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ABSTRACT

The current status of InP-based high electron mobility tran-
sistor (HEMT) technology for low noise amplification at
frequencies up to more than 100 GHz is presented. Follow-
ing a review of recent advances industry-wide in both de-
vice and circuit performance, two issues which will pace
the rate at which this new technology can be inserted into
microwave systems—material/process maturity and long-
term reliability—are discussed.

INTRODUCTION

InP-based HEMTSs have demonstrated high-frequency char-
acteristics superior to those of any other transistor, includ-
ing the highest fi5x (600 GHz, as reported in [1], the high-
est ft (340 GHz, as reported in [2}], the lowest noise figure
of any room-temperature receiver technology [31,[4] and
the highest efficiency at millimeter-wave frequencies [11,[5].
Consequently, much effort is being directed toward the in-
sertion of circuitry based on InP HEMTS into a variety of
microwave and millimeter-wave applications that can ben-
efit from their enhanced performance.

Although the earliest microwave HEMTs were based
on the GaAs/AlGaAs material system, it became clear by
1986 that GaAs-based HEMTs with pseudomorphic InGaAs
channels provided improved millimeter-wave noise and
power performance[6]. These GaAs pseudomorphic
HEMTS, or PHEMTS, typically contain InGaAs channels
with indium content ranging from 15 to 25%. Also in 1986,
Aksun et al. reported a 1 pm HEMT with a 53% indium
InGaAs channel, fabricated on an InP substrate, that ex-
hibited 50% higher fyhax and f; than a GaAs-based PHEMT
of similar geometry[7]. In 1988, the superior noise perfor-
mance of InP-based HEMTs was demonstrated convinc-
ingly at millimeter-wave frequencies using short-gate de-
vices [8].

The unequaled performance of the InP-based HEMT
arises directly from the intrinsic properties of the InAlAs/
InGaAs material system, where the high indium content
(typically 53-80%) InGaAs channel possesses high elec-
tron mobility and velocity, and the large conduction band
discontinuity at the InGaAs/InAlAs heterojunction permits
high two-dimensional electron gas (2DEG) densities to be
obtained, resulting in high current and transconductance. It
is the high transconductance of the InP HEMT which is
most directly responsible for its increased operating fre-
quency and excellent gain-bandwidth properties.
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Transconductance values as high as 1500 - 1700 mS/mm
have been reported [2],[9], and typical 0.1 pm InP low noise
HEMTS exhibit g, of 800-1000 mS/mm, compared with
600 mS/mm for comparable GaAs PHEMTs.

The cross-section of a typical InP-based HEMT is.
shown in Figure 1. As is the case with GaAs-based HEMTs,
T-shaped TiPtAu gates and silicon nitride passivation have
become the industry standards.

The indium mole fraction employed in the channel is
normally 53%, allowing the InGaAs to be lattice-matched
to the underlying material, but pseudomorphic InGaAs chan-
nels with up to 80% indium content continue to be investi-
gated for the further improvement in performance expected
based on theoretical considerations. In practice, the best
noise performance has been obtained for devices with in-
dium content of 53-60% [31,[4],[8],[10],[11]. The highest
values of current gain cutoff frequency fy have been ob-
served with 80% indium InGaAs channels [2],[12], but these
devices have failed to exhibit improved noise performance.
Maximum frequency of oscillation fi5x is @ more relevant
figure of merit for a microwave transistor than fi because it
relates to power gain, the gain of interest in a high frequency
amplifier. We have observed the highest fi5%, a record 600
GHz, with a 68% indium pseudomorphic InGaAs channel

(1].

DEVICE NOISE PROPERTIES
Table 1 summarizes the best reported noise performance
measured for InP HEMT devices at frequencies from 18 to
94 GHz. As seen in the table, there have now been several
reports of InP HEMTs with noise figure less than 1 dB at
60 GHz, including two reports of devices passivated suc-
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Figure 1. Cross-section of typical InP-based low noise HEMT.
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cessfully with minimal degradation in noise figure [3],{11).
In general, we find that measured device minimum noise
figures in the 18 to 94 GHz range follow the frequency de-
pendence proposed by Fukui, that is,

Fmin (dB) = 10 log (1+cf)

Where ¢ is a constant and f is the frequency [14]. As com-
pared with GaAs-based PHEMTs, InP HEMT: offer not only
significantly lower noise figure, but typically provide 1-2
dB higher associated gain, which helps to further improve
amplifier noise figure by reducing second stage noise con-
tribution. Since InP HEMT minimum noise figure is ob-
tained at a much lower drain bias of 1.0V, compared with
2.0-2.5V for a typical GaAs PHEMT, both DC power con-
sumption and 1 dB gain compression point are significantly
lower for InP HEMTS than for PHEMTS (as reported in [17],
P14B was found to be 5-6 dB lower for a W-band InP
HEMT). However, this reduction in P14B (and therefore
30IP) of a multi-stage amplifier can be recovered by in-
creasing the drain voltage or gate periphery of the output
stage device or by adopting a device structure with better
power handling properties (see, for example, [1]).

LOW NOISE AMPLIFIERS

A variety of high performance InP HEMT low noise am-
plifiers (LNAs) have been reported at frequencies ranging
from 2 to 140 GHz. These include both hybrid (MIC) am-
plifiers based on discrete transistors as well as MMICs. In
general, the hybrid circuit implementation is used for ap-
plications requiring the lowest noise figure and limited in
volume, while MMICs are preferred for applications re-
quiring small size (e.g. phased arrays), low production cost
in moderate to high volume, and/or excellent repeatability
(unit-to-unit tracking).

Figure 2 shows the noise figure achievable in both hy-
brid and MMIC LNAs over relatively narrow bandwidths
(5-10%) using typical passivated 0.1 pm InP HEMTs. Al-
though the hybrid and MMIC LNAs would appear to have
identical noise figures (since only one curve is shown for
both), the hybrid LNA noise figure is in fact lower since it
is referred to the input connector, and therefore includes
transition and isolator losses, while the MMIC noise figure
shown represents only chip-level performance.

We have reported hybrid LNAs at V- and W-band
{41,[15},[16},[17], including a 2-stage amplifier with 1.7 dB
noise figure and 17 dB gain at 62 GHz and a 3-stage design
with 3.2 dB noise figure and 17 dB gain at 94 GHz. Addi-
tional InP HEMT hybrid amplifiers have been reported by
others at V-, W- and D-band [18],[19].

A summary of low noise InP HEMT MMICs reported
over the past six years is presented in Table 2. MMIC noise
figures presently range from less than 0.5 dB at 2 GHz to
approximately 3 dB at 94 GHz, and continue to improve.
Of particular significance is the W-band MMIC, shown in
Figure 3, which exhibited 3.3 dB minimum noise figure at
92 GHz and less than 5.0 dB noise figure across the full 75-
110 GHz band (a 35 GHz bandwidth). Also of significance
is the 142 GHz MMIC shown in Figure 4; this MMIC rep-
resents the highest frequency amplifier demonstrated to date
with any transistor technology. In general, one can expect
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Ref. Re:%ﬂed (FG'::;) L:eEéEh Passivation %ég{é Ass?t}:ai?ted
[13] 1990 18 0.15 — 0.3 174
(8] 1988 60 0.2 —_ 0.9 8.7
3] 1994 60 0.1 — 0.7 8.6
[31 1994 60 0.1 SigNy 0.8 76
[11] 1994 60 0.15 SiON 0.9 7.0
4] 1991 94 0.1 — 1.2 7.2
(10} 1992 94 0.1 — 13 8.2

Table 1. Best reported InP low noise HEMTs. In all cases,
performance shown is device performance, corrected

appropriately for fixture and setup losses.
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Figure 2. Noise figure achievable in multistage, narrowband
LNAs using typical passivated 0.1 um InP HEMTSs. Single-device
noise figure is also shown.

Ref Year Freq. # of Minimum | Gain| NF over
* | Reported| (GHz) | Stages| NF(dB) | (dB) | Band (dB)

[20] 1993 2.3-25 3 0.4 35 0.5 max.
[21] 1993 7-11 2 1.0 21 1.2 max.
[22] 1995 19-22 3 i1 38 1.2 max.
[23] 1993 43-46 2 — 25 2.3 ave.
[24] 1995 43-46 3 1.9 22 2.0 ave.
[25] 1994 50 2 28 9 —

[19] 1990 63 2 3.0 18 —

[26] 1992 56-60 2 3.2 15 4.2 ave.
[271 1993 56-64 3 2.7 25 3.0 ave.
[24] 1995 58-62 2 2.2 16 2.3 ave.
[28) 1993 75-110 3 3.3 11 5.0 max.
{29} 19893 75-110 4 6.0 23 -

[30] 1995 92-96 3 3.3 20 4.4 max,
[31] 1994 120-124 2 — 11 —

[32] 1995 142 2 —_ 9 -

Table 2. Summary of best reported InP HEMT MMIC LNAs.




to see continued progress toward further reduction in MMIC
noise figures and increased operating frequencies.

Because of their high gain, InP HEMTs have been used
to produce MMIC distributed amplifiers with decade or
greater bandwidths and high operating frequencies [33]-
[37]. The MMIC shown in Figure 5 demonstrated 5 dB gain
from 5 to 100 GHz, the largest bandwidth of any MMIC
reported to date. InP HEMTS are also finding application in
cryogenic receivers used for radio astronomy: they exhibit
the best cryogenic noise performance of any transistor, and
have been integrated into receivers that are expected to be
competitive with SIS technology at frequencies up to 100
GHz (38]-[40].

MATERIAL AND PROCESS MATURITY

InP HEMT MMICs currently cost more than GaAs-based
MMIC:s for a variety of reasons. InP wafers are smaller (2
and 3-inch vs. 3, 4 and 6-inch for GaAs) and more costly
(for 3-inch substrates, $750-1000 vs. $130-160 for GaAs).
Most InP HEMT device and MMIC fabrication is now car-
ried out on 2-inch wafers, but there is effort underway to
scale the processes to 3-inch wafers.

InP MMIC DC and RF yields are generally lower than
GaAs today due to less mature processing technology, but
this is improving. Probably the single most important process
parameter controlling yield and uniformity across large wa-
fers is the gate recess depth. Several workers have recently
reported the use of selective gate recess etching techniques
that significantly improve InP HEMT process uniformity
[91,[11],[41]. In [41], for example, Enoki et al. report a thresh-
old voltage standard deviation of 16 mV across a 2-inch wa-
fer, corresponding to a gate recess depth variation of only a
Jew angstroms.

Even though InP HEMT process yields are expected
to reach levels comparable to GaAs, MMICs produced on
InP substrates will almost certainly always be higher in cost
than GaAs MMICs, and will therefore be used only where
performance requirements mandate their use. A promising
new development that could allow the production of InP
HEMT MMICs at essentially the same cost as GaAs MMICs
is the metamorphic InAlAs/InGaAs HEMT, in which the
InP HEMT epitaxial layers are grown directly on GaAs
substrates and special buffer layer structures are used to
accommodate the large lattice mismatch. Recently, meta-
morphic InAlAs/InGaAs HEMTs have demonstrated both
DC transconductance [42] and 12 GHz noise figure [43]
comparable to that achieved on InP substrates. The impact
of the relatively large threading dislocation density of the
top layers (106-107 cm-2) on InP HEMT MMIC yield and
reliability, however, has not yet been fully assessed.

RELIABILITY

Even the highest performance device is of little use if its
reliability fails to meet application requirements. Satellite
applications are perhaps the most demanding in terms of
required operating lifetime, with a typical MTTF require-
ment of 107 hours at a channel temperature of 80°C. As
reported in [44], InP HEMT MTTF is lower than that of
GaAs PHEMTS, but the MTTF of more than 108 hours at
100°C easily meets even stringent satellite lifetime require-
ments.
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Figure 3. 3-stage
75-110 GHz MMIC
(from [28]).

Figure 4. 2-stage 142 GHz
MMIC (from [32]).

Figure 5. 5-100 GHz
MMIC distributed
amplifier (from [33]).

Passivation is desirable to reduce InP HEMT sensitiv-
ity to environmental effects (particularly humidity). Thin
layers (typically S00A) of silicon nitride and SiON have
been found to produce minimal degradation in the perfor-
mance of millimeter wave InP low noise HEMTs
[31,[131,[30], but these layers are probably too thin to be
pinhole-free and so thicker passivation layers are likely to
be needed for non-hermetic applications. In addition, it has
been reported that InP HEMTs with TiPtAu gate metalliza-
tion degrade more rapidly than GaAs PHEMTS in the pres-
ence of hydrogen which can accumulate within hermeti-
cally sealed packages [46], and work is progressing through-
out the industry both to modify the device structure to mini-
mize its hydrogen sensitivity and to reduce the hydrogen
partial pressure within the package (see, for example, [47]).

FUTURE TRENDS AND SUMMARY

InP HEMTs have demonstrated the best high frequency
characteristics of any transistor produced to date, and pos-
sess significant potential for further improvement. The 600
GHz fiax device reported in [1] exhibits useful gain at fre-
quencies up to 200-300 GHz; with additional optimization of
the device design, an fipax of 1 THz is likely, enabling for the
first time a host of military and commercial applications at
frequencies beyond 100 GHz. Below 100 GHz, InP HEMTs
will find widespread use in a number of receiver applica-
tions, their insertion being limited only by the speed with
which their manufacturability can be improved.
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