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Abstract—Ka-band monolithic low-noise amplifiers using low
cost direct ion-implanted GaAs MESFET’s with 0.25 pm “7”-
gates have been developed for use at 27 to 34 GHz. The five
stage MMIC amplifier is designed based on 50% Idss self-biasing
using a single power supply. These amplifiers achieved 2-3 dB
noise figure with 30 dB associated gain at 33 GHz. These results,
using low cost ion implantation techniques, rival the best GaAs
p-HEMT MMIC results to date.

I. INTRODUCTION

ON implantation of the active device channel to fabricate

MESFET’s has long been recognized for its advantages
in microwave MMIC fabrication. The ability to selectively
implant planar devices combined with excellent uniformity,
high throughput, and low cost makes ion implantation the
most attractive method for large scale production. High volume
applications such as smart munitions, intelligent vehicle high-
way system, and phased array antennas require cost-effective
MMIC chips.

The first 60 GHz amplifier was reported in 1984 [1] using
0.3 pm gate length ion-implanted GaAs MESFET’s. These
MESFET’s achieved a fairly impressive noise figure of 2.8 dB
with an associated gain of 8.3 dB at 30 GHz. However, ion-
implanted GaAs MESFET’s at this time did not demonstrate
an acceptable noise figure vis-4-vis GaAs HEMT’s [2] to be
useful in low-noise millimeter-wave IC applications. Then
from 1989-1993, several groups [3]-[6] have demonstrated
noise figure results for direct ion-implanted GaAs MESFET’s
which are comparable to GaAs p-HEMT’s. The 0.25 x 200
pm gate ion-implanted GaAs MESFET has achieved a noise
figure as low as 1 dB with 10 dB associated gain at 18 GHz.
These results demonstrate that microwave noise performance
of GaAs MESFET’s can be made comparable to GaAs p-
HEMT’s. In 1991, an excellent three-stage low-noise amplifier
fabricated using 0.25-um gate ion-implanted GaAs MESFET’s
achieved a 4.2-dB noise figure with a 15 dB associated gain
at Ka band [7].
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In this work, we review the design, simulation and fabrica-
tion of a five stage Ka-band low-noise amplifier demonstrating
state-of-the-art gain and noise performance using a manufac-
turable, low cost, direct ion-implanted 0.25-um gate GaAs
MESFET technology.

II. GaAs MESFET's AND LNA FABRICATION

The GaAs MESFET’s are fabricated by direct silicon and
beryllium ion implantation into 3-in. semi-insulating (100)
LEC GaAs substrates to form the active channel. The channel
was formed by three distinct implants. The channel implant
with a penetration depth of 1500 A was used to achieve a
peak carrier concentration of 1 x 10'® ¢cm™3; a penetration
of 600 A to achieve a peak carrier concentration of 2 x 10*3
cm ™3 and a p-type implant of 50 keV to improve pinch-off
characteristics. The implant was activated at the University
of Illinois using a capless anneal technique with an arsine
overpressure at 850°C [8]. The average sheet resistance is
220 Q/square and the percent standard deviation is 1.4% for
a typical wafer lot. The MESFET circuits were fabricated on
the pilot line at Raytheons Advanced Device Center, Andover,
MA. The standard 0.25-pm “7T™ gate is fabricated using an e-
beam direct write technique. The gate was recessed to a target
I;ss current of 180 mA/mm. The drain to source spacing is
3 pm and the source is air-bridge connected. Resistors are
formed both by ion implantation and tantalum nitride. The
wafers are fully passivated by silicon nitride. The wafers were
then thinned to 100 pm for a backside via process.

IIT. GaAs MESFET’s PERFORMANCE

The current-voltage characteristic of the parallel gate MES-
FET is well behaved. The peak transconductance for 0.25 pm
x 300 pm (4 x 75 pm) gate GaAs MESFET’s is 105 mS
(350 mS/mm). The corresponding transconductance gm = 280
mS/mm at Vg, = 1.5V, and I, = 90 mA/mm. The current
gain |Hg1| of the devices are calculated from measured S-
parameters, and the f; is determined by extrapolation using a
slope of —6 dB/octave to the unity gain point, with the typical
ft = 60 GHz. The typical measured noise figure is 1.0 dB and
the associated gain is 8.5 dB for I4; = 45 mA/mm at 18 GHz.
The self-bias of the LNA design is set at 90 mA/mm, where
the noise figure is around 1.1 dB and the associated gain is
10 dB at 18 GHz.

The equivalent circuit model and scaled models for 0.25
pm X 100 pm (4 x 25 pm), 200 pm (4 x 50 pm) and
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Fig. 1. Equivalent circuit model for 0.25-um GaAs MESFET.
TABLE 1
EQUIVALENT CIRCUIT SCALED MODEL VALUES
FOR 0.25-um GaAs MESFET AT 90 mA/mm
Parameter units Scaled Models
Zg mm 0.10 0.20 0.30
Vds \' 1.50 1.50 1.50
Ids mA/mm 89.675 89.675 89.675
Vgs v —0.284 —0.284 -0.284
Ggs mS 0.0005 0.0010 0.0015
Gdg mS 0.0050 0.0100 0.0150
Rg Q 0.19 0.38 0.5
Rs Q 1.92 0.96 0.64
Rd Q 4.78 2.39 1.59
Ri Q 8.346 4.173 2.782
Gm mS 28.59 57.17 85.76
Tau 1 pS 0.80 0.80 0.80
Gds mS 3.025 6.050 9.075
Cgs pF 0.0787 0.1574 0.2361
Cds pF 0.0258 0.0561 0.0819
Cdg pF 0.0268 0.0451 0.0635
Lg pH 0.0 0.0 0.0
Ls pH 3.64 2.76 2.32
Id pH 0.0 0.0 0.0
v, v¥ (aV)2/Hz 0.1374 0.0687 0.0458
i, i* (PA)2/Hz 510.6 1021.2 1531.8
Re v, i* nV-pA/Hz 0.0139 0.0139 0.0139
Im v, i#* nV-pA/Hz 0.4028 0.4028 0.4028
ft GHz 57.81 57.81 57.81

300 pum (4 x 75 pm) GaAs MESFET are shown in Fig. 1
and Table I, respectively. This device model predicts noise
measure, NM = 1.8 dB, and associated gain of 9 dB at 18
GHz, as well as NM = 3.2 dB and Ga = 5.5 dB at 33
GHz. The FET’s for the device model was made 1.5 year ago,
hence, the discrepancy between model and the current device
using optimized implanted low noise schedule are expected.
As a result, the LNA will be performed better than simulated
results.

IV. Ka-BAND LOW-NOISE AMPLIFIER
DESIGN AND PERFORMANCE

The design goals for this Ka-band low-noise amplifier are:
1) >25-dB gain; 2) <3.5-dB noise figure; 3) >10-dBm output
power at 33 GHz. The design employs a novel self-biased FET
arrangement where Ids = 50%, Idss = 90 mA/mm, hence
only a single power supply, Vyq = +3.0 V, is needed. The
five-stage low-noise amplifier was composed of 0.1-mm-wide
MESFET’s for the first three stages, 0.2-mm-wide MESFET’s
for the fourth stage, and 0.3-mm-wide MESFET’s for the fifth
stage. The gate is grounded for the first three stages and has a
15 ohm resistor to ground in the last two stages. The voltage
drop at each MESFET is 1.5 V. The design estimation of
power consumption is 216 mW, where the nominal current
of the whole circuit is 72 mA at a Vgg = 3 V. Using the
EEsof-Libra simulator, this five-stage amplifier should achieve
at least 23-dB gain and less than a 3.8 dB noise figure between
30 and 36 GHz operating frequency. The circuit simulation
results show —15-dB input/output reflection coefficients over
30-36 GHz.

A SEM picture of the five stage Ka-Band low-noise ampli-
fier is shown in Fig. 2. The chip size is 3.53 mm x 1.815 mm.
The on-wafer millimeter wave performance for 10 samples
of the LNA, biased with a single power supply of 3 V and
Ids = 50% of Idss (84 mA) is shown in Fig. 3. The power
consumption is 252 mW. The average on-wafer probe gain is
30 dB with a standard deviation of 0.6 dB, and on-wafer probe
noise figure is between 2 and 3 dB over the frequency between
27 and 33 GHz. The input/output reflection coefficients are less
than —10 dB at 33 GHz. The best fixtured noise petrformance
is 2.3-dB noise figure with 31.4-dB associated gain at 33
GHz. These state-of-the-art results, using a single bias source
represents about 15-dB higher gain and 1.5-dB lower noise
figure than previous published three stage LNA results [7].
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Fig. 2. SEM picture of five-stage Ka-Band low-noise amplifier.
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Fig.3. Ten sample measurement of microwave gain and noise figure between
26-40 GHz.

Our results compare well with Ka-band LNA results achieved
using GaAs p-HEMT technology which exhibits a 2.5-dB
noise figure with 13-dB associated gain [9] and TRW 0.2-
wm gate GaAs p-HEMT MMICS which demonstrates 3—4-dB
noise figure with 10 dB gain at 35 GHz [10].

V. CONCLUSION

In this investigation, we demonstrate a specification compli-
ant Ka-band LNA which serves to provide the first evidence
that an ion-implanted low noise MESFET process can produce
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MMIC’s devices which are equivalent or superior to the
best pseudomorphic HEMT low-noise millimeter MMIC’s.
In addition, we have established state-of-the-art performance
for a Ka-band low-noise amplifier. This work will enhanced
the yield of monolithic millimeter-wave ICs using a simple
low cost direct ion-implanted GaAs MESFET’s technology.
Further technology improvements of 0.1-um “7™ or “I"” gates
for direct ion-implanted GaAs MESFET’s should enhance both
gain and noise performance at Ka-band.

ACKNOWLEDGMENT

The authors wish to thank Mr. R. T. Kemerley and Mr. R.
Schweller from the Air Force MIMIC Program and Mr. E. D.
Cohen and Ms. E. 1. Soboleski from ARPA MIMIC Program.

REFERENCES

[1] M. Feng, H. Kanber, V. K. Eu, and M. Siracusa, “Ultra high frequency
operation of ion-implanted GaAs MESFET’s,” Appl. Phys. Lett., vol.
44, pp. 231-233, 1984.

[2] P. C. Chao et al., “DC and microwave characteristics of sub-0.1 mm
AlGaAs/InGaAs pseudomorphic MODFET’s,” IEEE Trans. Electron
Dev., vol. 35, p. 879, 1988.

[3] C. L. Lau, M. Feng, T. R. Lepkowski, G. W. Wang, Y. Chang, and
C. Tto, “Half-micron gate length ion-implanted GaAs MESFET with
0.8 dB noise figure at 16 GHz,” IEEE Electron Dev. Lett., vol. 10, pp.
409-411, 1989.

[4] K. Hosogi, N. Ayaki, T. Kato, T. Oku, Y. Kohno, H. Nakano, T.
Shimura, H. Takano, and K. Nishitani, “Super low noise self-aligned
gate GaAs MESFET with noise figure of 0.87 dB at 12 GHz,” in IEEE
MTTI-S Dig., 1990, p. 1257.

[5] M. Feng, I. Laskar, and J. Kruse, “Super-low-noise performance of
direct ion-implanted 0.25-mm gate GaAs MESFET’S,” IEEE Electron
Dev. Lett., vol. 13, no. 5, p. 241, 1992.

[6] P. J. Apostolakis, J. R. Middleton, D. Scherrer, M. Feng, and A. N.
Lepore, “Noise performance of low power 0.25 micron ion-implanted
D-mode GaAs MESFET for wireless applications,” IEEE Electron Dev.
Lett., vol. 15, no. 7, pp. 239-241, 1994.

[7] J. Mondal, J. Detry, J. Geddes, and D. Carlson, “High-performance
and high-yield Ka-band low-noise MMIC using 0.25 mm ion-implanted
MESFET’s,” IEEE Microwave and Guided Wave Lett., vol. 1, no. 7, p.
167, 1991.

[8] J. R. Middleton, D. Scherrer, P. J. Apostolakis, and M. Feng, “Op-
timization of jon implantation and annealing schedule for 0.25 pm
gate MESFET technology,” in 1994 U.S. Conf. GaAs Manufacturing
Technol., Las Vegas, May 1-5, 1994, pp. 119-122,

[9] R. Reeves and V. Brandy, “Monolithic Ka-band FET receiver chips,”

in 1994 MTT-S-Dig., 1994, p. 119.

D. K. Umemoto, D. C. Streit, K. W. Kobayashi, and A. K. Oki, “35

GHz HEMT amplifiers fabricated using integrated HEMT-HBT material

grown by selective MBE.” IEEE Microwave and Guided Wave Lett., vol.

4, no. 11, p. 361, 1994.

(10



