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Abstract—We have developed 0.1-ym gate-length InAlAs/In-
GaAs/InP power HEMT’s with record efficiency and power gain
at 94 GHz. A 200 ym gate-width device has produced 58 mW
output power with 6.4 dB power gain and 33% power-added
efficiency. The extrapolated frn.x of 600 GHz is the highest
reported to date for any transistor, and smaller, 30-xm devices
fabricated on the same wafer exhibit excellent noise figure (1.4 dB
at 94 GHz), demonstrating the applicability of this technology to
multifunction MMIC’s.

I. INTRODUCTION

-BAND power transistors are currently of great interest

because the implementation of compact monolithic
amplifiers incorporating these transistors has the potential
for significantly reducing the cost or enhancing the capabil-
ity of a variety of military and commercial systems. Since
transistor amplification at 94 GHz was first demonstrated
in 1986 [1]. substantial progress has been made improving
the millimeter-wave performance of high electron mobility
transistors (HEMT’s), largely as a result of reduction in
gate length and the use of material systems with improved
conduction band profiles and transport properties. At 94 GHz,
GaAs-based HEMT’s with pseudomorphic InGaAs channels,
or PHEMT’s, have demonstrated single device output powers
in the 45-63 mW range with power gains of 3—4 dB [2], [3],
and several PHEMT-based W-band power MMIC’s have been
reported [4]-[7]. However, the output power of these MMIC’s
has been limited to approximately 100 mW with relatively
low associated power-added efficiencies (5-13%), primarily
constrained by the performance of the PHEMT devices upon
which the amplifiers are based.

In this letter, we report the development of a W-band
HEMT, based on the InAlAs/InGaAs/InP material system,
with output power comparable to that demonstrated by the
GaAs PHEMTs reported previously in [2] and [3], but with
significantly higher efficiency and power gain. This InP-based
power transistor should enable the development of W-band
power MMIC’s with enhanced performance for applications
in which increased output power or reduced DC power con-
sumption are important.
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Fig. 1. Cross section of W-band InP-based power HEMT.

II. PHEMT DEVICE DESIGN

The device channel structure, optimized for high gain at 94
GHz, high current handling capability and acceptable break-
down voltage, is shown in Fig. 1. A double heterojunction
epitaxial layer structure, in which planar doping is placed
both above and below the undoped InGaAs channel, has been
employed. The InGaAs channel is pseudomorphic, with 68%
indium mole fraction and a thickness of 200 A. The gate length
1s 0.1 pm, and the T-shaped gate is composed of TiPtAu. The
layer structure was grown by molecular beam epitaxy, and
Hall measurements yielded an electron sheet charge density of
3.1 x 10 ¢cm~? with a mobility of 10500 cm?/V - s at 300
K, and 3.1 x 102 cm™? with a mobility of 28 200 cm?/V-s
at 77 K. The devices were fabricated using a previously
reported 0.1 um T-gate InP-based HEMT process [7] that has
demonstrated state-of-the-art W-band low noise device and
MMIC performance [8]-[10].

Individual power transistors have a total gate periphery of
200 pm, consisting of four 50-pm-long fingers, These 200 pm
InP-based HEMT's were fabricated both as discrete devices
and embedded in single-stage MMIC’s, as shown in Fig. 2,
to facilitate testing at W-band. As seen in the figure, circular
via holes created by wet chemistry are placed on cach side
of the device active region for source grounding and air-
bridge interconnects are used to connect to the center source
contact. The completed wafers were thinned to 50 pm both to
improve thermal properties and to obtain low via inductance
for high gain. As depicted in Fig. 1, these devices have not
been passivated.

III. DEVICE DC AND RF PERFORMANCE

The 200-pm devices exhibit typical peak dc transconduc-
tance g, of 930 mS/mm, with a maximum value of 980
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Fig. 2. Single-stage MMIC containing 200 um gate-width
HEMT. Chip size is 1.14 mm x 0.62 mm.
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Fig. 3. Maximum stable gain of 0.1 gm x 200 pm InP HEMT, calculated

from 75-110 GHz S-parameters measured at Vg, = 2V, Iy, = 60 mA.
fmax of 600 GHz is obtained by extrapolating at —6 dB per octave.

mS/mm, at a Vi, of 0.1 V. At a drain voltage of 1 V, Iy, is
typically 50 mA (250 mA/mm) and I, at a gate voltage of
0.6 Vis 115 mA (570 mA/mm). The gate-drain breakdown
voltage, defined at 1 mA/mm gate current, is 5.5 V.

Device S-parameters were measured across the 75-110-GHz
frequency band using W-band wafer probes, TRL calibration
procedures and instrumentation described earlier in [11] and
[12]. Maximum stable gain (MSG), derived from S-parameters
measured at a drain voltage of 2 V, is plotted in Fig. 3. The
MSG is extremely high—16.1 dB at 94 GHz, resulting in an
extrapolated maximum frequency of oscillation f,.x of 600
GHz. This value of fi,,x is the highest reported to date for
any transistor, including InP-based HEMT’s with undoped cap
layers [13] and graded InGaAs channels [14].

Maximum current gain cutoff frequency f;, obtained at a
drain bias of approximately 1 V, is 160 GHz. It is worth noting
that the design of these devices has been tailored for optimum
94 GHz large-signal operation. Although high f; is in general
believed to be indicative of short electron transit times and
therefore high intrinsic device speed, fi..x i a more relevant
figure of merit for microwave transistors because it denotes the
frequency at which power gain, the gain of interest in a high
frequency amplifier, has fallen to unity, and includes parasitic
effects not accounted for by f;.
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Fig. 4. Small-signal equi'valcnt circuit model of 0.1 pm x 200 pm InP
HEMT at Vg, = 2V, Iz, = 60 mA.

A small-signal equivalent circuit model of the InP HEMT,
derived by fitting the W-band S-parameters measured at a Vy;
of 2 V, is shown in Fig. 4.

Power measurements were performed on-wafer at 94 GHz
using the single-stage MMIC shown in Fig. 2. Since the design
of this preliminary circuit was based on an inaccurate large
signal device model, in practice we found that additional
tuning was required at the output to obtain best performance.
No input tuning was necessary. The dependence of output
power, power-added efficiency (PAE) and gain on input power,
measured at a drain bias of 2.8 V, are plotted in Fig. 5. The
device generates 58-mW output power with 6.4 dB power gain
and 33% PAE. Operated more linearly, output power is 53 mW
with 7.5-dB power gain and 30% PAE. Linear gain is 10.0 dB,
and a small amount (0.3 dB) of gain expansion is noted at low
drive levels, possibly due to heating effects.

Our results are compared with those previously reported
for W-band power transistors in Table 1. At comparable
output power, the InP-based HEMT reported herein exhibits
a factor of two improvement in PAE and significantly higher
power gain than the PHEMT’s reported earlier. Note that the
increased power gain will further improve multistage amplifier
efficiency by permitting downsizing of driver stage devices.
Hence, significant improvement in W-band power MMIC
efficiency will be possible by developing circuits based on
these InP HEMT’s.
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TABLE I
COMPARISON OF REPORTED HIGH POWER W-B AND TRANSISTORS
Transist Gate Lenath Total Unit Fi 94 GHz Performance
ransistor ate Leng! nit Finger
Reference| "“rypa (um) Gat&‘,ﬁ’)'d‘h Width (um) | Output Power | Power-Added
Power (mW) | Gain (dB) | Efficiency (%)
This Work| InP HEMT 0.1 200 50 58 6.4 33
[2] [GaAsPHEMT| 0.15 150 75 45 30 16
[3] GaAs PHEMT] 0.1 160 20 63 4.0 13
20 40 Boos of the Naval Research Laboratory, who supplied some
- % of the InP substrates used in this work, is greatly appreciated.
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Fig. 5. Measured 94 GHz performance at V4, = 2.8 V.

Noise performance of a 30-pm gate width low noise device
fabricated on the same wafer was measured at 94 GHz.
Minimum noise figure was 1.4 dB with 7.0 dB associated
gain. This noise figure is only marginally higher than that
of 0.1 um InP HEMT’s optimized specifically for low-noise
operation [9], suggesting that high performance power and low
noise amplifiers could be integrated together on a common
InP MMIC chip.

IV. CONCLUSION

We have reported a 0.1-pm gate-length InP-based power
HEMT which has demonstrated significantly improved 94-
GHz efficiency and power gain as compared with GaAs-based
PHEMT’s. In addition, the device exhibits record f..., and
excellent noise figure. We believe the superior performance
of this device is due primarily to the intrinsic advantages of
the InAlAs/InGaAs/InP material system, an optimized layer
structure and device design, and the use of a proven high-
performance InP HEMT fabrication process.

ACKNOWLEDGMENT

The authors gratefully acknowledge W. K. Dean of NAWC
for valuable technical discussions and M. Afendykiw of
NAWC for his support. In addition, the assistance of B.

[5] S. W. Duncan, A. Eskandarian, D. Gill, B. Golja, B. Power, D. W. Tu,
S. Svensson, S. Weinreb, M. Zimmerman, and N. Byer, “Compact high
gain W-band and V-band pseudomorphic HEMT MMIC power ampli-
fiers,” in 1994 IEEE Microwave Millimeter-Wave Monoluhic Circuits
Symp. Dig., May 1994, pp. 33-36.

H. Wang, G. S. Dow. M. Aust, K. W. Chang, R. Lai, M. Biedenbender,
D. C. Streit, and B. R. Allen, “A novel W-band monolithic push-pull
power amplifier,” in 1994 IEEE GaAs IC Symp. Dig., Oct. 1994, pp.
92-95.

M. Aust, H. Wang, M. Biedenbender, R. Lai, D. C. Streit, P. H Liu,
G. S. Dow, and B. R. Allen, A 94 GHz monolithic balanced power
amplifier using 0.1-um gate GaAs-based HEMT MMIC production
process technology.” IEEE Microwave and Guided Wave Lett., vol. 5,
no. 1, Jan. 1995.

P. C. Chao, A. J. Tessmer, K. H. G. Duh, P. Ho, M. Y. Kao, P. M.
Smith, J. M. Ballingall, S. M. J. Liu, and A. A. Jabra. “W-band low-
noise InAlAs/InGaAs lattice-matched HEMT’s,” IEEE Electron Dev.
Lett., vol. 11, no. 1, Jan. 1990.

K. H. G. Duh, P. C. Chao, S. M. J. Liu, P. Ho, M. Y. Kao, and J.
M. Ballingall, “A super low-noise 0.1 pm T-gate InAlAs-InGaAs-InP
HEMT,” IEEE Microwave and Guided Wave Lett., vol 1, no. 5, May
1991.

K. H. G. Duh. S. M. J. Ly, M. Y. Kao, S. C. Wang, O. S. A. Tang,
P. Ho, P. C. Chao, and P. M. Smith, “Advanced millimeter-wave InP
HEMT MMIC’s,” in 1993 IPRM Proc., Apr. 1993, pp. 493-496.

S. M. J. Liu and G. G. Boll, “A new probe for W-band On-wafer mea-
surements,” in 1993 IEEE MTT Symp. Dig., June 1993, pp. 1335-1338.
S. M. J. Liu, K. H. G. Duh, S. C. Wang, O. S. A. Tang, and P. M.
Smith, “75-110 GHz InGaAs/GaAs HEMT high gain MMIC amplifier,”
in 71993 IEEE GaAs IC Symp. Duig., Oct. 1993, pp. 273-276.

P. Ho, M. Y. Kao, P. C. Chao, K. H. G. Duh, J. M. Ballingall, S. T
Allen, A. J. Tessmer, and P. M. Smith, “Extremely high gain 0.15 pm
gate-length InAlAs/InGaAs/InP HEMT’s,” Electron. Lett., vol. 27. no.
4, pp. 325-327, Feb. 1991.

M. Wojtowicz, R. Lai, D. C. Streit, G. I. Ng, T. R. Block, K. L. Tan, P. H.
Liu, A. K. Freudenthal, and R. M. Dia, “0.10 gm graded InGaAs channel
InP HEMT with 305 GHz f; and 340 GHz fi,.x,” IEEE Electron Dev.
Lett., vol. 15, no. 11, Nov. 1994.

[6]

[71

(8]

[91

[10]

(11]
[12]

[13]

[14]



