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Submicron Single-Gate and Dual-Gate GaAs

MESFET’s with Improved Low Noise and
High Gain Performance

MASAKI OGAWA, KEIICHI OHATA, TAKASHI FURUTSUKA, aAnD NOBUO KAWAMURA

Abstract—Microwave performance of single-gate and dual-gate GaAs
MESFET’s with submicron gate structure is described. Design consider-
ation and device technologies are also discussed. The performance of
these GaAs MESFET’s exceeds previous performance with regard to
lower noise and higher gain up to X band: 2.9-dB noise figure (NF)
and 10.0-dB associated gain at 12 GHz for a 0.5-2m single-gate MESFET,
and 3.9-dB NF and 13.2-dB associated gain at the same frequency for a
dual-gate MESFET with two 1-#m gates.

I. INTRODUCTION

INGLE-GATE [1], [2] and dual-gate [3], [4] GaAs
S MESFET’s have been extensively developed, showing
low noise and high gain properties at microwave fre-
quencies. Improvements have been successfully attained
mainly due to gate length reduction. As a result of advanced
photolithography 0.5-um-gate MESFET’s with 4-5-dB noise
figures (NF) at 12 GHz have been realized [2].

However, calculations on the NF [5] revealed that the
observed NF values were still large compared with the
theoretical ones. The discrepancy is considered to be partly
due to the degraded crystal quality in the epitaxial film
near the substrate and partly due to the effects of parasitic
resistances. This suggests that refinement of epitaxial growth

Manuscript received September 26, 1975; revised December 18, 1975.
The authors are with the Central Research Laboratories, Nippon
Electric Company Ltd., Kawasaki, Japan.

and metallization technologies is more urgently required
than further gate length reduction to produce decreased NF.

The purpose of this work is to realize improved GaAs
MESFET’s based on refinement of these technologies. Details
of epitaxial wafer preparation and of contact metallization
processes are described in Section II. Design consideration
and fabrication of single-gate (0.5-um-gate and 1.0-pm-
gate) and dual-gate (1-um-—1-um-gate) MESFET’s are described
in Section III. MESFET microwave performance is described
in Section IV,

II. DEevickE TECHNOLOGY REFINEMENT
A. Epitaxial Wafer Preparation

The gallium arsenide wafer used in this work consists of
a thin and highly doped n-type active layer, a high-resistivity
buffer layer, and a semi-insulating substrate. Both buffer
and active layers were successively grown on the substrate
in the modified Ga/AsCl;/H, reaction system [6].

1) Buffer Layer: At the dc bias point, where minimum
NF is observed, carriers are confined in an approximately
100-A-wide n-type epitaxial region adjacent to the sub-
strate. Thus crystal properties, such as electron mobility
and impurity concentration in this region, have the dominant
effect on MESFET performance.

Electron mobility degradation in the region near the
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substrate is often observed when the n-type active layer is
epitaxially grown directly on the Cr-doped semi-insulating
substrate. This degradation appears to be due to crystal
defects and/or to deep-level impurities (Cr) which diffused
out of the substrate. It was found that mobility degradation
could be eliminated in a wafer on which an active layer was
successively grown on an epitaxial buffer layer [6]. The
high resistivity property (n =~ 10! cm™3) of the buffer
layer was obtained by preventing the doping with donor
impurities by means of an additional bypass AsCl;/H,
flow in the epitaxial process. The distribution of electron
Hall mobility in the epitaxial layers was estimated by Hall
measurement, using a Hall element which had a Schottky
contact on its surface [6]. Two wafers, one with a buffer
layer and one without a buffer layer, were used. The n-type
active layer doping level of two wafers was 7 x 10'®
cm 3. Results are shown in Fig. 1. The electron mobility
gradually decreased towards the interface for a wafer with-
out a buffer layer. For a wafer with a buffer layer, electron
mobility gradually increased to the value of the buffer layer.
Buffer layer Hall mobility (6000 cm?V~'s™1) was found
to be low, as compared with the mobility of a high purity
layer (7000-8000 cm®V~1s~! for a doping level of about
10'* ecm™3). The reason may be that the buffer layer was
compensated in some degree.

2) n-type Active Layer with High Doping Level: Drangeid
and Sommerhalder [7] have predicted that the microwave
performance of MESFET’s would be improved by increasing
the carrier concentration in the channel. This was qual-
itatively confirmed by the present experiment, as shown in
Fig. 2. Fig. 2 shows the NF and the associated power gain
at 8 GHz versus carrier concentration measured for the
present 0.5-um-gate MESFET’s. These results clearly suggest
that the doping level in the channel should be increased
until the gate breakdown voltage sets an upper limit.

The Schottky-contact breakdown voltage is said to be
inversely proportional to the doping level and is about
—10 V for 1 x 10'7 cm™3 in the case of n-GaAs [8].
However, this seems not to be the case in an actual
MESFET in which the active layer is extremely thin (< 0.2
um). The breakdown voltage was found to depend more
strongly on the separation between the gate and the adjacent
ohmic contacts than on the doping level. As shown in
Fig. 3, a breakdown voltage higher than —10 V can be
ensured even at the doping level of 2.5 x 107 cm™3,
provided that the separation between the contacts has
been chosen larger than 0.6 um. In the present device
fabrication, the doping level in the active layer was thus
chosen around 2.5 x 10*7 cm ™3,

B. Metallization Technology

The MESFET noise performance is sensitively affected by
parasitic resistances, such as source series-resistance R, and
gate-metallization resistance R,. The minimum NF was
calculated at 12 GHz as a function of the total parasitic
resistance, R, + R,, based on Statz’s model [5] for a
MESFET with 0.5-um gate length, 280-um gate width, and
2.5 x 10'7-cm™3 carrier concentration in the channel. The
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result shown in Fig. 4 predicts that R, + R, should be
reduced below 5 Q in order to obtain a NF less than 3 dB
at 12 GHz.

1) Gate-Metallization Resistance: Aluminum is preferred
as a gate metal because it has a low resistivity and satis-
factory characteristics as a Schottky contact to n-GaAs.
Reproducible fabrication of a gate pattern that consists
of an aluminum film thicker than the gate length would be
difficult. Thus a gate structure having more than one gate
pad becomes desirable to reduce the gate-metallization
resistance in the case of a submicron gate structure.

2) Source Series-Resistance: In order to reduce the
source series-resistance, it is necessary to use a technique
that produces ohmic contacts with low specific contact
resistance. It is well known that the quality of the contacts
is strongly influenced by wafer surface cleaning before
evaporation. Wafers used in the present work were
thoroughly rinsed in organic solvents (trichloroethylene
and acetone) and then lightly etched in warm phosphoric
acid. This chemical etching was effective in removing
native oxides on the wafer surface. The ohmic contacts
used in the present device were made by alloying a gold—
germanium evaporated film with eutectic composition,
covered with a Ni film at 450°C in a hydrogen atmosphere.
The Ni-film thickness was optimized to minimize specific
contact resistance degradation during high temperature
storage.

Three wafers were prepared to measure specific contact
resistance: a nondoped boat-grown wafer with n = 2 x
10'® cm™3 and two kinds of epitaxially grown wafers
having a thin n-type layer (m = 7 x 10'® cm™3 and
1.6 x 107 cm™3, respectively) on a Cr-doped substrate.
The specific contact resistance of the contact on the boat-
grown wafer was calculated from data measured on the
test structure described by Cox and Strack using curve-
fitting techniques [9]. Specific contact resistance of contacts
on epitaxially grown wafers was measured by the trans-
mission line model (TLM) method [10]. The improved
specific contact resistance in the present work is shown in
Fig. 5, as compared to that reported in [11].
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Electron probe microanalysis has also shown that the
present ohmic contact system is metallurgically and
electrically stable during elevated temperature (330°C)
storage [12].

III. DEVICE DESCRIPTION

Three types of GaAs MESFET’s were fabricated: 0.5-um
single gate, 1-um single gate, and 1-pm-1-um dual gate.
Dimensions of these MESFET’s are shown in Table 1. Fig.
6(a)—(c) show top views of these devices. Fig. 7 shows a
SEM view of the 0.5-um-gate pattern.

In the GaAs wafers used for the fabrication, a 5-um-
thick buffer layer with a carrier concentration of 1 x 102
cm~? was sandwiched between the active layer and the
Cr-doped semi-insulating substrate. The carrier concentra-
tion and the thickness of the active layer were 2.5 x 107
cm ™3 and 0.15 um, respectively.

Gates were formed using 0.5-pum-thick aluminum-film
stripes patterned reproducibly by optical lithography
using a chromium mask. For the 0.5-um-gate device, a
dual-gate-pad structure was adopted to get a low gate-
metallization resistance. The gate-metallization resistance
which contributes to the input loss has been estimated as
4 of the metallization resistance, measured from one end
to the other of the gate [13]. Thus, in all types of the
present MESFET’s, gate-metallization resistance was expected
to be reduced to less than 1 Q. )

Source and drain ohmic contacts were formed by alloying
a 0.15-um-thick gold-germanium film covered with a thin
Ni film. The spreading resistance at the source contact was
estimated as low as 1 Q as measured by the TLM method,
using 1 x 107° Q-cm as the value of the specific contact
resistance. The resistance corresponding to the epitaxial
layer resistance between source and gate was calculated
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TABLE 1
DiMensioNs oF THREE MESFET’s
Device Gate Lengtn (1m) | Electrode Separation (um){Gate Widtn
vt G, G S-G, GGy S-O | (um)
O5um singlegote | 05 — o8 - 23| =280
ipm single-gate 1.0 - (] } - 3.0 - 300
dual - gafe 0 10 -0 30 70 300
S:Source D:Drain G : First ~gate G2 : Second-gate
Drain Source Drain Source Second-gate  Drain

Gate Source Gate First-gate

Source Source

- o
100um -

() () ' (e

Fig. 6. Top views of three types of MESFET’s. (a) 0.5-um single-gate.
(b) 1-um single-gate. (c) 1-um~-1-um dual-gate. .

Gate

AN

Drain

=2 jim—

Source

Fig. 7. 0.5-um-gate MESFET SEM view.

as approximately 2 Q. Consequently, the source series-
resistance could be reduced to less than 3 Q. Additional Au
films were depbsited on the source and drain contacts to
make wire bonding easy.

Single-gate and dual-gate MESFET dc characteristics are
summarized in Table II. The I-V characteristics of the 0.5
jm-gate MESFET are shown in Fig. 8. The improved charac-
teristics, i.e., absence of looping in the drain current,
and the high transconductance' at low drain current may
be due to the elimination of the crystal defects and/or the
deep level impurities near the interface with the buffer
layer. Both low saturation-voltage and high transcon-
ductance indicate that source series resistance is satis-
factorily reduced.

! This high transconductance has not been measured for a wafer ‘

prepared by vapor-phase epitaxial growth technique.
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TABLE 11
TypicAL DC CHARACTERISTICS OF THREE MESFET’s
Device Gate Pinch-off{ Transconductance | Gate Breakdown
Voitage (v) (mmho ) Voltage (V)
O.5um single-gote]  —2.0 24 (\{:: lzc"on“’A) -3 (IG'-;IO/.LA‘)
1gam single-gate ‘ -2.0 24 (VD'Z'OV ) =15 (Ig=-10un)
i : Ip=ioma ’
‘ Vp= 4.0V -
~ dual-gote -3.0 21 (Vsz' ov ) =15(Ig=~10uA)
Ip=10mA o

Fig. 8 v characteristics of a 0.5-im —sing_le—gate MESFET,

Aging tests of the present MESFET’s at an elevated tem-
perature were also performed. The estimated MTF at the
operating temperature exceeds 10® h [14].

IV. Noise FIGURE AND POWER GAIN AT MICROWAVE
FREQUENCIES

NF’s and power gains of single-gate and dual-gate
MESFET’s were directly measured in the frequency range
from 4 to 12 GHz, using a precision automatic noise figure
indicator (Ailtech Type 75) and a network analyzer (HP
8410A). The drain and gate pads of these MESFET’s were
bonded into 50-Q striplines. The bias voltages were chosen
to give the lowest NF: I, = 10 mA, V, = 2 V for single-
gate, and I, = 10 mA, V, = 4 V for dual-gate MESFET’s.
Results, measured under conditions of minimum noise
and maximum gain at 4, 8, and 12 GHz, are summarized
in Table III. Frequency dependences of minimum NF
and associated power gain are also shown in Fig. 9.

For the 0.5-um-gate MESFET, a- maximum frequency of
oscillation above 90 GHz was extrapolated from unilateral
gain, calculated from measured s—parameters in the 2-16-
GHz frequency range.

Wide gain-control *capability of dual-gate MESFET is
shown -in Fig. 10. More than 11-dB gain suppression is
possible at 8 GHz with less than 5-dB NF degradation.

Gain and NF performance of MESFET’s described in this
paper are the most advanced reported to date.
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TABLE III
Power GAIN G AND NF MEASURED UNDER MINIMUM NOISE AND
’ © MaxmUM GAIN CONDITIONS

Frequency 4 GHz 8 GHz 12GHz
Device G(dB) NF(dB)| G(dB) NF(d8)| G(dB) NF(dB)
o5um |GMox| 189 16 | 138 27 | 123 43
single-gate INF Min.| 5.2 1-1 .2 22 10.0 2.9
G Max.| 206 2.4 149 4.2 135 5.0
dual~gate <
NF Min.| 19.6 1.4 141 3.2 132 39

Note: Bias conditfon: Vp =20V, I =
4.0 V, Vaz = 0 V, Ip =

MESFET and Vp =

MESFET,
T T T T —T T
®0 O.5um single-gate
20F AA  |um single-gote |
E dual -gate
©
£
o
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gz
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w @
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FREQUENCY (GHz)

Fig. 9. Frequency dependence of minimum NF and associated gain
for the three types of MeSFeT’s. Bias condition: Vp = 20V, Ip =
10 mA for single-gate MESFET’S, and Vp =40 V, Vg, =0 V,
I, = 10 mA for a dual-gate MESFET.

V. CONCLUSION

Submicron single-gate and one-micron dual-gate MESFET’s
have been fabricated, based on design considerations and
on refined fabrication techniques, including those of epitaxial
growth for high crystal quality and of metallization for
low parasitic resistances. ‘

Microwave measurements of these MESFET’s were car-
ried out at frequencies up to 12 GHz. The performance
values obtained are the best reported to date with respect
to lower NF and higher gain: 2.9-dB NF and 10.0-dB
associated gain at 12 GHz for the 0.5-um single-gate
MESFET’s and 3.9-dB NF and 13.2-dB associated gain at the
same frequency for the dual-gate MESFET’s. The high re-
lability of the present MESFET’s (expected MTF > 108 h) is
being improved.
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Fig. 10. NF and associated gain versus second-gate voltage for a
dual-gate MeSFET measured at 8 GHz. Bias condition: Vp, = 4.0 V,
Vo1 = —2.2 V. External circuit impedances were chosen to
minimize the NF at Vg, = 0 V.
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A Power Silicon Microwave MOS Transistor

JAMES G. OAKES, MeMBER, IEEE, ROBERT A. WICKSTROM, DOUGLAS A. TREMERE, AND
TERRENCE M. S. HENG, MEMBER, IEEE

Abstract—Vertical MOS silicon power transistors for microwave
power applications have been fabricated using an angle evaporation
technique to position the gate electrode on the side of a mesa. These
devices have produced 3-W output power at 1.5 GHz as a Class B
amplifier and exhibit excellent linearity and noise properties. Device
modeling has shown that parasitic capacitances are the chief factor
limiting the frequency response, and the prospects for useful devices at
4 GHz are good.

1. INTRODUCTION

HE frequency of operation of silicon MOS transistors

has been extended to microwave frequencies in the
past few years through the use of fairly sophisticated ion-
implantation [1] and diffusion [2], [3] technologies. With
these technologies, gate lengths on the order of 1 um were
achieved in small-signal! transistor devices which demon-
strated useful power gains in the 1-4-GHz frequency range.
The extension of the implantation and diffusion (D-MOST)
technologies to the development of large gate periphery,
short channel devices for microwave power applications
has not been reported to date.

Recently, a third technology (VMOST) was reported [4]
which promised the processing of large periphery micro-
wave MOST devices with high yield. Class 4 output power
levels of up to 1.5 W at 0.7 GHz were obtained from a
transistor cell having a total gate periphery of 0.62 cm.
The VMOST structure has a mesa-type geometry, as shown
in Fig. 1, which is formed by isotropic chemical etching.

Manuscript received October 13, 1975; revised December 13, 1975.
This work was supported in part by the Office of Naval Research,
Washington, DC, under Contract N00014-74-C-0012.
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Fig. 1.

Topology of vertical power MOS transistor geometry.

The length of the vertical n-channels is controlled by
epitaxial growth, and the metal gate length by an angular
metal deposition. This technology, referred to from now
onwards as the @ VMOST technology, is distinctly different
from the V-groove process [5] which uses a hydrazine
anisotropic etch to form V-grooves. The gate in the V-groove
transistor completely covers the oxidized etched surface,
thereby giving rise to excess parasitic gate-drain capacitance
which is detrimental to high frequency performance.

This paper will attempt to bring up to date progress
which has been made in improving the power and frequency
performance of the VMOST device. Descriptions of the
latest device design and fabrication procedures are given
in the next two sections. The microwave performance of
some typical devices is shown in Section IV, while in
Section V computer modeling results of the transistor are
presented.



