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ABSTRACT

Fully passivated low noise AlGaAs/
InGaAs/GaAs pseudomorphic (PM) HEMT
with wide head T-shaped gates were
fabricated by dose split electron beam
lithography (DSL). The dimensions of gate
head and footprint were optimized by con-
trolling the splitted pattern size, dose, and
spaces of each pattern. We obtained stable
T-shaped gate of 0.15 �m gate length with
1.35 �m-wide head. The maximum ex-
trinsic transconductance was 560 mS/mm.
The minimum noise figure measured at 18
GHz at VdsD2 V and Ids D17 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-

quency 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-

AlAs/InGaAs/InP HEMTs [2]. The problems

with InP-based HEMTs, 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

the lowest 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 increase the

area of a T-shaped gate, several technologies

such as multilayer resists and multiple electron

beam lithography have been developed to de-

lineate T-shaped gates reducing both the gate

length and parasitic resistances simultaneously

[4], [5]. However, these fabrication 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 a wide gate head.

We developed the dose split electron beam

lithography (DSL) for wide head T-shaped

gates, and employed it for the fabrication of

AlGaAs/InGaAs PM HEMTs with 0.15 �m

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, Rg, obtained from the high ra-

tio of gate head length to gate footprint.

II. DOSE SPLIT ELECTRON
BEAM LITHOGRAPHY (DSL)

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

by DSL.

To form the T-shaped gate electrode 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.

a wide head on a small footprint, a DSL 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 Lh is defined by the dimension com-

posed of the patterns, d1, d2, and d3, and

the intervening spaces, s1 and s2. The size

of the central pattern d2 and the intervening

spaces and the doses for each pattern deter-

mine the gate footprint, Lg. The designed

head and central pattern dimensions were 1.15

�m and 0.1 �m, 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 (P(MMA-MAA)) was used for the top

layer and a polymethyl metacrylate (PMMA)

for the bottom layer. After coating 0.3 �m

thick PMMA and prebaking, 0.6 �m 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 development condi-

tions were optimized. Fig. 2 shows the vari-

ation of the gate footprint with the change of

spacing, pixel line, and dosage. As shown in

Fig 2(a), the optimized spacing was 0.025 �m

in case of 2 pixel line for 0.15 �m gate foot-

print. To obtain a T-shaped gate with foot-

print of 0.15�m, we find that optimum dosage

for the footprint of 2 pixel (0.050 �m) line

is 440 �C/cm2. The doses of the d1 and d3,

and the central pattern d2 were determined

to 60 �C/cm2 and 460 �C/cm2, respectively.

Fig. 2(b) shows the variation of head size with

the change of dosage and spacing. As shown in

Fig. 2(b), it is convenient to control the head
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size by changing the dosage. Those patterns

were exposed by Leica EBML300 system with

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 suitable for the following lift-off

process.

III. HEMT STRUCTURE AND
FABRICATION

The AlGaAs/InGaAs/GaAs 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 In0:15Ga0:85As

channel layer is 12 nm. The planar doping

layer with Si of a 5 � 1012 cm�2 density

is separated from the active layer by a thin

undoped Al0:24Ga0:76As spacer, and a 30

nm thick undoped Al0:24Ga0:76As Schottky

layer is grown. To reduce parasitic resistance,

the 50 nm thick GaAs cap layer is highly

doped with Si of 5� 1018 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 � 1012 cm�2 and

6,100 cm2/V � s, respectively.

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/Au evaporation, and then alloyed by

rapid thermal annealing. To get low source re-

sistance, the nCGaAs cap layer was selectively

etched using a mixture of citric acid and hydro-

gen peroxide with a ratio of 3.5 : 1. The etch

selectivity of GaAs to AlGaAs was higher than

40. After gate recess etching, Ti/Pt/Au (0.6

�m thick) layers were deposited and lifted-off.

Finally, the device was passivated with SixNy.

Fig. 4(a) shows the cross sectional SEM pho-

tograph of an AlGaAs/InGaAs pseudomorphic

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

(1.35 �m) to gate footprint (0.15 �m) 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 AlGaAs/InGaAs/GaAs PHEMT

device with SixNy passivation layer is shown

in Fig. 4(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

a fully passivated HEMT with 0.15 �m gate

length and a total gate width of 140 �m. As

shown in Fig. 5, the drain saturation current

Idss measured at VgD0 V is 33 mA. As shown

in Fig. 6, the maximum extrinsic transconduc-

tance measured at Vg D 0 V, Vds D 2:0 V and

the threshold voltage Vth were 560 mS/mm and

�0:81 V, respectively.

Fig. 5. The current voltage characteristics of 0:15�140

�m2 HEMT device.

Fig. 6. The transconductanceand drain current as a func-

tion of gate bias at Vds D 2 V. The maximum

transconductance and threshold voltage are 560

mS/mm and�0:8 V, respectively.

The cut-off frequency fT was obtained

from the extrapolation of the current gain,

jh21j, to unity using a�6 dB/octave slope, and

the maximum frequency of oscillation fmax
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was extracted from small signal parameters.

The cut-off frequency measured at Vds D 2 V

of a 0.15 �m gate device is 89 GHz. The ex-

tracted maximum frequency of oscillation is

197 GHz.

Fig. 7. Minimum noise figure, N Fmin, and associated

gain, Ga , versus frequency at Ids D 50 % Idss

(Vds D2 V, Idss D33 mA).

Fig. 8. Therelationshipbetweengate resistanceandmini-

mum noise figure.

Noise 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

set. After each calibration routine (LRM ISS

and SOLT) the same low-noise HEMT device

has been tested at a fixed biasing condition

(Vds D 2:0 V, Ids D 17 (˙ 0:2) mA). The

repeatability of the smoothed minimum noise

figure, NFmin , 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 values showed

a maximum deviation of ˙ 0.50 dB from the

mean value. We measured the dependence of

NFmin on the drain-source current Ids , which

is controlled by the applied gate voltage. At a

fixed drain-source voltage of 2.0 V, NFmin can

be observed around 50% of the Ids=Idss ratio.

Fig. 7 shows the NFmin and associated gain,

Ga, versus frequency at 50% Idss (Vds D 2 V,

IdsD17 mA). The NFmin measured at 12 GHz,

including passivation loss is 0.26 dB with Ga

of 10.25 dB. At 18 GHz, the NFmin is 0.41 dB

with Ga of 8.19 dB. These noise figures are the

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 Rg of the conventional and our T-shaped

gate were 1.33� and 0.25�, respectively. For

our device, the improvements of NFmin due

to the reduction of Rg 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 source re-

sistance, but also to the extremely low gate re-

sistance owing to the large cross-sectional area
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Table 1. Extracted parameters. The minimum noise figure, N Fmin, was measured and calculated for 0:15�140 �m2

HEMT at Vds D2 V and Ids D17 mA.

gm (mS) Cgs (pF) � (psec) Cdg (fF) Cds (fF) Lg (pH) Ld (pH) Ls (pH)

76 0:12 0:5 40 30 0:10 11.65 0:1

Ri .�/ Rg .�/ Rd .�/ Rs .�/ N Fm12 (dB) N Fc12 (dB) N Fm18 (dB) N Fc18 (dB)

17:35 0:25 3:59 0:30 0:26 0:25 0:41 0:40

N Fm12: measured at 12 GHz, N Fc12: calculated at 12 GHz,

N Fm18: measured at 18 GHz, N Fc18: calculated at 18 GHz,

of T-gate. This is one of the most promising

devices for millimeter-wave and optical com-

munications systems with excellent low noise

performance.
The equivalent circuit model was used to

extract the small signal parameters for calcu-
lation of the NFmin using the following:

N FminD10 � log[1CKf � fM= fT � fgm � .RgCRs/

CKig1=2] ; (1)

where fM is the operational frequency, fT is

the cut-off frequency, K f and Ki are Fukui

constant, gm is the transconductance, and Rs

is source resistance, respectively [6]. We used

values for K f and Ki of 0.95 and 0.42 as es-

timated by Cappy [7]. The extracted parame-

ters and calculated NFmin are listed in Table 1.

The minimum noise figure was measured for

a 0:15� 140 �m2 pseudomorphic HEMT at

Vds D 2 V and Ids D 17 mA. As shown in Ta-

ble 1, the measured minimum noise figures are

well consistent with the calculated data.

V. CONCLUSION

We developed a dose split electron beam

lithography for wide head T-shaped gates,

and applied this technology for fabricating Al-

GaAs/InGaAs/GaAs PM HEMTs with 0.15

�m 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 Rg due to

the high ratio of gate head length to gate foot-

print. The proposed technology is adequate for

fabricating low noise and millimeter wave de-

vices.

ACKNOWLEDGMENT

This work was financially supported by the

Ministry of Information and Communication,

Republic of Korea.



178 Jin-Hee Lee et al. ETRI Journal, volume 18, number 3, October 1996

REFERENCES

[1] Loi D. Nguyen, April S. Brown, Mark A. Thomp-

son, and Linda M. Jelloian, “50-nm self-aligned-

gate pseudomorphic AlInAs/GaInAs high electron

mobility transistors,” IEEE Trans. Electron De-

vice, vol. 39, pp. 2007-2014, 1992.

[2] T. Hwang, P. Chye, and P. Gregory, “Super

low noise pseudomorphic InGaAs channel InP

HEMTs,” Electron. Lett., vol. 29, pp. 10-11, 1993.

[3] P. C. Chao, K. H. G. Duh, P. Ho, P. M. Smith,

J. H. Ballingall, and A. A Jabbra, “94 GHz low

noise HEMT,” Electron. Lett., vol. 25, pp. 504-505,

1989.

[4] Jin-Hee Lee, Hyung-Sup Yoon, Chul-Soon Park,

and Hyung-Moo Park, “Ultra low noise charac-

teristics of AlGaAs/InGaAs/GaAs pseudomorphic

HEMT’s with wide head T-shaped gate,” IEEE

Electron Device Lett., vol. 16, no. 6, pp. 271-273,

1995.

[5] R. C. Tiberio, J. M. Limber, G. J. Galbin, and E. D.

Wolf, “Electron beam lithography and resist pro-

cessing for the fabrication of T-gate structures,”

Proc. SPIE, 1089, pp. 124-131, 1989.

[6] H. Fukui, “Optimal noise figure of microwave

GaAs MESFET’s,” IEEE Trans. Electron Device,

ED-26, pp. 1032-1037, 1979.

[7] A. Cappy, “Optimal noise figure of microwave

GaAs,” IEEE Trans. Microwave Theory and Tech-

nique, vol. 36, pp. 1-10, 1988.

Jin-Hee Lee received B.S.

degree in physics from Young-

nam University, Korea, in

1980, and M.S. and Ph.D. de-

gree from the same University

in 1982 and 1987, respectively.

He joined ETRI in 1984. From

1984 to 1992, he had been involved in developing

fine-line lithography, multi-level interconnection, and

fabrication process of GaAs MESFETs. In 1993, he was

dispatched to University of Tokyo in Japan for one year

to do international research activities. After returning

to ETRI, he has been involved in the development of

high speed devices and their integrated circuits. He

is now a Principal Research Staff in the Department

of Compound Semiconductor in ETRI. His current

research interests include the fabrication and character-

ization of the low noise GaAs and InP-based HEMTs

for millimeter wave MMIC applications, nanometer

devices, and optical devices.

Hyung-SupYoon received the

B.E degree in electronic mater-

ials engineering from Kwang

Woon University, Korea, in

1980, and the M.E. and Ph.D

degrees in 1984 and 1991,

respectively, in applied physics

from Inha University, Korea. He joined ETRI in 1984.

From 1984 to 1992, he was involved in developing

silicon processes and devices. Since 1993, he is now

principal research staff in the Department of Compound

Semiconductor in ETRI. His current research interests

include the process development, fabrication and

characterization of the low noise GaAs and InP-based

HEMT devices for millimeter wave MMIC applications.



ETRI Journal, volume 18, number 3, October 1996 Jin-Hee Lee et al. 179

Byung-Sun Park received the

B.S degree in analytical chem-

istry from Won-Kwang Uni-

versity, Korea, in 1981, and the

M.S in 1983. He joined ETRI

in 1984. he was involved in

developing optical and e-beam

lithography processes. Since 1995, he is now Senior Re-

searcher in the Department of Compound Semiconduc-

tor in ETRI. His current research interests include the

PSM and self-planarization process development of the

low noise HEMT devices for millimeter MMIC applica-

tions.

Chul Soon Park received his

B.S. degree in metallurgical

engineering from Seoul Na-

tional University, Seoul Korea

in 1980, and M.S. and Ph.D.

degree in materials science

from the Korea Advanced

Institute of Science and Technology in 1982 and 1985,

respectively. After joining ETRI in 1985, he had been

involved in the development of semiconductor devices

and processes. Between 1987 and 1989, he studied on

the initial growth of group IV semiconductors during

the visit to the AT&T Bell Laboratories at Murray Hill.

Since 1989 he has been involved in the development of

compound semiconductor devices and their application

to microwave and high speed integrated circuits.

Currently he is the head of Compound Semiconductor

Devices Section and a Principal Research Staff in ETRI.

Sang-Soo Choi received his

B.S. degree in physics from

Kyungpook National Univer-

sity, Korea, in 1983, and M.S.

and Ph.D. degree in 1991 and

1996, respectively. He joined

ETRI in 1983. From 1983 to

1995, He had been involved in developing the optical

lithography for memory devices, fabrication of phase

shift mask, electron beam lithography for MOS devices

and HEMTs. He is now Principal Research Staff of

Semiconductor Division in ETRI. His current research

interests include fabrication and characterization of the

X-ray mask for Gigabit DRAM, and nanolithography

process using electron beam lithography.

Kwang-Eui Pyun is in charge

of Compound Semiconductor

Department of ETRI from

1995. He received Ph.D de-

gree in electronic engineering

from Yonsei university at

Seoul Korea in 1990. From

1982 to 1984 he was a full time instructor of Korea

Naval Academy in electronic engineering. In the middle

of 1984, he joined ETRI to research semiconductor

fields. From 1984 to 1992, he was a Senior Technical

Staff in compound semiconductor field. In 1993 he was

dispatched to the University of Tokyo for one year to do

international research activities. After returning from

Japan, he was in charge of semiconductor laboratories

including silicon and compound fields for one year. His

main areas of interest are compound-based processing

fields including GaAs, InP, especially high frequency

and opto-electronic devices.


