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Abstract — This paper discusses the GaAs/AlGaAs N-p-n heterojunction
bipolar transistor (GaAs HBT) technology and its application to analog
and microwave functions for high-performance military and commercial
systems. In focused applications the GaAs HBT offers key advantages over
alternative advanced silicon bipolar and III-V compound field-effect tran-
sistor (FET) approaches. The TRW GaAs HBT device and IC fabrication
process, basic HBT dc and RF performance, examples of applications, and
qualification work are presented and serve as a basis for addressing
general technology issues. A relaxed 3 pm emitter-up, self-aligned HBT IC
process permits a combination of excellent transistor de and RF perfor-
mance including simultaneous f;, f,,., = 20-40 GHz and dc current gain
B =~ 50-100 at useful collector current densities J- = 3-10 kA / cm?, Early
voltage V, = 500-1000 V, and MSI-LSI integration levels. These capabili-
ties facilitate versatile dc-20 GHz analog/microwave as well as 3-6
Gbit/s digital, 2-3 Gs/s A/D conversion, and monolithically combined
functions—with producibility. In analog and microwave applications, key
improvements are realized over Si bipolar and GaAs-related FET (such as
MESFET and HEMT) approaches in combinations of operational fre-
quency, power consumption, gain-bandwidth product, harmonic distortion,
and phase (1/f) noise.

I. INTRODUCTION

HE GaAs/AlGaAs heterojunction bipolar transistor

(GaAs HBT) is emerging as a versatile device techno}-
ogy attractive for application to high-performance military
as well as commercial systems, including communication
(microwave, optical), electronic warfare, radar, smart
weapon, and instrumentation. It has the potential to pro-
vide a more efficient solution to front-end signal process-
ing requirements through intrinsic device advantages [1],
[2] than the most competitive silicon bipolar transistor [3],
[4] and II1-V compound field-effect transistor (FET, such
as MESFET and HEMT) technologies [5], [6], as summa-
rized in Fig. 1. Applications include analog/microwave [2],
[71-[13], digital [14], and analog/digital (A /D) conversion
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functions [15], [16] previously limited to GaAs-related FET
and Si device technologies. The GaAs HBT offers signifi-
cant improvements in combinations of operational fre-
quency, power consumption, gain—bandwidth product,
harmonic distortion, 1/f noise, radiation hardness, and
size reduction—with cost effectiveness.

Compared to other HBT technologies such as those
based on Si/SiGe [17] and InP/In(Al, Ga)As [18] hetero-
junctions, the GaAs HBT is more mature. With key
demonstrated capabilities and significant growth potential,
the GaAs HBT is establishing a niche for itself in front-end
signal processing applications over the most competitive
GaAs MESFET/HEMT and advanced Si homojunction
bipolar transistors such as the super self-aligned technol-
ogy (SST) [3]. The highest performance bipolar implemen-
tation for the GaAs HBT is the N-p-n transistor (N
denoting wider band gap than n and p) operating in
nonsaturating circuit topologies such as the emitter-cou-
pled logic (ECL) type as opposed to the slower saturating
integrated-injection logic (I’L). A GaAs N-p-n HBT I°L
termed heterojunction inverted transistor integrated logic
(HI?L) (19) has been used to achieve LSI-VLSI capabili-
ties. This is facilitated by the inherently high packing
density of the HI?L logic, which has emitter-down
HBT’sconnected via a common n' substrate and collec-
tors which are simple Schottky metal contacts at the sur-
face. Despite the GaAs HBT HI?L’s relatively low speed
(100-200 MHz clock) and high power consumption, its
radiation hardness makes the technology appealing. On the
other hand the higher performance ECL-type HBT device
and circuit approaches require more complex emitter-up
structures and are currently in the 1-5 K transistor inte-
gration levels [14], [15]. Discrete GaAs P-n-p HBT’s are
attractive due to the lower resistance base, but the disad-
vantages are higher hole base-transit time and higher emit-
ter and collector resistances. Useful performance has been
demonstrated [20]; however its utility lies in monolithic
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Fig. 1. Companson of GaAs HBT with GaAs MESFET/HEMT and Si blpolar super seli-aligned technology (SST) type
tranmstors

age variation compared to the FET’s quadratic or
linear characteristic resulting from indirect modula-
tion of charge carriers through a depletion or inter-
vening layer between the gate and the active channel.
The h1gh g,, permits small input voltage swings and
facilitates low (common-collector) output 1mpedamce
for fast charging of load capacitances in 1C’s [14],
[15]. The HBT’s exponential I-V characteristic also
facilitates efficient nonlinear functions such as limit-
ing and logarithmic amphflers [11] [12] and’ multi-
~ plier/mixers. S
¢ The lower (common-emitter) output conductance g,
of the HBT results from the highly ‘doped base,
which minimizes base width modulation and the
variation of the collector current with the collector—
emitter voltage. In an analogous FET drain current/
voltage behavior the g, is governed by surface and
active channel-substrate leakage dnd trapping ef-
fects, leading to frequency-dependent characteristics

‘mtegrauon with N-p-n HBT’s for ‘complementary func-
tions such as in active loads, current sources, and push—pull
ampl1f1ers High-performance complementary N-p-n/P--
p HBT integration  will be_difficult to achieve due to
complex material processing requirements.

The GaAs N-p-n HBT designed for nonsaturating (ECL
type) applications is compared here to the GaAs FET and
Si bipolar SST-type techiologies, considered to be the
most competitive approaches. Key advantages presented in
Fig. 1, which provide the motivation for the technology
development are further examined here.

A. GaAs HBT Versus MESFET and HEMT

. Compared to the MESFET and HEMT, the GaAs HBT
as’a vertical bipolar device is not particularly suited for
low-white-noise apphcat1ons or convement planar process-
1ng, but it has many advantages

e The HBT speed is governed largely by the transit

time through thin vertical layers (base/collector sev-
eral thousand - angstroms thick) easily realized by
epitaxial growth, which results in microwave/milli-
meter-wave frequency capab111t1es (frs foax =
100-200 GHz) ‘with relaxed 1-3 ‘pm lithographic
(optical) dimensions [2], [7] [10]. The MESFET/
HEMT speed is controlled by a lateral transit time
determined by a l1thograph1cally defined gate. To
achleve similar frequencies the gate dimensions are
typ1cally 0.2 to 0.5 pm- [5], [6], requn'mg complex
electron-beam lithography. :

The HBT’s higher transconductance g, (10- 100
times, depending on the output current) results from
the bipolar’s exponential output current—input volt-

undesirable for high-accuracy andlog applications.
The HBT’s low g, yields the high device linearity and
de voltage gain important in ‘analog apphcat1ons [2],
[7), (16).

The HBT’s better device matching results from the
dependence of the turn-on voltage V; on the intrin-
sic material energy gap (which is easily controlled
during the epitaxial growth). This is to be compared
to the MESFET and HEMT pinch-off voltage Vs,
which depends directly on the dopmg and _thickness
of the active channel. The result is highly matched

- differential pairs for high-accuracy comparators

(A/D converters) [15] and low offset dc coupling
(analog amphﬁers) (11]-[13] and mnput voltage
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matching for low. voltage swings (high-speed, low-
power 1C’s) [14], [15].

e The HBT’s reduced trapping effects and lower 1/f
noise result from carrier flow primarily through ac-
tive junctions isolated from surfaces and substrate
interfaces. In FET’s, the carriers travel between sur-
face and active channel-substrate interfaces, experi-
encing greater trapping effects. The benefit is in
circuits such as mixers, oscillators, and dividers where
the baseband 1/f noise gives rise to phase noise at
the RF output [7], [9].

e The HBT’s higher current per effective transistor
area than the GaAs MESFET or HEMT arises from
the vertical structure of the HBT compared to the
lateral structure for FET’s. The entire emitter area
contributes to the current rather than a thin channel
as in FET’s. The result is a higher current (power)
handling capability per effective transistor area. In
addition the HBT permits breakdown voltages to be
easily tailored for optimized power performance
(class B and C amplifiers) via epitaxial growth con-
trol of the collector doping and thickness [8], [10].

e Greater radiation hardness in dose rate environments
[21] results from the shielding of the active junctions
from the semi-insulating substrate by the highly
doped n* subcollector, leading to freedom from
long-term transients (trapping effects) to which
MESFET’s are particularly susceptible.

B. GaAs HBT Versus Advanced Homojunction Silicon
Bipolar (SST Type)

Compared to the advancing Si-based high-speed LSI-
VLSI bipolar technologies such as the SST, the GaAs HBT
is presently limited in integration complexity to MSI-LSI
levels. The Si bipolar SST-type technology has demon-
strated increasing speed performance ( f; > 20 GHz), which
- also makes it attractive for analog/microwave type func-
tions. However this performance is at the expense of
= 0.35 pm emitter dimensions and relatively complicated
processing [3]. The GaAs HBT with heterojunction emit-
ter, higher mobility material, and semi-insulating substrate
offers many advantages:

¢ The HBT’s higher gain—bandwidth product with re-
laxed geometries arises from the higher mobility and
the heterojunction emitter which permits the opti-
mization of the emitter and base doping for reduced
parasitics [1]. Higher performance analog/micro-
wave as well as digital and A /D circuits with simpli-
fied 1-3 pm optical lithographic processing result [2],
[71-[16].

® The higher output impedance (Early voltage) results
from the high base doping permitted by the hetero-
junction, which minimizes the base width modula-
tion. Higher accuracy and lower harmonic distortion
performance result [7].
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e The semi-insulating substrate permits simpler pro-
cessing (device isolation) and higher circuit speeds
through lower parasitic substrate capacitance and
lower loss matching networks for MMIC applica-
tions [2], [71-[16].

e The HBT’s greater radiation hardness arises from the
shielding of the active junctions from the semi-
insulating substrate by the highly doped n* subcol-
lector layer, the fact that there are no stray p-n
isolation junction effects (latchup), high base doping,
and Fermi-level pinning at the surface [21].

C. GaAs HBT Technology Application Impact

The high performance potential of the GaAs HBT has
generated extensive investigations over the past ten years
by academic and industrial laboratories. Most of the work
has been stimulated by the HBT’s high-frequency capabili-
ties, exemplified by its higher circuit speeds (toggle rate)
and lower delay—power product with relaxed lithographic
geometries compared to the most competitive III-V FET
and Si bipolar device technologies. Other inherent GaAs
HBT advantages such as low harmonic distortion, expo-
nential current output /voltage input transfer function, low
1/f noise, and high-efficiency output power capabilities
are receiving increasing attention. However, until recently
there has been little convergence toward real system inser-
tion. The drive towards techriology maturation has been
motivated by the prospects for significantly improving
military (TRW) as well as commercial electronic systems.
The intrinsic advantages of the GaAs HBT over GaAs
MESFET /HEMT and SST-type Si bipolar are somewhat
offset in real system applications by the greater maturity
of these other technologies. '

While the GaAs HBT’s advantages are attractive for
broad circuit functions, advances in the more mature com-
peting technologies will require careful application selec-
tion for the HBT. The GaAs HEMT is ideal for ultra-low-
white-noise requirements and the GaAs MESFET for
generic microwave functions, while the Si bipolar and
CMOS are best suited for complex VHSIC-type signal
processing functions requiring LSI-VLSI integration lev-
els. The GaAs HBT will be attractive for niche functions
that require combinations of high speed, low distortion,
high dynamic range, and low phase noise with producibil-
ity. Key functions that the GaAs HBT is expected to
impact, with many of these already demonstrated and
others in development (particularly at TRW), are as fol-
lows:

1) Analog and Microwave / Millimeter-Wave Functions:
The HBT’s high f, and f,, along with other inherent
device advantages make it ideal for front-end functions
from dc to microwave /millimeter-wave frequencies:

e The high linearity associated with its low output
conductance g, is attractive for low-harmonic-distor-
tion applications [7] such as an output stage ampli-
fier following a MESFET or HEMT low-noise input
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amplifier. A hybrid balanced amplifier with = 33
dBm third-order intermodulation intercept point
(IP3) over 7-11 GHz has been developed at TRW
with 2-3 times the IP3 /dc power ratio of MESFET
approaches (Section IV); monolithic microwave IC
(MMIC) versions are in progress.

e The high g,, at low collector current makes possible
very low power dissipation microwave amplifiers. A
hybrid distributed amplifier with flat 10 dB gain
from dc to 9 GHz dissipating 75 mW has been
developed at TRW (Section IV); MMIC versions are
in progress. )

® The high intrinsic gain (g,,/g,) combined with high
speed and freedom from trapping effects makes it
ideal for wide-band analog/microwave amplifiers.
Fixed gain dc to >10 GHz feedback and distributed
amplifiers have been developed at TRW (Section IV).

* The high current density and high breakdown voltage
are attractive for high-efficiency class B and class C
power applications such as transmitters for phased-
array radar. Rockwell [8] and Texas Instruments [10]
have .demonstrated X-band power amplifiers with
2-4 W output per mm of emitter length with 40-50
percent power-added efficiencies. The push is now
toward millimeter-wave frequencies. Rockwell has
demonstrated 1.7 W per mm of emitter length at 59
GHz (2.5 dB gain) [8]. However, for practical high
output powers much work is needed in establishing
reliable structures.

e The high-frequency performance combined with ex-
ponential output current-input voltage relation and
high substrate isolation makes it attractive for mono-
lithic logarithmic IF amplifiers (compression of wide
dynamic range signals) and analog multiplier /mixers
in active development at TRW (Section IV). New
monolithic log amplifier capabilities are being
achieved with GaAs HBT’s {11], [12]. Multiplier/
mixers based on Si bipolar Gilbert-cell designs have
been developed with higher bandwidths and lower
spurs.

e The low 1/f noise ( <1 MHz noise corner) is attrac-
tive for low-phase-noise oscillators and dividers in
frequency synthesizer applications. The GaAs HBT
is extending the bipolar capabilities to microwave/
millimeter-wave frequercies. Oscillators demon-
strated include 20-28 GHz fundamental (NEC [9])
and 25-32 GHz push-push (TRW [7]) (Section 1V)
designs while static 1/4 dividers have achieved im-
pressive operation beyond 26 GHz (Rockwell [8]).

2) Monolithically Combined Microwave /Digital Func-
tions: Monolithic integration involving combinations of
analog/microwave, digital, and A /D conversion functions
is attractive for system simplification. For III-V FET’s
such single-chip multifunctions are more difficult because
of the need to control two threshold voltages: low pinch-off
for digital and A/D devices and high pinch-off /recessed
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channel for microwave devices. Si bipolar is limited in
microwave performance. On the other hand the GaAs
HBT is ideal for combined microwave/digital functions
since the same epitaxial structure facilitates microwave and
digital performance:

¢ Simultaneous analog and digital functions, operating
in the 1-3 GHz regime, are already present in A/D
conversion circuits [15], [16].

® Combined microwave/digital functions have been
demonstrated with the TRW HBT process through a
dc-6 GHz amplifier /digital divider designed for low
input signals (—10 to —25 dBm) and a 5-bit digitally
controlled switched gain /attenuator [13] (Section 1V).

¢ Complex multifunctions could include combinations
of RF mixers, linear /nonlinear amplifiers, and A /D
converters with high-speed digital dividers, mux/de-
mux, and logic. The TRW HBT process can simulta-
neously provide microwave frequencies > 20 GHz
with useful dc current gains of 50-100 for A/D
conversion functions [7]. Reckwell has demonstrated
high gain microwave and >26 GHz 1/4 digital
dividers on the same wafer. Monolithic integration of
VCO’s, while attractive, may be limited by specific
isolation, spur, and frequency tuning requirements.

The following sections focus on the impact of the GaAs
HBT technology on high-performance analog and mi-
crowave applications. A maturing TRW GaAs/AlGaAs
3 pum emitter-up N-p-n HBT device and IC technology
(currently undergoing technology transfer to a pilot pro-
duction facility) serve as the discussion vehicle. The de-
vice/IC fabrication approach, HBT dc and RF perfor-
mance, examples of demonstrated functions and current
developments, and technology qualification work are pre-
sented.

II. HBT Dgvice/IC FABRICATION TECHNOLOGY
GaAs HBT fabrication processes are currently being

customized at TRW [7], [11]-[13], [15], [16] and similarly
by other laboratories [2], [8]-[10], [14], [22]-[25] for vari-
ous optimized analog, digital, A/D conversion, and mi-
crowave /millimeter-wave applications (Fig. 2). The trade-
off is in the operational frequency, current gain, and the
device /circuit complexity determined by the material pa-
rameters and the processing complexity. The latter aims at
reducing dimensions and parasitic resistances and capaci-
tances using self-aligned lithography and isolation implant
techniques to achieve higher frequencies but at the expense
of B degradation and vield. The mesa HBT approach is
preferred because planar access techniques which require
dopant implantation/activation or diffusions tend to de-
grade the B via increased carrier recombination and
smearing of the emitter heterojurction.

Many important functions can be realized with the
relatively simple 3 pm emitter-up, self-aligned base ohmic
metal (SABM) mesa HBT IC process, in which the base
ohmic metal is self-aligned to the emitter mesa edge to
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Fig. 2. GaAs HBT fabrication

reduce the parasitic external base resistance. Since the
emitter ohmic contact is not self-aligned, the free align-
ment of a typical 1 pum ohmic contact via requires emitter
widths of 2-3 ym. The more relaxed 3 pm emitter offers a
combination of high performance (dc to =20 GHz and
B =~ 50-100) with producibility (SSI-LSI) for near-term
insertion. This HBT device/IC fabrication process was
designed for versatile nonsaturating (ECL-type) analog/
microwave, digital, and A/D conversion applications with
circuit densities up to =35 K transistors. Tighter litho-
graphic control can permit useful yields with 2 pm emitter
designed for higher speeds and lower power. The 3 pm
emitter SABM HBT IC technology is the focus of this

paper.

A Epitaxy

For near-term system insertion of the HBT technology,
MBE epitaxy in general offers an attractive combination of
maturity and excellent growth parameter control. These
capabilities have led to a variety of material enhancements
such as InAs(InGaAs) emitter ohmic contact layers [23],
built-in drift fields [23], velocity overshoot structures [22],
and double heterojunctions [26] to further improve perfor-
mance, particularly current gain 8 and f,.. While the MBE
technique affords uniform and repeatable atomic léyer
growth of GaAs/AlGaAs heterostructures, the dopant
control (n-type Si and p-type Be) is of primary concern in
the HBT industry; in particular, control of Be diffusion
and carry-forward movement from the base into the
AlGaAs emitter graded region as the subsequent epitaxial
layers are gtown will result in a degradation of 8 via
increased hole injection and recombination effect [27].
Alternative epitaxial growth approaches ‘include metal-
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optimization for analog, digital, A/D conversion, and microwave /millimeter-wave
applications.
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Fig. 3. . Versatile GaAs / AlGaAs N-p-n HBT epitaxial growth structure
designed for analog/microwave as well as digital and A /D conversion
applications.

organic chemical vapor deposition (MOCVD) [11] and
metal-organic MBE (MOMBE), which offer the potential
for better -surface morphology, higher throughput, and
lower cost but require further development part1cular1y
p-type base dopant (Zn, C) control..

In this work a simplified GaAs/AlGaAs N-p n HBT
emitter-up, single heterostructure, shown in Fig. 3, is im-
plemented for device and IC fabrication ease. High dc 8 of
50-100 and f;, fn.x = 20-40 GHz ( = 3-10 kA /cm?) are
achieved without complex enhancements. The emitter het-
erojunctions are graded to maximize electron injection
efficiency and hole injection suppression. To reduce the
base resistance—collector capacitance (R () time con-
stant, the base layer is relatively thick and heavily doped
while the collector layer is lightly doped and thick. The
relatively thick base and collector layers increase the tran-
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Fig. 4. Scanning electron micrographs showing examples of (a) 3X10 pm?® self-aligned base ohmic metal (SABM) HBT
transistor and (b) integrated circuit portion.

sit time and reduce f;, but improve the fabrication control
using wet chemical etching, reduce the collector capaci-
tance, and increase the breakdown voltage. While the HBT
profile can be adjusted to trade off B and f,, the same
profile of Fig. 3 affords versatile analog /microwave, digi-
tal, and A /D conversion performance.

B. Device and Integrated Circuit Process

The 3 pm emitter SABM HBT device (Fig. 2) and IC
process was designed as an engineering trade-off between
useful microwave /digital performance and fabrication
ease. This partially self-aligned mesa HBT IC fabrication
structure integrates key device components including tran-
sistors, Schottky diodes, laser trimmable thin-film resistors
(TFR’s), and metal-insulator-metal (MIM) capacitors.
The usefulness of the baseline 3 pm emitter SABM IC
process has been verified from discrete HBT’s (as large as
quad 3 X 60 pm?) to MSI-LSI circuits designed with 3 X 3
pm? emitter HBT’s. The HBT self-aligned base ohmic
metal (using a double-resist technique) essentially elimi-
nates the parasitic external R, by minimizing the ohmic
metal to emitter spacing (within = 0.15 pm), increasing
fmax bY =50-80 percent. The width of the surrounding
base metal is reduced to =1.5-2 pm, consistent with the
ohmic contact transfer length of =1 pm and minimal
parasitic collector—base area/capacitance. The active de-
vice layers are accessed by a combination of selective
(emitter mesa) and nonselective wet chemical etches. Ohmic
contact resistances are the primary parasitic sources and
are minimized by using AuBe/Pd/Au and AuGe/Ni/
Ti/Au for p-type and n-type ohmic contacts, respectively.
A multiple boron damage implant is used for device isola-
tion, yielding several GQ /sq. Plasma-enhanced chemical
vapor deposition (PECVD) silicon nitride (SiN) is used to
passivate the GaAs surface and serves as dielectric insula-
tor for metal-insulator-metal (MIM) capacitors and dou-

’

ble-level metal interconnection (Ti/Pt/Au and Ti/Au).
Depending on the application, the interconnects follow a 4
pm line/4 pm spacing or 3 um line/3 pm spacing layout
design rule. Air bridge interconnects and thinned sub-
strates for transmission lines and backside vias are also
available. Fig. 4 shows scanning electron micrographs of
the baseline 3x10 pm? HBT and IC portion representa-
tive of analog/microwave as well as digital and A/D
conversion circuits.

Other key device components integrated with the SABM
HBT are a Schottky barrier diode for fast switch applica-
tions and laser trimmable thin-film resistors which include
nichrome (NiCr) and/or cermet (SiOCr). The Schottky
diode is fabricated on the n~ collector layer using
Ti/Pt/Au first interconnect metal as the Schottky barrier
metal [16] with diode cutoff frequency > 500 GHz. The
thin-film resistors can be chosen as nichrome ( =100 £ /s5q)
and /or cermet ( =500 £ /sq) depending on the applica-
tion. Laser trimming, cutting for nichrome and annealing
for cermet, is performed through the nitride passivation
with an underlying SiN protecting the GaAs. This trim-
ming capability is essential in high-accuracy analog appli-
cations where transistor /resistor differential pair matching
is critical.

JII. Basic HBT DgvICE DC AND
RF PERFORMANCE

For the 3 pm emitter SABM HBT process various
emitter configurations are available in the design library
including a 3X3 um? emitter for more complex circuit
applications to multiple 3X60 pm?® emitter HBT’s for
higher power applications. For the basic fabrication pro-
cess the HBT B is relatively insensitive to device size
(periphery), and £, performance is roughly independent
of emitter area (reduced area and junction capacitance is
offset by the increased contact resistance). For the purpose
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Fig. 3. DC current gain 8 ~60 at I-=1 mA; f 1s proportional to
ICY ! from J.- =~ 30-3000 A /ey,

of discussion a 3X10 pm? emitter HBT is chosen. The
following HBT dc and RF characteristics (representive of
typical devices) which affect analog and microwave perfor-
mance are addressed here.

A. dc Characteristics

For 3X10 pm? HBT’s, the fabrication process demon-
strates nearly ideal transistor common-emitter collector
current (1) versus collector-emitter voltage (V) transfer
characteristics, as exemplified in Fig. 5. Some of the key
characteristics for the same measured device are noted:

1), Device Turn-On Threshold and Matching: Device
matching is important for de-coupled differential pair type
circuit designs, which include most high-speed analog and
A /D conversion circuits. In particular ¥y, mismatch will
result in distortion and reduced gain in differential ampli-
fiers and degraded signal-to-noise ratio in A /D converters.
The HBT turn-on voltage V5 is determined by a combina-
tion of material and device design parameters and is
approximated by the expression

Vep = Egp/q+(kT/q)In(NWpl-/qD,N.NypA) + Rl

(1)

where E_; is the energy gap of the base, N, is the base
doping concentration, W is the base thickness, I is the
corresponding collector current, D, is the minority-carrier
diffusion coefficient, N~ and N, are the respective con-
duction and valence band density of states, A is the
emitter—base junction area, and R is the parasitic resis-
tance. At low currents Vp. is controlled by the energy
band gap of the base and the emitter area, and at high
currents Vg is essentially dominated by the emitter con-
tact resistance. In general the value of V. required to
achieve a given I. is expected to be highly uniform and
reproducible (average V, =140 V at I =1 mA), whereas
GaAs FET thresholds are primarily determined by pro-
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cessing (implant profile and active channel recessing). The
typical Vj, matching of a 3x10 pm> emitter HBT at
I-=1 mA is <2 mV between closely spaced devices and
<5 mV for wafer matching.

2)  Collector — Emitter Voltage Offset: The collector-
emitter voltage V.. offset (V ggato) =250 mV (Fig. 5)
results from a combination of the different turn-on volt-
ages of the base—emitter heterojunction and the
collector—base homojunction, different junction areas, ex-
cess recombination currents in the collector space-charge
region, and resistive voltage drops between the external
base contact and the intrinsic device. While Vg1, can be
reduced to zero by implementing modified growth struc-
tures and device designs, the benefit is minimal since the
typical offsets = 250 mV are inconsequential for nonsatu-
rating circuit applications.

3) Transconductance: The transconductance g, is im-
portant in achieving small input voltage swing circuit
operation, low (common-collector) output impedance for
fast charging of load capacitances, and high voltage gain.
For the bipolar transistor g, is given by the expression

1/8,=dVep/dl-=1/g,0+ Rg+ Ry /B,
ng = qIC/kT (2)

where g, is the intrinsic transconductance. The associ-
ated parasitic terms are the emitter resistance R = 5-10 @
and Rp/B=2 Q, with R; becoming important at the
higher current densities. The 3X10 pm? single-emitter
HBT can be driven as high as 7. =~ 40 mA, or J.>1X10°
A/cm? without suffering from high injection in the base
and Kirk (“base push-out™) effects, which lead to a g, as
high as 40 K mS/mm (emitter length). For GaAs HBT’s
high current g, operation is enhanced by the high base
doping and high electron velocity, which minimizes high
injection and Kirk effects to which Si bipolars are more
susceptible. However, the benefits of operating at high g,
will be limited by metal migration and HBT reliability
issues.

4) Outpur Conductance and Early Voltage: High voltage
gain and device linearity result from high output conduc-
tance g,, given by

go=dlc/dVeg=1./V,
where I, is the Early voltage, given by the expression
Vi= C/(dIC/dVCE) :—WB(dVCE/dWB) (4)

which describes the dependence of g, on base width (W)
modulation by V.. The intercept of the extrapolated
1-—Veg slope with the negative V. axis (constant V)
gives the Early voltage 7, =800 V. The high V,, about
10-20 times higher than for Si bipolars, results from the
GaAs HBT’s high base doping, which minimizes base
width modulation effects.

5) Common-Emitter Current Gain: While the hetero-
Jjunction emitter concept has facilitated significant speed
improvements, the associated common-emitter current
gains critical in analog circuits have been limited. The
HBT common-emitter current gain expressions are given

3)
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by

B=1./1, and (5)
where B is the dc current gain and AB is the differential
(small-signal) current gain, which are identical if B8 is
constant with .. While ideal GaAs/AlGaAs HBT’s pro-
ject maximum B°’s of several thousand, this parameter is
controlled by a combination of wide band gap heterojunc-
tion suppression of hole injection, base doping profile, and
recombination effects which are determined by epitaxial
growth and processing effects. In the useful J. region of
=~ 30 to 3000 A/cm?, B roll-off is very small, with g
proportional to = J2'>~%25 These characteristics are com-
parable to the InP/In(Al, Ga)As type HBT’s which report
low B roll-off with J. attributed to the lower surface
recombination velocity effects [28]. The 8 variation within
a wafer is typically 20-30 percent and can be as high as
100 percent from lot to lot, most likely related to a
combination of base dopant diffusion control at the emit-
ter—base heterojunction and surface recombination control
in the emitter—base depletion region. While 8 =40-60
(J- =3 kA /cm?) is typical for the HBT process, the same
epitaxial profile often yields 8 =100. The dc current gain
B 1is a critical parameter which is generally traded off with
high-frequency performance in both the epitaxial growth
structure and device processing (Fig. 2). High base doping
reduces base resistance but degrades B via increased hole
injection effects.

6) Breakdown Voltages: The basic breakdown voltage
characteristics involving the collector-base junction, the
emitter—base junction, and the collector—emitter structure
govern the HBT operating limits such as linearity and
output power and are traded off for speed. For the base-
line HBT, the breakdown voltages are as follows:

AB=AI./AlL

® Collector—base junction breakdown (emitter open),
BV po: High BV, is desired for high device linear-
ity and high power applications. The HBT BV, =
14—-16 V is governed by the collector doping and
width since the base is highly doped. Thicker and
lower doped collectors reduce the breakdown voltage
(avalanche process) but increase the effective transit
times.

* Emitter—base junction breakdown (collector open),
BVgpo: This junction, which controls current gain, is
the most sensitive to reverse bias currents which can
damage the device. High BV, is required in only a
few applications, such as in the input comparators of
a wide voltage range flash A /D converter. BVzp, =
3-4 V is governed by the emitter doping. The break-
down mechanism is a combination of avalanche and
Zener tunneling processes.

* Collector—emitter breakdown, BV ry: BVepo=9 V
(Fig. 5) is governed by collector—base breakdown
coupled with a feedback multiplication factor of the
current gain when measured with the base driven by
a current source. Driving the base with a voltage
source or low impedance, which is typically true in
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of Fig. 3).

most applications, will result in a breakdown of
about 12 V.

B. High-Frequency Characteristics

The HBT figures of merit for frequency and speed
performance [1], [29]-[31] are, first of all, the unity current
gain cutoff frequency f, given by

1 2afr=t,, =t,,+ty+t.+1t.,

(6)
where ¢z, is the total HBT input response delay time (or
emitter to collector transit time), z,, = (kT/ql-)Cpy is the
emitter—base charging time, ¢, = (W$/2D,)+ Wy /v, is the
base transit time including diffusion and drift type terms,
t, is the collector depletion layer transit time involving
more complex velocity transport effects, and ¢, = (k7/ql
+ Ry + R)Cp is the collector charging time. Second, the
maximum frequency of oscillation f,,, (unity power gain)
is approximated by

fowe = (fr/87R,Cc ) (7)

and, third, the circuit switching time constant, 7, is ap-
proximated by [31]

= (5/2)RBCC +(Rp/R )1, +(3C.+C )R, (8)

where R, and C, are the circuit load resistance and
capacitance, respectively.

The 3 pm SABM HBT has f,=17-28 GHz, f, .. =
30-40 GHz (Fig. 6), and ¢, <40 ps for useful collector
current densities J.=~3-10 kA /cm? for a typical 3X 10
pm* HBT. The HBT was designed for a higher f___ by
optimizing the RzC. charging time constant critical in
microwave performance and digital circuit switching time.
The effect of reducing the emitter width from 3 to 2 pm is
to reduce the intrinsic collector—base capacitance and in-
crease f,,. by ~ 50 percent, as shown in Fig. 6. Parasitics
become increasingly important with decreasing emitter
width scaling. The f; and f,,, are derived from current
gain (/,,) and maximum available gain (MAG) measure-
ments, respectively, performed on-wafer from 1 to 26 GHz
with higher values extrapolated (6 dB/octave). The lower
fr results from the high transit times associated with the
relatively thick base (1400 A) chosen to simplify processing
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and reduce the base resistance and the thick collector
(7000 10\) chosen to reduce the capacitance and increase the
breakdown voltage. At low J.=0.5 to 3 kA /cm?, where
many digital and A/D devices are designed to operate,
these fr and f,,, =10-35 GHz are comparable to other
reported HBT’s with maximum f, and f,,, in the range
of 100-200 GHz at J.=~10° A/cm’ using thinner bases
(=700 A) and smaller emitter widths =1-2 pm [2], [22],
[24].

C. Intrinsic Device Linearity

The HBT’s high output impedance associated with the
high Early voltage, high transconductance, and the slow
variation of 8 with J. can be used to achieve high linear-
ity capabilities in device and circuit applications. An im-
portant application is linear amplifiers where minimizing
harmonic distortion due to nonlinear mixing is critical. A
critical measure of amplifier distortion is the two-tone
third-order intermodulation intercept point (IP3), which is
the extrapolated intersection of the third-order intermodu-
lation product and the fundamental power output versus
the input power (in dBm). The output tuned IP3 at 12
GHz of a 3x60 pm? HBT is shown in Fig. 7 [7]. Since the
IP3 of an amplifier can be increased by using a larger
device and increasing the dc power, a more useful figure of
merit is the IP3 /dc power ratio (in mW). For comparable
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Fig. 8. Phase noise performance of a base-tuned, non-self-aligned ver-
sion of the 3 pm emitier SABM HBT using a series L—C resonant
oscillator microstrip circuit.

devices and biases, the HBT is observed to have 1P3/dc
power ratio of 7-10 times higher than those of typical
TRW MESFET and HEMT devices (Table I). Similar
advantages are observed at 18 GHz using 3Xx20 um?
double-emitter HBT’s with optimum biasing.

D. Intrinsic Device Nonlinearity

Just as the HBT has intrinsic characteristics that can be
applied for high linearity applications, the HBT as a
bipolar device has exponential output current—-input volt-
age characteristic that can be used for nonlinear functions.
These include limiting and logarithmic amplifiers and mul-
tiplier /mixers using differential HBT pairs.

E. Small Trapping Effects and Low 1 /f (Phase)
Noise Performance

The HBT’s vertical current flow through well-shielded
junctions leads to low trapping effects and low 1/f noise.
Measured 1/f noise corner (white noise) frequency is
comparable to Si bipolar transistors, in the order of tens to
several hundred kHz. A direct effect is in the phase noise
performance of the HBT in an oscillator circuit. Oscillator
phase noise is dependent on the overall quality factor (Q)
of the resonator (lower phase noise for higher Q) and the
up-converted 1/f mnoise of the active devices. A series
L —C resonant circuit on a microstrip was used to evaluate
the HBT related phase noise (Fig. 8). Phase noise of
= —110 dBc/Hz (100 kHz offset) at =4 GHz is observed
for the non-self-aligned version of the 3X60 pm? HBT,
which is similar to some of the best Si bipolar transistors
evaluated in the same resonator (higher Q resonators are
expected to give even lower phase noise with the HBT’s).
A 3X60 pm?> SABM HBT yielded state-of-the-art phase
noise of —82 dBc/Hz (100 kHz offset) at a tuned fre-
quency of 37.7 GHz [7].

F. Device Models

Discrete HBT’s are used to obtain both small-signal RF
models for microwave applications and large-signal SPICE
models for analog and digital circuit simulations; these
models are rather conservative. The small-signal RF model
derived from a physical HBT structure is shown in Fig. 9.
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Fig. 10. HSPICE transistor model for the 3X10 pm* emitter SABM

. HBT (profile of Fig. 3) used to simulate analog, digital, A/D conver-
sion, and multifunctional circuit performance. Conservative HSPICE
parameters include dc current B = 50, forward transit time tF =6 ps,
and Early voltage V, =500 V.

In the 3 um SABM HBT the dominant parasitics are the
base resistance and the external collector—base capaci-
tance. Excellent fit to measured S parameters is achieved.
A large-signal SPICE model derived from dc and RF
measurements is shown in Fig. 10. Both analog and digital
type circuits are simulated predicting actual operating bias
and performance to within 10 percent.

Fig. 11.
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IV. HBT DEevICE AND INTEGRATED CIRCUIT
APPLICATIONS

The same 3 pm emitter SABM HBT device and IC
process have been used to demonstrate important analog
and microwave as well as digital and A/D conversion
capabilities with the potential to achieve complex com-
bined functions on the same monolithic chip. These func-
tional demonstrations establish advantages over competi-
tive approaches and are precursors to the development of
specific devices and circuits for insertion into systems
hardware. The TRW GaAs HBT development focuses on
the next generation of system functions including commu-
nications (microwave, optical), electronic warfare (EW),
and seekers. A key electronic subsystem required is the
receiver, which is configured in various forms depending
on the application, such as communications or EW. Ad-
vanced receivers currently under investigation are applying
digital and wide-band techniques which require
analog/microwave, digital, and A/D conversion func-
tions. The impact of the 3 pm SABM HBT device/IC
technology on such applications is presented through key
examples of analog, microwave, and combined mi-
crowave /digital functions. ‘

A. Analog and Microwave Applications

HBT’s are ideal for linear, nonlinear, wide-dynamic-
range, and low-phase-noise functions in receivers. The
applications described here focus on small-signal, as op-
posed to power, at fundamental frequencies as high as 20
GHz (Fig. 11). Moderate power device development is in
progress for phased-array applications. Analog and mi-
crowave functions involve discrete transistors and SSI-MSI
complexity circuits whose yield and cost are expected to be
competitive with high-performance Si bipolar technologies

" in a manufacturing environment.

1) Linear Functions: The HBT’s combination of high
intrinsic gain, high speed, and freedom from trapping
effects makes it attractive for fixed-gain wide-band ampli-
fiers important in communications and instrumentation. A
hybrid four-link distributed amplifier using 3X10 pm?
HBT’s has been developed which has 10 dB flat gain to 9
GHz while requiring <75 mW [32]. MMIC versions are
currently under development. A sirnilar wide-band perfor-
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Fig. 12. GaAs HBT dc-10 GHz (3 dB) fixed gain monolithic Darling-
ton-coupled feedback amplifier. (a) Fabricated on-wafer RF probe
circuit (two HBT's, five resistors; chip size: 0.5x0.7 mm?). (b) Mea-
sured (on-wafer) scattering parameters versus frequency, demonstrating

flat 11 dB gain (+0.5 dB) from dc to 6 GHz. Input/output VSWR’s
are < 2.0:1 over the 10 GHz bandwidth.

mance has been realized using a very simple monolithic
Darlington-coupled feedback amplifier design using two
quad 3x10 pm® emitter HBT’s and no input/output
matching (Fig. 12). This amplifier has 11+0.5 dB gain
from dc to 6 GHz (10 GHz, —3 dB roll-off) with 480 mW
dc power [33], demonstrating state-of-the-art performance
in comparison with advanced bipolar [34] and MESFET
approaches.

In multifrequency receiver environments, where har-
monic distortion must be minimized, amplifier designs
focus on high linearity. The measure of linearity is the
intercept point of the fundamental frequency output with
the intermodulation product, particularly the third-order
IP3, as discussed earlier in Section III. The HBT’s have
~high IP3 per input dc power, which is critical in space
payload applications. Discrete HBT’s have been used to
develop a state-of-the-art, 5-11 GHz wide-band high-1P3
amplifier (Fig. 13) for use as the output stage to a HEMT
input amplifier. The hybrid balanced amplifier has an IP3
of =33 dBm with 150 mW dc power, yielding an IP3
(mW)/dc power (mW) figure-of-merit ratio of 10.6 [32],
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Fig. 13. GaAs HBT 5-11 GHz hybrid balanced amplifier designed for
high linearity and low dc power. (a) Circuit design. (b) Measured gain,
output power, and IP3.

which is a factor of 2-3 better than MESFET’s and
HEMT’s. MMIC versions are currently in development.

Another example of the capability of the HBT is not
only in the high-frequency area but also in low-frequency
video applications, where GaAs MESFET’s are limited due
to trapping and hysteresis effects. The GaAs HBT advan-
tages over Si bipolar are the high linearity (Early voltage)
and the potential to integrate this type of lower frequency
function with high-frequency digital and A /D functions
required in advanced phase-locked loop synthesizers for
future receivers. An ultralinear video amplifier (120 MHz,
—3 dB bandwidth) developed for an HBT-based phase-
locked loop synthesizer [35] yielded 12 dB gain (0.3 dB
flatness), —85 dBc harmonic distortion, and +40 dBm
IP3 in a 12.5 MHz bandwidth. For a 10 MHz input, the
second harmonic is — 82 dBc, and a third harmonic is —79
dBe. The harmonic distortion performance of this video
amplifier exceeds some of the best Si bipolar versions by
>10 dB. Also, a monolithic operational amplifier designed
to achieve a proportional-to-absolute-temperature (PTAT)
current source function has been demonstrated [36]. The
monolithic op amp has an open-loop gain of 1 K, unity
gain bandwidth of 50 MHz, 20 mW power consumption,
and operates from a single—5 or +5 V supply.

2) Nonlinear Functions: Logarithmic amplifiers are criti-
cal components in radar, electronic warfare (EW),
sonar /ultrasound, and instrumentation applications re-
quiring the compression of wide-dynamic-range signals,
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Fig. 14. GaAs HBT monolithic successive-detection logarithmic IF am-
plifier with <1/5 power consumption and <1 /20 size of comparable
performance Si-based hybrid log amps. (a) Fabricated five-stage circuit
(129 HBT’s; chip size: 1.2X2.4 mm?). (b) Measured (on-wafer) dy-
namic range and log error.

beyond the usefulness of linear amplification (e.g. auto-
matic gain control). Typical applications include phased-
array antennas, monopulse direction finding, target identi-
fication, electronic countermeasures (ECM), sonar signal
amplification, ultrasound scanning, and power measure-
ment. Second-generation HBT monolithic log IF ampli-
fiers (Fig. 14) with 60 dB dynamic range (+1 dB log error)
over 0.5-1.5 GHz have been demonstrated [12]. The excel-
lent differential amplifier performance, combined with low
delay—power product and semi-insulating substrate for
high isolation, results in single-chip 65 dB dynamic range
successive-detection log IF amplifiers (SDLA) with 1/5
the power consumption (380 mW), 1,20 the size, and
twice- the bandwidth of commercial Si-based hybrid log
amps. Operation up to 125°C demonstrates the intrinsic
capability of the GaAs HBT to satisfy military tempera-
ture standards. A monolithic GaAs MESFET SDLA log
amp has been reported [37] with similar performance’ ad-
vantage over the Si hybrid, but with twice the power
consumption and log error of the HBT circuit.

The exponential output current—input voltage transfer
function of the HBT also allows high-performance mixer
functions to be realized. A four-quadrant (Gilbert celi)
linear multiplier has been developed (Fig. 15) for use as a
mixer to achieve spectrally clean output signal [38]. The
intrinsic gain of the differential cross-coupled amplifiers
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Fig. 15. GaAs HBT four-quadrant (Gilbert cell) multiplier /mixer fabri-
cated circuit (46 HBT’s; chip size! 0.95X0.95 mm?). Measured (on-
wafer) performance includes 10 dB gain, > 5 GHz RF output, < —355
dBc for 2LO--2IF spur, and < —95 dBc for 2LO-6IF spur.
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Fig. 16. Output power and phase noise for a GaAs HBT 25-32 GHz

hybrid push—push voltage-controlled oscillator based on a series-reso-
nant L-C topology.

permits conversion gain while the differential topology
minimizes input/output matching, resulting in a compact
chip. The Gilbert-cell mixer chip has >10 dB conversion
gain at >5 GHz RF output. Initial measured spurious
response includes < —55 dBc for 2LO-2IF spur and
< —95 dBc for 2LO-6IF spur. These capabilities offer
attractive alternatives to MESFET mixers.

3) Oscillators: Oscillators are one of the key applica-
tions for the HBT because of the combined high-frequency
and low-phase-noise capabilities. Discrete 3 X 60 pm” emit-
ter HBT’s have been used to demonstrate a tuned oscilla-
tion frequency of 37.7 GHz with —82 dBc/Hz (100 kHz
offset). These devices were configured into a hybrid
push—-push, frequency-doubling voltage-controlled oscilla-
tor (VCO) for frequency tuning over 25-32 GHz with
state-of-the art phase noise performance (Fig. 16) [7]. The
push-push oscillation scheme is widely used to generate
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(6 GHz 425 HBTs; 2.1x25 mm2)

b} Digital Phase Detector
(1.5 GHz 100 HBTs; 15x2.1 mm2)

Fig. 17.

¢) 25 Gs]s, B-Bit Sample-and-Hold
(92 HBTs; 20x25 mm2)

d) 4-Bit, 2 Gs/s (Nyquist) Flash ADC  f) 13-Bit, 25 Ms/s SPFB Hybrid ADC In
(850 HBTs; 2.3x3.8 mm2)

Development
(Video Amp, S/H, 4-bit flash, 13-bit DAC, EC chips
demonstrated; 922 HBTs max; 2.7x4.1 mmZ max)

GaAs HBT digital and A /D conversion functions demonstrated and in development using the same analog,/micro-

wave fabrication process including (a) programmable 4 /5 divider, (b) digital phase detector, (¢) sample-and-hold amplifier,
(d) 4-bit flash A/D converter, (¢) LSI 6-bit flash A /D converter (in development), and (f) demonstrated component chips
for a 13-bit hybrid series-parallel feedback (SPFB) A /D converter.

signals beyond the frequency range where the active device
is limited in gain [39]. This particular HBT VCO is part of
an advanced communications receiver development effort.

B. Monolithically Combined Microwave / Digital
Applications

The same 3 pm emitter SABM HBT IC process used to
achieve dc to 20 GHz analog and microwave capabilities
has been used to demonstrate the advanced digital and
analog /digital conversion circuit functions shown in Fig.
17. These capabilities make the HBT technology ideal for
single-chip A /D conversion and digital processing of ana-
log/microwave signals. Actually, simultaneous analog and
digital functions (operating in the 1-3 GHz regime) are
already present in the A /D conversion circuits. Combined
microwave, high-speed digital, and A /D conversion func-
tions with frequencies >10 GHz are possible since dc—10
GHz wide-band amplifiers and >10 GHz dividers (with
B = 50-100) have been demonstrated on the same wafer.
An example of a multifunctional integration is-a 7 GHz
amplifier /digital divide-by-4 developed for synthesizer ap-
plications. A single chip is used to amplify a microwave
signal (as low as —25 dBm) to a level suitable for digital
division up to 7 GHz (on-wafer test limited). Another
example is a digitally controlled switched gain /attenuator
amplifier, shown in Fig. 18 [13], designed for application
to EW receivers. Five-bit binary control (TTL compatible)
is used to switch combinations of successive gain and

attenuation stage with full monotonicity. Its performance
includes a 62 dB dynamic range (+31 to —31 dB, in 2 dB
increments) from dc to 2.5 GHz, less than 1.6 dB RMS
gain error across the band, and less than 1.3 W power
consumption. This frequency regime is less attractive for
GaAs MESFET applications due to trapping effects, and
the HBT’s advantage over Si bipolar is the higher
gain—bandwidth product and the potential for monolithic
integration with higher frequency microwave functions.
More complex applications could include combinations of
RF mixers, log amplifiers, A/D converters, and digital
control and high-speed logic. Monolithic integration of
VCO’s may be limited by isolation and spur requirements.

V. TECHNOLOGY INSERTION QUALIFICATION

The insertion of the 3 pm SABM HBT technology into
systems requires basic qualification in temperature perfor-
mance, reliability, and radiation hardness. This section
presents initial qualification work performed on this pro-
cess. Although more thorough statistical studies are re-
quired, the initial work shows no intrinsic limitations for
even the most stringent space qualification (S-class) appli-
cations.

A. High-Temperature Performance

The 3 pm SABM HBT has demonstrated device and
circuit operational capability up to 125°C (mil standard).
The key device parameters that need to be compensated
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Fig. 18. 'DC-2.5 GHz, 5-bit digitally controlled switched gam /attenua-
tor amplifier with 62 dB dynamic range in 2 dB increments demonstrat-
ing monolithically combined microwave/digital’ function using the 3
pm emitter SABM HBT IC process. (a) Block diagram; D4-D0 aré the
input dlgltal word bits (TTL compatible); fabricated circuit (377 HBT’s;
Chlp size: 1.7x2.2 mm?). (b) Measured (on-wafer) gain and error
versus input digital word.

for temperature include the intrinsic transconductance g,
and current gain 8. The intrinsic g,,, is just ¢l /kT while
B and Vg, have negative temperature coefficients of
= —0.4 percent/°C and ~1.5 mV /°C, respectively. These
parameters are compensated for using circuit design tech-
niques. Examples of intrinsic high-temperature capabilities
of the HBT in circuit operation are given by the SDLA
log IF amplifier (Fig. 14(b)) and the digitally switched
gain /attenuator (Fig. 18) discussed earlier, which operate
to nominal specifications up to 125°C.

B. Reliability

Reliability qualification has been initiated for the 3 um
SABM HBT IC process. The procedure follows the work
in progress for the GaAs MESFET MMIC's that are being
developed for space apphcatlons Stabilization bake, accel-
erated life testing, and step-stress testing are presently in
progress. The initial stabilization bake is intended to stabi-
lize the device parameters prior to accelerated aging and
step-stress tests and to screen for infant mortality. The
HBT’s are subjected to 260°C for 120-160 hours in a
nitrogen ambient where the dc parameters (8 and emitter
and base contact resistances) stabilize to less than 5 per-
cent of the initial values. Accelerated life tests include
aging at 260°C under dc bias. The step-stress testing at
220, 240, and 260°C is designed to extract the activation
energy to determine the mean time to failure.

Initial accelerated life testing with small sample size (51x
HBT’s) verifies HBT lifetime capability beyond 2000 hours
at 260°C with <20 percent dc parameter degradation.
The devices aged under nominal operating dc bias were
periodically removed and tested for 8, I, ideality factor,
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Fig. 19" Initial accelerated lifetest evaluation of 3Xx10 pm’ emitter
SABM HBT’s at 260°C (under dc bias) after 120-160 hours stabiliza-
tion bake. (a) B versus time. (b) /- ideality factor n versus time. (c)
Device resistance ( Ry + R /B) versus time.

and contact resistances, as summarized in Fig. 19. The
long-life devices show gradual parameter degradations
which are consistent with one ancther. Scanning electron
microscope diagnostics on devices that failed early did not
show any obvious catastrophic failure such as bond wire
lifting or metal burnout. The consistent device parameter
degradation suggests failure related to the emitter—base
space charge region, perhaps due to surface leakage and
device shorting associated with contaminants or ‘ohmic
metal definition. Accelerated aging studies and step-stress
tests with larger HBT sample size are currently in progress.
Circuit reliability testing (log amplifiers and digital di-
viders) is also being performed:

C. Radiation Hardness

Semiconductor devices in space radiation (Van Allen
belt) and nuclear explosion environments can suffer crys-
talline lattice displacement (defects) and ionization (gener-
ation of electron~hole pairs) effects. Radiation environ-
ments are generally classified into four different categories
according to their sources: 1) total ionizing dose, 2) neu-
tron, 3) dose rate, and 4) single-event upset (SEU) environ-
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TABLE II
RADIATION HARDNESS COMPARISON OF DEVICE TECHNOLOGIES
ENVIRONMENT Electrical Radiation
D te [ Rad(Si or G
Power [Integratio Total Dose Neutron ose Rate [Rad(Si or GaAslis]
’ M [Rad(Si 1-MeV Upset
Speed |Dissipation| Level [Fiazii((Gal)A’Z;] [n(cmZ]e " P Burnout
TECHNOLOGY Digital Analog
Silicon Latch-Up

CMOS

Non-Hardened Low | Low VLS 103-104 1013+ 106-107 107-109 [1010-1012

Hardened 105-106 >1014 | 108109 >1012 [ >1012

S0S/SO0l 105-106 >1014 10101011 No >1012
Blbolar

Linear 104-105 | 1012-1013 107-109 {1010-1012

Digital Medium  High VLS! >106 | 1013-1014| 106-107 | <106 | 107-109

Digital/ROX 104-105

Digital/Hardened >106 1013-1014 | 107-108 >1012 | >1012

GaAs Backgating

MESFET/HEMT

RF High | Medium LS >108 >1014 109-1010|  Yes* [1010-1012

Digital >108 >1015  [1010-1071 Yes*
reT Medium|  High Lsi >108 >1015 |1010-1011] Yes' | 1013
HBT

RF High | High |MSI-LS! >108 >1014 109-1010|  No*

Digital >108 >1015  |1010-107 No*

*For All Dose Rates

ments. The displacement alters the device performance by
reduction of minority carrier lifetime, majority carrier re-
moval (trapping and compensation), and mobility degra-
dation. The ionization interaction in a low-dose-rate envi-
ronment causes gradual charging of dielectric regions while
a high-dose-rate environment causes transient photocur-
rents. Initial investigation with the 3 pm SABM HBT
shows excellent radiation hardness compared to other
technologies in total dose, neutron, and dose rate (Table
I1). The initial tests performed on a limited number of
transistors [21] show radiation hardness significantly
greater than Si and comparable to that of MESFET’s with
the exception of dose rate in which the HBT’s are free
from the long-term transients which typically plague GaAs
MESFET’s. SEU was not investigated due to a lack of a
convenient MSI-LSI digital test vehicle at this time.

In total dose testing a Co® source provides gamma ray
radiation which generates Compton electrons, accumulated
over a long term. The damage is considered permanent.
The total dose environment appears to be the least harmful
to the HBT with B degrading = 7 percent in the dose
range up to 467 Mrad(GaAs), most likely due to displace-
ment damage. The high total dose tolerance may be due to
the high density of electron and hole charge trap centers in
the silicon nitride passivation and the intrinsically high
GaAs surface state density.

A more sensitive radiation effect in GaAs HBTs appears
to be neutron damage showing B degradation of =20
percent at =1.3%x10' n/cm?. Gummel plots show that
the ideality factor of emitter-base (E-B) junctions ap-
proaches 2 afte. neutron irradiation, suggesting that the
generation of recombination centers associated with that

junction i1s important. To simulate the ideality factor re-
duction using physical device modeling (modified
SEDAN), the width of the E-B space charge region where
the recombination is assumed had to be increased from 10
to 30 A. No ideality factor degradation was observed for
the collector—base junction. A 20 percent reduction in f
will seriously affect some analog circuit applications while
in digital and microwave applications, 8 reductions of up
to 50 percent are acceptable. Data extrapolation indicates
digital IC neutron hardness to be an order of magnitude
greater than for analog circuits. The neutron data can be
correlated with the total dose data by establishing the
damage equivalence between Co®® gamma rays. A 467
Mrad damage is equivalent to 2.7—5.3X10% n(1 MeV
Equiv.)/cm’. By comparing f reduction at the correspond-
ing levels in each radiation environment, similar results are
obtained. o

Dose rate tests were performed using flash X-ray pulses
=22 ns wide. The HBT transient collector current recov-
ery time is on the order of a few microseconds, as opposed
to GaAs MESFET’s with longer recovery times ( = milli-
seconds) due to active channel-substrate interface trap-
ping effects. The lack of long-term transients in HBT’s is
due to the vertical structure with active junctions isolated
from surfaces and substrate interfaces. In particular the n™
collector contact layer tends to screen out bias resulting
from trapped charge in the semi-insulating substrate. Also,
since HBT IC’s do not use p-n junction isolation, latchup
is not possible. Dose rate effects are important since they
may upset circuit functions and may cause burnout of
junctions or interconnects associated with high or multi-
plied photocurrents.
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Another transient radiation effect is the single-event
upset, or SEU. High-energy galactic particles, protons, and
solar flare 1ons are the main source of SEU in space while
alpha particles (helium nuclei) from minute traces of ra-
dioisotopes in ceramic chip packages can cause the same
effect in nonspace environments. Excess carriers generated
by these heavily ionizing particles incident on sensitive
junctions are collected to create subnanosecond current
pulses. Circuit upsets can result from a single particle
confined to a single node. In some cases single-event
currents are regeneratively amplified in a device to cause
burnout. SEU testing for GaAs HBT IC’s is currently
being planned.

VI. SuMMARY AND CONCLUSIONS

The GaAs/AlGaAs N-p-n HBT device and integrated
circuit technology offers key advantages over the most
competitive advanced Si bipolar and III-V compound
field-effect transistor (GaAs MESFET/HEMT) ap-
proaches in focused high-performance analog and mi-
crowave applications. This was exemplified through dis-
cussions based primarily on TRW’s first generation GaAs
HBT IC technology currently being transferred to a pilot
production facility in preparation for application to com-
munications, electronic warfare, and missile seeker sys-
tems. Device and IC fabrication process, basic HBT dc
and RF performance, examples of device and IC applica-
tions, and technology qualification work were presented
addressing important technology issues and impact.

Although the GaAs HBT fabrication technology is
evolving with more advanced material and device struc-
tures, a relaxed 3 pm emitter self-aligned base ohmic metal
(SABM) process with simplified MBE growth structure
still offers many advantages over alternative current and
projected device technologies. The 3 um SABM HBT’s
have simultaneous f,, f,... =20-40 GHz and dc current
gain B = 50-100 at useful collector current densities J. =
3-10 kA /cm? and Early voltage V, = 500-1000 V. Using
"nonsaturating HBT operation, versatile dc-20 GHz analog
and microwave as well as 3-6 Gbit/s digital and 2-3
Gs/s A/D conversion capabilities are demonstrated with
the same 3 pm SABM HBT process which also facilitates
monolithic multifunctional capabilities. Key improvements
are realized over Si bipolar and GaAs-related FET ap-
proaches in operational frequency, power consumption,
gain—bandwidth product, harmonic distortion, 1/f noise,
and size reduction. Technology insertion qualification in-
cluded initial verification of high-temperature operation
(125°Q), reliability (> 2000 hour lifetime at 260°C), and
radiation hardness, with the latter being significantly bet-
ter than Si bipolar and comparable to the GaAs MESFET.

The GaAs HBT is emerging as a technology which will
complement the GaAs FET’s and Si bipolar to achieve
more efficient system functions. Its future competitiveness
in niche applications as well as its expanding role will be
ensured through the significant growth potential in materi-
als, processing, and design techniques. )
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