reduces the effective

forward bias applied to region of the emitter junction away from the base

contact. As a consequence, the emitter current flow is modified. This mod¬

ification can be taken into account by a current-dependent correction of the

emitter width

„,

sin z cos ;
,. ^

ÏÏE.eff = ÏÏE 7— (5-48)

For an emitter width of 2.5 //m and a base thickness of 75 nm, WE.eff ls

about 17 % smaller than the nominal Wp at lp = 500 pA than at lp = 0.

This reduction of the emitter width gives rise to an increase of the emitter

resistance by 20 7c in this current range. Hence, the emitter series resistance

becomes current-dependent.

The gap resistance Rgp can be calculated without including distributed

aspects

Fp
RqB = RgP\\\Il,B2 = /MBTTT" (5'49)

AßPp
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This part of the base resistance has the least significant contribution to the

total base resistance because of the small distance of only 50 nm between

the base contact and the emitter.

The power spectral voltage density of the noise generated by the total

base resistance Rp — Rcp F Rqp F R}b becomes

u2)Rb = IkFRp (5.50)

which is the conventional formula (Eq. (2.20b)) for thermal noise of an

ohmic resistor.

Typical values of sheet and specific contact resistances, which were

obtained by TLM-measurements for a base layer thickness of 75 nm, are

390 O/D and 3-10"' 0 cm2, respectively. The values of the different com¬

ponents of the base resistance are given in Table 5.3 for the emitter widths of

1 and 2.5 pm, an emitter length of 8 /mi, a base contact width of 1 pm, and

a base-emitter gap Yp of 50 urn The internal, and therefore the overall, base

We R,B RqB RlB Rp

1 pm 4.10

22 7c

1.2 0

6 7c

13.6 0

72%

18.9 0

2.5 pm 10.2 0

41%

1.2 0

5 7c

13.6 0

54 7c

25 O

Table 5.3: Absolute values and relative contribution of the different compo¬
nents of the base resistance for emitter widths of 1 and 2.5 pm, Lp = 8 pm,

Wcp — 1 pm, Yp = 50 nm, Ip = 0

resistance decreases with smaller emitter width which is advantageous for

good high-frequency (Eq. (4.4)) and noise (Eq. (5.50)) behavior. From Eq.

(5.47) it becomes obvious that the internal base resistance is a function of

the base current. For the two emitter width of i and 2.5 pm, R}p is slightly
reduced by about 3 and 8 %, respectively, when the base current is increased

from 0 to 500 pA.

5.2.4 Noise in the Collector

Since the collector can be assumed as almost completely depleted (AV <

800 nm compared to A7tp/ ~ 500 nm), the noise originating in the collector

can only be due to space charge recombination effects. The number of holes

in the collector is very small which makes recombination very improbable.
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Thus, space charge recombination current Iscr — 0 an^ does therefore not

contribute to the noise.

An influence of the collector on the current transport and thus, on the

noise behavior, is a consequence of the time the electrons need to pass the

collector region. The transit time can be modeled by a delay in transcon¬

ductance gm = gm0 exp (jure)- where rp denotes the collector delay (Eq.
(3.3)). Considering the possible noise sources, the transport of the electrons

through the collector has to be analyzed. The noise generated by the drift

process through the space charge region is already taken into account by the

shot noise i2lc, calculated from the noise in the base. Hence, without re¬

combination in the collector space charge region, no additional noise source

is located in the collector. The magnitude of the collector noise remains

therefore unchanged. Only the collector delay, which affects the correla¬

tion between the base and collector current, has to be taken into account. In

order to demonstrate this effect, magnitude and phase of the correlation co¬

efficient Cjb,c are depicted in Figure 5.15 when adding the collector delay to

the collector current. The collector delay rp was varied from 0 to 2 ps. As
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Figure 5.15: Magnitude and phase of the correlation coefficient ctiUc of the

base and collector noise currents for different collector delays vs. frequency,
Xp = 75 nm, ru = 20 ps, Dn = 44 cm27s

expected, the magnitude of c,i)ic does not depend on the collector delay rp,

but the phase is a linear function of Tp- Hence, the collector noise current

has to be additionally multiplied by the term cJ^'TC. Based on Eq. 5.39 and

5.43, we finally obtain for the correlation current

T^X^ = 2qlc (^c>^T» ^Tt )
- l) (5.51)
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where icnp is the collector noise currents at the subcollector edge of the col¬

lector and i^r denotes the noise current originating from the recombination

in the base.

Thermal Noise

The only noise source which is located in the collector is the thermal noise

of the collector series resistor. As shown in Figure 5.16, the collector resis¬

tance is located in the subcollector and at the collector contact and therefore

consists of contact resistance Rcp, an external resistance Rep, and an in¬

ternal resistance R,p. The calculation of the collector contact resistance is

Collector

Subcollector

InP- r
Substrate

He Y WcC
-==•«£-

4Z> 4Z>

R,4L 7?,42

IIcC

PXP

R(C

l*subC

Figure 5.16: Cross-sectional view of the subcollector to calculate the resis¬

tance Rp = RcC F Rep 7 Rtc

similar to the base series resistance calculation. Therefore Eq. (5.45) can be

applied.

rcC =
^^ ^/iFcjpcC

coth

I If cC
z p p \

-<

coth

1

PeC
(5.52)

where Lp is the emitter length, Rqp denotes the sheet resistance of the

subcollector, pcp is the specific contact resistance corrected for the TLM-

method, and Wcc is the width of the collector contact.

The external collector resistance for the distance Yp of the collector

contact to the collector is

Rtc< = /?<,(
Y

Fj i

(5.53)

The internal collector resistances (17c i and R,c-2) are difficult to calcu¬

late exactly because the distribution of the current flow at the collector-

subcollector interface can not be easily determined. However, the collec¬

tor resistance has not a significant influence on device performance and we
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therefore take only the resistor R,C2 — PbcWp/(2XbUi)pLp) into account.

Here, Wp is the collector width and Xsu^p denotes the thickness of the

subcollector. The total collector resistance Rp is then Rcp F Rec F R,C2

For a subcollector thickness of 340 nm, TLM-measurements lead to a

sheet resistance of 13 0/D and the specific contact resistance results in

3.5- L0^7Ocm2. The layout data (Wcp = 6.5 pm, Yp = 3 pm, Wp =

R,c R<c Bx Re

1.4... 2.2 0

22... 30%

2.4 0

37... 33%

2.7 0

41
...

37%

6.5... 7.3 0

Table 5.4: Absolute values and relative contribution of the different

components of the collector resistance, Wcp = 6Fpm, Yp = 3 pm,

Wp = 3.5.. XFpm,

3.5 ...
5.5 pm) for the calculation of the resistances are taken from a tran¬

sistor having an emitter area of L.. .2.5 x 8pm2.

5.2.5 Comparison of the Current Noise Sources

In Sections 5.2.2 and 5.2.3 currents and therefore current noise originating
in the emitter (lp) and base (Ip„. Ip„.IpF were investigated. There, no

information was given which of these currents dominate. The main question

is whether the base current is either determined by the recombination current

IBr or the hole injection current Ip or whether both of these currents have

to be taken into account. In general, lp is the sum of Ipt and Ip calculated

in Eqs. (5.29) and (5.11), respectively. This sum is given by

Ib = Ißr F lp = nQ q D„ .
i ~/B

-^——'-— 1- p'0 BqDpAy0,E

= Ib,\± F

sinh ~pXp

Po b (1 dpA~o ü sinh z pXp

»o pqDn Azp coAi - pXB -- 1
'v

,.

*

(5.54)

[ 'A

Term ,4 in Eq.(5.54) is most significantly dominated by the ratio of the

minority carrier densities in the emitter (p'0 R) and the base (pq,p) at either

side of the base-emitter space charge region. This ratio is given by

IF b
^

X

no.E F

{ p
fJq I G 1 -a / J )/tr (5.55)

P.B
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where Na,e and Np>sp are the acceptor and donor doping concentrations in

the emitter and base, respectively, Eg, the band gaps of InP and InGaAs, k

is the Boltzmann constant, and T, the temperature in Kelvin. For the InP

emitter and the InGaAs base, the band gap difference is sufficiently large,
so that

Fy.InP ~ FgJnGaAs > A*T (5.56)
v

v
• V-V-'

5<-K)meV
23,ncV

Thus, the term .4 in Eq. (5.54) can be neglected and Ip ^ lßr. The base cur¬

rent is therefore determined by recombination in the base region and more¬

over, the base recombination current noise /^r is the dominant base current

noise source.

5.2.6 Low-Frequency Noise Source

In Section 4.3.2, we found from the measurements that the power spectral

density of the low-frequency noise can be represented by

1
*=i

/0-'
1 4

The l//-component Bq was found to be a linear function of the base current

and for a constant base current, JE?o was almost independent of the emitter

geometry.

Because of the fact that we could not measure the noise power from

500 kHz to 2GH/, which is the frequency range where the 1/f corner fre¬

quency fc is located, we will use our model to evaluate fc. Figure 5.17

shows the power spectral density of the collector noise current in a 50 0

environment. A i/f corner frequency of 9 MHz can be extrapolated. Com¬

pared to values found in the literature (Ch. 4.3.2), this value is quite high
for bipolar devices.

5.2.7 Small-Signal Parameters

In the previous sections, we calculated the model elements which include a

noise generator. These are all the series resistances (r^, ri,c, re, and rc) and

the noise sources (7,5, inq, im ). We now have to determine the remaining
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Figure 5.17: Noise figure of an HBT with Ap = 1.5 x $ pm2 operated at

Ip = 5.7mA in a 50 O environment

small-signal parameters (rn, cn, gmo, cß, cr, and rß) of the model depicted
in Figure 5.2.

For the intrinsic parameters (rn. cn, gmo) the equations derived in the

previous sections can be used and these parameters are then given by

(*2_)
V dvBpJ

-1
np\
FFF

Ip

Crr =

9mO —

1-

(5.58)

(5.59)

(5.60)

where Yp = kT/q is the thermal voltage. In our model, the temperature is

given by T = Tp 4 XT, Fph the ambient temperature and AT is caused by
the heating of the device due to the dissipated power F(i,qs- Hence, AT =

Kp Pdiss- The temperature coefficient Kp is assumed to be equal for

all devices. The temperature T naturally influences the thermal noise of

the series resistances. The emission coefficients np and np of the base

and collector currents, respectively, are determined from Gummel-plot data
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(Sec. 4.1.2). Thus, rn and gm are given by the Gummel-characteristics.

The capacitance cn consists of the diffusion capacitance Cri and the base-

emitter junction capacitance. Cd is related to the electron lifetime rn in

the base. The lifetime rn depends on the base doping. Values between

20 and 40ps were found in literature for base dopings of 2 • 1019 cm 3
to

4-1019cmT3 [71]. Since value rn is uncertain, rn is a fitting parameter in

the range from 20 to 40 ps, but the value must be the same for all devices

on the same wafer. Furthermore, the specific junction capacitance c}ae of

the base-emitter junction is a fitting parameter because the capacitance of a

forward biased junction cannot be easily calculated.

In Section 5.2.3, the base series resistance was derived. Due to the dis¬

tributed nature of the lateral device structure, which is modeled by a circuit

with lumped elements, the two small-signal resistors rcp and r^/ do not

directly correspond to Rcp and RgB 4- R>B, respectively. But the sum of

small-signal resistors should approximately be equal to the sum of the pa¬

rameters calculated in Section 5.2.3. This means that

rbb< + rbc = RcD F Rgp 4 R;p = Rp (5.61)

The partition between rcp and r^ is determined by the fitting procedure.
Because the layout of the base metalization of the HBT is not exactly the

same as assumed in Section 5.2.3, the effective value of the total base re¬

sistance Rß may be smaller than the value which is calculated. Hence, Rb

cannot be fixed for fitting.

For the calculation of the base-collector capacitances, the lateral dimen¬

sion of the collector is divided into three parts. There is the intrinsic part

forming Cßp,, a collector which is limited by the emitter edge and base

contact (Cßpg) and the region under the base contact (Cßpx). The values

are calculated as follows

clL F cx = Cßpt F Cbx F Cppr —

—-7: !—-(Wp F Yp F Wcp)

(5.62)

where Wp and Lp are the emitter width and length, respectively, Yp de¬

notes the distance between emitter edge and base contact, and Wcß the base

contact width (Fig. 5.14). The extraction of the model parameters cft and cr

leads to the problem of modeling a distributed structure by lumped elements

as we already met when determining the base resistance. The base under¬

cut may further lead to uncertainties in the base-collector capacitance. We

therefore only calculate the sum of all base-collector capacitance values and

obtain the partition between c/; and cv from fitting.
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The value of the emitter series resistance re should be equal to the calcu¬

lated Rp in Section 5.2.2 if, additionally, the reduction of the effective emit¬

ter width due to the non-uniformly distributed emitter current (Eq. (5.48))

is taken into account.

As already mentioned in Section 4.1.1, the output resistance ?-0 can be

determined from the output characteristics, but thermal effects give rise to a

lower output resistance (steeper slope in the output characteristics). In the

high-frequency range, the change of signal level is faster than the thermal

time constant. Hence, the device temperature should not be changed by the

RF signal which will lead to a higher output resistance r0 than extracted

from the output characteristics. The latter value can be taken as lower limit

during fitting.

The remaining parameter, which has to be determined, is the leakage
resistance rß. This resistor models the collector-base leakage currents of

the reverse biased base-collector diode. Feakage currents can also originate
form damages near the semiconductor surface or on the mesa sidewall [72j.

5.2.8 Modeling Procedure

Here, we describe the specific way how each model parameter is deter¬

mined. First, the two parameters, the dynamic resistance of the base-emitter

diode rK and the transconductance gm are set to the value given by the bias

point and the DC characteristic (Eqs. (5.58), (5.60)). Then, numerical opti¬
mization is carried out for one transistor si/e (Ap = 2.0 x 8 /7m2) and one

bias point (Jp = 5 • 101 A/cm2, Ypp = 1.5 V) in order to fit the simulated

and measured S-parameters and noise parameters. This optimization yields
the values for electron lifetime in the base (77 = 30 ps) and the specific
emitter junction capacitance per area (c} {p

— 3.9fF/pm'2). Thus, cK (Eq.

(5.59)), rp = rn/>f the power spectral densities of the current noise sources

F2^ (Eq. (5.41)), and ifc (Eq. (5.42)) with their correlation rf^ (Eq. (5.51))
can now be calculated from the bias point and emitter geometry. Two pa¬

rameters, r/; and 74 can be determined by the DC-values of S12 and S22-

respectively. The remaining model elements (/'/,?>, rc, rc, clÀ, and cr) are

obtained by numerical optimization. The parameter range is limited by the

equations derived in the previous sections.
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5.3 Comparison of the Measurements vs. Simu¬

lations

In order to investigate the quality of the noise and small-signal model, the

data from noise parameter and S-parameter measurements are compared
with the results from the simulation using this model. The data shown

here are from devices of a wafer with a base thickness of 80 nm, a collector

thickness of 600nm, and a subcollector thickness of 1 lOOnm (TFi in Table

4.1). The thicknesses of the other layer are given in Table 3.1. The devices

which are available on this wafer have emitter areas from 1.0 x 8 pm2 to

2.5 x 16/7m2. In Figure 5.18, the simulated and measured S-parameters
are compared for an HBT having an emitter area of 1.5 x 8 pm2 which was

biased at Ip = 9.25 mA and 1 'pp = 1.5 V. The data show very good agree-

0.5
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—

meas o

0 0.3

-0.5

CM

CD

180

S 90

-e-

Frequency [GHz] -1

Figure 5.18: Measured (o) and simulated (-) S-parameters of an HBT with

Ap = 1.5 x 8 pm2, F' = 9.25 mA

ment in the whole frequency range from 2 to 26 GHz.
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The noise parameters minimum noise figure Fm?m noise resistance Itn,

optimum source reflection factor Fùpt are given in Figures 5.19, 5.20, and

5.21, respectively. Not only the S-parameters, but also the noise param-
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Figure 5.19: Measured (o) and simulated (-) minimum noise figure If

ofan HBT with Ap = 1.5 x 8/777/4 Ip = 9:25 mA from 2 to 26 GIF

eter data of the model correspond very well with the measurements which

demonstrated that this model is well suitable for small-signal and noise mod¬

eling. The values of the small-signal parameters are given in Table 5.5. The

table compares the calculated values and the values after fitting of the pa¬

rameters. The differences between to calculated and fitted values are small

enough to say that the final parameters are reasonable.

From the good agreement between measured and simulated S-parame¬
ters, we expect that the fT extrapolated from the measured li2\ corresponds
well with the simulated data. To verify this statement and to extract the

base and collector delay times, the total transistor delay (rpp — l/(2pfT))
is plotted versus 1/Ip in Figure 5.22 for an HBT with base and collector

thicknesses of 80 nm and 600 nm, respectively, and an emitter area of 1.5 x

8 pm2. A maximal deviation of rpp between model and simulation of 0.2 ps
is found. According to Eq. (4.3), fp tends toward (rp 4 7 <)

~1 for Ip x 00

respectively 1/Ip x 0. The extrapolated value for the sum of the base

and collector delays is 1.65 ps. From F:q. (3.1). a base delay of 0.72 ps is

obtained, which leads to a collector delay of 0.93 ps. This means that the
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Figure 5.21: Optimum source reflection factor Yop1 at fp — 9:2omA,

Ap = 1.5 x 8 pm2

velocity of the carriers in the collector is in the overshoot regime (vcff
3-107cm/s).
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parameter fit calc unit

Tbb> 28.8 RB = 30.1 [0]

Tbc 0 [0]

rp 3.8 2.7 [0]

rp 4.1 5.5 [0]

Tn 74.9 74.9 m

Cyr 407 cd = 347 LfF]

CJC 60 [fF ]

9m 255 255 LmSl

CK- 5.5 Cpp = 12.1 [fFl

C f)CT 8.4 [fF]

rH 40 [kO|

X 10 [kO]

Table 5.5: Equivalent circuit parameters of the model for an HBT with

Ap = 1.5 x 8pm2, at Ip == 9.25 mA and \'p — 1.5 F

C/5
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Figure 5.22: Total emitter-to-collector delay time rpp = l/(2rfp) vs.

1/IC, XB = 800nm, Xp = 600»;«, AE = 1.5 x 8 pm2

In order to investigate the dependences of the noise parameters upon fre¬

quency and small-signal parameters, the equivalent model circuit of Figure
5.2 is transformed into conventional representation of a two-port to analyze
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noise problems (Fig. 2.2). The HBT can then be considered as a noiseless

two-port with two correlated voltage (e2) and current noise sources (?2) at

its input. The power spectral densities of these noise sources and the corre¬

lation result then in [71

^ = ^+^(l + ^)C- f^W^} (5-63)

2

4 = 4FF(rw + rc) F (rw F rr)27J 4- %^ (5.64)
o

'Krbb> Frc)rn ( 1 —

+ ^^j^- \^Pnc
-

n^nc}) (5-65)

cni*n = {nv F re)i'i F -^ ( 1 - jF- J i2c - -ji^inc (5-66)

where 3? and $> denote the real and imaginary parts, respectively, and ff is

the 3 dB cut-off frequency of the intrinsic current gain which is defined by
the differential base-emitter resistance rn and capacitance cn

fn = ^—î— (5.67)
ZrrKcK

The noise parameters Fmin, Rn, Yopt = Gopt F jB0pt can be calculated

using Eq. (2.6) to (2.9)

Fmm(/) = 1 + ^r fal{eni*n} 4 \fe^^{eni*}A (5.68)

Rn(f) = t^- (5.69)
4k L o

fi0p((/) = t/4-f^#V (5-70)
p- V p-

RoptU) = ^%^ (5.71)
X

The power spectral densities of the base and collector noise sources and

the correlation between these sources are derived in equations 5.41 to 5.43.

The small-signal parameters depend directly on the conditions as bias

point, emitter geometry, and temperature These dependences are investi¬

gated in the next sections.
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5.3.1 Bias Dependence of the Parameters

A bias dependent noise model is advantageous for LNA applications be¬

cause the designer can optimize the noise performance of a circuit with

respect to the bias conditions. This bias-tuning can be used in conjunction
with the traditional input circuit tuning. We have therefore included current-

dependent small-signal elements and noise sources. Figures 5.23 and 5.24

the measured and simulated noise parameters at 10 GHz are compared for a

device having an emitter area of 1.5 x 8/mi2. Besides the bias-dependent
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Figure 5.23: Comparison between the simulated and measured Fmm and

Rn vs. Ip ofa device with Ap = 1.5 x 8 pm2 at 10 GHz

model parameters, they have the same values as in Table 5.5. To verify the

validity formulas describing the bias dependence of the model, the model

elements were fitted only at one bias point (Ic — 2mA). Then the base

and collector currents, which were obtained from DC measurements, were

varied. The dashed curve shows the simulated noise parameters without

any further numerical fitting. The good agreement between simulation and

measurement proves the quality of our model. We further observe that ad¬

ditional fitting does not improve the correspondence between measurement

and simulation.

5.3.2 Geometry Dependence of the Parameters

One of the most difficult task of modeling is to develop a model which is

scalable with geometry because parasitic capacitances or an inhomogeneous
field distribution do not scale properly with the emitter area. In the Fig¬
ures 5.25 to 5.28, the simulated and measured noise parameters for different
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emitter width Wp and emitter length Lp are shown. We observe good
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Figure 5.25: Simulated and measured Fmni and Rn vs. emitter width Wp

ofdevices with Lp = 8 pm at Jc = 5-101A/c/?r and f = H)GHz

agreement especially for large dtwices. For smaller device structures, the

difference between measurement and simulation become more pronounced.
E.g. for a 1.0 x 8//m2 HBT, the simulated minimum noise figure is 20 %

higher than the measured. The larser disagreement for smaller devices can
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Figure 5.27: Simulated and measured Fmrn and Rn vs. emitter length Lp
ofdevices with Wp = 2.5 pm at Jp — 5 • 101 A/cm2 and f = 10 GHz

be explained by the fact that influences of parasitics or fabrication tolerances

cannot be modeled exactly.

For the selection of the device size and bias point, it can be helpful
to investigate the relative contribution of each noise source to the overall

noise power. The results for different device sizes operated at two differ-
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ent collector current densities are presented in Table 5.6. At small currents

[pm2 ]

Jc

[A/cm2]
Unb t'nt Une htb 1"nc

1.0 x 8 i.75-104 28% 15% 0% 30 % 27%

7.75-104 16% ^^7~ 0% 63 % 16%

1.5 x 8 1.75- I0l 32 % 10% 0% 31% 27%

-X^JFFrJx 21% 5% 0 47 57% 17%

2.5 x 8 1.75-104 37% 4% 0% 40% 19%

7.75-101 17% lr/< 0% 61 %> 21%

Table 5.6: Relative noise contribution of the noise sources to the output
noise power at 10 GHz

(Jc — 1.75-104 A/cm2), the thermal noise sources of the scries resistances

constitutes 40 % and the current noise sources 60 % of the total noise power.
At higher currents (Jp = 7.75 • 104 A/cm2) the current noise, above all the

base noise current, becomes more and more dominant. Transistors with high
current gain are therefore required for low-noise designs.
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5.3.3 Temperature Dependence of the Parameters

The device temperature primarily affects the thermal noise of the series re¬

sistances of the transistor and the thermal voltage, which modifies the base-

emitter characteristics. The former leads to an elevated noise level which

can be observed in Figure 5.29. Because the temperature of the substrate is
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Figure 5.29: Simulated and measured minimum noise figure Fmm vs. tem¬

perature T of a device with Ap = 1.5 x 8 pm2 at Ip = 6 mA and

f = 10 GHz.

only varied from 20 to 60 °C corresponding to a change of about 14 % in

absolute temperature, the increase in noise figure as well as noise resistance

is quite small. Our noise model is still valid in this temperature range and

can therefore be used for circuit design at slightly elevated temperatures.

5.4 Summary

A scalable noise model which is based on the hybrid-7r small-signal model

was presented. The thermal noise sources of the base, emitter, and collector

series resistance and the low- as well as the high-frequency noise sources

are included in the model. We analyzed the high-frequency noise behavior

using the analogy between a lossy transmission line and the two processes

of diffusion and generation-recombination in the base. An increase with

frequency of the spectral noise power of the base current noise can be ob¬

served. This frequency dependence should be taken into account in the noise

model which will be used for circuit design above ~ 40 GHz. Above this

frequency, the power spectral density of the base noise current is more than
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50 % higher than its DC value. The spectrum of the collector current noise

remains 'white'. Moreover, the base and collector noise currents show a

frequency-dependent correlation. At 40 GHz the magnitude of the correla¬

tion factor is 0.25.

The model elements were calculated from technology parameters. The

values obtained from these calculations were either directly used in our

model or numerical optimization was used to find the final values. The

optimization was necessary to take account of influences which are difficult

to calculate such as inhomogeneous field distribution in the device, base

undercut, distributed resistances or capacitances.

The simulation results are compared with the measurement in the fre¬

quency range from 2 to 26 GHz. Moreover, bias point, emitter geometry,
and temperature variations of our model were investigated. Good agree¬

ment between measurement and simulation results could be observed. Only
at small currents and for small device sizes, the model shows differences

from the measurement, which proves the potential of our model to be used

for RF circuit design.



Chapter 6

Circuit Design

In application such as measurement equipments as well as optical and wire¬

less transmission systems, broadband amplifiers, optical receivers, and os¬

cillators are needed which operate at frequencies higher than 40 GHz. This

chapter describes the designs, simulations, and measurement results of a

50 GHz broadband amplifier (Sec. 6.1 ), a differential 40 Gb/s photoreceiver
(Sec. 6.2), and 40 and 60 GHz oscillators (Sec. 6.3) implemented with our

InP/InGaAs HBTs. The devices used for the design have a base and collec¬

tor thickness of 50 nm and 400 nm, respectively (Wafer Wg in Chapter 4).
For more detailed information about the layer structure see Table 3.1. The

circuits additionally serve to verify the noise model developed in Chapter
5 in the frequency range (> 26 GHz), where no noise parameter measure¬

ments were carried out. Moreover, we investigated the influences of the

layout on the circuit performance since they are significant at these high

frequencies.

6.1 Broadband Amplifier

The main design goals for broadband amplifiers in communication systems
are high gain and large bandwidth. Furthermore, good matching properties
to the preceding and following circuits should be provided. For front-end

amplifier circuits low-noise behavior is additionally required.

There are mainly two ways to implement broadband amplifiers. They
can either be designed as feedback amplifiers or as distributed circuits which
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are called traveling wave amplifiers (TWA). In the latter, the transistors are

incorporated into an artificial transmission line structures which makes it

possible to reach high bandwidths up to the cut-off frequency of the line

structure [73 j. TWAs using a HEMT technology achieved bandwidths up to

180 GHz [74J. The major drawback of this type of circuits is the large chip
area consumption. From the electrical point of view, it is disadvantageous
that distributed amplifiers do not operate from DC. Furthermore, bipolar
devices are not suitable for TWAs due to the resistive characteristic of their

base-emitter junction and the therewith related losses. Thus, we decided to

design a feedback amplifier. In these circuits, the feedbacks serve to trade

gain for bandwidth. The intended specifications are listed in Table 6.1. The

gain (So i ) > 10 dB

-3 dB bandwidth > 50 GHz

return losses (Su, S22) < -lOdB

Table 6.1: Intended specification for the amplifier design

gain and bandwidth specifications are state-of-the-art values for broadband

amplifiers using HBT-technologies [75, 76, 77J, but specifications for the

return losses are seldomly reached by those circuits.

6.1.1 Design

We investigated four different topologies of feedback amplifier stages to

find a satisfactory solution for our design. As shown in Figure 6.1, these

topologies are a common emitter (CE), a Darlington, a common collector

common emitter (CC-CE), and a cascode stage. The selection of the am¬

plifier topology is primarily based on the following criteria. The amplify¬
ing stage, without the feedback resistor Rf, should inherently have a high
gain-bandwidth product (GBW) in order to be more flexible for finding the

optimal gain-bandwidth characteristics. The common emitter stage has a

smaller gain than e.g the Darlington stage and smaller bandwidth than the

Cascode and will therefore not be suitable for our purpose. Circuits with

the remaining three topologies were designed and fabricated. An unaccept¬
able overshoot in the frequency response of the gain curve (> 3 dB) was

observed the CC-CE and the cascode stage. This behavior can be explained
as follows. The base of the cascode stage, respectively the collector of the

common collector stage should be properly grounded. If this is not the case,

the circuits tend to be instable. A further problem of the cascode stage arises
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Figure 6.1: Basic feedback amplifier stages which were investigated: com¬

mon emitter (CE) stage, Darlington stage, common collector common emit¬

ter (CC-CE) stage, Cascade stage

from the feedback Rp in parallel with the common base and common emit¬

ter stages because both stages introduce a phase shift. The sum of these two

phase shifts, together with the parallel feedback, leads to stability problems.
The Darlington stage does not have these difficulties and also provides high

open loop gain. This topology is therefore optimal for our design.

In addition to the gain-bandwidth performance, the circuit should show

good input and output matching properties in combination with a good in¬

put noise match. An additional feedback path will make this requirement
achievable. A schematic of the circuit is depicted in Figure 6.2. This topol-
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Figure 6.2: Schematic of the multiple feedback Darlington amplifier
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ogy has originally been demonstrated in [781 for Si-BJT and in [79] for

GaAs HBT low-noise amplifiers. The first stage (QF acts as low-noise com¬

mon emitter amplifier stage which determines most significantly the overall

noise figure of the amplifier. The second stage (Q-2 and QF), the Darlington
feedback amplifier, provides wideband gain and output drive capability. The

bandwidth characteristic of the Darlington feedback stage can therefore be

optimized by changing the series and parallel feedback resistors without de¬

grading the noise of the overall amplifier. The shunt feedback resistor Rfi
of the Darlington stage can be adjusted for gain-bandwidth performance.

Rfi also provides a current path for biasing the HBT Qy of the first stage.
The shunt feedback resistor Rpi, connected between the emitter of transis¬

tor Q-2 and the base of transistor Qi. can be adjusted to change the effective

impedance looking out of the base of transistor Qi toward the source, and

therefore, optimized for minimum noise match. In addition, Rf-2 provides
RF shunt feedback which impacts the gain-bandwidth response and deter¬

mines the input impedance match of the amplifier to 50 Q. Thus, the feed¬

back resistor Rp2 can be adjusted to obtain an optimal noise figure as well

as an optimal input return loss performance. All transistors are connected

to emitter series resistors which are used for further tuning of the frequency

response. Moreover, resistor Re-2 serves as current path for the biasing the

transistor Q-2- The resistors Rei and Rc3 provide a stabilization of the bias

point of the transistors Ql and Q%, respectively.

The design of the amplifier is carried out with measured S-parameters
files of the devices. The S-parameter data of the HBTs have to be available

for all bias point which the transistors are operated at. For simplicity, only
transistors with an emitter area of 1.0 x 8 pm'2 were used. The determination

of the bias points was carried out by simulations using a SPICE-model of

these transistors. The SPICE-models could not be used for the simulation

of the RF behavior of the amplifier because the models available at this time

were not accurate enough at high frequencies. The tool which was used

for all the simulations was HP ADS [61]. The influence of the layout was

taken into account by introducing microstrip lines as connections between

the circuit elements. Critical part of the layout were simulated using Sonnet

[80], a method of moments simulator. Figure 6.3 shows a chip photograph
of the amplifier.

The complete area of 550 x 640 //rn2 is determined by the pad frame

which is given by the probe tips for the measurement. The circuit itself only
occupies a small part of the total area. A large on-wafer blocking capacitor
of 14pF serves to provide a stable power supply voltage.
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Figure 6.3: Chip photogiaph of the amplifie} occupMng a chip cnea of
550 x 640 pm2

6.1.2 Simulation and Measurement Results

An analysrs of the gam. matching, noise, and hneaiity chaiactenstics is

cairied out The RF S-Paiameteis weie measuied on-wafei fiom 0 045 to

75 GHz The amplitude and phase of S21 as well as the group delay are

depicted m Figure 6 4 The amphfiei leaches a gain ol 9 8dB and a -3 dB-

bandwidth of 50 GHz at a supply voltage of 10 V These lesults aie com¬

parable wrth amplrfrer crrcuits using more complex device structures and

technologies [77. 81J A pioblem which often occuis using feedback am¬

plifier s is a gain peak in the liequency response In oui design, this peak
could almost be avoided The gam-peakmg remains below 1 2 dB which rs

consrdetably lowei than m othei woiks [76. 75] with snnilai gam-bandwidth

performances

Especially for the transmission of digital 01 pulse signals, a lmeai phase
chaiactenstic, corresponding to a constant group delay, is lequned The
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Figure 6.4: Measured and simulated amplitude, phase cb, and group delay

rQ ofthe gain S2i ofthe multiple feedback amplifier

group delay which is defined as

da

Fj
(6.1)

indicates how much the signals of different frequency components are de¬

layed when passing through the amplifier. The group delay of the this cir¬

cuit is almost constant, resulting in a value of 12.5 ps with a variation of

only ±2.5 ps. Using the S-parameter measurement data, time domain simu¬

lations lead to an overshoot in the step response of about 7 %.

We further compared the measurement and simulation results and inves-
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tigated the influence of the layout. A very good agreement is obtained if all

the layout influences are taken into account. Without considering the lay¬
out an over-estimation of the bandwidth of more than 10 GHz is observed

which demonstrates the importance of including the layout influences when

designing high-frequency circuits.

The input and output return losses Sn and S22 are presented in the Fig¬
ures 6.5 and 6.6. In the frequency range up to 50 GHz, their magnitudes
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Figure 6.5: Measured and simulated amplitude, phase of the input return

loss Sn of the multiple feedback amplifier

are below -12 dB and -13 dB. Up to 25 GHz the return losses are even bet¬

ter than -20 dB. These are very good values and therefore, the amplifier is

well suitable to be used in a 50 Q system. For the return losses, the accor-
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Figure 6.6: Measured and simulated amplitude, phase of the output return

loss S22 of the multiple feedback amplifier

dance between measurement and simulation is not as perfect as for the gain
characteristic S21. This may be caused by inaccuracies in the measurements

of the phases of the S-parameters. This assumption is based on the fact that

when we simulated the amplifier with a line element of 100 pm connected to

the input and the output of the amplifier, the discrepancies between the mea¬

sured and simulated return losses was reduced. Furthermore, the agreement
between the measured and simulated phase of S21 was improved, which is

another indication for inaccurate measurements of the phase.

In Figure 6.7, the measured and simulated noise figures are shown in

the frequency range from 2 to 41 GFIz. which is a frequency range where
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accurate (±0.3 dB) measurement results can be expected. In this range, the
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Figure 6.7: Measured and simulated noise figure of the multiple feedback

amplifier, sinp: with correlation, sitm: without correlation

measured noise figure remains between 7.5 and 8 dB. In order to examine

the quality of our model, two types of simulation were carried out, one with

correlation between base and collector noise currents and the other without.

At 40 GHz, a model which does not take account of the correlation predict
a noise figure which is 1.5 dB above the measured value, whereas the model

with correlation agrees well with the measurement.

For the optimization of the amplifier with respect to noise, the relative

contributions of the different noise sources to the overall noise figure F.

These contributions can be calculated using an analytic formula for F. For

this circuit, a simplified expression for the noise figure F can be derived

[791

F(f) = JL R q 4 rb F
i

/?<

4AT
2qlB

2gm

2qip

F 4

4Â-T*

|J(/)r (Rfi +Rq)\3(f)\'2 Rf2
(6.2)

where Rs is the source resistance (50 0), /•?,. gm. and 13 are the total

base resistance, the transconductance. the emitter series resistance, and the

small-signal current gain of transistor Q{. respectively. Iß and Ip are the
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base and collector currents of the input transistor and Rfi and Rf-2 denote

the two feedback resistors of the amplifier. We neglect the correlation be¬

tween the base and collector noise sources which limits the investigation

to lower frequencies. Table 6.2 shows relative noise contributions of the

dominant noise sources in the Darlington amplifier. We can see that more

HBTs

Qi

Th 16%

54 %

69%

re 4%

2qIB 29%

Iqlp 5%

Q-2 10%

rest 5%

13%

passive
network

Rel
31%Rn 6%

R/2 4%

rest 8%~1

Table 6.2: Relative noise contribution of the different noise sources in the

Darlington amplifier

than two third (69 %) of the noise originates from the active elements in the

circuit and the rest (31 %) from the passive network. We further observe

that the dominant noise contributions (54 %) come from the noise sources

of the first HBT Q\_. This result corresponds with Friis' formula Eq. (2.11)

which says that the first amplifying stage contributes most dominantly to the

overall noise. The main noise source of Qi is the base current noise source,

which makes up 29 % of the overall noise. Hence, for low-noise amplifiers,
transistors with high current gains are required, which reduce the base cur¬

rent.

The noise contribution of the amplifier in a 40 Gb/s data transmission

can be observed, comparing the input and output eye diagram in Figure 6.8.

The setup for the eye diagram measurement is similar to the one described

in [821 where the electrical 40 Gb/s NRZ signal was generated by electrical

multiplexing 10 Gb/s signals. The opened eye diagram for a PRBS of the

length 23i — 1 at a data rate of 40 Gb/s demonstrates the successful operation
of the amplifier in a high speed data transmission system.

The linearity of the amplifier is of great importance as well. There¬

fore, we measured the third-order intercept point IPs and the output power

at the 1 dB gain-compression point at different frequency points. Figure 6.9

demonstrates how these two parameters are determined. The 1 dB gain com-
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Figure 6.8: Exe diagrams at the input and output of the amplifier for a

40 Gb/s PRBS of the length 23i - 1
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Figure 6.9: Determination of the 1 dB gain compression point PidP and the

third-order intercept point IP3

pression point is the output power Pput at which the Pout is 1 dB less than

for a linear characteristic of Pout = GpPm, where Gp is the power gain.
The third-order intercept point IP, is a measure for the suppression of the

intermodulation products. Intermodulation signals with frequencies located

near the frequency of the signal of interest are of mam importance. To deter¬

mine the / Pj, we apply a two-tone signal with the frequencies fi and /% to

the input and measure the spectrum at the output. Signals at frecjuencies of

2/r — f> and 2/2 — fi can be detected. The IP] is the output power at which
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the power of these intermodulation products (Pim3) equal the power of the

signals with the frequencies /1 and f2 (Pi ). As shown Figure n 6.9, IP3 can

be calculated from the difference of the output powers ( F-\ — Pp\ps). When

we compare the output power IP3 with the characteristic of Pout vs. Pm,

we find out the power of 7P3 can not be reached.

Figure 6.10 shows that the 7P3 varies from 17 dBm at 2 GHz to 10 dBm

at 50 GHz. In the same frequency range, the 1 dB compression at the output

0 10 20 30 40 50 60

Frequency [GHz]

Figure 6.10: Measured output powers ofthe third-order intercept point and

the 1 dB gain compression point of the multiple feedback amplifier

changes from 3 dBm to OdBm corresponding to an output voltage swing of

890mVp.p and 630mVp.p, respectively.

6.2 Differential Photoreceiver

Next generations of fiber-optical transmission systems require high gain and

high bandwidth photorcceivers. Approaches using packaged modules for

40 Gb/s [83] and monolithic OEICs for 20 Gb/s [84] were already reported
for high-gain photoreceivers in HEMT technologies.

Previous investigations in the fields of photoreceiver design [42] and

differential amplifier circuits [85] demonstrated the potential of our HBT
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technology for the realization of a high-gain photoreceiver with differential

outputs.

6.2.1 Design

The block diagram of the differential photoreceiver consisting of a photo-
diode, a transimpedance amplifier and a post-amplifier is depicted in Fig¬
ure 6.11. The topology of the implemented transimpedance pre-amplifier

Transimpedance Differential 50 ft

Amplifier Amplifier Output

Darlington Amplifier

Figure 6.11: Block diagram of the differential photoreceiver consist¬

ing of a photodiode, a transimpedance pre-amplifier, and a differential
post-amplifier with a 50 ft output buffer

has originally been published in [86] and the capability as a high-frequency
photoreceiver was demonstrated up to a bandwidth of 46 GHz in [42, 87].
One major advantage of this concept used in this circuit is the low input
impedance (\Z\ < 30 ft) of the common base input stage which relaxes the

problem of the RC speed limitation caused by the depletion capacitance of

the photodiode and the input impedance of the pre-amplifier.

The differential post-amplifier consists of an amplifying stage and a 50 ft

output buffer. This output buffer is a differential stage with emitter feedback

resistors, whereby the amplifying stage uses a multiple feedback topology
in each branch, as described in Section 6.1. The chip photograph of the

monolithic integrated photoreceiver consisting of photodiode, pre-amplifier
and post-amplifier is shown in Fig. 6.12.
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Figure 6.12: Chip photograph of the differential photoreceiver

6.2.2 Simulation and Measurement Results

The total transimpedance of the photoreceiver was determined from on-

wafer electrical/electrical S-parameter measurements in single-ended mode.

Differential-mode operation doubles the transimpedance gain measured in

the single-ended mode and results in 3.3 kO. For the optical characteriza¬

tion, we used a lensed single-mode fiber for top illumination of the photodi¬
ode with light of the wavelength of 1.55 pm.

We determined the optical/electrical frequency response of the photore¬
ceiver from fs-pulse response measurements. The output signal shown in

Figure 6.13 exhibits a full width half maximum (FWHM) pulse width of

19.7 ps. To obtain the gain bandwidth characteristic, the pulse response is

Fourier-transformed. Deconvolution of the response of the measurement

setup is used to cancel its influence. This procedure leads to the opti¬
cal/electrical frequency response depicted in Figure 6.14. We derive a-3 dB

bandwidth of 28 GHz, resulting in a gain-bandwidth product of 92THzO.
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Figure 6.14: Calculated optical/electrical frequency response of the re¬

ceiver, corrected for the measurement setup

Eye diagram measurements were carried out at a data rate of 40 Gb/s

with a measurement setup similar to the one described in [82]. The electrical
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40 Gb/s NRZ signal was generated by an electrically multiplexed pseudo¬
random 10 Gb/s signals. As optical source, a DFB diode laser followed by
an external Mach-Zehnder modulator and an Er-doped fiber amplifier was

used. The eye diagrams of the two differential output voltages of the pho¬
toreceiver for a 40 Gb/s pseudo-random bit sequence (PRBS) of the length
of 23i — 1 at an optical power of 500//W are depicted in Figure 6.15. The

12.5 ps

Figure 6.15: 40 Gb/s exe diagram at the inverting (Out) and non-inverting

(Out) outputs of the differential photoreceiver measured for a PRBS of the

length of'231 - 1

clearly open eyes show the successful operation at this high data rate. Since

no bit error rate (BER) tester for 40 Gb/s is currently available, we roughly
estimated the sensitivity of our photoreceiver by measuring the output noise

for the logical levels
*

F and '0'. Using the formula for the BER in pres¬

ence of Gaussian noise in [40], we can expect, as zero-order estimation, a

sensitivity of-14 dBm at a BER of 10 ~<\

6.3 Oscillator

Oscillators are mainly used in communication systems to generate the car¬

rier signal for the transmission. They are also key-components in clock-

and data-regeneration circuits. There exist different principles for the im¬

plementation of oscillators, ln the lower frequency range, relaxation type
oscillators can be used. This circuit type consists of a Schmitt-trigger and of

a capacitor which is charged and discharged. The capacitor is charged until

the voltage drop over the capacitor reaches the switching-level of a Schmitt¬

trigger. At this moment, the discharging phase of the capacitor begins until

the other switching level is reached. Then, the charging process restarts.

This oscillator principle only works up to a few GHz.
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At higher frequencies, the oscillation is generated by destabilizing an

active device or circuit. RC- or FC- feedback networks connected from

the output to the input of the active circuit can be used for the destabiliza-

tion. The Colpitts and Hartley oscillators are examples for LC-feedback

oscillators. For oscillators at highest frequencies, the structure of the circuit

should be as simple as possible in order to minimize the influence of para¬

sitic elements in the layout. Negative impedance type oscillators fulfill this

requirement optimally and are therefore the type of oscillators we selected

for our design.

In this oscillators type, the transistor is connected to a passive circuit

element in a way that a negative impedance is generated at one port of the

device which becomes unstable. There are two possibilities to reach this sit¬

uation. A capacitive impedance connected between the emitter and ground

generates a negative impedance at the base of the transistor, whereas an in¬

ductive impedance between base and ground leads to a negative impedance
at the emitter. The circuit connected to the port of negative impedance de¬

termines the oscillation frequency.

6.3.1 Design

Two different oscillators with different design principles were implemented.
One with a target center frequency of 40 GHz uses lumped elements for

the determination of the center frequency, and the other one at 60 GHz is

designed with coplanar waveguides.

In the 40 GHz oscillator shown in Figure 6.16. the capacitance Cp of

20 IF connected between the emitter and ground generates the negative im¬

pedance at the base. The impedance Zm seen into the base for this configu¬
ration can be approximated by (Appendix D.l)

Fjj

Zin ~ rw - —Ç^-7-ô + -r^r- ^^-^-^—^l. (6.3)

where rw is the base series resistance, •) denotes the small-signal current

gain with its -3 dB frequency *j p rT is the total base-emitter capacitance.
In order to enable an oscillation, the real part of the impedance Zw must be

at least negative enough to compensate for the base series resistance and the

resistive losses in the resonator circuit. This may be more easily achieved if



120 Chapter 6. Circuit Design

Figure 6.16: Schematic of the 40 GHz oscillator

the transistor shows a high J value and high -3 dB frequency of the small-

signal current gain which is directly related to the cut-off (27t/t — 3u)ß).
The inductor Lp connected to the base of the HBT and the capacitive part
of Zin build the resonator. At the frequency of oscillation, Lp must cancel

the imaginary part of Z\n. The resistor RpHls connected in parallel to Cp

provides a DC path for the bias current of the HBT The load resistor Rp =

125 ft and the inductor Lm = 430 pH serve as output matching circuit.

Two capacitors Cpi and (7B2 are the on-chip blocking capacitors for stable

power supply voltages.

The 60 GHz oscillator depicted in Figure 6.17 was designed using copla¬
nar waveguides as frequency selecting elements because the parasitics of

lumped elements start to dominate at these frequencies. Line elements such

I

Cßi

B

o

Cß2

Rp

cR

I

Rcl

Rc:

Out
j »_

Figure 6.17: Schematic of the 60 GHz oscillator
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as waveguides and microstrip lines transform at one frequency point either

a short or an open into the capacitance or inductance values needed to fulfill

the oscillation condition. Coplanar wave guides had to be chosen because no

microstrip lines were available in our process although the microstrip lines

would provide lower losses. For microstrip lines, an additional metalization

layer would have to be introduced.

The negative impedance oscillator can be designed using small-signal
analysis. We do therefore not need a large-signal model of our devices.

As a consequence of the small-signal design, non-linear effects, as for ex¬

ample amplitude regulation and phase noise, are not considered. For the

design we used measured S-parameters of the transistors and inductors be¬

cause this method should lead to the most accurate simulation results with

respect to oscillation condition and frequency. For the coplanar waveguides
of the 60 GHz oscillator, models are available in HP ADS. More complex
structures as e.g. T-junctions were simulated using Sonnet [80] which cal¬

culate the S-parameters of the structure. These S-parameters are then used

in the small-signal simulation. Since the layout significantly influences or

even determines the circuit performances, the layout had to be created si¬

multaneously with the simulations. The final layouts of the two oscillators

are shown in Figures 6.18 and 6.19.

Figure 6.18: Chip photograph of the 40 GHz ose illator having a chip area

of 0.92 x 0.52 ww2

6.3.2 Measurements

The spectrum of the 40 GHz oscillator, measured with a HP8665E spec¬

trum analyzer, is shown in Figure 6.20 A center frequency of 35.55 GHz was
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Figure 6.19: Chip photograph of the 60 GHz. oscillator consuming a chip
area of 1.24 x 0.8mm2
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Figure 6.20: Measured and simulated spectrum of the 40 GHz oscillator,
resolution bandwidth: 3 kHz

measured, instead of the 40 GHz the circuit was designed for. This discrep¬
ancy most probably originates from parasitics of the inductors as well as of

the resistor which were not taken into account during design. Furthermore,

the design method using S-parameters does not include non-linear effects.

These effects can modify bias point of the transistor during operation, which

potentially leads to a shift in the oscillation frequency. The measured output

power of-7.8 dBm had to be corrected due to cable losses which are 7.4 dB
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at the oscillation frequency. The resulting value of-0.3 dBm corresponds to

a voltage swing of 610 mVp_p.

For the measurement of the spectrum of the 60 GHz oscillator depicted
in Figure 6.21, we used a pre-selected mixer (HP 11974V) together with the

spectrum analyzer HP 8563E. The measured center frequency of 58.18 GHz

sim —

58.174 58.176 58.178 58.18 58.182 58.184

Frequency [GHz]

Figure 6.21: Measured and simulated spectrum of the 60 GHz oscillator,

resolution bandwidth: 100 kHz

corresponds very well with the design frequency, which indicates that the

model of the coplanar waveguides are still accurate at these frequencies. The

measured output power at the oscillation frequency is -12.2 dBm. Taking
the losses of 7.3 dBm of the measurement setup into account, we obtain an

effective value of-4.9 dBm (360mVp_p).
The single-side-band (SSB) phase noise was determined from the spec¬

trum. A value of-112 dBc/Hz at 1 MHz offset was obtained for the 40 GHz

oscillator. This phase noise value is comparable with dielectric resonator

oscillators (DRO) in this frequency range [88]. The 60 GHz circuit shows a

SSB phase noise of-97dBc/Hz at 1 MHz offset, which is similar to phase
noise data of coplanar waveguide oscillators reported in literature [89]. Bet¬

ter values are found for DROs at these frequencies [90].

For the simulation of the phase noise non-linearities of the circuit have

to be taken into account. We could therefore not directly use our linear noise

model. Hence, we had to include the parameters of the low-frequency noise
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sources into a non-linear Gummel-Poon model. In this way, it was possi¬
ble to use harmonic balance simulations for the phases noise consideration.

The curves of the simulation of both oscillators demonstrate that our model

predicts the phase noise with an accuracy of about 10dB.

6.4 Summary

In order to demonstrate the potential of our InP/InGaAs heterojunction bipo¬
lar technology for microwave and millimeter applications, three different

circuits types were implemented.

A monolithic, direct-coupled feedback amplifier was designed and fab¬

ricated using InP/InGaAs SHBT technology. A very flat gain of 9.8 dB and

a bandwidth of 50 GHz were achieved. With the input and output return

losses being better than -12 dB and -13 dB, respectively, the amplifier pro¬

vides very good power matching properties. Very good agreement between

measurement and simulation can be observed. We demonstrated the oper¬

ation of the amplifier at 40 Gb/s, whereas the bandwidth, in combination

with the linear phase up to 75 GHz, should be sufficient for > 60 Gb/s data

transmission.

Based on the successfully designed 50 GHz broadband amplifier and a

previously implemented photoreceiver front-end [42], we have designed and

fabricated a monolithically integrated 40 Gb/s photoreceiver consisting of

a PIN photodiode, a transimpedance pre-amplifier and a differential post-

amplifier. The measured optical/electrical -3 dB-bandwidth of 28 GHz al¬

lowed a clearly opened eye diagram for 1.55 pm light at 40 Gb/s with a

transimpedance of 3.3 kO. To the best of our knowledge, our circuit rep¬

resents the first monolithic 40 Gb/s photoreceivers with differential outputs.

Moreover, the high transimpedance is a record value for a receiver operat¬

ing at this data rate. Simulations showed that our integration concept allows

to add a further amplifier stage to fulfill the requirements of any practical
40 Gb/s fiber-optical system.

Oscillator circuits operating at the frequencies of 36 and 58 GHz have

been designed. These oscillators show an output power of 0 dBm and -

5 dBm, respectively. The single side band phase noise at 1 MHz offset fre¬

quency is -112dBc/Hz for the 36 GHz oscillator and -97dBc/Hz for the

58 GHz circuit, respectively.
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Conclusion and Outlook

In this work, we developed a scalable small-signal and noise model of our

in-house InP single heterojunction bipolar transistor (SHBT) technology.
Furthermore, we demonstrated the potential of this technology for multi-ten

gigabit per second circuits and that the behaviors of these circuits are well

described by our model.

7.1 Key Issues

In this thesis, the following issues were discussed:

• Development of a model which is scalable with respect to emitter

area and can be employed at different bias points and ambient tem¬

peratures.

• Including the low-frequency and high-frequency noise sources into

one model.

• Implementation of noise sources which can be extrapolated to fre¬

quencies above the measurement range of the noise parameters which

is limited to 26 GHz. At those frequencies the frequency dependence
of the base current noise sources and the correlation between the base

and collector current noise sources become relevant.

• Determination of model parameters which are physically reasonable.
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• Development of a small-signal and noise model of the HBT which is

simple enough for the design of microwave circuits.

• Realization of state-of-the-art amplifiers and oscillators which are ad¬

ditionally used to investigate the quality of our model above 26 GHz.

7.2 Major Developments

In order to analyze the key issues, the following investigation steps were

necessary:

• Introduction of frequency-dependent base and collector current noise

sources which are determined using the analogy between the diffusion

and recombination processes in the base and the signal propagation on

a transmission line.

• Consideration of the frequency-dependent correlation of the base and

collector current noise sources which become important at higher fre¬

quencies.

• Identification of the dominant noise sources of the HBT. This is im¬

portant for the optimization of the device structure with respect to its

noise performance.

• Introduction of the low-frequency noise sources consisting of differ¬

ent components, whereas each of them shows its particular depen¬
dence upon emitter geometry, bias point and temperature.

In order to elaborate the background knowledge and measurement data for

the development of the model, the following studies had to be carried out.

An introduction to the noise theory was given which has addressed the issues

of noisy two-ports as well as the physical origin of the fundamental noise

sources. The SHBT technology, which was roughly presented, has been

completely characterized, i.e. the DC-characteristics, the RF-performance
and the low- and high-frequency noise behavior were determined. For the

development of the model, it was necessary to carry out all the measure¬

ments on devices with different emitter geometries which were operated at

different bias points and temperatures. The values of the model parameters

were based on physical data obtained from the device layer structures. For a

number of parameters, additional numerical optimization had to be used to

adjust the parameter values.
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7.3 Main Achievements

The principal results can be summarized as follows:

• The simulations with the small-signal and noise model we developed

agree well with the measured S-parameters and noise parameters,

whereas the values of the model parameters are physically reasonable.

• The model can be extrapolated to higher frequencies than the mea¬

surement range, thanks to the inclusion of correlated and frequency-

dependent base and collector current noise sources.

• A monolithically integrated broadband amplifier was implemented
with very good gain-bandwidth performance and input and output

matching properties, i.e. a -3 dB bandwidth of 50 GHz, a gain of

9.8dB, and \Su\, IS22J < 12 dB. This circuit was also used to verify
the noise model up to 40 GHz.

• Design and fabrication of a monolithically integrated 40 Gb/s pho¬
toreceiver consisting of a photodiode, a transimpedance pre-amplifier,
and a differential post-amplifier was carried out. The optical/electrical
-3 dB bandwidth of 28 GHz together with the total transimpedance

gain of 3.3 kft result in a record gain-bandwidth product of 92 THzQ.

During this thesis a detailed investigation of the noise behavior of our in-

house InP SHBT technology was carried out. The development of our model

is a contribution in terms of describing the noise properties of HBTs in the

low-frequency as well as in the microwave range. The results achieved with

respect to the agreement between measurement and simulation are excellent

and prove therefore that our model is an optimal candidate to be employed
for the design and optimization of RF circuits.

7.4 Outlook

The noise model developed in this work has been demonstrated to be very

useful for small-signal design methods, but we cannot describe non-linear

effects. It is therefore highly desirable to implement the correlated and

frequency-dependent base and collector current noise sources in a non-linear

model. At present, no non-linear model, such as SPICE Gummel-Poon,

Mextram, or VBIC, offers the possibility to include this feature.
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Although very good agreement between simulation and measurement

has been achieved, further refinements of the model are desirable. Espe¬
cially, a more detailed investigation of the influence on the noise behavior

caused by the heterojunction as well as the base transport are interesting
issues. Moreover, detailed studies of the low-frequency noise, e.g using un-

passivated devices and devices with a larger range of the emitter areas, can

serve to locate the noise sources more precisely as well as to determine their

physical origin more exactly.

An issue which has not been addressed hi this thesis was the optimiza¬
tion of the vertical device layer structure with respect to noise in order to

find the optimal tradeoff between low base resistance and high current gain.
However, we found that the base current noise is dominant at current lev¬

els where the device shows good RF performance. This indicates, that the

devices can be designed with a larger current gain at a cost of an increased

base resistance. Further investigations have to show how this can be realized

without degrading other device performances.

In the field of circuit design, we obtained good performances with our

amplifiers and oscillators. However, all the results were obtained from on-

wafer measurements. For most practical applications, packaged modules

are necessary. Therefore, investigations of high-frequency packaging tech¬

nologies are required.

The demand for higher data rates, e.g. 80 Gb/s can only be satisfied if

the bandwidths of the amplifiers are extended to 60 GHz and higher. Other-

applications, such as automotive radar, require oscillators in the W-band

(94 GHz). To reach these higher frequencies, models of the layout elements

are needed in order to be able to optimize and reduce the parasitics of the

layout.



Appendix A

Noise Theory

A.l Thermal Noise

A.1.1 Time distribution between two collisions

Assumptions:

• number of charge carriers which suffer impacts at t = 0 is C

• impacts are independent of each other

=4 change in the number of charge carriers which have not suffered im¬

pacts between f and t 4- dt is

C(t)dt
dC(t) = ^AlFF (A.i)

9

where 9 is the average time between impacts. Solving this differential equa¬

tion, the density function of the time distribution between two impacts may
be determined:

f(t) = lc-t/0 (A.2)

The first and second moments of this distribution are M(t) = 9, A[(F) =

292, respectively.



130 Appendix A. Noise Theory

A.1.2 Conductivity

The conductivity a can be defined using the following equation:

Jx = a£x — —qnvd (A3)

where 7? denotes the carrier density, FÏ the average drift velocity, and £x
the electric field in .r-direction. In order to calculate the conductivity er, we

have to be able to express the average drift velocity Ft by the electric field

in ^-direction £x. Therefore, the following calculation steps are necessary.

Acceleration of the electrons:

a, = --V* ^A-4)
m*

where rn* is the effective mass of the electron in the crystal.

Total distance xp covered during a large number of impacts K

K
a v~^ '-> a

xK = -} t^-=^KM(F) = aK92 (A.5)
2 z—' 2

?=i

Total time tk needed to cover this distance

K

tk = ^2*1 = A'.V(f ) = KB (A.6)

Average drift velocity:

cj = '^ = ad =—^Sx6 (A.l)
tK 111*

The current density can now be calculated:

2

Jj: = -~qnvf = ^n9£x (A.8)
m

We then have for the conductivity

•>

7 cp
(T=-F = -L-n$ (A.9)
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A.2 G-R noise

A.2.1 Master Equation

The master equation is the differential equation for the probability P(N)
of finding N electrons in the conduction band. The equation is derived

as follows: Let g(N)dt be the probability that an electron is generated in

the sample during the interval dt, and let r(F)dt be the probability that an

electron recombines during the interval dt. The master equation may then

be written as

dP(N
~~cïT r(X F i)P(N + 1) 4 g(N - 1)P(N - 1)

- P{X)g(N) - P(X)r{X) (A. 10)

from the known rates of the transitions A' -( I 4 A7 and N — 1 X X.

Since dP(N)/dt = 0 for equilibrium, one finds by substitution that the

equilibrium distribution may be written

A*

ppi n r{v:

i=~i

A-I

FW n 9(v)
v~0

(A. 11)

According to Eq. (A.l I) and withln(P(A>l)r(Ar4 I)) = \n(P(N)g(X))

dlnP(N) hiF(N+l)^lnP(X) n ^ , /AT lWAi^Ny J
-

v ' K—
= lii0(.\) -inr(iV + 1) (A.12)

dN I

The most probable value Ar0 of N is found be setting Eq. (A.12) equal to

zero. Hence hig(Xo) = lnr(No F 1) or, if A"o is large,

g (N0) = r(N0)

so that generation and recombination balance. Moreover,

(A.13)

d2 ln P(X)
dN2

g'(No) r'(,Y0 + l) g'(N0)-r'(N0)

fj(X r(Na F F 9(Xo
(A. 14)

where g and r denote the dérivâtes with respect to N.

We now find (X — No)'2 by observing that P(N) can be approximated

by a normal law for A* close to A~0:

P(N P(A'0)cxp (^:Jf)X
2(X-Nn)2
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By combining Eqs. (A. 14) and (A. 15), we obtain

d
ri n^rti g'i^o) - r'(N0) 1

.

.f

^[ln
f (A)W„ =

—7)
= ===== (A.16)

Hence

g(N(
AN2 = (N- No)2 =

_^-^_- (A. 17)
r'i^'o) -p'(Ao)

The differential equation for the decay of the excess concentration ÄA7 =

Ar - N0 is

^(AJV) = -9(iV) - r(N) = -[r'(No) - p'(Aro)]AiV (A.18)

From Eq. (A.18), we obtain for the time constant r of the added carriers

r = ——r-i-T—r (A.19)
P(N0) - g>(No)

so that

AN2 = g0r (A.20)

Eq. (A.20) can be used to evaluate the spectrum of the g-r noise when we

set the time constant r equal to the carrier lifetime rgr

SKX = IAN2
rr^rpr

= 4.9o7--'-94-T- (A-21)
l 4" CÜ"Tgr l 4 UJ~Tgr

A.2.2 Trap Distribution

Here, we calculate the distribution of the time constants for the recombina¬

tion of charge carriers with traps located e.g. in a oxide at a distance between

0 and yi from the semiconductor surface.

Assumptions:

• the carriers reach the trap by tunneling

r = r0exp(~4/) 7ï = 7ooxp(o//i) (A.22)

where r and ^ are the tunneling time and constant, respectively.
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• the traps are uniformly distributed

A p(y)

x

f(u) =

^y

X for 0 < y < ip

yi
j ji

{A23)
0 elsewhere

y i

The distribution of the locations of the traps y can be transformed into the

distribution of their time constants

p(r)dr - p(y)dy

1

X p(r) =p{ij)
dy

aF

y In t/tq

(A.24)

(A.25)

We now can calculate the distribution of the time constants p(r)

p(r) =

1 è for r0 < t < n
\ i 7 _

•

m r /tq m In rx /m r

0 elsewhere
(A.26)

which is a continuous distribution of the time constants r with the statistical

weights proportional to r
~i





Appendix B

Measurements

.1 De-Embeddmg

In order to determine the S-parameters of the transistor, the influence of the

pads have to be eliminated in the measured noise and S-parameter. This so-

called de-embedding is explained here for the S-parameters. For the noise

parameters, the reader is referred to the literature 159, 91].

The calculations are based on the model of the pads connected to the

transistor, shown in Figure B.l. The S-parameters Sm are measured at the

CPBC

L pp

CPEE

F

Piip

h
P

21

upp

- C pp'E

P>,

Ï I PP

Figure B.l: Equivalent model of the measurement pads connected to the

transistor
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ports Pi and P-2 but we intend to obtain the S-Parameters Sp at the ports

Ppr and P2p. If all pad inductances (Lpp. Lpp, Fpp) and capacitances

(CpBE> Cpcp, Cppp) are known Sp can be calculated. The pad induc¬

tances are obtained from measured S-parameters of a shorted pad structure,

which are transformed into the Z-parameters =4 YZr,p. In order to deter¬

mine the pad capacitances, we have to transform the measured S-parameters
of an open pad structure into the Y-parameters =4 Ypp. The de-embedding

procedure is as follows:

1. Transformation of the measured S-parameters Sm into Z-parameters:
O m '

/j
r

'm 'm

2. Subtraction of the influence of the pad inductances: Zy = Zm - Z[]})

3. Matrix transformation: Z\_ x \\

4. Elimination the influence of the pad capacitance: Yp = Yi — Ypp

5. Final transformation: IV X Sp

B.2 Low-Frequency Noise

For the calculation of the noise current /„// at the base from the measured

noise voltage unc at the collector, unc has to be transformed to the base. We

use the simplified model depicted in Figure B.2.

n
ib

P,<

T

*nlf FF r U* [/mtX^pl
' \90

-nc \\Rl

y

Figure B.2: Simplified low-frequencv noise model

0 =

IF

i,

4

(t't F P^)ib F u-j F (ib F ic)r\

{h - inif)r\

gmUrt F g0{ihu - {ib F ic)rt))

-unc/RL

(B.l)

(B.2)

(B.3)

(B.4)
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Combining Eqs. (B.l), (B.2), and (B.4), we obtain

0 = h(n F Bs F rK F rt) - rninlf - unci\/RL (B.5)

From Eqs. (B.2), (B.3), and (B.4) result

~unc -
.

r'Pgnuuc .

—5
= Unc9o ~ Ure9o H P H gm7'x1b - 9nFXnlf (B-6)

Kp rip

1 + g0re F cjoBl g,vrTRL .

fT,
~

H =

-5-7
—

:«»( -

77-7 rinif (B.7)

RpFefh
- gmrK) Rl(rcg0

-

[IFF)

Eqs. (B.5) and (B.7) lead to the following expressions

(1 + g0re F g0Rp)(r'b F Rs + rK 4 re) rt
Unc

Ri(re9o- 9nd\) RL

.
gmrxBrXn F R? 1 r,T 4 re)

= rKinlf +
-— (B.8)
FiFc9o - 9mrF

((1 + g0re F 9oRh){rb F RS 4 rT 4- 7) - rt (reg0 - gmrK))unc
= (gmi\BL(n F Ps 4 re) F RLrXc9o) (B.9)

Assuming that Ô = rKgm, Rq > rb. Bs » 3re, and gm > g0, RL > re

we obtain

u,)C((l 4 g0RL)Rs F 3re) = inif(ßBpBs) (B.10)

JRlRs
.

j,., .

/d 1 in
«m = — ———-—

i„n
~

JBphin (B.l 1)

(1 + g0Bp)Rs F Jre
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Appendix C

Model Equations

C.l Emitter Noise Current

From the analogy between the carrier transport in the emitter and the wave

propagation on a lossy transmission line, we obtain for the hole injection
from the base into the emitter

lBp
~~ '

-UfA

Tr.

4 = E^

IE

''O.E

(p'(.r)+Pn.F)e-'2aE*dx

2q2A f
(p'(x)F2p)Kp)(

^-'2at v
dx

whereas = ^{ok}

p J o

''O.E IF Fl ^J i

Since y (a;) = p'0 ne °° c,r
we can write

(C.l)

— FfA
1p =
—

p.

p (pp

(Po.n<'-*nli+Ptun)e-2acXdx
Jo

2(fA

'/> Jo

(piBX~<"X+2pn.tF~2ai*dx (C.2)
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Solving the integrals leads to

*p =
4q2A

T,

1 + F2p2

Pq.b -)o,.e42«e)-£

70, B 2a

4
2q2A

E,

Pq.e

F
Pn.P _;

oo

-2ap;

aE.c

E

--(Oo F+'iar^r

rp \ -(oo.e + 2a^)

oo

^n.ii -2aE.r

-2a is

For the integration between 0 and oo results

4g2.-l

r.

1 F F2 F2
Po.B Pn.P

0,4 + Fi e 2a,p

2er2A ( Ppp
,

2pn,Ep

F \lo.pF2ap

Rearranging the equations leads to

- 2tapJb

F (~,o.e F 2aE) ^

2ap

p
14 2J1 +^2r2

^FoF^1

FfApnjj

Tp2aK

~n c

14- \/l 4- F2r2

_v.—

Fip
4 r

We finally obtain

'2<l2Ap'rLB (2a e
î- = I 1

FfApn,p 2ae

Tp~;0.E X.-0.P J Tp".'otE lO.E

With 1/(ppx.e) ^ PpX.p- this result can be written as

F = 2q

•2q

(lApppDjp.o.E
lap

- 1 -f q-ipn.pDjp.o^p
2np

o.p -'70JÏ

4

/r
2a t:

- 1 I
2a

o.f;
p.O

;-04:

(C.3)

(C.4)

(C.5)

(C.6)

(C.7)

(C.8)
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where -—^ = w2(l + 4l 4 ^2t2 J describes the frequency dependence

of the power spectral density of the noise. Ip and Ip0 can be interpreted
as a current through a junction and as the inverse current, respectively. For

frequencies / <C (2-7777), ^<F C-8 reduces to

I* = 2q(Ip + 2Ipo) (C.9)

C.2 Noise Parameters

Alternative formulas to [7] for Fnun and Zopt are found in citechen89

Fmir, = a(rb F re 4 Ropt)9m fUfjp) y^p, (CAO)

Ropt = \ (n F r£)2 - X2pt + 1 + ^ ) xx:rxppTsr7^ (CH)
If) ogm 1+ß

f\ 2nfCJC beta

lp J U9m l + J
YoPt= 1 + 4o-)^^t^ (C12)

Z0pt — -ßopt 4- jFopt (C. 13)

""öTäO + ÄX^Ä)-1 (C14)

.3 Device Physics

Calculation of the depletion width Xfp,pj and depletion capacitance Cciepi of

a p — n junction with two different materials having the dielectric constants

£1 (n-material) and :-7 (^-material):

_

,
2 A 42- L- 2 A hi A )

Xdepll - \FX -, 7: ; 7T—7 X.ÏJ)
(]ADi 4-\ra Fi^V-is)

v - / 2^F1fFFpFF ~} )
/Pia

Xdtpr>
-

\ -t^—, 7; : P^F (C.16)

q^A2{F^Pi FxFa-2)

Xjcpl = A"f/ej,/i 4- Xdipl-2 (C.17)

^ _ /
(jApiA 42^4^2

/r |Q,( (/tp/ _ t/____________
_-

(C.ib)

2(ciA/)L 4 -l)A,i_>J(1 6,
— 1 j
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where Nai and Np2 are the acceptor concentration in the p-material and

the donor concentration in the n-material. V)H is the total built-in voltage
which is related to the partial built-in voltages Vi,i and V&2 as follows:

IaIFfYf
=
^FFF

(C19)

where V = V\ F \ 2 denotes the applied total voltage.
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Circuit Design

D.l Oscillator

Calculation of the input impedance Zvn of an HBT connected via a capaci¬
tance Ce to ground

Ft
t 4" PKgm

— -

7 y, y.
^ X.

1 4 (urnCx)-

+ T-fv FT? ^ — (D-D
F6f? 1 + K4r

we can write: /i = gmrn, ujj — (rx'rr) "l

further assumption: 3 X 1, 3c-/Cp F 1

->
- - ^

3-^
,

( ^\~ ^ (i Cp
1 + — - 1 +

c g ,

i W /A c

wt/' \ ,i^4 £n / ix-'

Z,-n ~ r, ^-— 4-
—

^^^^^i^ (D.2)

14
j 4 V ^4?
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