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ABSTRACT

V-band, low-noise MMICs based on pseudomor-
phic modulation-doped FETs (P-MODFETs) have been
developed for the first time and have yielded
noise figures that are believed to be the lowest
reported for any millimeter-wave MMIC. Single-
stage low-noise amplifiers with P-MODFETs as ac-—
tive elements (gate dimensions 0.35 x 60 um)
exhibited minimum noise figures of 3.9 dB at
58 GHz, with an associated gain of 3.5 dB.
Dual-stage MMICs had minimum noise figures of
5.3 dB at 58 GHz, with an associated gain of
8.2 dB, and maximum gain of 10.4 dB at 59.5 GHz.
Further, a cascaded four-stage amplifier (two
dual-stage MMIC modules) exhibited a 5.8-dB mini-

mum noise figure at 58 GHz, with an associated
gain of 18.3 dB, and 21.1 dB of maximum gain. De-
vice processing uniformity, as well as DC and RF
reliability data, are also presented.

INTRODUCTION

Monolithic millimeter-wave integrated cir-
cuits are expected to have potential application
in missle seekers, intersatellite links, and
phased-array radar syastems. Thus far, these cir-
cuits have been primarily based on GaAs metal-
semiconductor FET (MESKET) technology [1],[2];
however, such technology has performance limita-
tions for millimeter-wave applications. Re-
cently, a relatively new technology has emerged
which promises greater performance advantages
than MESFET-based MMICs. These millimeter-wave
monolithic circuits use standard GaAs/AlGaAs
modulation-doped FET (MODFET) or pseudomorphic
InGaAs/GaAs MODFET (P-MODFET) structures as the
active component(s). MODFET-based, single-stage
low-noise amplifiers (LNAs) and three-stage mono-
lithic Q-band amplifiers have been reported at 42
to 47 GHz (3],([4].

This paper reports, for the first time, on
the use of strained-lattice-matched MODFET struc-
tures of InGaAs-on-GaAs substrates for V-band
MMICs. These structures are called "pseudo-
morphic” MODFETs because the thin InGaAs layer
deforms during epitaxial growth to match the lat-
tice constant of GaAs. Because the P-MODFET of-
fers better electron confinement within the FET
channel, as well as higher saturated electron

velocities than either GaAs MESFETs or GaAs/
AlGaAs MODFETs, most RF figures of merit, such as
noise figure and gain, can be substantially im-
proved by using P-MODFETs as the active component
in MMICs. Further, because the starting sub-
strate material is still GaAs (rather than InP,
for example), all of the processing techniques
developed for conventional GaAs MODFETs continue
to be applicable. Although Ing gpAlg 4gAs/
Ing,h53Gag, 47As/InP MODFETs have shown improved
performance compared to P-MODFETs, controlling
the indium mole fraction to 1 percent or better
to ensure a lattice-matched device structure is
difficult. The RF and DC results presented here
clearly illustrate the high-performance capabili-
ties, reliability, and reproducibility that can
be achieved by using P-MODFETs in millimeter-wave
MMICs.

DEVICE AND CIRCUIT DESIGN

Figure 1 shows the P-MODFET structure used
to fabricate the V-band LNAs in this study. This
structure was developed empirically, and discrete
0.30 x 60-um devices were fabricated and tested
at 14 GHz to evaluate their potential for V-band
MMIC LNA applications. These P-MODFET devices
have produced low noise figures of approximately
0.9 dB, with associated gains of about 12 dB.
Using the Fukui equation as an approximate model,
the design of the device structure was adjusted
to optimize several DC parameters (e.g., 8p, Cgs'
Rg, and Ry). However, a theoretical model was
recently implemented that incorporates both clas-
sical and quantum mechanical calculations to de-
termine the channel sheet charge density, which
can then be used to calculate device parasitics
and I-V characteristics. These calculations indi-
cate that, while the device structure mentioned
previously is suitable for high performance, a
number of structural/material changes could be
made to further reduce the noise figure.

Since the accuracy of most MESFET circuit
models above 30 GHz is questionable, and since
the equivalent circuit parameters for the
P-MODFET are not too different from those for the
MESFET, an existing V-band MESFET LNA maskset (2]
was selected for the first iteration. However,
to accommodate some deviations from the original
MESFET design, tuning islands were incorporated
into the circuit layout which could then
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be connected via direct e-beam writing. This ap-
proach allowed slight adjustments to the matching
circuit without additional mask fabrication. The
dual--stage amplifier design (Figure 2) uses a
via-hole, source-grounded P-MODFET and an inter-
stage distributed matching network to obtain low
noise, gain flatness, and good return loss per-
formance across the frequency band. A transmis-
sion line model of the input and output
DC-blocking capacitors was used to account for
their distributive characteristics. Input and
output biases were provided by the shunt RF-
shorted elements, which were grounded through
metal-insulator-metal (MIM) capacitors and
via-holes.

EPTTAXIAL GROWTH AND MMIC FABRICATION

The P-MODFET structures were grown in a RIBER
2300 molecular beam epitaxy (MBE) system. The
growth and preparation conditions for these struc-
tures were similar to those documented elsewhere
[5]1,{6]1. Substrate temperatures were continu-
ously varied between 510°C (for the InGaAs layer)
and 590°C (for the AlGaAs layer).

Since the growth of the lattice-strained
InGaAs-to-GaAs substrate requires careful determi-
nation of both the InGaAs channel thickness and
the indium concentration, it is recommended that
in situ reflection electron diffraction (RED)
oscillations be monitored to accurately determine
growth rate and thickness. Because InGaAs does
not have the same lattice constant (atomic spac-
ing) as GaAs, there is a fundamental limit (for
any given indium concentration) [7] on the InGaAs
film thickness before dislocations form in the ma-
terial and ultimately affect device performance.
However, below this thickness limit the P-MODFET
devices presented here have exhibited DC stabil-
ity as good as or better than that of the GaAs
MESFETs. This point will be discussed in a later
section. Nevertheless, it should be emphasized
that all the structures used in this study were
grown below the thickness limit.

Chip fabrication begins with the etching of
mesas (~2,000 to 3,000 R in height) in the
MBE-grown film to provide device isolation
(R > 107 Q). A Au/Ge/Ni/Ag/Au alloy is then pro-
duced by rapid thermal anneal to form the ohmic
contacts (R, £ 0.1 Q-mm). Next, direct-write
e-beam lithography (Cambridge EBMF 10.5 system)
is used to define the submicron-length gates
(~0.35 um), as well as to connect the tuning
elements for a better match with the device
impedance.

The source- to-drain channel current is moni-
tored during gate recess etching to determine the
desired etch depth. Because most P-MODFET struc-—
tures are very thin (channel-to-surface height)
relative to the MESFET, the gate recess is often
quite shallow. Consequently, very good device
uniformity can be obtained.

Figure 3 is a histogram of Iggg for 60 of the
0.35 x 60-um devices. As can be seen, the varia-
tion in I4y g (I4qq « doping-thickness product)
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over a 2~in. substrate is only about 13 percent.
This variation in I4qgqq and V, is typical of the
0.35-um gate length MODFET process. It was

found empirically that this gate size and geome-
try result in very few gate-related failures (<10
percent). Further, the gate length variation
(30/L, percent), as measured on approximately 600
devices in the Cambridge system, is about 21 per-
cent for the 0.25-um gate length devices and
about 10 percent for the 0.35-um device wafer.
Clearly, selection of the 0.35-um geometry is a
compromise between amplifier performance and cir-
cuit operating uniformity (bias uniformity, ete.).

The Si3N, dielectric for the MIM capacitor
(~2,500 R) and device passivation (~1,500 A) was
deposited by plasma-enhanced chemical vapor depo-
sition (PECVD), with an index of refraction of ap-
proximately 1.98. Air-bridges, capacitor top
plates, and transmission lines were fabricated us-
ing two mask levels. Through-substrate via-holes
were obtained by infrared alignment and spray
etch techniques to provide low-inductance ground-
ing for the P-MODFET sources and the shorted
shunt elements. The chip size for the dual-stage
LNA MMIC is 2 x 0.75 x 0.08 mm. Figure 2 shows
the completed two-stage P-MODFET LNA MMIC.

DEVICE AND AMPLIFIER CHARACTERISTICS

Table 1 presents the normalized DC and RF
equivalent circuit elements for a discrete
P-MODFET, as determined from S-parameter measure-
ments under high-gain bias. The MODFET lumped-
element equivalent circuit is depicted in
Figure 4. One distinguishing characteristic of
P-MODFETs is their very high extrinsic transcon-
ductance values (g, > 500 mS/mm). Typically,
this transconductance is about a factor of 2
times higher than in conventional GaAs MESFETs
with the same geometry. Figure 5 is a histogranm
of extrinsic gy, as measured on 60 discrete de-
vices across a 2-in. wafer (gy « 1/d, where 4 is
the distance between the gate metal and 2DEG).

In this case, variations of only 6 percent were
obtained. Figures 3 and 5 indicate the reproduci-
bility of this growth and fabrication process,
which leads to the high degree of DC uniformity
obtained in these P-MODFET structures.

Table 1. Normalized DC and RF
P-MODFET Parameters
Parameter DC Measurenment S-Parameter
Measurement
8ms» Extrinsic { 500 mS/mm -
gm», Intrinsic 1,000 mS/mm 913 mS/mm
Ry 0.45 Q-mm 0.15 Q-mm
Rg 1.1 Q-mm 0.56 Q-mm
R4 0.4 Q-mm 0.26 Q-mm
Ry —_— 0.51 Q-mm
Go (or Gpg) 18.8 mS/mm 20.0 mS/mm
Ces - 2.6 pF/mm
Cdg - 0.25 pF/mm
Cas - 0.03 pF/mm
Cde - 0.05 pF/mm




The waveguide-to-microstrip transitions used
previously for V-band MESFET LNAs [2],[8] were
also used in the present work. The measured in-
sertion and return losses shown in Figure 6 for
one waveguide- to-microstrip transition were
0.5 dB and better than 18 dB, respectively, from
50 to 60 GHz. The MMICs were mounted on a metal
test fixture (Figure 7), which included bias feed-
throughs. This test fixture and MMIC design al-
lowed ease of assembly and disassembly, and
enabled modules to be cascaded in a multistage am-
prlifier configuration. The RF loss of the 50-Q
transmission line was included in the measured
results. A Hewlett-Packard 40- to 60-GHz measure-
ment setup was used to obtain the frequency re-
sponse. The noise figure was measured using a
solid-state noise diode (calibrated from 55 to
65 GHz) and a Hewlett-Packard noise-figure meter
(8].

Figure 8 shows the measured performance,
under low-noise bias conditions, of a monolithic
single-stage P-MODFET LNA from 56 to 60 GHz. A
minimum noise figure of 3.9 dB, with an associ-
ated gain of 3.5 dB, was obtained for the single-
stage MMIC at 58 GHz. Figure 9 depicts the noise
figure and gain of a two-stage P-MODFET LNA MMIC
from 56 to 60 GHz (at low-noise bias, V, = +0,02 V
and Vgg = 2.1 V). A minimum noise figure of
5.3 dB, with an associated gain of 8.2 dB, was ob-
tained for the two-stage LNA MMIC, also at
58 GHz. A maximum gain of 10.4 dB was obtained
at 59.5 GHz. In addition, a power density of
0.12 W/mm was achieved for this two-stage LNA at
the 1-dB gain compression point (Figure 10). Nom-
inally, from chip to chip and wafer to wafer, the
low-noise bias conditions for the P-MODFET LNAs
ranged from 2- to 3-V drain voltage, with -0.1 to
+0.1 V gate bias.

To achieve usable gain for system applica-
tions, two MMIC modules (dual-stage) were cas-
caded. A four-stage amplifier exhibited a
minimum noise figure of 5.8 dB, with an associ-
ated gain of 18.3 dB (at 58 GHz). A maximum gain
of 21.1 dB was also obtained. Calculations based
on the noise figure and gain from the single-
stage LNA showed that noise figures of 4.9 dB
(5.3 dB, measured) and 5.5 dB (5.8 dB, measured)
cound be expected for the two-stage and cascaded
four-stage LNAs, respectively. This small differ-
ence between the predicted and measured multi-
stage LNA performance occurs in part because the
performance of each stage cannot be optimized
independently (i.e., each stage cannot be biased
separately). Nevertheless, a comparison of the
noise figures for the single-stage, two-stage,
and cascaded four-stage MMICs emphasizes the im-
portance of a uniform, high-yield fabriecation
process.

P-MODFET RELTABTLITY

A number of experiments were conducted to as-
sess the long-term reliability of the P-MODFETs
under thermally stressed conditions. Approxi-
mately 30 discrete devieces were passivated and
then DC-characterized (i.e., 85, Lgggs Vp, and
Vi) to establish the initial device condition.
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These devices were then subjected to the follow-
ing static (no bias) heat cycling sequence:

start at 175°C, bake for 48 hours, and then
DC-test; then continue up to and including 300°C
for 48 hours in increments of 25°C, with complete
DC-characterization after each increment. As a
starting point, a measured variation of 220 per-
cent in any of the above device parameters was
arbitrarily established as a device failure
criterion.

After the first bake (at 175°C), only one
failure was recorded. At 200°C, one more failure
was registered. At 225°C, no failures were re-
corded (and so forth). Three more devices were
lost during the remainder of the heat cycling
tests, including the last test at 300°C. 1In
short, only 15 percent of the devices DC-failed
after heat treatment at temperatures as high as
300°C, which far exceeds any normal channel tem-
perature for a low-noise device, as well as for
most power devices. Assuming an activation
energy (from the literature) of 1.5 eV and a nomi-
nal channel temperature of 110°C, calculations in-
dicate a mean time to failure of 1.3 x 109 hours!
More realistically, a mean temperature to failure
(i.e., half the devices would fail after 48 hours
with this channel temperature) of 340°C was calcu-
lated, which is far superior to that for MESFETs.
This calculation requires no assumptions regard-
ing activation energy.

In addition, discrete devices of varying gate
widths (60, 100, and 150 um) which had undergone
the heat cycling described above were measured
for noise figure and gain at 14 GHz. They were
then compared with devices from the same wafer
(with the same gate width) that had not undergone
the heat treatment. Of the eight devices tested
(four unheated and four heated), virtually no
change (i.e., £0.2 dB) was observed in either
the noise figure or gain between the two lots.
Although these RF data constitute only a small
statistical sampling, there is every indication
that P-MODFET-based MMICs represent a highly
reliable technology.

CONCLUSTONS

Monolithic single-stage, dual-stage, and cas-
caded four-stage P-MODFET LNA MMICs have been de-
signed and operated at V-band frequencies with
minimum noise figures of 3.9, 5.3, and 5.8 dB, re-
spectively (at 58 GHz). Associated gains from
these amplifiers were 3.5, 8.2, and 18.3 dB, re-
spectively. It is believed that these are the
first reported results for any P-MODFET-based
MMIC, and that the minimum noise figure of 3.9 dB
obtained for the single-stage LNA is the lowest
reported for any nmillimeter-wave MMIC.

These MODFET LNAs have the potential to oper-
ate at still higher frequencies, and certainly
(with reduced gate length and/or T-shaped gates)
their performance could be improved substantially.
Additional changes to the LNA maskset to improve
the input and output impedance-matching network
are expected to further extend the usable frequen-
cieg of operation.



DC and preliminary RF data have also been
presented which address the important issue of
reliability for these strained-lattice struc-
tures. The data clearly indicate that the relia-
bility of P-MODFET-based LNAs or power MMICs
should be as good as or better than that of
MMICs based on MESFET technology. With the prop-
er device structure, good fabrication techniques,
and good passivation, long-term reliability un-
der extreme thermal loading does not appear to
present any limitations to the P-MODFET.
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Figure 2.

Monolithic V-Band Two-Stage
P-MODFET LNA
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