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An Indium Phosphide MMIC Amplifier
for 180-205 GHz
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Abstract—This paper describes a high-performance In- diameter Fe-doped semi-insulating substrates. The epitaxial
dium Phosphide (InP) monolithic microwave integrated circuit structure uses a 200-A pseudomorphic InGaAs channel with
(MMIC) amplifier, which has been developed for application 60% indium. The main features of the process are Origates
in radio-astronomy and imaging-array receivers. Implemented defined bv electron-b lith hv. 750-A pl —enh d
using co-planar waveguide, the six-stage amplifier exhibits 15 dB e mg y electron e_am '_ _ograp_ y p <_asma en_ ar_10e
gain, 10 dB input and output return loss, and low noise figure Chemical vapor deposited silicon nitride for device passivation,
over the 180-205 GHz frequency range. Only one design pass wasL00 §2/C] nichrome thin-film resistors, and 300 pF/rfrsil-
needed to obtain excellent agreement between the predicted andjcon nitride metal-insulator—metal capacitors. The wafers are
measured characteristics of the circuit, a unique achievement in thinned to 75:m and 40um diameter, through-substrate via

this frequency band. The circuit is also the first 180-205 GHz - . . .
amplifier designed for and successfully fabricated using TRW’s holes are etched using a dry process. Ti/Au backside metalliza-

standard 0.1-um InP HEMT process. tion is sputtered/plated to a thickness of au%. For the four
Index Terms—Coplanar waveguides, InP, low-noise amplifiers, productlonlwafers .fa.brlcat.ed for CSIRO, typical Qufit InP
millimeter-wave amplifiers, MMICs. HEMT devices exhibitedf; in the range 184-196 GHz at 1 V

drain bias (test device geometry was two-finger, 200 total

gate width). The peak transconductance for the test devices

across these four wafers varied from 986 to 1049 mS/mm. This
NDIUM PHOSPHIDE (InP)-based high electron mobilitydata highlights the high-gain, high-frequency performance and
transistors (HEMT’s) have demonstrated the highest gaixcellent wafer-to-wafer device uniformity achieved by TRW's

lowest noise figure, and highest frequency capability of arprocess.

three-terminal transistor [1]-[3] and are attractive for next

generation satellite communication systems, wireless LAN, [ll. THE AMPLIFIERS

and high-requency_ remote sensing applications. This PaPEI e 180-205 GHz HEMT amplifier reported here was a six-
describes the design and performance of a 180-205 G ége design, as shown in Fig. 1, implemented in coplanar wave-

low-noise amplifier monolithic microwave integrated Circuity jqe o the semi-insulating InP substrate. The circuit was de-

(MMIC). Only a single des?gn pass was require(.j.to achie foned using COPLAN, a simulation tool developed by IMST
perfqrmance compgrable with the only other amplifier report mbH for the design of coplanar waveguide MMIC's within

It'n this F;ﬁ\ndt[4]. This MN”C. was developgd for qtr(]jem(t)ns:.r he HP-Eesof Series IV software. COPLAN utilizes an efficient
lon miimeler-wave Imaging-array  receiver. with potentids o _gifference method for the accurate electro-magnetic mod-

application N passive, rad_|ometr|c 'maging for_ commerci ling of three-dimensional coplanar circuit elements. The ef-
remote-sensing and in radio-astronomy. The m|II|meter—wa%

. INTRODUCTION

. ; &cts of metallization thickness, air-bridges and process-related

MMtIC St‘ %es'gg?/s almd test_ed at C?”?O' fvzthere fatbr'clgteld;m Arameters are taken into account during the simulation. In order

EOEHI\;_?_C y 5 n(és?;gg a state-or- e-tar 't%f n | to achieve first-pass design success, CSIRO has found that it is
process [5]. S unique opportunity 1or any,.qqptia) 1o carefully evaluate the validity of the coplanar ele-

access to th,|s Ieadn_wg-edge InP tec_hnolog_y |s__help|ng TR ent models with respect to the allowable range of transmission
expedite InP’s maturity and commercial availability. line widths and spacings.

In particular, when designing coplanar circuits to operate at
200 GHz on a 75:m thick InP subtrate with backside ground-

TRW's InP HEMT MMIC process evolved from an existing,plane, it is very important to control parallel-plate mode and
space-qualified GaAs HEMT MMIC process, taking advarhigher order co-planar mode propagation and generation at cir-
tage of an established knowledge base in this more matuarét discontinuities. In the present work, multi-mogkparam-
technology [6]. For the MMIC's discussed in this paper, theter matrices for transmission lines and discontinuities, derived
wafers were grown by molecular-beam epitaxy on 75 muosing the HP-HFSS simulator, were used to determine the fre-

guencies and line dimensions at which the COPLAN element

Il. THE FABRICATION PROCESS

Manuscript received August 8, 2000; revised November 29, 2000. modgl; were valid. They \_Nere also used to estimate under what
J. W. Archer is with CSIRO Telecommunications and Industrial Physics, Egonditions the effects of higher order modes were expected to be
ping NSW 1710, Australia (e-mail: john-archer@tip.csiro.au). significant. In order to minimize higher order mode coupling at

R. Lai, R. Grundbacher, M. Barsky, R. Tsai, and P. Reid are with TRV\h | . . irbrid dol
Telecommunication Programs Division, Redondo Beach, CA 90278 USA. € coplanar tee-junction, airbridge cross-overs or ground plane

Publisher Item Identifier S 1531-1309(01)01960-2. under-passes were used to equalize the ground potentials at the

1531-1309/01$10.00 © 2001 IEEE



ARCHERet al: INDIUM PHOSPHIDE MMIC AMPLIFIER 5

D e
AL FTET

o b s S R L
ARG 1TMN

BAIH OR LSS o)

= B4l 164]

FRECIUEHCY |3#E)

Fig. 2. Predicted performance of the 180—205 GHz, MMIC amplifier.

The predicted performance of the amplifier is shown in Fig. 2.
The amplifier was designed to have a gain of 15 dB and input
and output return losses were expected to be better than 10 dB
Fig. 1.  Circuit layout for 180-205 GHz, six-stage InP HEMT MMIC amplifierover the 175-205 GHz range. The circuit was expected to be un-
(chip size 2.%2.25 mm) conditionally stable over the entire 1 GHz—250 GHz spectrum.

For this first-pass design, excellent agreement has been achieved
input line interfaces. The propagation of higher-order coplang@tween the predicted characteristics and measured results. The
modes was suppressed by limiting the widths of the ground caneasurements were made on-wafer for each of the four pro-
ductors to 10:m. Through-substrate vias, which connected théuction wafers delivered to CSIRO. Each wafer contains 11
coplanar ground strips to the back-side ground plane, were udé&@-205 GHz amplifier chips of this design. All of the circuits
to suppress the unwanted, parasitic parallel-plate mode as v@#lithe wafers have so far been characterized using the wafer
as helping control higher order coplanar modes. The work reober. Scattering parameter measurements were made using
ported in this paper represents the first independent applicathin-house designed and constructed 180-220 GHz transmis-
and verification of the accuracy of the COPLAN software at 208jon/reflection (T/R) test system which works with an HP8510C
GHz and on InP, since the models had only been previously veetwork analyzer system and 140-220 GHz coaxial on-wafer
ified by IMST up to 70 GHz on GaAs substrates. probes manufactured by GGB Industries. The T/R test system

The InP HEMT devices had a gate length of @sh and a incorporates a frequency multiplier source, waveguide isola-
two-finger, interdigitated geometry with a total width of gen. ~ tors, and dlreqtlonal couplers and harmonic mixers to provide
The small signal HEMT models were developed by CSIR@OWn-conversion to an IF of 20 MHz for the HP8510C. The
using on-wafer s-parameter data from carefully designed€twork analyzer system provides the local oscnlator3|gnal_s f(_)r
on-wafer calibration and device embedding circuits providdf€ System. On-wafer measurements of return and transmission
by TRW. The models were checked by comparison with appr’é’-ss_ with a 25 dB dynamic range are possible Wlt'h' thIS. system.
priately scaled versions of TRW-developed models for devicé¥Pical measured performance of one of the amplifiers is shown
with a four-finger geometry with a total width of 4pm. N Fig.3, with each stage of_ the ampl|_f|er biased at 1.0 V drain
These TRW standard models have been previously verified 3PPy voltage and with drain current in the range 1-3 mA, op-
frequencies above 120 GHz, through design and evaluationt#fized to give the best frequency response.

a range of amplifier circuits [7]-[8]. The impedance matching The agreement between the predicted response and the mea-
and interstage coupling circuits used sections of coplargirements, verifies that the COPLAN passive element models
waveguide with a 6Qsm ground-to-ground spacing and centegan be used to accurately design amplifiers in the 200 GHz
strip widths ranging from 1g:m to 50 zm. Four-finger inter- range provided their range of validity is carefully assessed using
digitated capacitors with a finger length of @n and spacing €-m simulation studies. For this amplifier, the measur&dB

of 5 um were used for interstage decoupling. DC bias wadandwidth is from below 180 GHz to 205 GHz (the limited fre-
connected to each HEMT gate and drain terminal via low-paggency coverage of the test system prevents measurement of
filters constructed from high and low impedance sections #fe response below 180 GHz). The gain is 14.0H€B.5 dB
coplanar line. Varying the length of the first, high-impedancever the 180-200 GHz range. The input return loss is better than
line section of the filters as part of the matching networkkO dB over the same range and is close to 15 dB between 185
helped achieve the desired amplifier response. In these filte?8d 200 GHz. The output return loss is between 8 and 10 dB
the ground-to-ground spacing was 4B and the line widths between 180 and 200 GHz.

ranged from 5:m to 35 um. Each gate and drain low-pass The noise figure of this amplifier, operating at room-tem-
filter is connected to the probe pad via a 86series resistor perature, was estimated using a Y-factor approach. These
and a 1.6 pF thin-film capacitor to ground, in order to improvemeasurements were made directly at the wafer level by varying
amplifier stability at frequencies below the operating range. the CW input signal by a known amount. The input power
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wafers. This data was taken for all amplifier stages biased at
1.0 V drain supply voltage and 1-3 mA drain current, similar
conditions to those used for the measurements shown in Fig. 3.
The overall yield of working devices for all four wafers was 33
out of 44 or 75%. The data provides a measure of the uniformity
of the amplifier characteristics across a wafer that can currently
be achieved at in the 200 GHz band with TRW’s @t InP
HEMT MMIC process. It can be seen that there is a moderate
spread in device performance. Although the frequency response
of each amplifier covers a similar range, there is a significant
variation in average gain. Simulations show that this is most
likely due to variations in gate length—a 10% increase in gate
length would result in a 5 dB drop in overall amplifier gain.

Fig. 3. On-wafer measured performance of a typical 180—205 GHz, MMIC

amplifier.

1Ak R LCOE | o8

FREGQUEHIE EIHD

Fig. 4. Measured gain of the nineteen working amplifiers from the best two of
the four InP wafers. Also shown is the input return loss of these ampilifiers.

TABLE |

ESTIMATED NOISE FIGURE OF THEAMPLIFIER MEASURED ON-WAFER

FREQUENCY (GHz
185
190

195

12.0+4

11.5+4

125+4

ESTIMATED NOISE FIGURE (dB)

IV. SUMMARY

This paper has described the design, fabrication and test of a
very high performance, InP-based HEMT MMIC amplifier for
the 180—205 GHz band. For the first time, it has been demon-
strated that commercially-available design tools, if intelligently
applied, can be used to achieve first-pass design success for am-
plifiers at 200 GHz, fabricated using a standard @gi-nP
HEMT foundry process. The combination of wide bandwidth,
high gain, good gain flatness, and excellent input and output
match mean that this MMIC out-performs the only other design
that has been reported in the literature in this frequency range

[4].
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