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ABSTRACT

2.43 W CW output power was obtained with AlGaAs/
GaAs heterojunction bipolar transistors at 10 GHz with 5.8
dB gain and 30% power-added-efficiency using 2 gm mini-
mum geometry devices. The device design and fabrication
techniques were improved to maintain the high power den-
sity (> 3 W/mm of emitter length) operation as the device
size is increased. Accurate device models were developed
both for common-emitter and common-base devices to aid
in this size scaling.

INTRODUCTION

Heterojunction bipolar transistors are more suited to
the high power generation at microwave frequencies than
both the Si bipolar transistors and the GaAs FETs. The
use of a heterojunction to suppress the hole injection into
the emitter together with the superior electronic properties
of GaAs, result in greatly improved microwave power gains
for HBTs compared to Si bipolar transistors. Compared to
GaAs FETs, HBTs offer much higher power density opera-
tion. The breakdown voltage in an HBT is basically the re-
verse bias breakdown voltage of the base-collector junction
which can be made several times higher than the break-
down voltage of FETs operating at the same frequency.
Since the maximum current in a properly designed HBT is
also higher than in FETs, the output power (normalized
to device size or impedance) is expected to be higher. It
was shown experimentally that the HBT power densities
can be as high as 4 W/mm of emitter length under CW
conditions at X-band[1,2]. Under pulsed conditions power
densities as high as 10 W/mm were obtained[3]. All high
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power density HBTs so far have been limited in their CW
output power to below 0.5 W. Larger output power de-
vices require the operation of large emitter length devices
which, in turn, require careful thermal designs and an ac-
curate knowledge of the device input/output impedances.
We have developed, in this work, thermal and clectrical de-
signs to enable continuous operation of high power HBTs
under both common-emitter and common-basc modes.

DESIGN AND FABRICATION

All epitaxial layers used in this study were grown by
MOCVD on a semi-insulating (SI) GaAs substrate. Si and
Zn were used as the n- and p-type dopants. A typical de-
vice vertical structure is shown in Table 1. A thin layer of
Ing 1Gap gAs layer was incorporated in the base layer to act
as an etch-stop layer and to facilitate a uniform removal of
the emitter layer during fabrication. This layer also reduced
the contact resistance of non-alloyed base metallization.

Table 1: The HBT Vertical Structure

LAYER Doping | Thickness
(cm™?) (prm)
nt-InGaAs 5x 1018 0.02 B
nT-GaAs 5x 101 0.05
n—grading 1x 108 0.03
n-Al3Ga7As 3 x 1017 0.1
pT-In1GagAs 1 x 101 0.02
pt-GaAs 1x10% 0.08
n-GaAs 3 x 10 1.5
nt-GaAs 5x 1018 1.5
SI SUBSTRATE | Undoped 500
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A self-aligned fabrication technique similar to that de-
scribed in {4] was used to place the base contact as close to
the emitter as possible. AuGe/Ni and TiPtAu alloys were
used as the contacts for n- and p- type layers, respectively.
The device is made up of 2 X 20 um emitter fingers placed
25 um apart. Two 2 X 20 ym base fingers were used with
each emitter. Figure 1 shows a 10 emitter finger sub-cell
made up of 2 rows of 5 fingers. Such 10 finger cells were
combined to form larger devices geometries. Via holes were
used to ground the emitter (or the base terminal) at each
sub-cell level.

In any power device layout the dissipation of heat is
a critical factor in achieving high absolute power. The 25
pum spacing between emitter fingers was chosen by a com-
puter optimization of the device microwave performance
and thermal isolation. Figure 2 shows the calculated tem-
perature rise as a function of distance across one row of
a 10 finger sub-cell. The center finger reaches a maximum
temperature of 160° C at a dissipated power density of 2000
W/mm? of emitter area (i.e. output power of 0.7 W and
1.06 W at 30% and 40% power-added-efficiencies, respec-
tively, for this sub-cell). Also shown are the temperatures
at various depths in the substrate.
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Figure 2: Temperature profile across one row of ¢ 10-finger
sub-cell as function of depth into the wafer at a power dis-
sipation of 2000 W/mm? of emitter area.
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RESULTS AND DISCUSSION

In order to determine the frequency response and imped-
ance levels of HBTs, the S-parameters of several devices
with various sizes were measured on-wafer using CASCADE
RF probes. Both common-emitter and common-base de-
vices with 2,4, 6, 8 and 10 emitter fingers were character-
ized and small-signal equivalent circuit models were devel-
oped for each. S-parameters of 20-finger CE devices were
also measured in appropriate test fixtures that were de-
embedded using the TRL (thru-reflection-line) technique.
Figure 3 shows the measured maximum stable/available
gain (MSG/MAG) and current gain (}ha;|?) versus frequency
for common-emitter devices with 2, 10 and 20 emitter fin-
gers, respectively. As seen from Figure 3, no significant
degradation in the performance is observed by increasing
the number of emitter fingers from 2 to 20. Equivalent cir-
cuit models developed for these devices show that the HBT
impedance levels scale with the device size while the gain
is unaffected. This is attributed to the compactness of the
physical layout of the HBTs versus that of MESFETs. It
is worth noting that, in terms of the rated output power
‘at 10 GHz, the 20-finger HBT (1.4 W) is equivalent to a
MESFET with about 2.0 mm of gate width.
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Figure 3: Measured current gain (|ha1|*) and mazimum sta-
ble/avaslable gasn (MSG/MAG) of three common-emitter
device with 2, 10, and 20 emitier fingers.



Excellent yield and uniformity of the RF performance
were achieved across the wafer with typical current gain
cut-off frequency (f;) of 20-30 GHz and maximum frequency
of oscillation (f,,4;) of 30-40 GHz. The RF performance
uniformity of the HBTs is mainly due to two factors: (1)

the self-aligned fabrication process with minimum feature
sizes defined by optical lithography and, (2) the uniformity
of the epitaxial layers with In,Ga;_,As etch-stop layers.
Note that the HBTs discussed in this paper were optimized
for X-band power application which require not only high
values of f; and f,,, but also high breakdown voltage. The
collector design (thickness and doping ) involves a trade-off
between f, and breakdown voltage[3]. From the measured
value of f;, the total emitter-collector transit time is calcu-
lated to be 6.4 pS , 40% of which (2.5 pS) is due to the
transit time in the collector depletion layer.

Figure 4 shows the small-signal equivalent circuit model
of a 10-finger CE device with the element values listed in
Table 2 . The two short sections of 50 2 transmission lines
in the base and collector account for the coplanar waveguide
lines used to access the 10-finger cell. Figure 5(a) shows the
measured and modeled S-parameters of the 10-finger CE
device in the 1-26 GHz range. The input reactance does
not change significantly over the 1-26 GHz band. This im-
plies that the input impedance of HBTs can be matched to
50 Q over a broader bandwidth compared to MESFETs of
equivalent size. Figure 5(b) shows the measured and mod-
eled S-parameters of a 10-finger common-base HBT. The
CB configurations has higher small-signal gain (12 dB) at
10 GHz due to lower series-equivalent output impedance
level compared to the CE device. The output impedance
can be simply modeled by the reverse-biased base-collector
junction capacitance in parallel with a very large shunt re-
sistance due to the low B-C leakage current. The low (series
equivalent) output impedance, while increasing the gain,
poses stability and impedance matching problems. Never-
theless, at 10 GHz, high gain and high breakdown voltage
make CB HBT suitable for power amplification.

b. Power

The CW power performance of HBTs were measured
at 10 GHz. Devices with up 10 emitter fingers were tuned
using external tuners with 15:1 VSWR tuning range while
the 20- and 40-finger devices were matched to 50 & using
on-carrier lumped-element capacitors and bond-wire induc-
tors. Table 3 summarizes the large-signal performance of
CB HBTs. Typical operating collector voltages were 10-
12 V and collector currents of 11-12 mA /finger. The DC
common-emitter current gains of these devices at the op-
erating points were about 5 . As shown in Table 3, the
output power of the HBTs scale well with the number of
emitter fingers. Output power level of 2.43 W with 5.8 dB
gain and 30% power-added efficiency was achieved at 10
GHz with a 40-finger HBT. This is the highest absolute
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Figure 4: Small-signal equivalent circuit model of CE HBTs.

Table 2: Element values of the equivalent circuit model for
the 10-finger CE device at V.= 4.0 V and .= 150 mA

Element Value Element Value
Rp) 5.47 Q Caci 0.22 pF
Raz 1.90 @ Caez 0.02 pF
Rey 0.19 Q Cceo 0.08 pF
Re2 0.78 Q CeeD 0.04 pF
Rg 1.26 Q g 0.84
Rye 0.65 Q fa 31 GHz
Rac 1 MQ T 2.56 pS
Ca1 1.68 pF 1 0.01 A
CaE 2.37 pF 1z 0.01 A
Caco 0.07 pF %o 50 Q

CW output power level reported for an HB1' at 10 GHz
and corresponds to an output power density of 3.04 W/mm
-of emitter length. Power densities of up to 3.8 W/mm was
achieved at 750 mW output power for the 10-finger devices.
The collector efficiency of the 2.43 W device was measured
to be 51% indicating class-A operation. The difference be-
tween the collector efficiency and the power-added efficiency
of the device is not only due to its finite gain, but also due
to the common-base configuration which requires more de
power. The bias levels of the 2.43 W device were: V,= 11
V, I.= 431 mA, V.= -1.8 V, and I,= 561 mA . This indi-
cates that 18% of the total DC power was supplied to the
emitter thus reducing the overall PAE. Efficiencies (PAE)
of up to 38% were measured for 5 finger devices with 300
mW output power and 6.1 dB gain.

CONCLUSIONS

The high power operation of MOCVD grown AlGaAs/
GaAs HBTs was demonstrated at 10 GHz by fabricating
devices designed for CW operation. It was shown that both
the small-signal and the high power density characteristics
of HBTs can be maintained as the device size is increased.



2;; Table 3: Large-signal CW performance of HBTs at 10 GHz.
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Power
No. Output Power :
Emitter Power Density ?; ér; EfAﬁ(i?eendcy
Fingers | (mW) | (W/mm)

(%)
5 300 3.0 6.1 38
10 750 3.8 5.2 31
20 1435 3.6 6.0 31
7.00 40 2432 3.1 5.8 30
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