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Abstract

Analog Integrated Circuits
with AllnAs/GalnAs Transferred-Substrate HBT's

by
Bipul Agarwal

A variety of analog integrated circuits for wideband systems includ-
ing fiber-optic communication systems have been designed and fabricated
in the transferred-substrate heterojunction bipolar transistors integrated
circuit technology. Transferred-substrate HBTs have demonstrated very
high fiae (>400 GHz), and are thus potential candidates for future, very-
high speed integrated circuits. The high bandwidth of transferred-substrate
HBTs is due to the process of substrate transfer, which allows lithographi-
cally defined, narrow and aligned collector and emitter stripes on opposite
sides of the base epitaxial layer. Transistor bandwidth then becomes in-
versely proportional to the stripe width, increasing rapidly with scaling.
An IC fabrication process has been developed, incorporating transferred-
substrate HBTs, nichrome resistors, silicon nitride metal-insulator-metal
capacitors, low-loss microstrip transmission lines, and three levels of inter-
connect metallization. The interconnects, microstrip on Benzocyclobutene
(low dielectric constant), provide a low-capacitance wiring environment.
A gold ground plane and short ground vias through the thin Benzocy-
clobutene substrate provide low ground-return inductance. Electroplated
gold thermal vias provide transistor heat-sinking. These unique features of
the transferred-substrate HBT IC process have enabled very high perfor-
mance [Cs. Four different integrated circuits with varying levels of inte-
gration were designed and fabricated. The first demonstration IC, a Dar-
lington feedback amplifier, with two transistors, had 13 dB gain, 50 GHz
bandwidth. An improvement on this basic design, a Darlington-cascode
amplifier with three transistors had 11 dB gain and greater than 50 GHz
bandwidth. A traveling-wave amplifier with six transistors had 6.7 dB gain,
85 GHz bandwidth. A differential amplifier with twenty-two transistors had
50 GHz bandwidth, 11 dB gain. These amplifiers, the first integrated cir-
cuits fabricated in the transferred-substrate technology, exhibit record per-

xi



formance and good yield. Higher scales of integration and high-performance
ICs for future high-speed systems should soon be possible.
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Chapter 1

Introduction

Fiber-optic communication systems are being used to transmit vast amounts
of data at high speeds. They are employed in virtually all areas of telecom-
munication including trans-oceanic cables, long-haul terrestrial networks
between cities, trunk-lines within metropolitan areas and subscriber loop
systems. Recently, optical-fiber systems are being used for distribution of
cable television and in local area networks for high-speed computer net-
working. The demand for higher bit-rate communication is rapidly grow-
ing as broadband integrated services involving multimedia become increas-
ingly popular. 10 Gbit/s systems are being deployed and extensive re-
search and development is being done for future 40 and 160 Gbit/s systems
11,2, 3, 4, 5, 6]. Often, the transmission bit-rate of such systems is limited
by the bandwidth of component electronic circuits in the transmitter and re-
ceiver. Circuit bandwidth is directly related to the device bandwidth, and is
also influenced by circuit design and physical layout, power and cost budget,
and communication strategies used. To meet the ever-increasing demand
for higher bit-rates, circuit speed, and hence, device bandwidth must be
continuously increased. Typically, device bandwidth is improved by scaling
critical lithographic dimensions of the device, as well as by improvements in
epitaxial growth and fabrication processes. The aim of this thesis was to de-
velop a integrated circuit (IC) process incorporating a scalable device, and
to demonstrate some first-generation ICs for future high-speed fiber-optic
systems.

This chapter describes a typical fiber-optic communication system and
the specific ICs of the system that have been examined in this thesis. Im-



2 CHAPTER 1. INTRODUCTION

plementation technologies (HEMT/HBT) are briefly discussed. The second
chapter describes the important theoretical aspects of transferred-substrate
HBTs. Chapter 3 deals with the device and IC technology in detail, includ-
ing material growth and IC fabrication process. Electrical characteristics
and device modeling are covered in chapter 4. Circuit design, simulations
and circuit results are dealt with in chapter 5. Finally, chapter 6 draws
conclusions from this work and projects future directions.

1.1 1IGCs for Fiber-Optic Systems

Diode laser Modulator EDFA

o> » 4

DatainEE

Multiplexer Power driver
@
Photodiode Broadband Nyquist filter ~ Decision circuit Demultiplexer
amplifier(s) Data out
Erbium-doped Low-noise :i: IT .
fiber amplifier preamplifier

(b)

Figure 1.1: Block diagram of a typical fiber-optic system showing a) trans-
mitter and b) receiver.

Figure 1.1 shows the block diagram of a typical fiber-optic communi-
cation system. The transmitter consists of a multiplexer (MUX) which
combines several channels of digital data into one data stream at a higher
bit-rate. This electrical data is then converted into a optical signal through
a laser. The electrical signal could directly modulate the laser intensity,
but is limited by laser bandwidth and chirp for data rates above 10 Gbit/s.
At higher data rates, an external electro-optic modulator with a driver is
used as shown. The modulated signal is transmitted via a optical fiber to



1.1. ICS FOR FIBER-OPTIC SYSTEMS 3

its destination. Post-amplification through erbium-doped fiber amplifiers
(EDFAs) may be used to boost transmitter power. During transmission,
the signal may be amplified or regenerated using optoelectronic repeaters,
especially for long distances. At the receiver end, more EDFAs may be used
to pre-amplify the signal. The optical signal is converted back to an elec-
trical signal using a photodiode. A low-noise transimpedance preamplifier
converts the small signal current generated by the photodiode into a signal
voltage. The signal voltage is amplified by the main amplifier. Decision
circuits then regenerate the actual transmitted digital data. This recovered
data is then demultiplexed (DEMUXed) into the individual lower bit-rate
data channels. A clock recovery circuit (not shown) extracts the clock (re-
quired by the DEMUX and decision circuits) from the amplified signal from
the main amplifier. The positions of the DEMUX and the decision circuits
in the link are interchanged in some cases. If the decision circuit is after
the DEMUX, it needs to operate only at the single channel bitrate, but one
circuit is needed for each data channel. As we can see, there are several
important analog and digital circuits in the system which will determine the
overall speed of the system. This thesis concentrates on the analog circuits
within the fiber link. These include the laser driver, the transimpedance
preamplifier, and the main amplifier. The performance requirements of each
of these ICs will now be examined in more detail.

Modulator drivers are among the more difficult ICs to implement, as
their output waveform must be large in amplitude and directly determines
the shape of the transmitted optical signal. A wide bandwidth (~ 0.7x
bit-rate) is required at absolute minimum. High modulator driver output
power is required because of the modulator’s typical V. of ~ 10 V and its ~
50 ) impedance. In-band gain flatness is important to preserve the shape
of the incoming signal. The driver should have a low low-frequency cut-off
for acceptable eye closure with long data sequences.

The transimpedance preamplifier determines the receiver signal-to-noise
ratio and hence sensitivity. This stage must have a low input-referred noise
current and flat gain over the signal bandwidth. Transimpedance (feedback)
loading is often used to aid in simultaneously meeting noise and bandwidth
constraints. The preamplifier frequently must also act as a single-end-to-
differential converter if the subsequent gain stages are designed for differ-
ential operation.

Fiber-optic receivers require substantial amplification between the tran-
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simpedance preamplifier stage output and the decision circuit input. The
main amplifier, referred to as the linear channel provides this gain. Because
there are many cascaded stages, the gain and group delay must be substan-
tially flat over a bandwidth extending from a few KHz up to about 70% of
the data rate. AGC or symmetric limiting characteristics are also required.
To meet these requirements, broadband multistage differential amplifiers
are generally employed. As mentioned earlier, differential or single-ended
operation can be employed. The advantages of differential operation com-
pared to single-ended are improved immunity to electromagnetic crosstalk,
good common mode suppression, ease of dc¢ biasing and symmetric non-
saturating limiting characteristics. The amplifiers could be implemented in
either lumped or distributed configuration. Distributed amplifiers generally
obtain a higher bandwidth in a given transistor technology. However, good
low-frequency response is difficult to achieve, in-band gain ripple is often
present and die areas are large. Lumped amplifiers can be DC coupled,
have smaller die areas and smooth gain-frequency characteristics.

1.2 Technology

High-speed fiber-optic systems require wideband circuits, which in turn re-
quire very high device bandwidths. Device bandwidth is indicated by two
common figures of merit : f,, the current gain cut-off frequency, and f,,qz,
the power gain cut-off frequency. For 100 Gbit/s fiber-optic communica-
tion ICs, circuit bandwidths must be ~ 70 GHz, and devices having f.
and finae in excess of 200-250 GHz are required [7]|. Future, higher bit-rate
systems will require even higher device bandwidths. The two dominant
high frequency transistors are high electron mobility transistors (HEMTs)
and heterojunction bipolar transistors (HBTs), both based on compound
semiconductors. Farly work in this thesis concentrated on ICs using Al-
GaAs/InGaAs PHEMTs. HEMT-based IC processes are generally simpler
than HBT-based processes, and hence are easy to develop. Also, 0.1 um
AlGaAs/InGaAs HEMTs have sufficient bandwidth and breakdown voltage
for 40 Gbit/s applications. A HEMT IC process was developed at UCSB,
and devices with 1 um gate lengths were successfully fabricated. However,
HEMTs with sufficient f. for 40 Gbit/s require gate lengths with < 0.25 ym
dimensions, necessitating the use of advanced lithographic tools like e-beam
lithography or projection lithography systems. Unavailability of these tools
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at the time, at UCSB, prevented fabrication of circuits designed in this
process. Some designs were successfully fabricated in advanced HEMT pro-
cesses in collaboration with industrial research laboratories.

An on-going demonstration HBT device technology [8] was then adapted
and developed (jointly with R. Pullela and Q. Lee) into an IC process. The
existent device technology was capable of yielding only discrete devices and
the device performance was not adequate for the target integrated circuits.
Several changes were made in the material layer structure and the physical
device layout and structure. Key IC elements like resistors, capacitors and
transmission lines were added. Multiple wiring levels, thermal vias and a
low ¢ BCB substrate were incorporated, bringing the technology to a level
where complex high-performance ICs could be fabricated. A variety of ICs
were then fabricated in this technology. This is the primary focus of this
thesis.

While some integrated circuits for 40 Gbit/s fiber-optic links have been
demonstrated with both HEMTs and HBTs, the performance is limited by
several factors including intrinsic device bandwidth, wiring capacitance for
dense circuits and efficient heat-sinking for HBTs operating at high cur-
rent densities. For very similar reasons, circuits for 160 Gbit/s systems will
be more difficult to develop. This thesis concentrates on HBTs and ad-
dresses the aforementioned problems at once. A scalable HBT is developed
which can be scaled to achieve high bandwidths for high-speed systems.
Typically, HBTs are not scalable devices. A fundamental change is made
in the device structure which renders these devices scalable and achieves
record bandwidths. The problem of wiring parasitics is addressed by the
use of BCB. Thermal vias provide heat-sinking. The transferred-substrate
HBT IC process is developed and high-performance devices and the first
integrated circuits in this technology with record performance are demon-
strated. IC demonstration in this thesis paves the way for future very
high-speed, very high-performance integrated circuits.
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Chapter 2

Transferred-Substrate HBT's :
Theory

Heterojunction bipolar transistors (HBTs) [9] have applications in medium-
scale integrated circuits operating at GHz frequencies. HBTs have several
advantages over Si-based devices and HEMTs including high bandwidth,
high transconductance, high power density, low output conductance, low
1/ f noise and very reproducible dc parameters. Target applications include
digital phase-locked loops for microwave frequency synthesis, chip-sets for
gigabit fiber-optic transmission, and wideband analog-digital converters.
High circuit bandwidths are desirable; in A->] analog-digital converters, in-
creased clock frequencies provide increased signal-noise ratios, while future
optical transmission systems will require multiplexers, PLLs, and decision
circuits with ~ 100 GHz clock rates. In these applications, both the transis-
tor current gain cut-off frequency f,, and the power gain cut-off frequency
fmae must be considerably higher than the signal frequencies involved. 100
Gbps optical-fiber transmission ICs will require HBTs having f, and f...
greater than 200-250 GHz. A second-order »-A analog-digital converter
having a 50 GHz sample rate would require HBTs with f. and f,.qe ~ 200-
300 GHz, but might provide 12 bits resolution at 1 GHz bandwidth. Broad-
band amplifiers for 40 & 100 Gbps communication would require HBTs with
similar performance. HBTs with bandwidths of several hundred GHz will
benefit many similar applications.

Progressive improvements in device bandwidths are needed to keep pace
with the demand for integrated circuits operating at higher frequencies.

7
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Device bandwidths are generally increased by scaling the device. Reducing
the lithographic dimensions (lateral) and/or the semiconductor layer thick-
nesses (vertical) of a device is termed device scaling. With several impor-
tant semiconductor devices, the device bandwidth increases as critical litho-
graphic dimensions and layer thicknesses are reduced. Examples of highly
scaled devices with large bandwidths are 0.1 ym gate length HEMTs, 0.25
pm gate length complementary metal-oxide-semiconductor (CMOS) tran-
sistors, 0.1 pm Schottky-collector resonant tunnel diodes (SRTDs)[10] and
submicron Schottky diodes used as sub-millimeter wave mixers. HEMTs
with short gate lengths (~ 0.1 pum) are presently the largest bandwidth
three terminal devices. HEMTs with a power gain cutoff frequency (fiaz)
of 450 GHz have been reported [11]. The superior bandwidths of HEMTs
is a result of the rapid improvement in HEMT bandwidth with deep sub-
micron scaling. HBT's are usually fabricated with ~ 1 pm lithography and
do not lend themselves to scaling as easily as other devices.
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Figure 2.1: Comparison of f.«. and emitter width for some HBTs in the
literature.

Figure 2.1 shows [, vs. emitter width for some HBTs reported in the
literature. It can be seen that there is no strong correlation between f,,q.



and emitter width, at least for narrow emitters. Consequently, HBTs are
not fabricated with deep submicron dimensions except where bias currents
have to be limited for low power operation.
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lo, €mitter contact resistance  1; forward transit time 1, + 1,
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Oy =0alc /KT Copx Extrinsic collector-base capacitance

Figure 2.2: Hybrid-m model of a HBT for calculation of the short-circuit
current gain.

The relationship between f,,.. and emitter and collector widths will now
be explored. Parts of this theoretical discussion were presented in [31], and
are repeated here for the sake of completeness. A simple hybrid-m model
of a HBT is shown in figure 2.2 with the model components related to the
device parameters and biasing conditions. The expression for short circuit
current gain corresponding to this device model is
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B —3
L+ jwB[(1/gm) (Coe + Cp) + (Tew + 70)Clp]

under the following conditions : DC short circuit current gain & > 1,
WCe & gm/(1 + gmTez), only first order terms in angular frequency w
considered and the extrinsic C,, charging time is small.

The short circuit current gain cutoff frequency f, corresponds to the
frequency at which the magnitude of A; is unity. Near this frequency,
the imaginary part of the denominator in Eq. (2.1) is much larger than
unity. The expression for f; as a function of device parameters and biasing
conditions is therefore approximately

A (2.1)

Tk %(cﬁ L Ot (res 1 7)Cla, (22)
Here 7, is the base transit time, 7. the collector transit time, kT'/q the ther-
mal voltage, I. the collector current, C). the emitter-base junction capaci-
tance, Cy the collector-base capacitance, 7., the emitter contact resistance,
and 7. the collector contact resistance. At a given current density, all terms
except 7.Cy in the above equation are independent of lateral scaling. The
base and collector transit times can be reduced by reducing the appropriate
semiconductor layer thicknesses. Hence, f, can be improved by vertical
scaling of the device, but is independent of lateral scaling.

The power gain cutoff frequency f,... is another important figure-of-
merit of high-frequency HBT performance. I, defines the maximum fre-
quency at which a device can provide power gain. I, not only depends
on f., but also on the base-resistance-collector-base-capacitance time con-
stant as we shall now derive. F,,,. is the frequency at which the maximum
available power gain (7., or Mason’s unilateral power gain U [32] is unity.
If the small signal equivalent circuit that was used for the derivation of f;,
is used, the derivation is extremely complicated and a simple usable ex-
pression does not result. A simplified model will be used which will yield
a result that estimates f,... quite accurately. This has been verified in the
literature [33].

Figure 2.3 shows a simplified small-signal hybrid-m model of a HBT. The
input base-emitter resistance Ry, the output resistance r.. and the collector
resistance r. are neglected. The extrinsic emitter resistance 7., is assumed
to be absorbed into the element values by applying emitter degeneration
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to the model elements. The base-emitter capacitance (. is the sum of the
junction and diffusion capacitances. Mason’s unilateral power gain U is
given in terms of two-port y-parameters as

U= |921 - y12|2/4(Re(y11)R6(y22) - Re(yu)R@(ym))- (2-3)

For the HBT model shown above, the four y-parameters can be derived
from simple network theory and are given below in terms of the element
mode] values.

i = 1/t + jwCape + 0Cei J0*Cre 1

Y12 = —Coi/Cherpy — jwCoehe — jwCei Jw’ Che i

Y = Gm/JjwCherty — JwCopy — jwccbi/WQCbeQTbe

Y22 = GmCebi/Che + jwCas + jwCobi/w” Coe*rip” (2.4)

Using Eq. 2.4 in Eq. 2.3, U can be derived as a function of frequency and
is given below.

U = (gm” + 0’ Cati”) 40> CoeCobilr b Gim (2.5)

By setting the unilateral gain equal to unity, the expression for [, 18
derived and is given below.

fmaw -\ f7/87r7nbbccbi (26)

with the assumption that wCierp, > 1, Copi < Che and fr = 91, /27Che. As
we can see from Eq. 2.6, no matter how large the value of f, is, power gain
is available only at frequencies below fr,... Hence, to improve device band-
width, is it important to improve f, as well as the r,;,C.; time constant.
Note that while the extrinsic collector-base capacitance has no impact on
frmaz, 1t does impact the performance of many circuits, and should be min-
imized.

We will now see what determines the 7,4 Cu; charging time constant for
HBTs. The cross section of a double-mesa HBT is shown in figure 2.4. The
base resistance 7y, has three components. These are : the contact resistance
from the base Ohmic contact, the sheet resistance from the gap between
the emitter mesa and the base Ohmic contact, and the spreading resistance
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Figure 2.4: Schematic cross-section of a double-mesa HBT.

of the base layer underneath the emitter mesa. The contact resistance is
given by

Rcontact — pbcpbs/Ql (27)

where pg. is the specific contact resistance per unit area of the metal-
semiconductor interface (units of Q-cm?), pys is the base sheet resistivity
(units of /0) and [ is the transverse length of the emitter stripe (units of
pm). The gap resistance is given by

Ryap = posWap/21 (2.8)

where W, is the separation between the emitter mesa and the base Ohmic
contact. The spreading resistance is given by

Rspread — pbsWe/12l (29)

where W, is the emitter width. For HBTs fabricated with a self-aligned
base-emitter process, Weap >~ 0.1 pm and R, is negligible. We note also
that Rspread is proportional to the emitter width We, but that Rcontact 18
independent of W,.. Hence, for narrow-emitter devices, the base resistance
tends to be dominated by Reontact and is only weakly dependent upon W,.
The total collector-base capacitance is given by
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Cop = elW, /T, (2.10)

where, W, is the width of the collector (= width of the base mesa), [ is the
length of the emitter stripe and T, is the thickness of the collector depletion
region. Hence, C, is proportional to the width of the base mesa which in
turn is much wider than, and, independent of W.. Note that only a fraction
Ceai of Cy is charged through the base resistance ry,. Determination of the
Ceui/Co ratio from the HBT physical dimensions has been mentioned [33]
but has not been fully explored in the literature. We estimate that

chi ~ €l<We -+ 2Wgap + 2lcontact)/Tc (211)

where

lcontact — pbc/pbs (212)

is the transfer length of the base Ohmic contact. This approximation is
based upon taking the fraction of C'y whose charging current shares a com-
mon path through the base with the currents associated with charging Ch..
We note that the collector-base junction area of double-mesa HBTs is fur-
ther increased by the presence of a base contact pad area necessary to bring
interconnect metallization onto the base Ohmic metal. Lateral scaling be-
low ~ 1 um does not substantially improve the bandwidth of double-mesa
HBTs.

A transferred-substrate HBT can be scaled laterally to improve band-
width. The cross-section of a transferred-substrate HBT is shown in fig-
ure 2.5. Transferred-substrate HBTs have lithographically defined narrow
emitter and collector stripes aligned to each other on opposite sides of the
base epitaxial layer [34]. This is the special feature of the transferred-
substrate HBT in contrast to the double-mesa HBT. The fabrication of
transferred-substrate HBTs requires access to the emitter and the collector
sides of the epitaxial film. The process of substrate transfer allows this ac-
cess and is an essential step in the fabrication process. The base resistance
is dominated by Feontact and is independent of W, as for the double-mesa
HBTs. The collector-base capacitance C, is proportional to the width of
the collector stripe W,, if fringing capacitance is negligible (figure 2.5);
Cu = elW./T,, where [ is the length of the collector or the emitter stripe
and T, is the thickness of the collector depletion region. If a constant ratio
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Figure 2.5: Schematic cross-section of a transferred-substrate HBT.

is maintained between the emitter and the collector widths, C;, is propor-
tional to the emitter width W.. Noting that 74 =~ Reontact = /Pbelbs /21, and
Cup = elW,/T. (where W, «x W,), the r,Cyp time constant is proportional
to W.. This, when used in Eq. (2.6) shows that the maximum frequency of
oscillation f,,q. depends on W, as

fmaw X L
vWe

Hence, fr.q. rapidly improves with submicron lateral scaling of the device.
The cross-section of the transferred-substrate HBT in figure 2.5 shows a
direct Schottky contact to the collector depletion layer. An Ohmic collec-
tor with a heavily doped subcollector, with the subcollector semiconductor
material etched away outside the Ohmic metal contact, could also be used.
An Ohmic collector contact having the same width as the Schottky contact
will also show the same variation of f,,.. with scaling. The two devices are
almost identical except for an extra potential drop across the collector-base
junction of the Schottky-collector device. This potential drop, due to the
Schottky contact, is the difference between the work function of the metal
Schottky contact and the electron affinity of the collector semiconductor.
A Schottky collector contact provides a slight improvement in f, because of
the absence of a collector contact resistance (Eq. (2.2)). It is also easier to

(2.13)
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fabricate deep submicron Schottky collector contacts (e.g. 0.1 ym T-gate)
than deep submicron Ohmic contacts. On the other hand, a Ohmic col-
lector might improve transistor performance at low collector-emitter biases
Ver, as we will see later. This is due to the extra potential drop at the
Schottky contact as compared to the Ohmic contact.

The scaling law of Eq. (2.13) suggests that the operating bandwidth of
HBTs can be increased without bounds by lithographic scaling alone. In
fact, to obtain usable devices, vertical scaling of the epitaxial layer thick-
nesses must accompany the lithographic scaling. Except in the case of
reactively- matched amplifiers and distributed circuits where f,.q. is the
sole determinant of circuit bandwidth, both f, and f,... are generally im-
portant for optimum circuit performance in a given technology. Devices
with fr... < [fr, obtained by thinning the epitaxial layers without lateral
lithographic scaling will show circuit bandwidth determined by 7y, and C,,.
Devices with fiee > fr (e.g. devices with relatively thick epitaxial lay-
ers and significant lateral lithographic scaling) will show circuit bandwidth
dominated by (7 + 7.). Reduction of (1, + 7.) is obtained by thinning
the epitaxial layers, which unfortunately increases r3C. The transferred-
substrate HBT allows for the subsequent reduction of 7,,Cu. A device
having high values for both f, and f,,.. is thus possible.

Several approaches have been reported for reducing the collector-base
capacitance of HBTs, and thereby improving f,.... One approach is the
reduction of the width of the base mesa [20]. This relies on improvements
in base contact technology because a narrow base mesa results in a smaller
base Ohmic contact area. The base contact width must be at least one
transfer length if the contact resistance is to be kept small. In contrast, the
transferred-substrate technique provides independent control of the base
and collector contact widths. There have been other approaches to make
the collector contact width independent of the size of the base mesa, such as
selective etching to undercut the collector [35], collector isolation implant
[36], contacting the base with a very narrow L-shaped contact [37], selec-
tive lateral oxidation of the emitter [38] for a collector-up growth, burying
SiO2 in the extrinsic collector [39], selectively regrowing the extrinsic col-
lector [40], and, patterning and regrowing a narrow subcollector followed by
regrowth of the other layers [41]. However, in almost all cases, minimal im-
provement in device f,... Was obtained. Moreover, the scalability of these
approaches has not been demonstrated. Transferred-substrate HBTs can
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be scaled to deep submicron dimensions with the use of powerful fine-line
lithography for fabricating narrow emitter and collector stripes leading to
dramatic improvement in device fqz.

The first transferred-substrate HBT was demonstrated by U. Bhat-
tacharya [31]. The device structure used there is shown in figure 2.6.

In this early work, a collector-up growth was used. The first step was
formation of Ti/Pt/Au Schottky collector contacts. Epoxy was then used
to bond the wafer to a carrier substrate using an in-house mechanical bond-
ing fixture. After removal of the InP substrate, a infra-red based backside
aligner was used to align to the collector alignment marks which were buried
under the epitaxial layers. Emitter-base fabrication was then done. The
process was completed with the formation of electroplated airbridge con-
tacts to the base and emitter. This process required considerable develop-
ment, especially in base-emitter processing and substrate transfer. The epi-
taxial material growth also evolved significantly as experiments were done
to study every aspect of the layer structure. The concept of transferred-
substrate HBTs was demonstrated. Peak f. and f,,.. obtained were 140
GHz and 170 GHz respectively.

The aim of the epoxy-bonded HBT reported above was to demonstrate
transferred-substrate HBTs. In this, it was successful. Discrete devices with
moderate yield were fabricated. Furthermore, these efforts built UCSB’s
general expertise in HBT technology. However, the ultimate goal of HBT
development is to build integrated circuits. To this end, the epoxy-bonding
technology is far from being suitable or adequate. First, the device per-
formance was much poorer than is needed for high-performance integrated
circuits. Device bandwidth in the range of 200-300 GHz or above is essen-
tial for circuit bandwidths in the range of 100 GHz. Improvements in the
epitaxial layer structure and the physical device structure and transistor
scaling are required to increase bandwidth. Second, essential elements of
integrated circuits like resistors and capacitors need to be incorporated.

Third, transmission lines and interconnect wiring would be on a epoxy
substrate. Epoxy is not known to be a good microwave substrate and hence
would produce lossy transmission lines. Also, the high dielectric constant
of epoxy would lead to significant interconnect capacitance. Microstrip
transmission lines are not possible because of the absence of a ground plane
and ground vias. Coplanar waveguide lines have to be used, which can
be problematic with packaging. Fourth, HBTs operate at high current
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Figure 2.6: The first transferred-substrate HBT.
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densities for high-speed operation. Effective heat-sinking is then vital. Heat
dissipation in the epoxy process is through the epoxy substrate which has
poor thermal conductivity. This prevents IC fabrication. Fifth, integrated
circuits require high yield over large areas with good uniformity. The use of
epoxy and the in-house bonding fixture is unsuitable for this purpose. The
epoxy thickness was quite non-uniform, which led to poor device uniformity
and less than adequate yield. The uncalibrated bonding pressure was also
a problem, leading to wafer cracking. Sixth, only small substrates (about 1
em X 1 em) were used. While this was acceptable for discrete devices, ICs
occupy larger areas, and larger substrates are needed. The epoxy process
had not been demonstrated for large substrates. The bonding procedure
would be a problem.

Seventh, the collector was buried in epoxy and this had two disadvan-
tages. The collector recess etch, which is very important for reducing the
fringing capacitance, had to be done before the process of substrate trans-
fer. Hence the effect of recess etch could only be studied by processing
two identical growth in the exact same way. Second, the effect of succes-
sive etches on a particular wafer could not be determined. There is strong
evidence that the epoxy-bonded devices had excess parasitic collector-base
capacitance, this because the collector-base junction is buried in epoxy.

These limitations of the epoxy-bonded transferred-substrate HBTs are
removed by (first) eliminating the epoxy bonding step and (second) devel-
oping a collector-up structure fabricated from a emitter-up MBE growth. If
a emitter-up growth is used, the collector contact is the last fabrication step
and successive recess etches can be done to determine the best etch param-
eters with respect to device performance. The parasitic capacitance would
be through air dielectric which has a lower dielectric constant compared
to epoxy. In summary, the process is unsuitable for fabricating integrated
circuits.

The proposed device structure and process addresses the problems dis-
cussed above. In addition to high device bandwidths, high frequency in-
tegrated circuit processes must incorporate a low capacitance wiring envi-
ronment and low ground return inductance. For dense ICs, wire lengths,
and hence transistor spacings must be small. Given that fast HBTs op-
erate at ~ 10° A/cm? current density, efficient heat sinking is then vital.
The transferred-substrate HBT IC process uses Benzocyclobutene (BCB),
a low-loss, low dielectric-constant (e, = 2.7), spin-on dielectric as the sub-



20 CHAPTER 2. TRANSFERRED-SUBSTRATE HBTS : THEORY

strate for microstrip interconnects, thus providing low capacitance. The
thin (~ 10 ym) BCB substrate with a gold ground plane underneath the
entire IC also provides low inductance ground vias. Transistor heat-sinking
is through electroplated gold thermal vias. Transmission lines for microwave
circuits are microstrip lines on a BCB substrate. These lines have very low
loss even at several tens of GHz and do not have the multimode propagation
problems associated with coplanar waveguide lines (modes propagating be-
tween the frontside and backside ground planes). Three independent levels
of wiring facilitate easy interconnection for dense circuits. Resistors are
formed with thin-film nichrome (NiCr) and capacitors are metal-insulator-
metal with PECVD SiN as the dielectric. The process of substrate-transfer
is done using a automated flip-chip bonding machine with controlled tem-
perature and pressure cycles. Epoxy is replaced with a In/Pb/Ag solder,
with much better thermal performance and thickness uniformity. The use
of standard IC materials like BCB and solder and a sophisticated bonding
tool lead to high device uniformity and high yield. Larger substrates can be
used facilitating the fabrication or large-area integrated circuits. Improve-
ments in the epitaxial layer structure were made in the base and collector.
The base layer was graded in bandgap and in doping to improve the base
transit time. A pulse-doped layer was added to the collector to delay the
onset of Kirk effect. All these improvements have transformed a demon-
stration device technology into a advanced IC process and made possible
high-performance integrated circuits. The choice of emitter-up or collector-
up is still open. A emitter-up growth was used and the rationality of this
choice is explained below.

A schematic cross-section of the transferred-substrate device, with the
emitter or the collector as the upper electrode is shown in figure 2.7. We
now explain the motivation for designing such a structure and for choosing
structure (a) instead of structure (b). Polymer layers conduct heat poorly
and the thermal via is essential. As seen in the figure, there is a para-
sitic capacitance through the insulator between the contact metal and the
grounded thermal via. This capacitance is between emitter and ground
(figure 2.7(a)) or between collector and ground (figure 2.7(b)) depending
on whether the collector or the emitter is the top electrode. From a circuit
viewpoint, the emitter is a low-impedance node and the collector is a high-
impedance node. The parasitic capacitance will affect circuit performance
more strongly if it is at a high-impedance node. Hence using the collector
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Figure 2.7: Schematic cross-section of device structure reported in this
thesis. While (a) the emitter or (b) the collector could be the top electrode
in this figure, the text explains the motivation for using the collector as the
upper electrode.
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as the top electrode is beneficial.

One of the main features of the transferred-substrate HBT is the reduc-
tion in collector-base capacitance Cy obtained by using narrow collector
stripes. If the collector is the lower electrode, a parasitic collector-base ca-
pacitance in series with a base resistance would exist as shown in the figure.
The parasitic capacitance would be significant compared to the intrinsic
device capacitance and would therefore degrade f,.q. significantly. On the
other hand, if the emitter is the lower electrode, parasitic emitter-base ca-
pacitance resulting from the device structure is present. The emitter-base
capacitance of the HBT itself is ~ 100 : 1 larger than the collector-base
capacitance. Hence a small additional parasitic emitter-base capacitance
introduced from the substrate-transfer process is only of minor concern.
Again, using the collector as the top electrode is beneficial.

As an added advantage, a emitter-up growth also finally allows access
to the extrinsic collector region, which can be recess etched to reduce the
fringing collector-base capacitance. This is shown in figure 2.8. In figure
2.8(a), there is no recess etch, thus resulting in substantial fringing capaci-
tance. In figure 2.8(b) only the collector sidewalls are removed leading to a
~ 30 % reduction in Cy. This etch profile results if a dry etch is used or if
a anisotropic wet etch is used. If a isotropic wet etch is used, lateral under-
cutting during the etch results in the profile of figure 2.8(c), which leads to
a significant further reduction in Cy. This has been verified experimentally.
Hence the collector is designed to be the upper electrode.

There is one significant disadvantage to the collector being the top elec-
trode. The thermal via should preferably be closest to the region where
most heat is generated in the device. For a HBT, this happens to be the
base-collector junction area as the electrons are swept towards the collector
contact under high field. Given that the collector is on top to avoid excess
Cw, the thermal via has to be on the emitter side even though the heat
generation is primarily in the collector. Hence, there is a trade-off between
microwave and thermal design of the transistor.

It is expected that with submicron scaling of transferred-substrate HBTs,
Sfrmaz 10 excess of 700 GHz should be possible. With this high bandwidth,
integrated circuits operating at very high speeds should be feasible. Circuit
speed depends on device bandwidth as well as on other key factors out-
lined above. The transferred-substrate HBT IC process has been designed
to incorporate the key IC requirements. To realize high-speed circuits and
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devices, extensive process development was done. The fabrication process
is presented in the next chapter.



Chapter 3

Fabrication

This chapter details the IC fabrication procedure. The process is complex
with ten mask layers and tens of process steps. Starting with the work of
Bhattacharya [31], process development involved extensive experimentation
and multiple wafer runs, an effort which took two years of intense effort.
The results from every process development experiment are not presented
here in detail; only the final process is presented. The process is described
in detail in the Appendix.

3.1 MBE layer structure

The AllnAs/GalnAs material system was chosen for the fabrication of trans-
ferred-substrate HBTs. This material system has several advantages over
the AlGaAs/GaAs system including higher electron mobility, higher satu-
rated electron velocity and lower surface recombination. Combined with
the scalability of transferred-substrate HBT, the AllnAs/GalnAs system
should yield very high-performance devices. The HBT epitaxial layer struc-
ture (figure 3.1(a)) is grown by molecular beam epitaxy (by D. Mensa) on
a Fe-doped semi-insulating (100) InP substrate, starting with a 2500 A
AllnAs buffer layer. The GalnAs collector is 2700 A thick, is Si-doped at
1 x 10 /em® and contains a 5 x 10™ /em? Si pulse-doped layer 400 A from
the base. This pulse-doped layer delays the onset of base push-out [42] and
depletes out-diffused Be in the collector. A thinner (2500 A) collector was
also used in some growths. Thin collectors increase the collector-base ca-
pacitance degrading f,..., but improve the collector transit time increasing

25
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Figure 3.1: (a) MBE layer structure and (b) Band diagram under forward
bias.

f-. Thinner collectors also improve the Kirk effect threshold thus enabling
higher current density operation. Of course breakdown is worse in thin
collectors because of the increased electric fields.

To reduce the base transit time, the 500 A GalnAs base is graded in both
doping and bandgap. The 100 A of the GagyrIng s3As base immediately
adjacent to the collector is Be-doped at 3 x 10'?/cm?®. The remaining 400
A of the base is Be-doped at 5 x 10'?/cm®. By increasing the Ga cell
temperature progressively during growth of the 400 A layer, the Ga:In ratio
is gradually increased, introducing a ~ 0.03 ¢V bandgap gradient across the
400 A layer. In some of the results presented later, a thinner (400 A) base
was used. Thin bases improve the base transit time at the cost of increased
base sheet resistance. Also, thin bases are difficult to grow in a controlled
manner due to problems associated with outdiffusion of the Be dopant from
the heavily doped base layer. The emitter-base etch involves a self-aligned
etch down to the base epitaxial layer. Precise and uniform etching is desired
to achieve low and uniform base resistance. With thin layers, more non-
uniformity might result during this etch. An alternative to reducing the
base thickness to improve transit time would be to increase the bandgap
grading in the base. But, too much grading can cause excessive strain and
growth defects in the semiconductor layers due to lattice mismatch. Also,
GalnAs epitaxial layers with too much Ga behave more like GaAs which
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has a higher surface recombination velocity and might degrade the current
gain of the device.

The base is then graded in 300 A to the AllnAs emitter. The first 66 A
of the grade is Be-doped at 2 x 10'®/cm® and the remainder is Si-doped at
8 x 10" /em®. The AllnAs emitter is about 1350 A thick. The first 500 A
are Si-doped at 8 x 107 /cm?® and the remainder is Si-doped at 1 x 10! /em?,
This is graded in 66 A to the InGaAs emitter cap. The emitter cap is nt
doped with Si at 1 x10'/em®. The emitter layer design is similar to [43]. A
InAs emitter cap was used in some growths to reduce the emitter resistance.

The band diagram corresponding to the layer structure of figure 3.1(a)
under forward bias is shown in figure 3.1(b). The biasing conditions are
as follows : base-emitter voltage Vg = 0.7 V, collector-emitter voltage
Verp = 1.0V, and a emitter current density of 1 x 10° A/ecm?. The collector
current density is assumed to be the same as the emitter current density,
as is the case of a narrow-collector HBT. The effect of the electrons in the
collector space charge layer due to the collector current is included while
calculating the electric field and the electrostatic potential in the collector
space charge layer. An electron velocity of 3 X 10° m/s is assumed in these
calculations. The pulse-doped layer causes significantly band-bending in the
collector, close to the base as shown in the band diagram. As a result of
this, the current density corresponding to Kirk effect threshold in increased
as a higher electron charge is now needed to flatten the conduction band in
the collector at the base edge.

3.2 Fabrication

Figures 3.2 and 3.3 show sequentially, the steps involved in fabrication of
transferred- substrate HBTs. The fabrication process starts with the evap-
oration of Ti/Pt/Au/Si (~ 1 pm thick) emitter contacts. The Si layer is
used as a mask for the following etches and is subsequently removed. A
combination of a dry etch, a selective wet etch, and a non-selective wet etch
is then used to etch down to the base epitaxial layer. The dry etch is done in
a RIE system with CHy/Hsz/Ar and it removes most of the unmasked emit-
ter epitaxial layers. A laser monitor is used to determine the etch stop point
and the etch conditions are designed to give a anisotropic vertical sidewall
etch. A selective wet etch (which etches AllnAs selectively over GalnAs) is
used to remove the remainder of the AllnAs emitter layer and expose the
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Figure 3.2: Fabrication process for transferred-substrate HBTs.
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Figure 3.3: Fabrication process for transferred-substrate HBTs (contd.).
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top GalnAs layer in the emitter-base grade. Lateral etching in this step
reduces the emitter dimensions to below the lithographically defined area.
The second wet etch is used to etch the 300 A grade and expose the base
GalnAs layer. This etch also reduces the lateral dimensions of the emitter.
Figure 3.4 shows a SEM photomicrograph of the device cross-section after
this step. The lateral undercuts can be seen in this cross-section.

emitter

base

25KV Sadnm

Figure 3.4: SEM cross-section of device after emitter-base etch.

Self-aligned Ti/Pt/Au base metal (~ 1000 A thick) is evaporated and
sintered at 300 °C for 1 minute. The base metal thickness is chosen to be less
than the thickness of the undercut emitter layers to prevent electrical shorts
between the emitter and base. Transistors are then isolated by forming
mesas using a Clo/Ar RIE dry etch with photoresist as a mask, stopping
on the AllnAs buffer layer. The process to this point is shown in figure
3.2(a). Thin film NiCr (500 A) is evaporated on the wafer to form resistors
with 50 Q/0 sheet resistivity. Several experiments were done to obtain
the right thickness for a sheet resistivity of 50 /0. Resistors need to
be passivated on either side (bottom and top). The bottom needs to be
passivated because after substrate-transfer it will be exposed to air. Bottom
passivation was achieved by evaporating 500 A of SiO before evaporating
NiCr. Top passivation is done either by polyimide or by SiN, both of which
are used in subsequent steps and do not require any extra processing.
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Figure 3.5: Polyimide planarization of the emitter finger.

emitter
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polyimide

Figure 3.6: Wafer after polyimide etching.
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The devices are passivated and planarized with polyimide in a dry Os
RIE etch with photoresist as a mask. Figure 3.5 shows the emitter stripe
after being planarized by polyimide. Polyimide also serves as intercon-
nect crossovers for multiple wiring levels. After planarization, polyimide
is left only around the devices (for passivation) and wherever metal-metal
crossovers are required (figure 3.6). Reflowing the polyimide at 250 °C is
done for ten minutes on a hot plate to round its edges for subsequent metal
step coverage. The surface of the polyimide has to be smooth after the
etch so that good subsequent lithogrpahy is possible on it. Smoothness is
ensured by using a low etch rate by using low power in the RIE system.

metall

polyimide

ket

Figure 3.7: Wafer after the first level of metallization.

The first level of metallization (M1), Ti/Au/Ti (~ 1 pm thick) is evap-
orated at this point. Figure 3.7 shows a photomicrogrpah of the wafer at
this point. This evaporation is done at an angle and with rotation of the
wafer chuck to ensure adequate step coverage at the mesa and polyimide
edges. Angle evaporation and rotation also give sloping edges in M1 which
facilitate smooth subsequent crossovers. This metal forms most of the trans-
mission lines, interconnect wiring, probe pads, capacitor bottom plate and
resistor contacts. Emitters and bases are also contacted by this metal. The
interface between NiCr and M1 needs thermal treatment for good contact.
The exact temperature for this step was not determined in a separate ex-
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periment, but a temperature of 250 °C that is used subsequently for other
steps was found to be adequate (gives ~ 0 contact resistance). Resistor
measurements immediately after evaporation of M1 will show very high
contact resistance.

metall

metal2

BEEg

Figure 3.8: Wafer after second level of metallization.

SiN dielectric is then deposited over the entire wafer by PECVD at 250
°C. This dielectric serves three purposes : it forms the dielectric for metal-
insulator-metal capacitors; it forms the insulator for crossovers between
M1 and the second level of metallization; and, it forms a insulating layer
over the whole wafer prior to the process of substrate transfer. These roles
played by the SiN will become clear as we go through the process. The
SiN is selectively etched away in some places with a SFg/O2/Ar dry RIE
etch, using photoresist as a mask. The purpose of this step is to expose
the underlying M1 in some places, to be able to make contacts to it. The
second level of metallization (M2) is done, similar to M1. M2 also forms
the top plate for MIM capacitors. The process at this point is shown in
figure 3.2(b). Figure 3.8 shows a crossover between M1 and M2. Note the
sloping edges caused by angled evaporation of metal which enables smooth
crossovers. Figure 3.9 shows photomicrograph of a wafer at this point.
Figure 3.10(a) shows a photomicrograph of a device after this step.

The substrate transfer process starts by coating the wafer with a thick
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Figure 3.9: Wafer after M2 evaporation.
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Figure 3.10: SEM photomicrograph of device after (a) partial fabrication
and (b) complete fabrication.



3.2. FABRICATION 35

(~ 10 pum) layer of Benzocyclobutene (BCB, €, = 2.7) and curing at a
maximum temperature of 250 °C (with temperature ramp-up and ramp-
down). Thermal vias on the emitters and ground vias are formed by dry
etching openings in the BCB. A 200 A thick Ni mask is used for this etch.
Etching is done with SFg/O2 in a RIE system and results in a somewhat
overcut profile. This etch also etches the SiN insulator layer in the vias. The
Ni mask is removed with Ni etchant at 60 °C. A blanket BCB etch is done
to cleanup the vias and to roughen the surface of BCB for good adhesion of
the metals to follow. PECVD SiN is deposited on the backside of the wafer
to prevent gold plating on the wafer backside in subsequent electroplating
steps. The vias are then filled with thick Au (~ 10 pm) by electroplating.
The electroplated Au also forms an electrically and thermally conducting
ground plane, thus grounding all emitters.

Microstrip interconnect lines on BCB provide a low-capacitance wiring
environment for dense circuits. Ground vias to the thick electroplated
ground plane provide low ground return inductance. Thermal vias provide
efficient heat-sinking for devices operating at very high current densities.
Figure 3.2(c) shows the process at this point.

base pad
base mesa
SiN

emitter pad

#EAE @74 15KV - SBin

Figure 3.11: Wafer after InP substrate removal.

The wafer is then inverted and bonded to a GaAs transfer substrate
(with sputtered Ti/Au on it) using a In/Pb/Ag solder at 180 °C. The solder
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Figure 3.12: Wafer after collector (M3) evaporation.

should have a low melting point (lower than the curing temperature of pre-
ceeding polymers), should wet the electroplated Au surfaces when molten,
have low stress, have good thermal conductivity and should be immune to
the subsequent HCI etch. After experimenting with a variety of bonding
materials, the In/Pb/Ag solder was chosen. This step is performed in a au-
tomated flip-chip bonder in order to ensure solder thickness uniformity and
controlled bonding pressure and temperature. The backside SiN is etched
away in buffered HF. The InP substrate is removed in an aqueous solution
of HCI. The AllnAs buffer layer is also removed by the same etch thus
exposing all the buried elements of the wafer. This etch stops selectively on
the InGaAs collector layer. Figure 3.11 shows a photograph of a device after
this step. Ti/Pt/Au Schottky collector contacts are then deposited. This
metal layer could be used as a third level of metallization (M3), if needed,
with polyimide as the insulator. Figure 3.12 shows such a crossover. Out-
side the active collector area, about 1500 A of the collector drift region are
then removed by a self-aligned wet etch to reduce collector-base fringing
capacitance. This etch could also be done with reactive ion etching if more
precise control (with a laser monitor) is needed for thinner collector layers.
But, as explained before, a wet etch has the added advantage of lateral
undercut thus further reducing the collector-base capacitance. The process
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at this step is shown in figure 3.3. Figure 3.10(b) shows a photomicro-
graph of a completed device. Figure 3.13 (cross-section samples prepared
by J. Guthrie) shows a SEM photomicrograph of the cross-section of an
integrated circuit with active and passive components.

resistor device capacitor

~  \\ /

GaAs carrier ~u

Figure 3.13: SEM photomicrograph of cross-section through an IC.

Transistors with non-grounded emitters (required in ICs) are fabricated
by protecting the SiN insulator with M2 (figure 3.14) before applying BCB.
As we can see, there is now a parasitic capacitance between the emitter of
the device and the ground plane. This capacitance could be detrimental to
circuit performance, depending on its value and the location of the device
in a particular circuit. The magnitude of this capacitance will be estimated
later. Power supply bypass capacitors could be formed similarly as shown
in figure 3.14. On transistors not having the layer of M2, the SiN insula-
tor is removed during the via formation etch, thus grounding the emitter.
Figure 3.15 shows a SEM photomicrograph of the cross-section of a fully
fabricated device with a non-grounded emitter.

The thickness of the SiN layer needs to be designed carefully. Thin layers
give higher capacitance per unit area for MIM capacitors, thus making large
on-wafer capacitors possible. In addition, thin layers also facilitate heat-
sinking from the device because of lower thermal impedance. At the same
time, thin layers increase the parasitic emitter-to-ground capacitance for
devices with non-grounded emitters, which could become important in some
circuit topologies. If large capacitors are needed and the emitter-to-ground
capacitance cannot be tolerated, thin insulator for MIM capacitors can be
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Figure 3.14: Fabrication process for devices with non-grounded emitters.
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deposited in a separate step from the thick insulating layer used for the
HBT.

Devices with non-grounded emitters should have similar performance
and heat-sinking as the devices with grounded emitters. SiN has ¢, = 6 and
~ 10-30 W/m-K thermal conductivity depending upon PECVD deposition
conditions. In the work reported here, for an HBT with a 0.8 x 25 yum?
emitter, the thermal via is 10 x 24 um?. For non-grounded emitter de-
vices, the calculated capacitance from the emitter airbridge to the grounded
substrate is 25 fF (for 4000 A SiN), which is much smaller than 730 fF base-
emitter capacitance. The calculated 67-200 K/W thermal resistance of the
SiN layer should result in less than 3.5 °C additional temperature rise for
a device biased at 10° A/cm? and 1.0 V.

self-aligned
mesa metall  collector(metal3) base metal

wdak BaYl 2KV

BCB  solder metal2 emitter polyimide

(@) (b)

Figure 3.15: SEM photomicrograph of (a) cross-section through a device
and (b) close-up of intrinsic device.

For integrated circuit applications, high device yield is required. The
transferred-substrate HBT IC technology is constantly being improved to-
wards this goal. The technology is currently capable of yielding circuits
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with few tens of transistors. Figure 3.16 shows a photograph of part of a
recent wafer with discrete devices and integrated circuits. Quarters of 2-in
round wafers were processed in this work with good unformity.

One important requirement of the transferred-substrate HBT IC process
is that of alignment between the emitter and collector stripes. Currently,
contact aligners with ~ 1 um linewidth and alignment capability are being
used. Even so, over a large wafer (quarter of a 2-inch wafer) it is very
difficult to achieve perfect alignment. In addition, the (quarter of 2-inch)
wafer shrinks by few microns due to accumulated stress from the stacked
up layers of BCB, electroplated Au and solder. To obtain working devices
and circuits in spite of these problems, “staggering” is used in the mask
layout. This involves having an array of similar devices or circuits next to
each other, but with the emitter and collector deliberately and successively
misaligned in steps of 0.5 um and by a maximum of 1.5 microns. This
ensures that at least one device or circuit in the array is well aligned and
functions as expected. The other repetitions of the same device or circuit
will be misaligned and will thus have poor characteristics. As a result, about
80 % of the wafer area is wasted. Discounting the deliberate misalignment,
the circuit yield even on circuits with as many as twenty-two transistors
was very high.

To obtain higher scales of integration, the alignment and wafer shrinkage
problem should be addressed. The alignment problem is addressed by use
of better lithographic tools (e.g. projection lithography systems). UCSB
has recently acquired a wafer stepper with ~ 0.5 ym resolution and ~ 0.2
pm alignment tolerance. This system would avoid the need for staggering
devices and circuits, thus saving wafer area. Smaller tolerances between
layers will also enable more dense layout. The issue of wafer shrinkage
can be addressed by either of two methods : J. Guthrie has developed an
enhanced transfer substrate process in which the solder and carrier wafer
are replaced by electroplating of Cu, thus forming a ~ 200 pym thick copper
substrate; alternatively, small levels of shrinkage can be compensated for
by adjustment of the collector mask dimensions.

The transferred-substrate HBT IC fabrication process was developed.
Several wafers with a variety of devices and integrated circuits were pro-
cessed. Process development is closely tied with measurements, both during
and at the end of the process to evaluate the MBE material, device structure
and other elements of the IC process. Device measurements over a variety
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of bias conditions are also required to model the device to be able to design
integrated circuits with the devices. These measurements are presented in
the next chapter.



Chapter 4

Device Results

A multitude of measurements both during the process and after completion
of the process are needed for process development and process and mate-
rial evaluation and characterization. A variety of devices were fabricated
with different emitter and collector widths. Other device structures like
common-base devices, devices with non-grounded emitters, devices with
non-self-aligned emitter and base, and devices without thermal vias were
also fabricated. Diagnostic structures like TLM patterns and large-area
emitter-base and collector-base diodes are included. Passive structures to
measure thin-film NiCr sheet resistivity, MIM capacitors, microstrip trans-
mission lines and open and shorted microwave probe pads to measure pad
parasitics were designed. For on-wafer calibration during network analysis
for microwave measurements, open, short, thru and 50 ) load standards
were also designed. In addition to the process test structures mentioned
above, various types of device measurements are done after completion of
the process. These include de measurements (Gummel, [-V characteris-
tics and breakdown) and RF measurements (at varying bias). Parameter
extraction can then be done based upon these measurements.

43
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Figure 4.1: MBE layer structures of wafers A, B & C.

Parameter Wafer A Wafer B Wafer C
emitter width 0.7pum 08 pum 0.75 um
collector width 1.6pum 1.8pum 1.8 um
bond medium epoxy solder solder

graded base no yes yes
transit time 0.95ps 066 ps 0.67 ps

base resistance 70 12 Q 80

collector etch-stop yes no no

Results from three different wafers A, B and C will be presented here.
The material and process used in these three runs are similar to that de-
scribed in chapter 3, but not identical. Figure 4.1 shows the MBE layer
structures of the three wafers. The important process differences between
the three wafers are also shown in the table above. Devices were fabricated
with nominal emitter dimensions of 1 ym X 25 pym and with nominal col-
lector dimensions of 1 pm (narrow-collector) and 2 um (wide-collector) X
29 um. The actual areas of the emitters and collectors are somewhat lower
than their nominal areas due to lateral undercuts caused by wet chemical
etches. Devices with very wide collectors (~ 5 um, very-wide-collector),
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as is normally the case in double-mesa HBTs, were also fabricated. All de-
vices have their emitters grounded by thermal vias, except where explicitly
stated.

It is important in characterization to determine the emitter-base and
collector-base junction areas fairly accurately. Wet chemical etches with lat-
eral undercuts are used to reduce both the emitter-base and collector-base
junction areas to below their lithographically defined dimensions. Junction
dimensions can be determined in two ways : 1) by measuring (with a mi-
crowave network analyzer) the junction capacitance and comparing with
known specific junction capacitance from large area junction measurements
and 2) by measuring resistance of specially designed TLM structures. The
second method will be explained in detail.

4.1 Test structures

TLM test structures are used to measure sheet and contact resistivities.
Two kinds of TLM patterns were used. Figure 4.2 shows these patterns.

base contact varying spacings
base layer
(a)
emitter contact emitter layer self-aligned base metal

N

base layer

(b)

Figure 4.2: TLM patterns (a) normal and (b) with emitters.

The measured resistance of normal TLM patterns consist of contact
resistance between the base layer and base metal and sheet resistance from
the base layer. The different gaps will have the same contact resistance but
different sheet resistances depending on the separation between base metal
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pads. Sheet resistance depends mainly on the doping and layer thicknesses.
Contact resistance depends on the doping, the sintering conditions and the
interaction between the semiconductor and metal.

Figure 4.2(b) shows pinched or emitter TLM patterns, where emitters
are present in the gaps between base metal pads. These TLM patterns
are very similar to transistor emitter-base junctions, and should accurately
determine the lateral undercut and base resistance. Measured resistance
consists of contact resistance (same as normal TLMs), gap sheet resistance
and base layer sheet resistance under the emitter. The following equations

relate the terminal resistances to TLM dimensions and resistivities. For
normal TLMs :

Rnormal - 2\/ pbcpbs/L + pbsW/L (41)

where pg. is the specific contact resistance per unit area of the metal-
semiconductor interface (units of Q—CmQ), Pbs 18 the base sheet resistivity
(units of 2/0), W is the gap width and L is the length of the pad/gap. L is
known, and from a plot of measured resistance vs. gap width, all the other
quantities can be determined. For pinched TLMs :

Rpinched — 2\/ pbcpbs/L + pbseWe/L + 2pbngap/L (42)

where W, is the width of the emitter mesa, Wy, is the separation between
the emitter mesa and the base Ohmic contact and pys. is the sheet resistivity
of the base layer under the emitter. Note that :

W =W, +2W, 4.3
gap

From these equations all quantities can be determined. Figure 4.3 shows the
variation of measured normal and pinched TLM data from a recent wafer
with a 400 A thick base layer. Using the above equations, the calculated
quantities are shown below. It is important to note that for the emitter-
TLMs, the measured resistance is plotted vs. the lithographic emitter width
W which is not strictly true; we need to plot the measured resistance vs. the
actual emitter width W.. Hence, the equations have to be solved iteratively.

prs = 795 /0
Ppe — 6 x 1077 Q — cm?
Prse = 647 /0
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Figure 4.3: TLM measurements for normal and pinched TLMs across a
quarter of a 2-inch wafer with a 400 A thick base doped at 5 x 10" /em?.

Wyap = 0.1 ym

A vital point to note is that if the emitter-base etch stopped exactly on
top of the base layer, pps and ppse should be the same. The discrepancy
between these two quantities is an indication of the etch depth. From the

values calculated above, we can estimate that the final base thickness is
~ 400 x 647/795 = 326 A.

An array of resistors was designed to measure NiCr sheet and contact
resistivity. This array was also used to measure the current capacity. In
the array, both the width and the length of the resistors was varied, thus
yielding resistors or varying values. The sheet resistivity of thin-film NiCr
is mainly determined by its thickness. Figure 4.4 shows the variation of re-
sistor values in the array. For a NiCr thickness of 500 A the sheet resistivity
and contact resistivity are 50 /0 and zero respectively.

The current capacity of resistors was determined by burning the resistors
with a current source. Figure 4.5 shows the current capacity of resistors in
the array. The current capacity is mainly determined by the heat dissipation
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around the resistor. The heat dissipation around the resistor is not very
good as it is encapsulated with polymers. As it can be seen, the current
capacity does not follow any empirical relationship with resistor width or
length but is related in a rather complex way. In designing resistors in a
circuit, individual current capacities need to be used from this graph. It
was also found that passivation with SiO, SiN or polyimide or even with
GalnAs did not make much difference in the current capacity. A thermal
via (as in the devices) is needed to improve the current capacity of resistors
and this has recently been demonstrated.

The capacitance of SIN MIM capacitors was determined by measuring
capacitors of varying geometry (measured by O. Wohlgemuth). This value
was found to be about 0.23 fF/um? for a SiN thickness of 2000 A, which
gives € = 5.2 for SiN. The size of capacitors is limited by pinhole formation
during the SiN deposition. The largest capacitor that was fabricated had
an area of 150 ym x 100 pum. The yield on this capacitor was close to 100
% on a quarter of a 2-in wafer. Quantitative determination of capacitor
area vs. yield has not been done at this point.

4.2 DC measurements

Figure 4.6 shows the Gummel plots of transferred-substrate HBTs. The
collector current ideality factor n. is close to unity. The base current ideality
factor ny is 1.2. All three wafers A, B & C have similar Gummel plots. The
divergence of the curves at ~ 1072 A implies that Icgo is about 1 nA. The
collector width does not affect Gummel plots as expected, at least up to
medium current densities. At high current densities, devices with different
collector areas will exhibit the Kirk effect at different currents and current
gain will drop earlier for narrow collector devices.

DC common-emitter characteristics of HBTs from wafer A are shown in
figure 4.7. There were no narrow-collector or very-wide-collector devices on
this wafer. The GalnAs base on this wafer is graded neither in doping nor
in bandgap. Also this device was fabricated early in our HBT development
efforts and substrate transfer was done using a die-attach epoxy instead of
the In/Pb/Ag solder discussed earlier. The emitter and collector dimen-
sions are 0.7 ym X 25 ym and 1.6 um X 29 um respectively. The small
signal current gain at DC, 3, is 27. The device shows high saturation volt-
ages at high operating currents because of space charge screening effect in
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25 pum emitters and 29 pym long collectors of different widths.

1T (mA), N—
2.5 mA/div. P IB, 0.1mA/step

|
VCE (V) 0.15V/div.

Figure 4.7: DC common-emitter characteristics of devices on wafer A with
0.7 pm X 25 pm emitters and 1.6 um X 29 pum collectors.
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the narrow collector-base junction. At higher current densities, the devices
show significantly larger collector-emitter saturation voltages (Vo sat), aris-
ing from screening of the collector electrostatic field by the electron space
charge. Screening occurs at a collector current density .Jo satisfying the
relationship [31] (Vep + ¢) = TA(Jc /vsas — qNa)/2¢, where Te is the col-
lector depletion layer thickness, Ny the collector doping, ¢ the junction
built-in potential, and v, the electron velocity. In wide-collector HBTSs,
there is significant lateral spreading of the electron flux at high current
densities [44], reducing the collector space-charge density. Lateral current
confinement in narrow-collector HBTs results in both increased Veg sqr and
decreased emitter current density at the onset of f, collapse (Kirk effect),
resulting in increased emitter charging times and reduced f,. This effect is
explained in more detail in [31].

DC common-emitter characteristics of three different HBTs from wafer
B (same as wafer C) are shown in figure 4.8. The three sets of curves
correspond to narrow-collector (0.8 ym), wide-collector (1.8 ym) and very-
wide-collector widths respectively. The small signal current gain at DC, (3,
is 65. The reason for higher 3 on these wafers compared to wafer A has not
been fully explored. Two significant factors contribute to this observation.
The degree of etch undercut during the emitter-base etch sets the sepa-
ration between the edge of the emitter mesa and the base contact metal,
controlling the magnitude of the base leakage currents. Further, the graded
base decreases the base transit time, thereby decreasing the injected elec-
tron density required for a given collector current. Surface recombination
currents are therefore reduced.

The effect of collector width on the collector-emitter saturation voltage
can be seen by comparing the three sets of curves. If the collector is wide,
the collector current density at a given current is lower, hence leading to
less space charge screening in the collector and lower saturation voltage and
a smaller space charge resistance (slope of I-V curve in the linear region).
The effect of the collector width on the Kirk effect threshold is not very
obvious here as neither device is in that regime even at the highest measured
collector current. This delayed Kirk effect is due to the pulse-doped layer
in the collector as explained earlier.

The slope of the I-V characteristics in the saturation region can be

used to calculate the saturated electron velocity in the collector. Using the
relationship (Vep + ¢) = TA(Jc/vear — qNg)/2¢ and taking its derivative
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yields

Ry = T.% 2e050: A (4.4)

where R, is the space charge resistance (inverse of the slope of the -V
curve in saturation), T is the collector layer thickness, v, is the saturated
electron velocity and A. is the collector area. Using values for a wide-
collector device from wafer B, the space charge resistance is found to be
~ 15 € and the saturated electron velocity in the collector is calculated to
be 3 x 10° m/s.

The common-emitter breakdown voltage BVego is ~ 3 'V, decreasing
to 1.5 V at 10° A/cm?. The low breakdown voltage is due to the narrow-
bandgap InGaAs collector material. InP collectors with a InGaAs/InAlAs
linear grade would provide superior breakdown [45]. Our current facilities
do not permit InP growth. Given that vertical scaling must accompany
lateral scaling to obtain commensurate improvement in both f, and f,.4z,
scaled 0.1 um devices will demand very thin (1500-2000 A) collectors, and
InP must be employed.

The collector recess etch also affects DC characteristics of transferred-
substrate HBTs. If the collector is not recess etched, the electrons spread
laterally in the collector to regions where there is no collector contact un-
derneath, due to the electron space charge. Once the electrons spread into
regions of lower field (outside the collector contact), they need a higher
vertical field to reach the collector contact. Hence, the saturation voltage
increases. After recess etching, the electrons are physically confined to the
area under the collector contact thus reducing Vg sor. Since the collector
current is now confined to a smaller area, the collector current density for
a given collector current increases. This should cause the onset of the Kirk
effect at lower currents. This effect is presented in more detail in [31].

DC characteristics of the devices with 0.8 um X 25 pym emitters and 1.8
pum X 29 um collectors were measured in the common-base configuration
also. Figure 4.9 shows these characteristics. The common base current
gain « is 0.98. The common-base breakdown voltage BVego is ~ 6V,
decreasing to 1.5 V at 10° A/cm?.

To investigate the effect of the thermal via on transistor performance,
we now compare the DC characteristics of devices with non-grounded emit-
ters (with thermal vias) and devices without thermal vias. Three devices
are compared. All have 0.8 pum x 25 um emitters and 4.8 yum x 29 pm
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and 4.8 ym X 29 pm respectively.
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collectors. The first device has its emitter grounded with a thermal via
(grounded), the second device has M2 to protect the insulator layer (non-
grounded), and, the third device does not have a thermal via (no-via).
Figure 4.10 shows their common-emitter characteristics. The observed vari-
ation in [ is attributed to transistor self-heating. There is very little dif-
ference between the grounded and non-grounded devices, as was expected
from the temperature calculations in the previous section. The no-via de-
vice has lower breakdown voltage, lower current gain and higher collector-
emitter saturation voltage due to self-heating effects. Hence, a thermal via
is essential at the current densities required for high transistor bandwidth
operation.

Figure 4.11: An array of devices with the collector offset from the emitter
in steps of 0.5 um.

For transferred-substrate HBTS, the emitter-base and collector-base junc-
tions have to be aligned to each other. If they are misaligned, both the de-
vice DC and RF performance degrade. The lateral electron flow increases
transit times and space charge screening in the collector. An array of four
devices with identical dimensions was tested. In the first device, the emit-
ter and collector stripes are aligned, but in the other devices the collector
stripe is offset from the emitter successively in steps of 0.5 ym (figure 4.11).
Common-emitter DC characteristics of the four devices are shown in figure
4.12. As we can see by comparing the four graphs, misaligned devices have
lower current gain and higher collector-emitter saturation voltages at higher
current densities.

4.3 RF measurements

The devices were characterized by on-wafer network analysis to 50 GHz.
Figure 4.13 shows the short-circuit current gain hoy, and Mason’s [32] in-
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variant (unilateral) power gain U for devices from wafer A. Pad parasitics
have not been stripped. Bias conditions are as shown. Extrapolating at -20
dB/decade, fima: = 277 GHz and f, = 127 GHz. We have used Mason’s gain
for extrapolating fm.. because of its characteristic -20 dB/decade slope, its
independence of the transistor configuration (common-base vs. common-
emitter), and its independence of pad inductive and capacitive parasitics.
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Figure 4.14: Variation of f, and f,... with emitter current density for de-
vices on wafer A.

Figure 4.14 shows the variation of f, and f,,.. With bias. I increases
with current density and saturates at high current densities due to Kirk
effect. The Kirk effect threshold is high due to the presence of the pulse-
doped layer in the collector, close to the base. Kirk effect influences [z
more strongly than f; as is seen from the reduced f,,.. at high current
densities. This is because when the base width increases, the base transit
time increases and the collector transit time reduces thus keeping the sum of
the two relatively constant. But, the reduced collector thickness increases
Ces and degrades fia. The variation of RF parameters with Vop was
not explored on this wafer. By plotting 1/27f, vs. 1/Jg (Eq. 2.2), it is
determined that the sum of the base and collector transit times (7, + 7.) is
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0.95 ps. This is shown in figure 4.15.
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Figure 4.15: Extraction of forward transit time for devices on wafer A.

Figure 4.16 shows the short-circuit current gain ho;, maximum stable
gain (MSG), and the unilateral power gain U for devices from wafer B. This
wafer had a 400 A graded base and a 2500 A thick collector. The devices
had 0.8 um x 25 pym emitters and 1.8 pm X 29 pum collectors. Pad parasitics
have not been stripped. Bias conditions are as shown. Extrapolating at -20
dB/decade, frae = 233 GHz and f, = 170 GHz. The f,,4. is lower than
the devices on wafer A due to several reasons. First, we would expect the
reduced base layer thickness to increase the base Ohmic contact resistance.
In fact, the base Ohmic contact resistivity on this wafer was high thus
leading to high base resistance and increased base contact transfer length.
This increases the Cy; /Cu, tatio (Eq. 2.11). Second, the reduced collector
layer thickness increases the collector-base capacitance. Third, and perhaps
significantly, the emitter dimensions of devices on this wafer at 0.8 um
emitter width are slightly larger than those on wafer A. This too increases
the Cui/Clpe ratio, which causes fiu. to reduce. The higher f; is a result
of reduced base and collector transit times caused by thinner base and
collector epitaxial layers. Operation at higher emitter current density was
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also possible on this wafer because of improved thermal performance of this
device due to the In/Pb/Ag solder in place of the epoxy.

Figure 4.17(a) shows the variation of f, and f,... Wwith emitter current
density. The peak f, is 175 GHz. Again, the high Kirk effect threshold
can be observed here. At low emitter current density, fie. reduces more
dramatically than can be predicted by the reduction in f, alone. This is
probably due to the pulse-doped layer in the collector which causes the
collector to be partially depleted at low current densities. Figure 4.17(b)
shows a plot of f, and f,.ae vs. collector-emitter voltage, Vog. At low
Vg, the collector is partially depleted leading to increased C., and reduced
fmaz. At high Veg, fr and [ decrease, suggesting a decrease in the
collector electron velocity at high electric fields. For this device the sum of
the base and collector transit times is 0.66 ps. The split between the base
and collector transit times can be calculated roughly. Using 7. = T./204,
T. = 2500 A, and v, = 3 x 10> A/em?, the collector transit time is found
to be 0.42 ps. Hence, the base transit time is 0.24 ps.

The variation of f, and f,,.. with bias was studied in great detail on
this wafer. Figure 4.18 shows the variation of f, and f,.«. with collector
current for different Vo, Figure 4.19 shows the variation of f, and [z
with collector-emitter voltage for different collector currents.

Figure 4.20 shows the short-circuit current gain ho;, maximum stable
gain (MSG), and Mason’s unilateral power gain U for devices from wafer C.
This wafer had a 400 A base with kT bandgap grading and a 2700 A thick
collector. The devices had 0.75 ym X 25 pm emitters and 1.8 pum x 29 um
collectors. Pad parasitics on this wafer were measured and were found to be
negligible. Bias conditions are as shown. Extrapolating at -20 dB/decade,
fmaz = 370 GHz and f, = 160 GHz. The f. is higher than wafer A because
of the graded base, and similar to wafer B. The f,,.. is higher than the
devices on wafer A due to a higher f, and better base Ohmic contacts. The
frmaz 18 higher than wafer B also due to better base Ohmic contacts, and a
narrower emitter geometry.

Figure 4.21 shows the variation of f. and f,.. with bias. Figure 4.21(b)
shows a plot of f, and f,... vs. collector-emitter voltage, Vog. At low Veg,
the collector is partially depleted leading to increased C\, and reduced f,q0
as with the other devices. At high Veog, f- and f,... decrease as before.
The forward transit time is 0.67 ps, similar to B.

Figure 4.22 shows experimental data correlating lateral scaling with f,,az
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of transferred-substrate HBTs. Shown in the figure is the variation of f-
and [, With emitter current density for three different devices. The first
one has a 0.8 ym X 25 pym emitter and 4.8 ym X 29 um collector. The
second one has the same emitter but a narrower 1.8 um x 29 um collector.
Both these devices are from wafer B. The third one has the same collector
as the second one but a narrower 0.6 pym X 25 pum emitter. This highly
scaled device was fabricated by Q. Lee and is not reported in this thesis
elsewhere. From figure 4.22 we can see that f. is similar for all three
devices. Some difference is present due to the r..Cg term in the expression
for f; (Eq. (2.2)). Reducing the collector width alone does not significantly
improve f,,qz, as the intrinsic part of the collector-base capacitance remains
the same. Scaling both the emitter and the collector improves f,.qx by
a large amount. These devices are from different wafers and thus have
slightly different parameters. The highly scaled device has a 500 A base
instead of the 400 A base of wafer B. The base resistance on wafer B was
somewhat higher. Hence, the comparison is not strictly correct but the
general scaling trend can clearly be observed here. It is expected that with
further submicron scaling of the emitter and collector dimensions, a much
higher f,,q. can be obtained.

The effect of collector recess etch on RF performance of transferred-
substrate HBTs is now explored. Figure 4.23 shows the variation of f, and
fmaz With collector current before and after recess etch. As expected, the
fmaz Improves significantly after recess etch because of the reduced Cgy. F;
also improves although to a smaller extent than f,,... This is due to the
reduction in the r.,Cy charging term in the expression for f, (Eq. 2.2).
After recess etching, the collector current is confined to a narrower area
thus increasing the collector current density. This lowers the Kirk effect
threshold (finq. is now peaking at lower current) as can be seen from the
graph. So it can be concluded that the recess etch improves f,.. signifi-
cantly and does not significantly affect f.. Hence, the collector recess etch
improves overall device RF performance.

Figure 4.24 shows how misalignment between the emitter and the col-
lector affect f, of transferred-substrate HBTs. As we can see, the effect of
misalingment is to increase the average transit time of electrons from the
emitter to the collector and thus reduce f; at a given current density. Also,
in the regions where there is no collector contact and hence no electric field
to attract the electrons, the electrons tend to spread laterally. Figure 4.25
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Figure 4.23: Effect of collector recess etch on RF performance.
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Figure 4.25: Effect of misalignment between emitter and collector on fiax.

300 a | | | | | | 2\ B
1 A =0.8X25pum f
] E !-—‘—!‘\ L
250 A_=1.8 X29 um’ N T "
E f / i
200 T N n
N 1 ----- f 1 B
(% . max ' r
- 150j ,’ L
g : misalignmer;t/"/!\;’_,\% ¥
100 0.0um =+’ .’ n
1 o il B
50— > -
. 1.0 ym R
0 T \u‘ T T T T ‘ T T T T ‘ T
0 0.5 1 1.5 2

Figure 4.26: Effect of misalignment between emitter and collector on

and fmax-

collector-emitter voltage, V

[z



72 CHAPTER 4. DEVICE RESULTS

90° 320.0
O

7

o

@)

% “"’p\\} ;
TR

o

180° 0°

</

X

'(

-120° -60°

Figure 4.27: Measured so;1 of devices from wafers B and C.

shows how f,... is affected by this misaligment. F,,,. reduces drastically
for misaligned devices because of electron spreading and increase in effec-
tive area. Figure 4.26 shows how the collector-emitter voltage affects f.
and [ if the devices are misaligned. From these plots we can see how
important it is to align the emitters to the collectors.

Measured s-parameters of devices from wafers B and C are shown in
figures 4.27, 4.28 and 4.29. The bias conditions and device dimensions are
as shown before. So; and sy2 are very similar for the two wafers. But,
devices on wafer C had superior RF performance compared to the devices
on wafer B. The lower base resistance and higher output resistance on wafer
C can be observed from sq; at high frequencies and s, at low frequencies
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Figure 4.28: Measured s12 of devices from wafers B and C.
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Figure 4.29: Measured s11 and s95 of devices from wafers B and C.
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Figure 4.30: Small-signal hybrid-pi model of devices from wafer A.

respectively, both of which lead to lower f,.,... The output resistance r..
of the device is determined from the intersection of the s29 curve with the
resistance axis at low frequencies. For wafer B, this turns out to be ~ 250 ).
This value correlates very closely with the slope of the common-emitter I-
V characteristics about the appropriate bias point (figure 4.8, Vop = 1
V, I = 30 mA). The intersection of so2 with the resistance axis at high
frequencies is proportional to the Cg;/Ch. ratio (yso from Eq. 2.4). As
we can see, this ratio is higher for wafer B than for wafer C, and this also
explains the lower f,,.. on wafer B.

Small-signal hybrid-m models of transferred-substrate HBTs from all
the three wafers were developed. Figure 4.30 shows a model for devices
from wafer A at the given bias conditions. All the parameters except the
Cei/Cop Tatio were extracted from bias dependence of s-parameters rather
than being fitted on a computer. The model extraction procedure follows
the method described in detail in [31]. Pad parasitics are negligible. This
model is simple enough to facilitate quick circuit design and analysis, and
also provides a reasonable fit to the measured s-parameters. Figure 4.31
shows the comparison between measured and modeled RF characteristics
of devices from wafer A. The primary discrepancy is in the low frequency
output conductance, which we are unable to model. It is difficult to fit mea-
sured HBT s-parameter data to a hybrid-m model for any HBT operating
close to the Kirk threshold. Charge-control analysis of an HBT operat-
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Figure 4.31: Comparison of measured and hybrid-m modeled RF character-
istics of devices from wafer A.

ing in the region of collector field screening indicates that the base stored
charge is modulated by the collector potential, an effect not modeled in
the hybrid-m circuit. The low frequency unilateral gain is slightly different
because the output conductance is not modeled well by just using r... A
SPICE model was also developed for transferred-substrate HBTs. Similar
correlation between measured and modeled DC and RF characteristics was
obtained.

Transferred-substrate HBTs with f; and f,,.. of 175 GHz and 370 GHz
respectively have been demonstrated. High device yields and key IC ele-
ments have also been demonstrated. Integrated circuits operating to 100
GHz should be possible with this technology. To demonstrate the viability
of this technology as a IC'technology, integrated circuits need to be designed
and fabricated in this process.



Chapter 5

Integrated Circuits

This chapter describes the various integrated circuits that were designed
and fabricated in the transferred-substrate HBT IC process. Four circuits
are presented. The first demonstration circuit is a two-transistor Darlington
feedback amplifier. An improvement on this basic design, the Darlington-
cascode amplifier, has three transistors. A traveling-wave amplifier with six
transistors was designed. Finally, a variable-gain differential amplifier with
twenty-two transistors was built. Two designs of the Darlington feedback
amplifier from wafers B and C are presented. All the other circuits are from
wafer C.

For designing integrated circuits, particularly in a manufacturing envi-
ronment, fairly accurate device modeling is required and expected. Here,
the circuits were designed as the process was evolving and the models are
necessarily only approximate. Active devices (HBTs) have already been
modeled (with a small-signal hybrid-m model) as shown in the previous
chapter but it must be understood that the data set these models represent
was not available at the time the ICs were developed. The model is made
scalable with the emitter stripe length to facilitate the use of devices of
varying areas in integrated circuit simulations. This is done in the usual
fashion by making all model currents, capacitances and conductances pro-
portional to the emitter stripe length. SPICE and similar programs use a
bias-dependent model, thus enabling the use of a single model over a broad
range of bias conditions. In the IC work reported here, bias-independent
small-signal hybrid-m models were employed for circuit design, both due to
limited characterization data available in a evolving and (then) immature

7
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process, and due to time pressures. Such models must be independently
created for each bias condition and cannot be used for large signal simula-
tions. Passive devices like resistors and capacitors were also characterized.
For circuits, only small-signal computer simulations with a hybrid-7m model
were done. The proper bias conditions were ensured by designing the bias
network and applied voltages by hand, instead of allowing the computer to
determine the voltages and currents for each transistor. The circuits could
also be simulated with a full SPICE model or with measured s-parameter
files. The SPICE model includes bias and large-signal effects also, but
determination of all the SPICE model parameters requires extensive bias-
dependent measurements. S-parameter files provide the most accurate sim-
ulations, but cannot be scaled with device area. For small circuits with few
transistors, the use of hybrid-7 models in simulations provide a reasonable
prediction of performance, and designing the bias conditions is possible by
hand.

The measured results were quite close to the simulated characteristics.
Some differences were observed due to changes in device characteristics from
one wafer to another. For example, the circuits on wafer B were designed
and simulated with hybrid-m models of devices from wafer A. But, as shown
in the previous chapter, devices from the two wafers had different RF per-
formance. Specifically, the base resistance and collector-base capacitance
were low on wafer B, and, f. and current gain were higher than wafer A.
Similarly, wafer C had higher (370 GHz) f,.4. than wafer B but the circuits
were designed with a very conservative (200 GHz) fi.... This affects the
circuit performance significantly. Layout parasitics are also not easily mod-
eled. Broadband amplifiers operating close to the technology limit are even
more sensitive to variation in device characteristics and layout parasitics.

5.1 Darlington feedback amplifier

The first demonstration circuit in the transferred-substrate HBT IC process
is a Darlington feedback amplifier [46]. Feedback amplifiers are suitable for
demonstration of emerging IC technologies because of their simple design,
low integration levels, few passive components and easy testability. Feed-
back amplifiers find use in fiber-optic receiver gain blocks and as low-noise
transimpedance frontend amplifiers. A Darlington amplifier with series and
shunt resistive feedback and 5082 input/output impedance [46| was designed
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and fabricated.
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Figure 5.1: Schematic circuit diagram of common-emitter resistive feedback
amplifier.

The design of resistive feedback amplifiers can be found in [46] and is
reviewed here. Figure 5.1 shows a simple common-emitter feedback ampli-
fier with resistive feedback. The desired (negative) voltage gain A is first
specified, and a 50 Q (=7,) input/output impedance is desired. The two
design equations are :

Gm,extrinsic — 1/<7ne + rex + Re) - (1 - A)/Zo (51)
Ry=7,(1—-A) (5.2)
where r. = nkT/qlc and 7., is the extrinsic emitter resistance. The

bandwidth of the amplifier can be estimated from the charging time con-
stant. The first order input time constant is dominant, and consists of the
emitter-base capacitance, the Miller-multiplied collector-base capacitance,
the base resistance and the combined effect of the feedback and generator
impedances as follows :
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a1 ~ 120 BW =~ (14, + Zo/2)(GmextrinsicTr + (1 — A)Ce) (5.3)

where 7y, and C, are the transistor base resistance and collector-base capac-
itance, 7; = 1/27 f, is the forward transit time and BW is the bandwidth of
the amplifier. Hence we can see that as the gain is increased by increasing
A (and hence gm extrinsic), the bandwidth reduces. The transistor area, the
operating current and the emitter resistor need to be designed. If the tran-
sistor area is too large, 1, is small but C, is large and vice versa. Hence,
there is an optimum area and this can be found by taking the derivative
of Eq. 5.3. Once the transistor area is determined, the emitter current
is chosen for peak f, operation. F. can then be calculated from Eq. 5.1.
This elementary analysis yields reasonable values of gain and bandwidth.
Further optimization can be done using a computer circuit simulator.

To further improve the gain-bandwidth of this amplifier, either a cas-
code or a Darlington stage can be used instead of the single transistor. The
cascode cell has a common-emitter transistor followed by a common-base
stage. The Darlington cell has a emitter-follower and a common-emitter
transistor. If the transistor fi,.. is lower than f., the Miller-multiplied
collector-base capacitance is dominant. A cascode cell reduces this Miller
multiplication and improves bandwidth. The cascode cell also reduces high
frequency feedback from the output to the input and boosts the output
impedance of the transistor. On the other hand, if the transistor f. is lower
than f..z, a Darlington stage improves bandwidth. The emitter follower
buffer presents a lower driving impedance (~ . + 7., as opposed to 7,/2)
to the input capacitance of the common-emitter transistor. Darlington
stages also improve the overall current gain and increase the input resis-
tance compared to a single transistor. If both f, and f,... are comparable,
three transistors connected in a Darlington-cascode topology can be used to
improve bandwidth. However, as the number of transistors is increased, bi-
asing becomes more difficult and additional power supplies, resistive divider
networks and bypass capacitors are needed.

In the transferred-substrate HBT technology, fi... is larger than f.
Hence a Darlington stage was used to boost bandwidth. Figure 5.2 shows
a schematic circuit diagram of the amplifier. The dotted line shows the
chip boundary. Q1-Q2 form the Darlington pair. The design equations are
the same as for the common-emitter amplifier. Q2 is the main voltage gain
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Figure 5.2: Schematic circuit diagram of Darlington feedback amplifier.
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stage.

MOTC analysis was done to obtain the optimum areas. The transis-
tor element values include the effect of the extrinsic emitter resistance r..
through emitter degeneration. The sum of the first order time constants is

ar =~ (rop1 + Zo/2)((1/ g + Rl)_lel + Cop1)
+ (1op2 + 1/ Gn ) (1/ g2 + RQ)_ITfQ + (1 — A)C2) (5.4)

where the terms are identical to the common-emitter amplifier and the sub-
scripts 1 and 2 correspond to the transistors Q1 and Q2 respectively. We
must satisfy the gain relationship by setting A,19m2.extrinsic = (1 — A)/Z,,
where A, is the voltage gain of the first transistor (~ 1) and gm2 catrinsic 1
the degenerate transconductance of the second transistor. The capacitance
of the main gain transistor is now driven with a smaller impedance and
the bandwidth is increased. But additional time constants are now added.
Proper design can lead to improved bandwidth. This expression can be
used to determine the emitter stripe lengths of Q1 and Q2 to maximize
bandwidth. If the emitter stripe length of Q1 is large, its input capacitance
is large, degrading bandwidth; if it is too small, its base and emitter re-
sistances are large, increasing the driving impedance for Q2 and degrading
bandwidth. Large Q2 emitter stripe length increases its Miller-multiplied
base-collector capacitance whereas a small emitter stripe length increases
the base resistance, through which the (degenerated) device input capac-
itance must be charged. Hence there optimum emitter stripe lengths for
Q1 and Q2. Peak [, bias currents are chosen for both transistors. Ry,
the shunt feedback resistor, is chosen to provide an input impedance of
50€). Ry is the series feedback resistor in the emitter of Q1 and sets the Q1
emitter current density close to the peak f; bias. Rs sets the degenerated
transconductance of Q2 (and hence of the circuit) to provide the desired
gain and 50 ) output impedance. The circuit is biased with Vo and an
off-chip resistor connected through a bias-tee at the output. The collector
of Q1 is not connected to the output, but is biased with and independent
supply to eliminate Miller multiplication of its base-collector capacitance.
The element values and bias conditions are as shown. The designed gain
and bandwidth were 10 dB and 50 GHz respectively. The IC consumes 40
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mW DC power. Figure 5.3 shows a photomicrograph of the amplifier. The
chip dimensions are 0.35 mm x 0.4 mm.

Figure 5.3: Photomicrograph of the Darlington feedback amplifier.

The amplifier characteristics were measured with a network analyzer to
50 GHz. Figure 5.4 shows the simulated and measured forward gain s9; of
the amplifier. The measured low-frequency gain is about 13 dB and the
3-dB bandwidth (relative to the low-frequency gain) is 50 GHz. The gain
peaking at high frequencies is due to the second (internal) pole (Eq. 5.4)
in the feedback loop created by the emitter resistance of Q1 and the base
resistance and input capacitance of Q2. This gain peaking can be reduced
by adding some resistance in series with the base of Q2, or by increasing the
degeneration of Q2, at the cost of reduced gain. The bandwidth is below
the potential of the technology for several reasons. First, f,... is low on the
current ICs (wafer B) due to high base Ohmic contact resistance. Second,
the resistor current carrying capability was lower than expected, forcing the
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Figure 5.4: Measured and simulated forward gain s2; of the amplifier (wafer
B). The simulation assumes the original model parameters
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Figure 5.5: Measured input return loss si7, output return loss sq9, and
reverse isolation s15 of the amplifier.
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Figure 5.6: Comparison of measured gain and simulated gain with new
transistor parameters.
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transistor bias to be less than the intended design conditions. Also, since
the base of Q1 and the collector of Q2 were biased with the same supply
(1.5 V), Vop for Q2 was high, which degrades transistor bandwidth. At
the bias conditions at which the amplifier measurements were taken, the
transistor f, and f.q. are 120 and 175 GHz respectively. Figure 5.6 shows
a re-simulation of the amplifier with transistor parameters from the current
wafer. Although this simulation matches the measured data better than the
previous simulation, the amplifier characteristics are not entirely predicted.
Possible reasons for this are layout parasitics which are not easy to model
and difficulty in modeling the output conductance of the devices. Figure
5.5 shows the input and output return losses and the reverse isolation of the
amplifier. The return losses are poor at high frequencies indicating small
(and even positive) reflection coefficients for the amplifier. The positive
return losses are due to the negative input impedance of emitter-follower-
common-emitter pair at high frequencies.

=
N
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simulated

m 8- -
S ] Q1l=1x25pm®* V =11V o F
< 5 ce 50 GHz bandwidth, [
4{ Rf: 200Q Vbb=1.5V }
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Figure 5.7: Measured forward gain ss; of the amplifier (wafer C).

A similar design was fabricated on wafer C and the results are shown in
figures 5.7 and 5.8. The element values and bias conditions are also shown.
An additional supply (Vi) in series with a 2 kQ resistor was connected
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Figure 5.8: Measured input return loss si7, output return loss sq9, and
reverse isolation s15 of the amplifier.
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through a bias-tee to the base of Q1 so that Q2 need not be biased at high
Veg. The difference in gain peaking and return losses is mainly due to the
difference in the base resistance (1) on the two wafers. This also causes
the fimae to be quite different (233 GHz vs. 370 GHz). The resistors on this
design were made wider to accommodate more current, resulting in higher
current density operation. The gain was reduced by increasing the emitter
resistor Its. As with the amplifiers on wafer B, wafer C produced amplifiers
with 50 GHz bandwidth, but the gain peaking was greatly reduced and
input/output return losses improved.

As we have seen above, Darlington amplifiers in the transferred-substrate
HBT process exhibit strong gain peaking and poor input return losses at
high frequencies. This is a result of the parameters of the transferred-
substrate HBT. Q1, an emitter follower driving the input capacitance of Q2,
has an input impedance whose real part is negative at some frequencies. The
resulting resonance - observed in both gain (se1) and input impedance (s11)
- becomes progressively more severe as the base resistances (ry) of Q1 and
Q2 are reduced. The low base resistance and collector-base capacitance of
transferred-substrate HBTs strongly enhance this negative-resistance peak-
ing.

r
Base bb Collector
Cbe — Vbe * ngbe

Emitter J—

Figure 5.9: Simplified equivalent circuit of transistor for calculation of Dar-
lington input impedance at high frequencies.

The input impedance and the transfer function for a Darlington pair
will now be derived. The transistor model that will be used is shown in
figure 5.9. Ry, is the base resistance, Cj. is the input capacitance con-
sisting of the diffusion and junction capacitances and g, is the extrinsic
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Figure 5.10: A HBT Darlington feedback amplifier.

transconductance. Degeneration due to the extrinsic emitter resistance can
be absorbed into the element values and is not shown explicitly. Cy is
very small for transferred-substrate HBTs and is neglected to simplify the
derivation. [ is assumed to be infinite which allows the input resistance R,
to be open circuited. Figure 5.10 shows the Darlington amplifier with the
transistor pair Q1-Q2 and the degeneration resistor K. Q1 can be assumed
to be biased through a current source with infinite output impedance. The
feedback resistor is converted to 50 € resistors at the input and output of
the amplifier by the use of the Miller-multiplication approximation. The
source and load impedances are assumed to be 50 €). First, let us look at
the input impedance. The impedance looking into Q2 at the intermediate
node between the two transistors Z;,» is

Zina = Tow2 + R+ (1 + gmaR)/jwCs (5.5)

The input impedance of the overall stage Z;, is given by

Zm — Tbb1 -+ 1 + /ij’l + (1 + glemg)/ij’l (56)
Using Eq. 5.5 in Eq. 5.6 and simplifying gives

Zin = (Top1 + Top2 + R) — (gma [l + gng]/wQC’ng)
+<1 + gml[ﬁ,bg + R])/jcuC’l + (1 + gng)/ij'g (57)

As we can see from Eq. 5.7, the real part of the input impedance has both
a positive and a frequency-dependent negative term. Hence, at some fre-



5.1. DARLINGTON FEEDBACK AMPLIFIER 91

quencies, the input impedance will have a negative real part thus leading to
positive input reflection coefficients and gain peaking. Using actual values
for all terms from a fabricated amplifier, the frequency at which the real
part becomes zero is 100 GHz. Below this frequency, the real part will be
negative. The output impedance can be similarly derived.

Now, let us look at the transfer function of the amplifier. An approxi-
mate analysis by the method of time constants will be used. The mid-band
voltage gain of the amplifier is given by (ignoring degeneration due to re-
sistor R)

Av = Vour/Vgen = (1/2)-(gm2)-(Zo/2) (5.8)

The first order and second order time constants are given by

ar = C1(1/gm1) + Co((1 + gmaros2)/Gm1) (5.9)

as = C1(1/gm1)Ca(Top1 + T2 + Zo/2) (5.10)

The transfer function is given by

H(8) = Vour/Vyen = Ao/ (1 + 18 + a28”) (5.11)

This equation is of the form

H(s) = A, /(1 + 25¢ Jwn + 28 Jw,”) (5.12)

Such a transfer function leads to complex poles. The values of w, and &
determine the frequency response of the amplifier. If £ < 1/v/2, the sys-
tem is underdamped and gain peaking will be observed; for £ = 1/v/2, the
system is critically damped or maximally flat and for £ > 1/v/2 the system
is overdamped. The frequency w, denotes the resonant frequency where
gain peaking is observed. Using actual values of degenerate capacitances
and extrinsic transconductances from the Darlington amplifier, & = 0.67
and f, = 48 GHz. This shows that the system is underdamped and will
show some gain peaking. If the base resistance is lower, the damping factor
reduces and the peaking increases. This calculation has been done with sev-
eral assumptions and is only approximate, hence the values of the resonant
frequency and damping factor are not entirely correct, but it does predict
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Figure 5.11: A HBT mirror-Darlington feedback amplifier.

the amplifier behavior correctly. If a mirror-Darlington [47] configuration
is used, the complex poles are eliminated we shall now see.

Figure 5.11 shows the circuit diagram of a mirror-Darlington amplifier.
Assuming that all devices are of the same size and neglecting 4, the transfer
function of the amplifier is given by

H(s) = Vour/Voen = (1/2)-(gm)-(%,/2).(1/ (1 + sCZ, [4)) (5.13)

As we can see, there is only a simple pole in this transfer function at C.7, /4.
this is because the internal pole is cancelled by a zero caused by connecting
the output of the first transistor to the output of the amplifier and biasing
the first transistor with a diode. Hence, there is no gain peaking. The input
reflection coeflicient is given by

Hence, the input reflection coefficient is simple imaginary and does not
exhibit the behavior of the Darlington. The current gain of the mirror-
Darlington is given by

AI — Iout/Iin - 2f7'/f (515)
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which implies that the current gain is twice that of a single transistor and so
is the f.. Hence it is a f,-doubler. Amplifiers using this configuration will
thus have higher bandwidth. The treatment given above is over-simplified
and expressions become very complicated if a full model of the transistor
is used and if the transistors are not of the same size. Even so, the mirror-
Darlington configuration will perform better than the simple Darlington.
ICs based on mirror-Darlington or f,-doubler [48] configurations will be
developed in the future.

5.2 Darlington-cascode feedback amplifier

In an attempt to obtain improved amplifier bandwidth, a cascode cell was
added to the basic Darlington cell. This created a Darlington-cascode com-
posite amplifier. Figure 5.12 shows a schematic circuit diagram. An ad-
ditional transistor Q3 is connected in a cascode configuration with Q2 at
the output. A detailed MOTC analysis of the Darlington-cascode gives a
dominant time constant :

ar 2 (1ot + Zo/2)((1/ gt + R1) ™ 741 + Can)
+(1ob2 + 1/9m1) (1/ Gz + RQ)_ITfQ + [14 (1/gm2 + R2) ™"/ gms|Cev2)
+7y3 (5.16)

where the terms are self-explanatory. By comparing Eqs. 5.4 and 5.16, it is
evident that Miller multiplication of C';, of Q2 is now reduced as represented
by the terms (1 + (1/gma + R2)~"/gms) instead of (1 — A). By scaling
the emitter areas of Q1-Q3 to minimize the total time constant, there is
predicted a ~ 40 % improvement in the stage bandwidth relative to the
Darlington amplifier.

The base of Q3 is biased through the same supply as the collector of
Q1, because both the nodes are at the same potential. R, forms a voltage
divider network with Ry, to bias the base of Q1 at the desired voltage. It
is externally connected through a bias-tee because of the limited current
capacity of on-chip resistors. This amplifier was designed for the same
gain as the first amplifier, and it had a simulated bandwidth of about 70
GHz. The power consumption of the IC is 64 mW. Figure 5.13 shows a
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Figure 5.12: Schematic circuit diagram of the Darlington-cascode feedback
amplifier.
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Figure 5.13: Photomicrograph of the Darlington-cascode amplifier.
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photomicrograph of the amplifier. The chip dimensions are the 0.35 mm X
0.4 mm.

measured, 10 dB, ~60 GHz N

——————— simulated, 10 dB, ~70 GHz

(@)

0 10 20 30 40 50 60 70 80
frequency, GHz

Figure 5.14: Measured forward gain ss; of the amplifier.

The amplifier characteristics were measured with a network analyzer
to 50 GHz. Figure 5.14 shows the forward gain so; of the amplifier. The
low-frequency gain is 10 dB and the 3-dB bandwidth (relative to the low-
frequency gain) is greater than 50 GHz. Network analyzer measurements
were also done between 75 and 100 GHz in an attempt to determine the
amplifier bandwidth. The bandwidth was found to be between 50 and
75 GHz. Interpolation to find the exact bandwidth could not be done
because the gain characteristic does have a well behaved roll-off. Excessive
gain peaking and reflection coefficients greater than 0 dB are observed. To
improve the gain-bandwidth and the return losses, mirror-Darlingtons [47]
and f,-doublers [48] have to be employed.
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Figure 5.15: Schematic circuit diagram of the differential amplifier.

5.3 Differential amplifier

In addition to the single-ended resistive feedback amplifiers of the previous
section, differential DC coupled amplifiers were also designed and fabri-
cated. As with all differential circuits, the design is based on a half-circuit
model, and is therefore strongly related to the design of the single-ended
amplifiers. Differential amplifiers have symmetric and non-saturating limit-
ing characteristics set by transistor cutoff, and AGC can be applied without
introducing DC level shifts to the signal. For this reason differential stages
are preferred for the AGC/limiting [49, 50] stages of optical receivers. Fu-
ture high-speed fiber-optic systems will require amplifiers with very high
bandwidths. A two stage DC-coupled broadband lumped differential am-
plifier is described in this section.

Figure 5.15 shows a schematic circuit diagram of the amplifier with the
element values. A variation of the classic transadmittance-transimpedance
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design by Cherry & Hooper [51], with 50 Q interstage impedances is used
here. The first stage has a emitter-coupled pair with input emitter follower
buffers with emitter degeneration. 50 {2 shunt input resistors set the input
impedance of the overall amplifier. 50 {2 output resistors are used in the
collectors, setting a 50 ) output impedance of the first stage. The second
stage employs transimpedance loading to obtain a 50 €2 input impedance
and 50 € output impedance. Level-shifting diodes are used to bias all tran-
sistors below breakdown. Active biasing with transistor current mirrors and
a single negative supply is used. Input and output DC levels are designed
to be the same at -0.45 V thus enabling DC coupling between successive
stages of the amplifier. The transadmittance of the first stage is given by
Gm1 extrinsic- 1 he transimpedance of the second stage is given by the feed-
back resistor ;. Hence the overall gain iS g1 extrinsiclly. By varying the
bias currents in the first stage, the amplifier gain can be varied. The emitter
currents of the emitter-coupled pair in the first stage was varied with a ex-
ternal variable resistor in the current reference transistor. In real systems,
this is done by applying a control voltage. Whether applied via a variable
resistance or a variable voltage, both vary the reference current and the
bias current through the input transistor pair, and thus change the gain of
the amplifier. The amplifier bandwidth is designed to be controlled by the
second stage, thus giving a variable-gain (constant bandwidth) amplifier.
Bandwidth analysis is similar to that of the Darlington amplifier. The first
stage has a current dependent input time constant, and hence the stage
bandwidth varies with bias. The second stage time constant is made domi-
nant and hence the overall amplifier bandwidth is controlled by the second
stage, independent of the first stage bias. The simulated gain-frequency
characteristics are shown in figure 5.17. The bandwidth was about 50 GHz
and the gain could be varied from 7-13 dB by changing the bias current in
the gain control stage from 4-12 mA as shown. Figure 5.16 shows a pho-
tomicrograph of the amplifier. A total of 22 transistors are used. The chip
dimensions are 0.75 mm X 0.44 mm.

The amplifier performance was measured with a network analyzer to 50
GHz. Only single-ended characteristics (two-port) were measured, with the
other ports terminated in 50 Q. At the designed bias conditions (shown on
graph), variable gain operation was observed as desired. [, is the current
through the reference transistor in the amplifier first stage. The input DC
level of -0.45 V was applied with a independent supply. However, the gain
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Figure 5.16: Photograph of the differential amplifier IC (0.75 mm x 0.44

characteristics exhibited oscillations at ~ 40 GHz as shown in figure 5.18.
The origin of these oscillations is as yet unclear. Layout parasitics may be
responsible as may the negative resistance effects seen in the Darlington
stages, particularly in the second stage. By lowering the bias voltage (bias-
ing the transistors at reduced Veg), stable operation was achieved. Figure
5.19 shows the forward gain s2; of the amplifier. The low-frequency gain is
11 dB and the 3-dB bandwidth is >50 GHz. However, at this bias, the gain
could not be varied independent of the bandwidth, as the first stage now
affects the bandwidth as well as gain. The dashed curve shows the gain of
a different amplifier at different bias conditions. A lower bandwidth and a
more flat response is obtained. The bias voltages and overall current is the
same, but the reference current in the first gain stage is reduced (from 14
to 11 mA) and that of the second gain stage is increased. The difference
in gain-bandwidth could also be due to spread in transistor characteristics
across the wafer. The low frequency gain is the same, but the in-band gain
variation is less than 1 dB, and the bandwidth is 40 GHz for the dashed
curve. Such flat gain response is important for acceptable bit-error-rates in
high-speed systems. The gain ripple at high frequencies is a result of us-
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Figure 5.17: Simulated variable forward gain so; of the amplifier. I.s is
the current through the reference transistor in the amplifier first stage.
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Figure 5.18: Measured variable forward gain so1 of the amplifier. /,.s is the
current through the reference transistor in the amplifier first stage.
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Figure 5.19: Measured forward gain ss; of the amplifier.

ing a 2-port calibration with off-chip terminations of the two unused ports.
Figure 5.20 shows the input and output return losses and the reverse isola-
tion of the amplifier. The reverse isolation is very good because there is no
direct feedback path from the output to the input. The input return losses
are poor at high frequencies as in the case of the Darlington amplifiers. The
output return loss is poor even at low frequencies due to the low Vg bias
leading to poor output conductance of the device. The IC consumes 250
mW DC power.

5.4 Distributed amplifiers : Theory

This section reviews distributed amplification theory briefly. In general,
amplifying circuits can be classified into two categories : lumped and dis-
tributed. Lumped circuits can either be resonant or non-resonant. Resonant
circuits are impedance-matched at the input and the output to the gener-
ator and the load for some frequencies and hence, achieve the full power
gain of the device for those frequencies. Non-resonant circuits have broad-
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Figure 5.20: Measured input return loss s11, output return loss s, and

reverse isolation s2 of the amplifier.
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band gain up to frequencies limited by device parasitics. Since they are not
impedance-matched, they achieve power gains well below those available
from the device. Distributed circuits incorporate a set of lumped semi-
conductor devices into a transmission line. The lines provide matching at
the input and output. Device parasitics are absorbed into the transmission
lines, and hence broadband gain limited by the device available power gain
and Bragg cutoff frequency of the distributed structure is obtainable.

C
r
Base bb I cb Collector
—AWV o
+ 11
Rbe Cbe —— Vbe ImVbe Rce
Emitter JT—
(a)
b
Base Collector
—AWV o
+
Cbe —— Vbe ImVbe

Emitter J—

(b)

Figure 5.21: (a) Small-signal equivalent circuit of the HBT and (b) simpli-
fied model.

Figure 5.21(a) shows the small-signal hybrid-m equivalent circuit of a
HBT. Developing the theory of distributed amplification with such a model
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is extremely complex, especially because of the feedback capacitance C,,
and the input resistance Ry, and will not help gain insights into design
and trade-offs. A few simplifications are first made. First, let us look at a
cascode cell as the active device instead of a single HBT. A cascode cell has
lower output conductance and lower Miller-multiplied feedback capacitance
than a single HBT. Hence, these two elements can be ignored, at least for
amplifiers not designed near extreme limits of HBT available gain. The
input resistance Ry, complicates the input analysis and is effective only at
low frequencies, especially for high current gain . At high frequencies, it
is shorted out by the input capacitance and hence it can also be ignored.
The extrinsic emitter resistance can be absorbed by emitter degeneration
and the collector resistance is negligible. The final model that will be used
is shown in figure 5.21(b). The element values scale with transistor area in
the usual fashion.

L L

% {’m l {m":”% CULETL

T TT S
)

= T L1 L1
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Figure 5.22: Periodic synthetic transmission lines (a) without loss, (b) with
frequency-dependent loss and (c¢) with frequency-independent loss.

Figure 5.22(a) shows a LC' synthetic line with no attenuation below the
Bragg frequency and very high attenuation above it. The Bragg frequency
wp for such a distributed structure is given by

wp = 2/\/1)C (5.17)
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For frequencies well below the Bragg frequency, the structure is lossless, has

a characteristic impedance 7/ = /L/C" and a per section delay v LC. If a
small series resistance R is added with a portion C4 of the shunt capacitance
as in figure 5.22(b), the frequency-dependent attenuation becomes

o ~w?Cy*RZ, /2 (5.18)
Adding a large shunt loading resistance R as in figure 5.22(c) introduces a
frequency-independent loss as

o~ 7Z,/2R (5.19)

Figure 5.23: Circuit diagram of the traveling-wave amplifier.

Figure 5.23 shows the schematic circuit diagram of the amplifier with cas-
code gain cells loading a periodic synthetic transmission line and figure
5.24 shows it’s small signal equivalent circuit. The base and collector
lines are terminated with the characteristic impedance Z,. Both the in-
put and output transmission lines are assumed to have the same charac-
teristic impedance for velocity matching as we shall later see. Cly;, is the



5.4. DISTRIBUTED AMPLIFIERS : THEORY 107

Figure 5.24: Small signal model of the traveling-wave amplifier.
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input division capacitor which helps improve gain-bandwidth. If M is the
capacitive-division ratio,

M = Cdiv/<Cdiv + Cbe) (520)

C. is a shunt capacitor in the collector line for velocity matching between the
input and output lines and is needed because only the input line is loaded
with the device capacitance. The line inductance and capacitance along
with the device capacitances are designed to synthesize input and output
lines with characteristic impedance Z,. The amplifier has N sections. The
following equations are derived from the above equations. For the input
line :

wps = 2/\/L/(C + MCy.) (5.21)
Z, = \JL/(C + MCy,) (5.22)
Qp =~ NCUQMQCI,@QTI,I,ZO/Q (523)

For the output :

wpe = 2/ LI(C 1 C) (5.24)

Z, = JLJ(C 1 C) (5.25)

. ~0 (5.26)

For each transistor, the input signal propagates through a fraction of the
base line before driving that transistor’s input and producing a collector
current Mg,,Vie. The collector current generates a forward wave on the
collector line of amplitude Mg,,Vi. Z0/2. All the individual waves will add
in phase if the input and output lines are perfectly delay-matched. The
overall amplifier gain is

A, = —-NMg,,70/2 (5.27)

The number of sections is limited by the input line losses (since output line
losses are negligible). The input voltage to the N stage is attenuated by
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e~ (N=1/2)a  The maximum number of transistors Ny,.. for a given desired
bandwidth wgy is given by

NmaszWQMQC'beQTbeO ~1 (528)
Using Eqgs. 5.27 and 5.28, the gain-bandwidth product is given by

Awpw?® = g /MCh ry (5.29)

If aggressive capacitive-division (smaller M) is used, the number of sec-
tions used can be higher and gain bandwidth improves, but not without
limits. In the above derivation, the transmission line skin-effect and radia-
tion losses have been neglected. These losses impact the highest attainable
gain-bandwidth in a given technology. If these losses are made negligible,
the available power gain from the device can be achieved. A traveling-wave
amplifier fabricated in the transferred-substrate HBT process will now be
presented.

5.5 Traveling-wave amplifier

Traveling-wave amplifiers (TWAs) are very broadband circuits. Broad band-
width is achieved by absorbing the transistor parasitics into synthetic input
and output 50 2 transmission lines. Flat gain is achieved up to the Bragg
frequency of the distributed line, and limited by the available gain from the
device. Hence, the amplifier gain-bandwidth product depends critically on
the transistor fi.... To date, TWAs based on HEMTs have demonstrated
considerably higher bandwidths than those based on HBTs [52, 53], primar-
ily due to the higher f,,.. of HEMTs. Transferred- substrate HBTs have
high fiaz, comparable to that of high-performance InGaAs/InAlAs/InP
HEMTs, and, should thus also yield TWAs with very high bandwidths.
TWA design with HEMTs has been covered in detail in [52]. HEMT
traveling wave amplifiers (TWAs) with ~ 100 GHz bandwidths have been
demonstrated [52, 54, 55|. Pusl et al. [52] used capacitive voltage divi-
sion on the gate synthetic line to obtain very wideband TWAs. Capacitive
division decreases the frequency-dependent losses on the input synthetic
transmission line as shown in the previous section. With these losses re-
duced, the number of TWA cells can be increased to increase TWA gain.
In this manner, the feasible gain for a given design bandwidth is increased.
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With very small capacitive division ratios, losses associated with the device
input resistance are reduced to the point where other loss mechanisms are
significant. If the dominant loss mechanisms are the device series input re-
sistance and the shunt output conductance, the capacitive division TWAs
can obtain gain-bandwidth products close to the transistor f,q..

For design bandwidths above 100 GHz, TWA design is also strongly
impacted by both the losses and physical dimensions of the input synthetic
transmission line. With small capacitive division ratios and design band-
widths above 100 GHz, transmission-line skin-effect losses become the domi-
nant factor limiting the amplifier bandwidth, and the required transmission-
line lengths become shorter than the physical dimensions of the devices
which leads to a physical layout problem.

HBT TWA design differs considerably from that using HEMTs. The
HBT transconductance - hence input capacitance (Cpe =~ gm/27f-) - per
unit HBT emitter area is large. To obtain the desired Bragg frequency,
either very small HBTs must be used, or input capacitive division [52] must
be employed. Very small HBT areas lead to high input (base) resistance,
higher than HEMT input (gate) resistance (74 vS. 7'gare). This favors the
use of very high capacitive division ratios for HBT TWAs. As explained
before, bandwidth is also strongly influenced by the frequency-dependent
transmission line losses, which become dominant at high frequencies. For
transmission lines on a BCB substrate as in the transferred-substrate HBT
IC process, the line skin-effect losses are reduced and the wave velocity is
increased due to low dielectric constant of the BCB substrate. A increased
wave velocity implies longer transmission lines for a given electrical delay.

The amplifier can then be laid out. The low transmission line losses make
high bandwidths feasible.

Figure 5.25 shows a schematic circuit diagram of the capacitive-division
TWA. Cascode-connected HBTs are used for several reasons. Without the
cascode cell, the frequency dependent output impedance of the common-
emitter stages would introduce large output line losses. This is a second
feature of HBT TWAs that differs substantially from HEMT TWAs. The
output impedance of a HEMT is - to first order - Ry4s. For a HBT driven by a
resistive generator impedance, the frequency-dependent output impedance
arises from feedback through C,,. This is the origin of the HBT s95 data
presented in chapter 4. Cascode connected transistors greatly increase the
cell output impedance, decreasing collector line losses to the point where
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Figure 5.25: Schematic circuit diagram of the HBT TWA.

Figure 5.26: Photomicrograph of the HBT TWA.
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input line losses dominate.

The base and collector lines are composed of 75 2 microstrip line sec-
tions. Cg, Is the division capacitor at the input of the common-emitter
transistor Q1. A short length of microstrip is used at the output of the cas-
code cell to improve velocity matching between the input and output lines.
The microstrip lines, together with the division capacitor and the cascode
stage synthesize 50 €2 input and output lines. Rperm is the 50 € base-line
termination resistor. Reswerm, the collector-line termination resistor is off-
chip to sustain the high collector bias current, and is connected through a
microwave probe. Ry is a large resistor to bias the input of Q1. The base
of the common-base transistor Q2 is biased through an independent supply.
AC ground at this node is provided by large bypass capacitors. Rye provides
decoupling between the multiple cells and prevents oscillations from reso-
nance between the bias probe inductance and the bypass capacitors. The
collector bias is through a bias tee at the output of the chip. Amplifiers
with 3 cascode cells were fabricated. The simulated gain is about 7 dB and
the designed bandwidth is 90 GHz. Figure 5.26 shows a photomicrograph
of the fabricated chip. The die size is about 1.4 mm x 0.6 mm.

25 | | ‘ |
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11V =12V,V _=17V,V =22V, =72 mA
20— bb1l bb2 cc c

1] —— 6.7 dB gain, 80 GHz bandwidth

15| V. . =12V,V _=16V,V =23V, =60mA
[a] | bbl bb2 cc [
©
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Figure 5.27: Measured forward gain ss; of the amplifier.
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The amplifiers were tested with network analyzers from DC-50 GHz and
75-110 GHz. Figure 5.27 shows the forward gain of the amplifier under two
different bias conditions. The solid curve shows a mid-band gain of about
6.7 dB. The 0-dB bandwidth (where the gain drops below the mid-band
gain) is 80 GHz. The 3-dB bandwidth is 85 GHz. The dashed curve shows
the gain at a different bias condition. The mid-band is 7.7 dB, the 0-dB
bandwidth is ~ 70 GHz and the 3-dB bandwidth is 76 GHz.

From this curve, we can also observe gain peaking at high frequencies.
The gain-frequency response of TWAs is strongly impacted by device faz
and the designed Bragg frequency. During design, a conservative HBT
model with a 200 GHz f,,.. (wafer B) was assumed. HBTs on wafer C have
370 GHz f,,4» which results in the observed gain peaking. Given the 370
GHz [0z, redesigning the amplifier would permit bandwidths greater than
70-80 GHz. The low frequency cut-off is about 2 GHz and is determined
by the transistor f./f. Figure 5.28 shows the input and output return
losses and the reverse isolation. The amplifier output return loss sso shows
many resonances because of the off-chip collector-line termination. The
chip consumes about 250 mW.,
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Figure 5.28: Measured input return loss s11, output return loss s, and
reverse isolation s15 of the amplifier.
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Conclusions

The transferred-substrate HBT IC process was developed from a demon-
stration device technology to a high performance IC technology. Several
changes were made in the basic device structure, the material growth and
the process. The devices and passive elements were modeled for integrated
circuit simulations. Hybrid-m and SPICE models were developed for HBTSs,
but only the hybrid-m models were used in circuit simulations. Biasing of
the circuits at the desired points was done by hand. The first demonstra-
tion integrated circuit fabricated in this process was a Darlington feedback
amplifier. Two transistors were used. Series and shunt feedback was used.
The amplifier was designed for 50 €2 input and output impedance. This am-
plifier had 13 dB gain, 50 GHz bandwidth. An improvement on this basic
design, a Darlington-cascode amplifier was then fabricated. This amplifier
had three transistors. The gain was 10 dB and the bandwidth was greater
than 50 GHz. Since transferred-substrate HBTs have a higher f,,.. than f.,
a distributed amplifier should achieve very high bandwidths. A capacitive-
division traveling-wave amplifier with six transistors was fabricated. This
amplifier had 85 GHz bandwidth, 6.7 dB gain. Finally, a two-stage broad-
band differential amplifier was designed and fabricated. This amplifier has
50 € input and output impedance and is DC coupled. The gain and band-
width are 11 dB and 50 GHz respectively.

As explained earlier, due to our limited lithographic capabilities, the
technique of “staggering” had to be employed, thus wasting wafer area.
With the use of projection lithographic systems in future, this problem can
be solved. This will also enable smaller alignment tolerances and hence

115
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smaller die areas per circuit. Apart from the circuits that were intention-
ally mis-aligned, the circuit yield was very high, even for the differential
amplifier with twenty-two devices. Hence, larger scales of integration are
possible. The circuits presented in this thesis have some of the best perfor-
mance ever reported in literature, especially in terms of bandwidth. This is
a result of high intrinsic device bandwidths and the special IC process fea-
tures highlighted earlier. Scaling of the emitter and collector to sub-micron
dimensions should achieve even higher bandwidth devices and circuits. The
use of the In/Pb/Ag solder for substrate transfer reduces yield by retain-
ing voids in it during the process of wafer bonding. Also, the final carrier
substrate (GaAs) is electrically non-conducting. This could be a problem if
the ICs have to be diced and packaged. Both these problems can solved at
once by the use of thick (~ 200 pm) electroplated copper for the ground
plane, which also becomes the carrier. In most circuits, f, is very critical in
determining the circuit performance. Hence the f, needs to be improved by
reducing the base and collector layer thicknesses and by introducing more
bandgap grading in the base. The breakdown voltage of the devices is very
low (1.5 V @ 10° A/cm?) due to the narrow bandgap InGaAs collector. For
modulator drivers and power amplifiers, high breakdown voltage is needed.
InP collectors or composite collectors with quarternary semiconductor lay-
ers can improve breakdown. The extrinsic base regions can be regrown
with heavily-doped wide-bandgap material graded to a low-bandgap mate-
rialfor metal contact. The wide-bandgap material will improve the electron
confinement in the device thus increasing the current gain and the heavy
doping will reduce the base resistance thus increasing f,,... The resistors
in the current process have limited current-carrying capability. Often, this
proved to be a major limitation, forcing lower bias currents or off-chip resis-
tors. Hence, the current capacity needs to be improved. One way to achieve
this would be to have thermal vias on the resistors, similar to the devices.
A parasitic capacitance is then formed in series with the resistor, which
should be included in the model. In the MIM capacitors, pinhole formation
might be a problem for very large area capacitors. A quantitative analysis
is required to determine how capacitor yield varies with capacitor area.

Accurate device modeling is very important in integrated circuit de-
sign. As the technology emerges, the device performance changes. Hence,
the simulated and measured circuit performance differ as shown earlier. It
would be advantageous to be able to have minor or no variation in de-
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vice performance from one run to another. In this thesis, only small signal
hybrid-m models were used, and biasing was done manually. As the integra-
tion levels increase, this becomes difficult, and full SPICE models including
de bias, breakdown and Kirk effect have to be used in simulations. Layout
of large circuits need a library-based modular approach and computer de-
sign rule checking (DRC). Finally, a layout-driven simulation approach is
needed for dense circuits with long interconnect wires.

In conclusion, analog integrated circuits with record performance have
been fabricated in the transferred-substrate HBT IC technology. With im-
provements in lithographic capabilites, device scaling and device improve-
ments outlined above, very high bandwidth devices with f,,.. ~ 700 GHz
and very high-performance medium-scale integrated circuits operating at
100-200 GHz are feasible.
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