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ABSTRACT

Sub-half-micron gate length High Electron
Mobility Transistors (HEMT) were fabricated by
direct-write electron beam lithography for low
noise EHF amplifiers. Modulation-doped epitaxial
structures were_grown by molecular beam epitaxy
having 8,000 cm?/V-sec room temperature and
77,600 cm~/V-sec 11qu§d nitrogen Hall mobility
for 1012 electrons/cm®. Gate lengths as narrow
as 0.28 micron were defined in a recess etched
through the n" GaAs contact layer. The dc trans-
conductance of 0.4 micron gate Tength depletion
mode devices exceeded 260 mS/mm. Preliminary
measurement of noise figure and associated gain
made at room temperature yielded 2.7 dB noise
figure and 5.9 dB associated gain at 34 GHz for
devices having 0.37 micron gate length. Enhance-
ment mode devices were also fabricated having
240 mS/mm dc transconductance. These devices
yielded 1.5 dB noise figure and 10.5 dB associ-
ated gain at 18 GHz for 0.35 micron gate length.
These results are comparable to the best quarter-
micron gate length GaAs MESFET noise figures yet
reported.(1s2§

Introduction

Increasing demands on the performance required
of millimeter wave receivers has led us to the
development of discrete ultra low noise, Tow power
dissipation High Electron Mobility Transistors for
use in hybrid MIC pre-amplifiers. These pre-ampli-
fiers can be used ahead of existing diode mixer and
associated local oscillator circuitry to establish
the noise figure of the receivers. High Electron
Mobility Transistors have been fabricated which
demonstrate the potential for noise performance
superior to GaAs MESFETs. In this paper we de-
scribe the design, fabrication, evaluation, and
performance of these HEMT devices.

Design

The principal factors governing device noise
figure are described by the Fukui noise figure
equation in Figure 1. The equivalent circuit
elements used in the equation are related to the
physical regions of the HEMT device structure as
shown in Figure 2. The gate-source capacitance,
Cgs» is the principal factor governing noise
figure; it is dominated by the channel capaci-
tance, C_ . This capacitance can be minimized
by reduc?ng the gate Tength and optimizing the
vertical channel doping profile. The intrinsic
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transconductance G_ is also primarily determined
by the details of The epitaxial structure. Thus,
the gate length and epitaxial structure primarily
determine the noise figure. Minimizing the ratio
of Cgs/vYGy minimizes the noise figure. The source
resistance, RS, and gate metal resistance, R, are
parasitic elements which also contribute to tﬁe
noise figure. Their contribution can be signifi-
cant, particularly at high frequency. On the
other hand, the transistor gain is primarily
determined by the cutoff frequency, fy, which is
given by the following expression:

(1)

To first order, the power gain depends on the cut-
off frequency according to the following
expression:

fl 2

G=(f s (2)

where f is the operating frequency. Thus, to maxi-
mize the power gain, it is necessary to minimize
the ratio Cgs/Gm. Although the functional depen-
dence of gain on transconductance is greater than
for the noise figure, both noise figure and gain
are affected in the same manner by the ratio of
these quantities.

Gate length, gate width, and electrode topol-
ogy selections were made in conjunction with the
design of the epitaxial structure and the selec-
tion of the fabrication technology needed to
achieve low parasitic elements and high cutoff
frequency. These key factors determine the noise
figure and gain of the transistor.

Fabrication

Sub-half-micron gate length High Electron
Mobility Transistors were fabricated by direct-
write electron beam 1ithography on modulation-
doped epitaxial structures grown by molecular beam
epitaxy. The epitaxial structures were grown in
a Varian MBE/Gen II system on 2-inch diameter un-
doped LEC substrates. To achieve high device
transconductance, whjle maintaining high electron
mobility, a thin 20 A undoped Alg 3Gag 7As "spacer
lTayer" was grown to separate the two—gimensiona1
electrons from their ionized "parent" donors, as
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shown in Figure 3. Typical room temp$rature Hall
mobilities were 7700 cmé/V-sec for 10 2 glectrons/
em?, while Tiquid nitrogen te?perature Hall mobili-
ties were typically 69,000 cm“/V-sec. The best
values measured are given in the abstract.

Discrete Tow noise transistors were fabrica-
ted with < 0.4 micron gate length and nominal
75 micron total gate width., Three different tran-
sistor topologies were evaluated having multiple
gate feeds and short gate finger widths to mini-
mize losses at high frequency. Device active
areas were isolated by etching mesas to a depth
of 2500 A. Source and drain ohmic contact areas
were defined by photolithography. Ni/AuGe/Ni/Au
contact metals were evaporated, "1ifted-off," and
alloyed to form source and drain ohmic contacts.
Note that nickel was deposited first to assist in
driving the Ge through the AlGaAs layer to make a
low resistance contact to the buried two-dimen-
sional electron gas layer.

The definition of gates for HEMT devices was
performed by e-beam Tithography using TRW's Cam-
bridge EBMF-2 e-beam exposure system. We have
demonstrated satisfactory PMMA resist images for
Tift-off of thin < 0.25 um long aluminum gates.

Best results were obtained with Tow electron beam
currents (1 nA) and with a single pass of the elec-
tron beam (i.e., a single line of exposure points),
as demonstrated by the SEM photograph of a 0.4-mi-
cron long gate shown in Figure 4. The dark area
surrounding the Tight colored gate stripe is the
channel recess etched through the n* GaAs contact
layer. The recessed gate is situated closer to

the source contact in a 1.8-micron channel between
source and drain contacts. Either depletion-mode
or enhancement-mode transistor operation was
achieved, depending on the depth of the gate recess.
The recess depth was gauged by monitoring the drain-
source saturation current during etching.

Evaluation

The dc and rf characteristics of the High
Electron Mobility Transistors have been measured
and analyzed to determine device parameters. DC
I-Y characteristics were analyzed using the Univer-
sity of I11inois analytical device model.(3) A
typical fit to the measured DC I-V characteristics
of an enhancement mode transistor is shown in
Figure 5. The dc transconductance is 240 mS/mm.
The rise in drain current with drain voltage in
the saturation regime (i.e., Tow output resistance)
is due to dynamic effects not included in the
modeT .

Small-signal S-parameters of the transistors
were measured in a 50-ohm microstrip test fixture
over the 2-18 GHz frequency range. An equivalent
circuit was determined using COMPACT* optimization
to fit the elements of the equivalent circuit
shown in Figure 6 to the measured S-parameter data.
Table 1 1ists a typical result. The inferred
source resistance is relatively low (0.38 ohm-mm),

*Trademark of Compact Engineering, Palo Alto, CA.
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but the gate resistance is high (37 ohms/mm) due
to the thin gate metal used (2500 R). The input
resistance is also much higher than a comparable
depletion-mode GaAs MESFET. In spite of these
Timitations, an excellent device noise figure of
1.5 dB was measured at 18 GHz for this HEMT device.
And, 1t should be noted that relatively high asso-
ciated gain (10.5 dB) was achieved at a much Tower
drain-source current level (3.7 mA) than GaAs
MESFETs exhibiting comparable Tow noise perfor-
mance. This is an extremely important advantage
of HEMT devices over GaAs MESFETs.

Performance

Table 2 summarizes the best noise figure per-
formance measured for the nominal 0.35-micron gate
Tength High Electron Mebility Transistors. In
spite of their longer gate Tength, higher gate
metal resistance, and higher channel resistance,
these HEMT devices exhibit noise figures com-
parable to the best reported for quarter micron
gate length GaAs MESFETs. This being the case,
ultimately lower noise figures than GaAs MESFETs
should be achievable with HEMT devices having
narrower gate lengths and improved parasitic
elements.

In order to estimate the magnitude of the
improvement possible, we extended the analytical
device model to compute noise figure and gain
from the device physical parameters. Excellent
agreement has been obtained between calculated
and measured noise performance in the case of the
experimental devices which we analyzed. Theore-
tically, depletion-mode HEMT devices should ex-
hibit Tower noise figures than their enhancement-
mode counterparts because of higher transcon-
ductance and lower gate-source capacitance.
Figure 7 compares the calculated noise figure for
the experimental depletion-mode devices with the
measured noise figures. The noise performance
projected for an optimized 0.25-micron gate
length depletion-mode device at room temperature
is also plotted in this figure to show the magni-
tude of the improvement theoretically possible.
This projection of HEMT device noise figure is
Tower than the best measured noise figures for
GaAs MESFETs and the magnitude of the improvement
in noise figure over GaAs is greater at higher
frequencies.

Conclusions

High Electron Mobility Transistors have been
fabricated which demonstrate the potential for
lower power dissipation, Tower noise amplification
than GaAs. As a result, these devices are ex-
pected to play a major role in future microwave
and millimeter-wave monolithic receiver circuits.
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Figure 2. HEMT Cross-Section
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Figure 1. Fukui Noise Figure Equation
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Figure 3. MBE-Grown Modulation-Doped
Epitaxial Structure

Figure 4., SEM Photo of HEMT Channel
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Figure 5. Comparison of Measured and
Calculated I-V Characteristics
of Enhancement Mode HEMT
Table 2.
TRW HEMT DEVICE PERFORMANCE
RESULT
NE oy Sass OB F gz MBE LAYER NO.  DEVICE TYPE GATE_LENGTH
1.3 90 15 2067 DEPLETION MODE 0.35 un
1.5 10.5 18 2078 ENHANCEMENT MODE 0.35
2.7 5.9 34 2067 DEPLETION MODE 0.35
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Figure 7. HEMT Noise Figure Versus Frequency
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Figure 6. Equivalent Circuit

Table 1. Equivalent Circuit Element Values

Parameter HEHMT 2078
TYPE E-mode
Geometry Pi-gate
Gate Length [0.35
Gate wiath 65
NF (dB) 1.5
Gass (dB) 10.5
Freq (GHz) 18
Id (mA) 3.7
vd (V) 3.0
vg (V) 0.5
ELEMENTS
Lg (nH) .18
Cgp (pF) .012
Rg (ohms) 2.4
Cin (pF) .011
cgs (pF) .051
Rin (ohms) 17.1
Rs (ochms) 5.9
Ls (nH) .076
cds (pF) .0108
Ro (ohms) 673
Gm (mS) 15
Cdg (pF) .0148
Rd (ohms) 6.0
Cdp (pF) -0088
Ld (nH) .26
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