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Abstract—In this paper, we report the first result of a
strained Ing. 52Gagp. 48 As channel high-electron mobility transistor
(HEMT) featuring highly doped Ing 4Gag.gAs source/drain (S/D)
regions. A lattice mismatch of 0.9% between Ing 50.Gag 4sAS
and Ing 4Gag.gAs S/D has resulted in a lateral strain in the
Ing 52Gag.48As channel region, where the series resistance is re-
duced with highly doped S/D regions. An experimentally validated
device simulation is advanced for the proposed HEMT, and the
results of this paper have shown that there are 60% drive-current
and 100% transconductance improvements, compared with the
conventional structure. A remarkable 150-GHz increase in the
cutoff frequency has been seen for the proposed structure over
the conventional one as well for the shown devices.

Index Terms—Device simulation, DC and ac characteristics,
HEMT, InGaAs, strained channel.

I. INTRODUCTION

HE II-V high-electron mobility transistors (HEMTs)

have emerged as potential candidates for high-speed and
low-power applications beyond CMOS technology [1]. The
submillimeter-wave frequency range, 300 GHz-3 THz, will be
the major resources of a radio wave in the near-future com-
munication systems similar to the millimeter-wave one (e.g.,
30-300 GHz). The HEMTs have been the most promising
devices for operating in the submillimeter-wave frequency
range because the materials used for the device fabrication
provide higher electron mobilities, higher saturation velocities,
and higher sheet electron densities.
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The indium content of the channel plays an important role
in the device performance. However, In-rich devices have great
radio frequency (RF) performances but suffer from a low break-
down voltage, kink effect, and high output conductance caused
by impact ionization [2]. Moreover, the parasitic source/drain
(S/D) series resistance (Rgp) should be reduced to derive
more performance resulted from enhanced carrier transport.
Therefore, the incorporation of high-doping concentration in
the S/D regions would be another important direction to be
explored.

It has been known that using a uniaxial compressive SiGe
S/D is a good solution to boost the deep submicrometer
pMOSFETSs’ performance for its effective enhancement of mo-
bility in the channel due to a stress induced between the Si/SiGe
lattice mismatch [3], [4]. The SiGe S/D induced stress enhances
many dc parameters such as hole mobility (y,), drain current
(I4), and transconductance (g, ). In addition, the improvement
in g,, also upgrades key RF parameters, e.g., cutoff frequency
(fr) and maximum oscillation frequency (fiax)[5]. Notably,
the effect of strain on carrier transport in many III-V semi-
conductors, e.g., gallium arsenide (GaAs) and indium gallium
arsenide (InGaAs), is well established [6], [7].

In this paper, we demonstrate a novel Ing 50Gag 48 As channel
HEMT with Ing 4Gag gAs highly doped S/D regions. The lattice
mismatch between the Ing 4Gag gAs S/D and Ing 50Gag 52As
channel is exploited to induce a tensile strain in the chan-
nel for mobility enhancement. In addition, high S/D doping
concentration further reduces Rsp for additional performance
enhancement. The dc and ac characteristics of the proposed
HEMT and the conventional HEMT structures are investigated
by an experimentally validated device simulation. The conven-
tional HEMT and the proposed one are named as HEMT1 and
HEMT?2, respectively, in the following sections.

II. EXPERIMENT AND SIMULATION

The HEMT1 structure, as shown in Fig. 1(a), is fabricated by
the following process steps. The Ing 50Alg 48 As-Ing 50Gag 45 AS
MHEMT uses Ing 50Alg.48As as the buffer layer between the
GaAs substrate and is grown by the molecular beam epitaxy
method on the 3-in-diameter GaAs substrate.

The device fabrication is stated hereinafter; the active area
of the device is isolated by wet chemical mesa etching. After
that, the 2 - um S/D spacing ohmic contacts are formed by
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Fig. 1. Schematics of (a) the conventional Ing.52Gagp.48As channel HEMT
(HEMT1) and (b) the proposed Ing.52Gag.4gAs channel HEMT with heavily
doped Ing.4Gag.gAs S/D region (HEMT?2).

evaporating Au/Ge/Ni/Au on a heavily doped n-InGaAs cap
layer and then alloyed at 250 °C using rapid thermal annealing.
The contact resistance measured using the transmission line
model is 0.048 2 - mm. To process the T-shaped gate, the 50-kV
JEOL electron beam lithography system (JBX 6000 FS) of
a 100-pA beam current is used with a conventional trilayer
e-beam resist consisting of ZEP-520/PMGI/ ZEP-520. After
the gate recess, the Ti (60 nm)/Pt (80 nm)/Au (180 nm) is
deposited as a Schottky gate metal and lifted off using a
ZDMAC remover (ZEON) to form an 80-nm T-shaped gate.
The device is passivated with a 100-nm silicon nitride film by
plasma-enhanced chemical vapor deposition.

2595

600

Measurement

5004 —— Simulation

.....

400

300

200

Drain Current (mA/mm)

100

0.0 0.2 0.4 0.6 0:8 1:0 1:2 1.4 1.6
Drain Voltage (V)

(@)
60
V=15V Measurement
=-03V e Simulation
50 VQS 0.3V _ o 1000 T
W, =2x50 um E o | Vas@15V "
@ |L,=80nm § 5 o s
-9: 401 ¢ g 400 600 E
o~ £ 300 k]
.=.. a 200 [ .E
% 304 £ o 200 é
o =
E <12 1.0 -08 -06 -04 -02 00 02 04 =
[ Gate Bias (V)
20
3
O feeeereeesiniiiiiin
10
0 , ;
1 10 100 1000
Frequency (GHz)
(b)
Fig. 2. Comparison between the simulation and measurement for the conven-

tional HEMT. (a) Current—voltage (I-V') characteristics. (b) Current gain (ha1)
versus frequency (inset shows the drain voltage and the transconductance versus
gate current).

The schematic cross sections of HEMT1 and HEMT?2 are
shown in Fig. 1(a) and (b), respectively. In the HEMT2 struc-
ture, we use an Ing 4Gag gAs S/D heavily doped region. A 2-D
hydrodynamic device simulation [8] is performed to compare
the measured results for HEMT1 first, where the quantum
mechanical correction is considered with a density-gradient
approach [9]. Note that the hydrodynamic Canali mobility
model considering the constant low-field mobility and high-
field saturation is adopted [10], where the material parameters
of In, Ga;_,As and Ing 50Aly 48As follow [10] and [11]. Then,
using the same model and the calibrated parameters from the
measured characteristics of HEMT1, we advance our simula-
tion to predict the dc and ac electrical characteristics of the
HEMT?2 structure. In both devices, the gate length is 80 nm,
and the S/D distance is 2 ym.

III. RESULTS AND DISCUSSION

To show the validation of the simulation, Fig. 2(a) shows the
simulated and measured current—voltage (/-V) characteristics
of the HEMTT structure. The device is well pinched off after an
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Fig. 3. Comparison between HEMT1 and HEMT2. (a)Transconductance

versus gate voltage. (b)Current gain versus frequency.

applied gate bias of —0.8 V. Fig. 2(b) shows the dependence of
the current gain on frequency in the 80-nm gate HEMT 1 biased
atan S/D voltage (Vgs) of 1.5 V and a gate—source voltage (V)
of —0.3 V. The cutoff frequencies (fr) of both the simulated
and measured current gain are compared as shown in the plot.
The plot of the drain current and transconductance with a gate
bias is shown in the inset of Fig. 2(b). The simulated and mea-
sured results matched quite well. Maximum transconductances
of 810 and 790 mS/mm at a drain bias of 1.5 V are obtained
for the measured and simulated HEMT1 structure, respectively.
We obtained a high fr of 440 and 400 GHz for both the
measured and simulated HEMT1 structures, respectively, by
fitting with a —20-dB/decade slope. Consequently, it confirms
the best accuracy in the device simulation of HEMT devices.
Using the same simulation settings on the physical parame-
ters, we thus advance our work to study the electrical character-
istics of the HEMT?2 structure and compare the dc and ac results
with the HEMT1 structure. From our estimations, we find that
the HEMT?2 structure has a 60.4% larger I,; (device is biased at
Vis = 1.5 V and Vg = 0 V) than the HEMT] structure due to
the enhanced electron mobility in the 2DEG channel and the
reduced S/D resistance. The maximum dc transconductances
gm are 790 and 1583 mS/mm (simulated at Vg = 1.5 V) for
HEMT1 and HEMT?2, respectively, which can be seen from
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Fig. 3(a). It shows about 100% increase of g,, for HEMT2
compared to HEMT1. Not only the dc characteristics but also
the RF characteristics are improved in HEMT?2. Fig. 3(b) plots
the simulated high-frequency characteristics of HEMT1 and
HEMT?2. HEMT?2 exhibits superior fr of 553 GHz, compared
to that of HEMT1 which is 400 GHz. The increase of the
drive current, transconductance, and cutoff frequency in the
HEMT?2 structure is mainly due to the higher mobility in
the strained HEMT?2 channel and the low S/D resistance, and
these are due to the highly doped Ing 4Gag ¢As region used.
The strain effect could be explained by the distribution of the
band structure, electron velocity, electron mobility, and electron
temperature in the channel regions of the HEMT1 and HEMT2
structures at Vgs = 1.5 V and Vg = 0 V, which are plotted
in Fig. 4. The band structure comparison in Fig. 4(a) shows
that there is narrowing of the barrier under the gate in the
case of strained channel HEMT?2, which increases the tunneling
probability and, hence, the mobility. The average velocity along
the HEMT?2 channel shown in Fig. 4(b) is higher than that in
HEMT1. This is believed to be due to the lower effective mass
of electrons entering the channel predominantly in the I" valley
and also due to the self-aligned doping of the source and drain
contact regions [10], [11]. Because of the doping concentration
in the In,Ga;_,As S/D regions of HEMT2, the increase of
the average velocity under the gate than that of HEMTI is
obviously due to the highly doped S/D region. However, we
observe the higher average velocity along the channel of
HEMT?2 as compared with HEMT 1, which is strongly believed
to be due to the reduction of effective mass in HEMT?2 channel,
due to the strain generated, and because of the 0.9% lattice
mismatch between Ing 50Gag 48As channel and Ing 4Gag gAs
S/D region [12].

The electron mobility in the channel for HEMTI1 and
HEMT?2 is compared in Fig. 4(c). It is clearly seen that, in
HEMT?2, the electron mobility is higher as compared with
HEMT1 throughout the device length. This again confirms
the strain in the channel due to the lattice mismatch between
the channel and S/D material. It is made sure that the energy
of the electrons in the channel is increased in HEMT2 as
compared to HEMTI, as seen from Fig. 4(d), which confirms
the improvement of the mobility in the channel due to the lateral
strain. Thus, we conclude that the improvement in the drive
current and transconductance in HEMT?2 is due to the lower
S/D resistance and strain in the channel.

IV. CONCLUSION

A conventional Ing50Gag 4gAs channel HEMT has been
fabricated, and the dc and ac characteristics of the device have
been studied both by measurement and simulation. The simu-
lation was performed and calibrated with the measured char-
acteristics. Then, using the same simulation settings, we have
explored the possibility of using a highly doped Ing 4Gag ¢ As
S/D region in the conventional HEMT structure for a high-
frequency operation. The results of this paper have suggested
that, when compared with a conventional HEMT, the HEMT
with a highly doped Ing 4Gag ¢As S/D region has a higher drive
current, transconductance, and cutoff frequency. These results
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Fig. 4. Compared simulation results of HEMT1 and HEMT?2 in channel at V33 = 1.5 V and Vs = 0 V. (a) Band structure. (b) Average electron velocity. (c)

Electron mobility. (d) Electron temperature.

are promising for high-frequency applications of the HEMTs
with this structure. The fabrication of the proposed structure
is currently under process. The HEMT design proposed in
this paper may be of great interest for the communication
engineering community.
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