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CONTENTS ABSTRACT
| INTRODUCTION Fully passivated low noise AlGaAs/
InGaAs/GaAs pseudomorphic (PM) HEMT
[I.  DOSE SPLIT ELECTRON BEAM with wide head T-shaped gates were
LITHOGRAPHY (DSL) fabricated by dose split electron beam

lithography (DSL). The dimensions of gate

it. HEMT STRUCTURE AND head and footprint were optimized by con-

FABRICATION trolling the splitted pattern size, dose, and

IV. DEVICE PERFORMANCE spaces of each pattern. We obtained stable
T-shaped gate of 0.15 um gate length with

V.. CONCLUSION 1.35 um-wide head. The maximum ex-
ACKNOWLEDGMENT trinsic'tr?nscondt{ctaqce was 560 mS/mm.
The minimum noise figure measured at 18

REFERENCES GHz at Vgs=2 V and lgs =17 mA was 0.41

dB with associated gain of 8.19 dB. At 12
GHz, the minimum noise figure and an
associated gain were 0.26 and 10.25 dB,
respectively. These noise figures are the
lowest values ever reported for GaAs-based
HEMTs. These results are attributed to the
extremely low gate resistance of wide head
T-shaped gate having a ratio of the head to
footprint dimensions larger than 9.
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I. INTRODUCTION

Low noise HEMTs are promising devices
for millimeter-wave and optical communica-
tions systems due to their excellent high fre-
guency and low-noise performance [1]. At
present, low noise HEMTs are widely used
in the front end of satellite communications,
radio astronomy, and satellite direct broad-
casting receiver systems. As this applica-
tions progress, extremely low noise devices
will be required in the microwave and mil-
limeter wave ranges. Until now, the best
noise performance has been reported for In-
AlAY/INGaAgINP HEMTs [2]. The prablems
with InP-based HEMTSs, such as their lack
of reliability, and difficulties in controlling
the defects and fabrication processes, encour-
age the development of low noise GaAs-based
HEMTs[3].

In improving the minimum noise figures,
the most important parameters are the gate and
source resistances. In this study, we present
thelowest noise characteristics of GaAs based
HEMT comparable to InP based HEMT ob-
tained by optimization of the fabrication tech-
nologies such as wide head T-shaped gate and
selective recess etching as well as the design
of epitaxial layer structure. In order to reduce
the gate resistance, the cross sectional area of
T-shaped gate must be increased while keep-
ing the gate footprint constant. To increasethe
area of a T-shaped gate, severa technologies
such asmultilayer resistsand multipleelectron
beam lithography have been developed to de-
lineate T-shaped gates reducing both the gate
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length and parasiticresistances simultaneously
[4], [5]. However, thesefabrication techniques
have employed trilayer resists which require
delicate control of resist sensitivity and devel-
opment to form T-shaped gates. Also, there
still exist difficulties in fabricating T-shaped
gates with awide gate head.

We devel oped the dose split €l ectron beam
lithography (DSL) for wide head T-shaped
gates, and employed it for the fabrication of
AlGaAs/InGaAs PM HEMTs with 0.15 um
gate length. The HEMT device exhibited ex-
tremely low noise figures of 0.26 dB and 0.41
dB at 12 GHz and 18 GHz, respectively. These
results were attributed to the extremely low
gate resistance, Ry, obtained from the high ra-
tio of gate head length to gate footprint.

I1. DOSE SPLIT ELECTRON
BEAM LITHOGRAPHY (DSL)

d.
<—d|—> 5152 <—d3~>

S.I.GaAs Substrate

Fig. 1. The schematic drawing of T-shaped gate formed
by DSL.

To form the T-shaped gate el ectrode with
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Fig. 2. (a) The variation of gate footprint with the change of spacing and pixel lines, (b) the head size variation with the

change of head dosage and spacing.

awide head on a small footprint, aDSL with
electron beam system and two-layer resist sys-
tems have been developed. Fig. 1 shows the
schematic drawing of T-shaped gate formed
by DSL. As shown in the Fig. 1, the head
length L}, is defined by the dimension com-
posed of the patterns, di, d», and d3, and
the intervening spaces, s; and s,. The size
of the centra pattern d, and the intervening
gpaces and the doses for each pattern deter-
mine the gate footprint, Lg. The designed
head and central pattern dimensionswere 1.15
um and 0.1 um, respectively. In this pro-
cess, attention has been paid to the com-
bination of the top and bottom resists: an
overhanging profile for the top-layer resist
and high resolution for the bottom-layer re-
sist. A polymethyl metacrylate-methacrylic
acid (A(MMA-MAA)) was used for the top
layer and a polymethyl metacrylate (PMMA)

for the bottom layer. After coating 0.3 um
thick PMMA and prebaking, 0.6 um thick
P(MMA-MAA) was coated and prebaked. To
form the gate footprint with reproducibility,
the spacing between central and side patterns,
exposure doses, and resist devel opment condi-
tions were optimized. Fig. 2 shows the vari-
ation of the gate footprint with the change of
gpacing, pixel line, and dosage. As shown in
Fig 2(a), the optimized spacing was 0.025 x©m
in case of 2 pixel line for 0.15 um gate foot-
print. To obtain a T-shaped gate with foot-
print of 0.15 pm, wefind that optimum dosage
for the footprint of 2 pixel (0.050 xm) line
is 440 uClcm?. The doses of the d; and ds,
and the centra pattern d, were determined
to 60 .C/cm? and 460 1.Clcn?, respectively.
Fig. 2(b) showsthe variation of head size with
thechange of dosageand spacing. Asshownin
Fig. 2(b), it is convenient to control the head
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size by changing the dosage. Those patterns
were exposed by LeicaEBML 300 systemwith
30 kV acceleration voltage. The top and bot-
tom resists were developed using a mixed so-
lution of MIBK and IPA. The overhang of the
top resist was suitablefor the following lift-off
process.

I1l. HEMT STRUCTURE AND
FABRICATION

The AlGaAs/InGaAsGaAs pseudomor-
phic HEMT structures have been grown
by using molecular beam epitaxy (MBE).
The cross-section of the PM InGaAs chan-
nel HEMT is shown in Fig. 3. An 80 nm
thick undoped GaAs buffer layer and ten
AlAs-GaAs superlattices are grown on 3-inch
diameter semi-insulating GaAs substrates,
followed by a 600 nm thick undoped GaAs
layer. The thickness of the Ing15GaggsAS
channel layer is 12 nm. The planar doping
layer with Si of a 5 x 10 cm™2 density
is separated from the active layer by a thin
undoped Alg24Gag 76AS spacer, and a 30
nm thick undoped Alg24Gag76As Schottky
layer isgrown. To reduce parasitic resistance,
the 50 nm thick GaAs cap layer is highly
doped with Si of 5 x 10 cm=3. The carrier
concentration in the two-dimensional electron
gas (2DEG) has been determined from Hall
measurements. The sheet carrier density of
2DEG and the electron mobility measured at
room temperature are 2.1 x 102 cm—2 and
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6,100 c?/V - s, respectively.

GaAs cap I \

AlGaAs
Si planar doped source
AlGaAs

InGaAs t
GaAs 2DEG
GaAs/AlAs S/L

S.1.GaAs Substrate

Fig. 3. The epitaxial layer structure of pseudomorphic
InGaAs channel HEMT.

In the device fabrication, a mesa iso-
lation was performed by wet chemical et-
ching, ohmic contacts were formed by Ni/
Ge/Au/Ti/Auevaporation, and then aloyed by
rapid thermal annealing. To get low sourcere-
sistance, thent GaAscap layer wasselectively
etched usingamixtureof citricacid and hydro-
gen peroxide with aratio of 3.5: 1. The etch
selectivity of GaAsto AlGaAswashigher than
40. After gate recess etching, Ti/Pt/Au (0.6
um thick) layerswere deposited and lifted-off.
Finally, the device was passivated with SiyNy.
Fig. 4(a) shows the cross sectiona SEM pho-
tograph of an AlGaAs/InGaA spseudomorphic
HEMT fabricated by optimization of dose split
E-beam lithography. As shown in Fig. 4(a),
the T-shaped gate formed by dose split E-beam
lithography has the ratio of gate head length
(2.35 um) to gate footprint (0.15 um) larger
than 9, which is more than twice that of the
conventional T-shaped gate [5]. The planar
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view of the AlIGaAs/INnGaAs/GaAs PHEMT
device with SiyNy passivation layer is shown
inFig. 4(b).

- AT, - . T e

52652 28KV Xi5.0K"
b}

Fig. 4. (a) The cross-sectional SEM photographs of T-
shaped gate formed by dose split lithography, and
(b) planar view of passivated pseudomorphic In-
GaAs channel HEMT.

IV. DEVICE PERFORMANCE

The device performance was measured for
afully passivated HEMT with 0.15 um gate
length and a total gate width of 140 um. As
shown in Fig. 5, the drain saturation current
lgss measured at Vg =0V is33 mA. Asshown
in Fig. 6, the maximum extrinsic transconduc-
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tance measured at Vg =0V, Vygs=2.0V and
thethreshold voltage Vi, were 560 mS/mm and
—0.81V, respectively.

ID(mA)
50.00
L Idss=33 mA
L Vg=0V
5.000
/div |
.0000 VDS .2000/div (v)  2.000

Fig. 5. The current voltage characteristics of 0.15 x 140
um? HEMT device.
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Fig. 6. Thetransconductanceand drain current asafunc-
tion of gate bias at Vgs = 2 V. The maximum
transconductance and threshold voltage are 560
mS/mm and —0.8 V, respectively.

The cut-off frequency fr was obtained
from the extrapolation of the current gain,
|h21[, to unity using a —6 dB/octave slope, and
the maximum frequency of oscillation fpyax
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was extracted from small signa parameters.
The cut-off frequency measured at Vygs =2 V
of a0.15 um gate device is 89 GHz. The ex-
tracted maximum frequency of oscillation is
197 GHz.
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Fig. 7. Minimum noise figure, NF,, and associated
gain, G, versus frequency at lgs = 50 % lggs
(Vgs =2V, lgs =33 MA).
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Fig. 8. Therelationshipbetweengateresistanceand mini-
mum noise figure.

Noi se figure measurements have been car-
ried out in the frequency range from 2 GHz to
18 GHz by using an HP 8510B network an-
alyzer and an ATN NP5 noise parameter test
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set. After each calibration routine (LRM 1SS
and SOLT) the same low-noise HEMT device
has been tested at a fixed biasing condition
(Vgs = 20V, Igs = 17 (£ 0.2) mA). The
repeatability of the smoothed minimum noise
figure, NFmyin, curves was within + 0.035 dB
up to 18 GHz. The difference between the
smoothed and measured data was less than
+ 0.04 dB. The associated gain va ues showed
a maximum deviation of + 0.50 dB from the
mean value. We measured the dependence of
NFmyin on the drain-source current lgs, which
is controlled by the applied gate voltage. At a
fixed drain-sourcevoltage of 2.0V, NFy, can
be observed around 50% of the lgs/ lgss ratio.
Fig. 7 shows the NFyin and associated gain,
Ga, versus frequency at 50% lyss (Vgs =2V,
lgs=17 mA). The NFyin measured at 12 GHz,
including passivation loss is 0.26 dB with G
of 10.25 dB. At 18 GHz, the NF,i, is0.41 dB
with G, of 8.19 dB. These noisefiguresarethe
lowest values ever reported for the passivated
GaAs-based HEMTs, and are comparable to
those for InP based HEMT [2]. Fig. 8 shows
the relationship between gate resistances and
minimum noise figures. As shown in Fig. 8,
the Ry of the conventional and our T-shaped
gatewere 1.33 £2and 0.25 2, respectively. For
our device, the improvements of NF,, due
to the reduction of Ry were 0.19 dB and 0.24
dB at 12 GHz and 18 GHz, respectively. We
believe that the excellent noise characteristics
can be attributed not only to the low sourcere-
sistance, but also to the extremely low gate re-
sistanceowingto thelarge cross-sectiona area
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Table 1. Extracted parameters. The minimum noise figure, N Fyin, Was measured and calculated for 0.15 x 140 pnv?
HEMT at Vgs=2V and lgs =17 mA.

G (MS) | Cs (OF) | T (pse0) | Cag (1) | Cas (D) | Lo(H) | La(pH) | Ls(pH)
76 0.12 0.5 40 30 0.10 11.65 0.1
R(2) | Rg(2) | Ri(2) | Rs(£2) | NFm2 (dB) | NFeg2 (dB) | NFiys (dB) | NFeg (dB)
17.35 0.25 3.59 0.30 0.26 0.25 0.41 0.40

N Fm2: measured at 12 GHz, NF1»: cadculated at 12 GHz,
N Fmg: measured at 18 GHz, NF.15: caculated at 18 GHz,

of T-gate. Thisis one of the most promising
devices for millimeter-wave and optical com-
muni cations systems with excellent low noise
performance.

The equivalent circuit model was used to
extract the small signal parameters for calcu-
lation of the NFy,ir, using the following:

N Finin = 10-10g[1+ K - fua/ Fr - (G- (Rg+ Ro)
+Ki}], 1)

where fy isthe operationa frequency, fris
the cut-off frequency, Ky and K; are Fukui
constant, gm, is the transconductance, and Rs
is source resistance, respectively [6]. We used
values for K and K; of 0.95 and 0.42 as es-
timated by Cappy [7]. The extracted parame-
tersand calculated NF,, arelistedin Table 1.
The minimum noise figure was measured for
a 0.15 x 140 um? pseudomorphic HEMT at
Vgs=2V and lgs =17 mA. Asshown in Ta-
ble 1, the measured minimum noisefiguresare
well consistent with the cal culated data.

V. CONCLUSION

We developed a dose split electron beam
lithography for wide head T-shaped gates,
and applied thistechnology for fabricating Al-
GaAg/InGaAs/GaAs PM HEMTs with 0.15
um gate length. This device exhibited very
low noise figures of 0.26 dB and 0.41 dB at
12 GHz and 18 GHz, respectively. These data
were attributed to the extremely low Ry dueto
the high ratio of gate head length to gate foot-
print. The proposed technol ogy isadequatefor
fabricating low noise and millimeter wave de-
vices.
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