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Abstract —Depletion-mode InGaAs microwave power
MISFET’s with 1 pm gate lengths and up to 1 mm gate widths
have been fabricated using an ion-implanted process. The de-
vices employed a plasma-deposited silicon/silicon dioxide gate
insulator. The dc current—voltage (/-1") characteristics and RF
power performance at 9.7 GHz are presented. The output power,
power-added efficiency, and power gain as a function of input
power are reported. An output power of 1.07 W at 9.7 GHz with
a corresponding power gain and power-added efficiency of 4.3
dB and 38%, respectively, was obtained. The large-gate-width
devices provided over twice the previously reported output power
for InGaAs MISFET’s at X band. In addition, the first report of
RF output power stability of InGaAs MISFET’s over a 24 h
period is also presented. An output power stability within 1.2%
over 24 h of continuous operation was achieved. In addition, a
drain current drift of 4% over 10? s was obtained.

I. INTRODUCTION

NDIUM gallium arsenide (InGaAs) is a promising

electronic material for high-frequency applications.
Ings;Gag 4, As lattice matched to semi-insulating (SI) in-
dium phosphide (InP) has higher low-field mobility (12000
ecm?/V s), peak electron velocity (3x107 cm/s), and
intervalley separation (0.55 €¢V) than InP or gallium ar-
senide (GaAs) [1]. Because of the low Schottky barrier
height of InGaAs, development of a metal-semiconduc-
tor field-effect transistor (MESFET) technology is not
feasible. Consequently, much emphasis has been placed
on the development of a metal-insulator-semiconductor
field-effect transistor (MISFET) technology. A MISFET
device structure provides a high input voltage swing, which
is advantageous for power devices. Bipolar gate voltage
swings are also possible, which provide improved linearity
[2]. In addition, high gate breakdown voltages and low
gate leakage currents are associated with the deposited
gate insulator. Because of the above-mentioned materials
properties, InGaAs MISFET’s have potential for superior
microwave performance compared with InP MISFET’s.
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However, because InGaAs has lower ionization coeffi-
cients and a lower breakdown field than InP, high-
frequency device operation may be attained at the ex-
pense of reduced power output.

N-channel inversion mode MISFET’s first demon-
strated the feasibility of a MISFET technology on InGaAs
(3], [4]. These early devices were fabricated on p-InGaAs
layers grown using liquid phase epitaxy (LPE), and em-
ployed plasma-deposited silicon dioxide and silicon ni-
tride gate insulators. Depletion-mode InGaAs MISFET’s
were subsequently fabricated on n*/n InGaAs layers
grown using hydride vapor phase epitaxy (VPE) [5]. De-
vices with 3 um gate lengths and silicon dioxide gate
insulators had effective mobilities of 5200 cm?/V s. In-
version-mode InGaAs MISFET’s with native oxide gate
insulators have also been reported [6], [7]. The devices
were fabricated on epitaxial layers grown by molecular
beam epitaxy (MBE). A transconductance of 40 mS/mm
was obtained for devices with 3 um gate lengths.

More recently, depletion-mode InGaAs MISFET’s with
1 wm gate lengths have demonstrated a transconductance
of 300 mS,/mm [8]. The carrier velocity was estimated to
be 4x 107 cm/s. InGaAs MISFET's have also been fabri-
cated on n*/n layers grown by metal organic chemical
vapor deposition (MOCVD) [9], [10]. Enhancement-mode
devices with 1.5 um gate lengths exhibited a transconduc-
tance of 300 mS /mm. The effective channel mobility and
carrier velocity were determined to be 5800 cm?/V s and
3.5x 107 em/s, respectively [10]. Depletion-mode InGaAs
MISFET’s with an ultrathin MBE silicon interfacial layer
between the InGaAs and photo-CVD silicon dioxide gate
insulator have recently demonstrated an effective channel
mobility of 1700 cm? /V s [11].

Depletion-mode InGaAs MISFET’s with 3 um gate
lengths first demonstrated microwave power performance
at 6 GHz [5]. Ion-implanted InGaAs MISFET’s with 1
um gate lengths have since demonstrated output power
densities of 0.49 W /mm of gate width with corresponding
power-added efficiencies of 48% and 39% at 4 GHz and 8
GHz, respectively [2]. InGaAs power MISFET’s with 1
pm gate lengths have also been fabricated using a non-
ion-implanted process [8]. Microwave performance was

' demonstrated in the frequency range from 4 GHz to 32.5

GHz. Output power densities obtained from devices with
0.56 mm gate widths were 1.53 W /mm, 0.76 W /mm, 0.74
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W/mm, and 0.20 W/mm at 4 GHz, 12 GHz, 20 GHz,
and 32 GHz, respectively. The corresponding power-added
efficiencies were 53%, 40%, 26%, and 7%. Recently, the
wide-band microwave power performance of InGaAs
MISFET amplifiers has been reported [12]. Output power
densities of 0.41 W/mm and 047 W/mm with corre-
sponding power-added efficiencies of 334+3% and 30+
3%, respectively, were obtained over the 7-11 GHz band.
In addition, an output power density of 0.39 W /mm with
29+4% power-added efficiency was obtained over the
6-12 GHz band.

In comparison with InGaAs MISFET’s, InP MISFET’s
have recently demonstrated impressive output power den-
sities. Ion-implanted InP MISFET’s with 1 um gate
lengths have produced output power densities of 2.9
W ,/mm and 2.4 W /mm at X band [13], [14]. Epitaxial InP
MISFET’s with similar geometries have produced output
power densities of 4.5 W /mm [15]. In addition, an epitax-
ial InP MISFET with a 0.3 um gate length has achieved
an output power density of 1.8 W/mm at Ka band [16].

This paper reports on the fabrication of 1-um-gate-
length, depletion-mode, high-power InGaAs MISFET’s
using an ion-implanted process. The device employed a
plasma-deposited silicon /silicon dioxide gate insulator.
The dc current—voltage (I-V) characteristics and RF
power performance at 9.7 GHz are presented. The output
power, power-added efficiency, and power gain as a func-
tion of input power are reported. For the first time, RF
power results were obtained for InGaAs MISFET’s with
gate widths up to 1 mm.

II. EXPERIMENTAL

A schematic cross section of the 1-wm-gate-length
InGaAs MISFET with a silicon /silicon dioxide gate insu-
lator is shown in Fig. 1. The devices were fabricated on
InGaAs layers grown lattice matched on semi-insulating
(SI) InP substrates with resistivity greater than 107 -cm.
The thicknesses of the InGaAs layer and InP buffer layer
were 0.5 um and 0.1 um, respectively. The ohmic con-
tracts were Au:Ge/Au of 0.35 pum thickness, and the
thickness of the Au overlayer was 0.4 um. The gate metal
was Ti/Au of 0.43 um thickness. The source /drain im-
plant spacing was 5 um, and the length of the gate recess
was 2 um. The completed InGaAs MISFET’s had six to
ten parallel gate fingers with individual gate widths of 100
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or 125 um. The individual gate finger width was limited
to the above values in order to avoid possible gain degra-
dation associated with larger gate widths [14]. The total
gate widths were 0.75, 0.8, or 1 mm. The average separa-
tion between the gate fingers was 114 um. The large
spacing between the gate fingers was necessary in order
to facilitate wire bonding to the individual drain regions.

The InGaAs and InP layers were grown unintentionally
doped (n=1-2x10" cm™3) on SI-InP substrates using
metal-organic chemical vapor deposition (MOCVD) [17].
The SI-InP substrates were liquid encapsulated
Czochralski (LEC) grown wafers 2 in. in diameter with
(100) orientation. The substrates were cleaned using or-
ganic solvents and then etched using a H,SO,:H,0,:H,0
solution. The layers were deposited using a vertical, low-
pressure (60 torr), rotating (1500 rpm) disk reactor with a
3-2 in. diameter wafer capacity (EMCORE GS /3200).
The growth chamber is of stainless steel construction and
contains a resistively heated molybdenum susceptor. The
wafers rest directly on a wafer carrier which is transferred
between an ultrahigh-vacuum stainless steel load lock and
the heated susceptor in the growth chamber. The temper-
ature is monitored by a thermocouple or infrared pyrome-
try.

The In and Ga metal-organic sources were trimeth-
ylindium (TMI) and triethylgallium (TEG). The As and P
hydride sources were arsine (10% AsH, /H,) and phos-
phine (PH;). Hydrogen was used as a carrier gas. A
high-temperature bakeout was performed with tempera-
tures of 650°-690°C for 15 min prior to growth. The
growth rate for the InGaAs and InP layers was 1.9 wm /h.
The growth temperature was 620°C. Typical values for
InGaAs and InP thickness uniformity across a 2 in. wafer
were < +2%. The lattice mismatch variation was <
+107* across the 2 in. wafer. The InGaAs mobility at 300
K was 12000 cm? /V s.

For the InGaAs MISFET fabrication, the samples were
initially cleaned by first decreasing in acetone and
methanol followed by a DI water rinse. The samples were
then dipped for 15 s in a 10:1 H,O:HF solution followed
by a DI water rinse and then blown dry in nitrogen.

The cross section of the fabrication sequence of the
InGaAs MISFETs is illustrated in Fig. 2. After the initial
clean, the first photolithographic step was performed.
Alignment marks were made by etching the InGaAs in a
1:1:38 H,50,:H,0,:H,O solution. Source/drain im-
plants were then performed using photoresist as an im-
plant mask, as shown in Fig. 2(a). Si%®** was implanted at
energies of 40, 80, 160, and 240 KeV with doses of
45x108, 9x10%, 1.5%x 10", and 3x 10" cm™2, respec-
tively. Multiple implants were performed in order to
achieve a uniform silicon concentration of 2x 10" cm ™3
to a depth of 0.2 um as determined from LSS statistics.
After stripping the photoresist, a second photolitho-
graphic step was performed and the channel was im-
planted at energies of 40, 80, 160, and 240 keV with doses
of 1.6X10*, 32x10%, 6.3x10'?, and 1x10 cm 2,
respectively. Multiple implants were again performed in
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Fig. 2. Fabrication process cross sections for InGaAs MISFET with
silicon /silicon dioxide gate insulator.

order to obtain a concentration of at least 10'” cm ™3 to a
depth of 0.35 pwm.

After stripping the photoresist, the wafer was again
cleaned and then encapsulated with silicon dioxide plasma
deposited to a thickness of about 1400 A, as shown in Fig.
2(b) [18]. The implants were than subjected to rapid
thermal annealing at 700°C for 30 s in a hydrogen (H,)
ambient. The H, flow rate was 2 1/min. After stripping
the oxide, source/drain ohmic contacts were defined by
evaporating Au/Ge 12 wt.% eutectic and Au to a thick-
ness of 2000 A and 1500 A, respectively, and using a
lift-off process, as shown in Fig. 2(c). Ohmic contacts
were obtained by alloying for 5 min at 400°C in forming
gas (10% H, /N,). A mesa ctch was then performed for
device isolation using a 1:1:38 H,SO,:H,0,H,0 solu-
tion. The gate region was then chemically recessed as
shown in Fig. 2(d), using a 1:1:100 H,SO,:H,0,:H,0
solution.

After stripping the photoresist, the wafer was again
cleaned and a silicon dioxide gate insulator with a silicon
interfacial layer was plasma deposited to a thickness of
about 900 A, as shown in Fig. 2(e) [18]. The films were
deposited using a Technics PlanarEtch ITA plasma system
modified for 13.56 MHz operation. The silicon interfacial
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layer was deposited at a pressure of 105 mtorr using 10 W
of RF power, a SiH, flow rate of 17.5 sccm, and a
substrate temperature of 250°C. The silicon dioxide films
were deposited at 350 mtorr and 250°C using a 50 W
plasma. The SiH, and N,O flow rates were 19 sccm and
55 sccm, respectively. The gate insulators were subse-
quently annealed at 300°C for 30 min in hydrogen.

The gate metal was then defined by evaporating Ti and
Au to a thickness of 300 A and 4000 A, respectively, and
using a lift-off process. Finally, source/drain oxide win-
dows were opened and an Au overlayer was deposited to
a thickness of 4000 A using a lift-off process, as shown in
Fig. 2(f). The Au overlayer assisted the current handling
of the devices and facilitated wire bonding to the drain
regions.

The InGaAs MISFET"s with silicon /silicon dioxide gate
insulators were prepared for RF packaging by first thin-
ning the back side using a (10:1:1) HCI:HNO;:H,O solu-
tion to improve thermal resistance and then scribing the
sample into individual MISFET’s. Back-side metalization
was then performed to aid heat dissipation of the
MISFET’s by evaporating Ti and Au to a thickness of 300
A and 4000 A, respectively. The completed MISFET’s
were then packaged and wire bonded for microwave char-
acterization at 9.7 GHz.

III. REsuLTs

A photograph of a fabricated InGaAs MISFET with a 1
mm total gate width is shown in the upper diagram of Fig.
3. The I-V characteristics of an InGaAs MISFET with a
silicon /silicon dioxide gate insulator are shown in the
lower diagram of the figure. The gate width of the device
is 200 pm. The horizontal scale is 0.5 V /division and the
vertical scale is 20 mA /division. The gate voltage step is
—2 V. At a drain-source voltage of 4 V, the drain
saturation current was 105 mA. The transconductance
was typically about 20 mS /mm. The devices had typical
source—drain breakdown voltages of 5-7 V. Only a very
slight hysteresis was present in the I-V curves. In addi-
tion, complete pinch-off of the drain current was not
achieved in a manner similar to that observed by other
workers [8], [9], [11]. The lack of dc pinch-off may be due
to the formation of an inversion layer, which screens the
undepleted channel from further gate control (8], [11]. At
microwave frequencies, however, this phenomenon is not
expected to degrade device performance.

Fig. 4 shows the output power and power-added effi-
ciency as a function of input power from 22 dBm to 26
dBm for a 1-um-gate-length InGaAs MISFET with a
total gate width of 1 mm. The measurements were per-
formed at a frequency of 9.7 GHz using a gate—source
bias of 0 V and a drain-source bias of 5 V. The device
saturation current density was 770 mA /mm of gate width.
An output power density of 1.07 W/mm of gate width
was obtained with a corresponding power gain and
power-added efficiency of 4.3 dB and 38%, respectively,
for an input power of 26 dBm. To our knowledge, this is
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Fig. 3. Upper diagram, Photograph of fabricated InGaAs MISFET
with 1 mm total gate width; lower diagram, I-V characteristics of
InGaAs MISFET with silicon /silicon dioxide gate insulator. Horizontal:
0.5 V/div. Vertical: 20 mA /div. Gate (V,,): —2 V /step.

the first demonstration of an output power greater than 1
W for an InGaAs-based transistor on InP. The highest
power-added efficiency obtained was 40% with a corre-
sponding power gain and output power density of 4.8 dB
and 0.96 W /mm, respectively, at a drain—source bias of
4.5 V and an input power of 25 dBm.

Variation of power gain as a function of input power in
the range of 22 dBm to 26 dBm is illustrated in Fig. 5.
The gate-source bias and drain—source bias were 0 V and
5 V, respectively. The power gain decreases with an
increase in input power, indicating that the device is
operating in compression. At an input power of 22 dBm,
the power gain was 6.9 dB, with a corresponding output
density and power-added efficiency of 0.78 W/mm and
29%, respectively. As the input was increased to 26 dBm,
the power gain decreased to 4.3 dB.
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In addition, the drain bias current decreased from 432
mA to 330 mA as the microwave input power was in-
creased from 22 dBm to 26 dBm. This effect arises from
the nonlinearity of the device I-V characteristics at posi-
tive gate voltages when the device is operated under
large-signal conditions in compression. Large positive RF
signal excursions are not as effective in varying the drain
current as large negative signal excursions. Thus, as the
RF input power is increased, the drain bias current de-
creases on the average.

Results were not obtained at lower input powers be-
cause the devices display a burnout phenomenon similar
to that described previously for InP power MISFET’s of
comparable geometry [14]. As described above, the drain
current increases with a decrease in input power. In order
to apply sufficient drain bias voltage to yield high output
power, a minimum input power level must be applied to
keep the drain current low enough to prevent a destruc-
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Fig. 7. - Drain current drift measurement of InGaAs MISFET with
silicon /silicon dioxide gate insulator.

tive thermal breakdown. Therefore, the input power range
is restricted to regions that drive the device into compres-
sion.

Fig. 6 illustrates the output power and normalized
drain bias current (1, /1,,,) variation of a representative
1-mm-gate-width device over a 24 h period. The RF input
power, drain—source bias voltage, and gate—source bias
voltage were held constant at 25 dBm, 4.8 V, and -5V,
respectively. The measurement frequency was 9.7 GHz
and the initial drain bias current (I,,,) was 256 mA. The
output was stable to within 1.2%, and the drain bias
current increased less than 4% over 24 h of continuous
operation. To our knowledge, this is the first report of RF
output power stability measurements on InGaAs
MISFET’s.

The results of the drain current drift measurement of
an InGaAs MISFET with a 200 um gate width and a
silicon /silicon dioxide gate insulator are shown in Fig. 7.
The drain—source bias was 2.5 V. The gate—source bias
was initially 0 V and the drain current was 84.3 mA.
Immediately prior to the start of the drift measurement,
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the gate—source bias was switched to —5 V, which re-
duced the drain current to 57.5 mA. Thus, during the
entire drift measurement, the channel was partially de-
pleted, with the drain current at approximately 70% of its
zero-gate-bias value. The drain current increased only 4%
over a period of 10* s. The general trend of the data
indicates an initial increase in drain current over the first
350 s followed by a decrease toward the initial drain
current value. The fact that the drain current can be held
at a reduced level with negative gate bias under strictly dc
conditions is an important result which reflects the poten-
tial usefulness of the devices. The results indicate that the
devices can be maintained in a partially pinched condition
over extended time periods and, thus, provide a potential
solution to the RF burnout phenomenon described above.

IV. SUMMARY

Depletion-mode InGaAs MISFET’s with 1 um gate
lengths were fabricated using an ion-implanted process. A
plasma-deposited silicon dioxide gate insulator with a thin
silicon interfacial layer was used as the gate insulator. At
9.7 GHz, a 1-mm-gate-width device produced an output
power of 1.07 W with a corresponding power gain and
power-added efficiency of 4.3 dB and 38%, respectively.
The highest power-added efficiency was 40% at 0.96 W
output power and 4.8 dB gain. The output power was
stable to within 1.2% over 24 h of continuous operation,
with a corresponding drain bias current increase of less
than 4%. This is the first report of RF power measure-
ments on an InGaAs MISFET with a silicon /silicon diox-
ide gate insulator. In addition, RF output greater than 1
W has been demonstrated for the first time for an
InGaAs-based transistor on InP. Also, using strictly dc
gate bias voltage (i.e., with no RF signal present), device
drain current was held at approximately 70% of its zero-
gate-bias value over a period of 10* s with only a 4% drift.
The capability to partially pinch off the device under
strictly dc conditions may provide a solution to the burnout
problem observed in these devices when the RF signal is
removed while holding the device at high drain bias
voltage. Further improvements are expected by optimiz-
ing the device structure. Enhanced frequency perfor-
mance is expected through the use of submicron gate
lengths.
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