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Abstract

This work reports for the first time a novel Ing,Gag sAsSb/GaAs heterostructure
doped-channel field-effect transistor (DCFET) grown by the molecular beam epitaxy system.
The interfacial quality within the InGaAsSb/GaAs quantum well of the DCFET device has
been effectively improved by introducing surfactant-like Sb atoms during the growth of the
Si-doped InGaAs channel layer. The improved device characteristics include the peak
extrinsic transconductance (g, max) Of 161.5 mS mm~!, the peak drain—source saturation
current density (Ipss, max) Of 230 mA mm~!, the gate—voltage swing (GVS) of 1.65 V, the
cutoff frequency (fr) of 12.5 GHz and the maximum oscillation frequency (fa.x) of 25 GHz at
300 K with the gate dimensions of 1.2 x 200 um?. The proposed design has also shown a

stable thermal threshold coefficient (3Vy,/dT) of —0.7 mV K~ 1.

1. Introduction

Dilute nitride [1] quaternary compounds In,Ga;_,As;_,N,
have been intensively studied because of their lower
bandgap characteristics in the past few years [2, 3]. The
InGaAsN/GaAs heterostructures possess the advantages of
long wavelength characteristics due to their narrower bandgap
properties. The incorporation of nitrogen atoms into the
InGaAs layer can effectively decrease its bandgap energy. Yet
it usually results in a poor crystalline quality and degraded
carrier transport property [4, 5] for the electronic device
applications. To improve the crystal and optical properties,

0268-1242/08/045012+06$30.00

a thermal annealing process has been adopted in an attempt to
remove the interfacial defects and the nonradiative impurities
[6-8]. Recently, some efforts [9—13] have been devoted
to using Sb atoms as surfactants in the GaAs/InGaAsNSb
quantum well (QW) laser to improve the crystal quality. The
advantages of incorporating Sb atoms into the optoelectronic
devices and electronic devices can not only improve the
threshold current densities [9-14], but also effectively reduce
the energy bandgap [15] and red shift the light emission.
Therefore, this paper presents for the first time a doped-
channel field-effect transistor (DCFET) device using the
dilute Ing,GaggAsSb antimony-doped-channel design grown

© 2008 IOP Publishing Ltd  Printed in the UK
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Table 1. Comparisons of electron mobility and concentration characteristics.

Reference This work [16] [17] [18]
Channel Ino_zGa()_gASSb Ino_lsGaojAS In()_QGa()_gAS In0_15Ga0_7As
materials Ing»,GaggAs LR-DCFET

Ing5Gag.75As DCFET
w(em?V-ls~h)y 2674 1565 2200 1250

1810

1180 1152
ng (x102cm=2)  3.82 5.01 4.5 5.7

7.97

6.52 5.1
X ng 1.021 0.784 0.99 0.713
(x10 v—1g~h 1.442

0.769 0.587

Drain

Source

i- GaAs Schottky
i- GaAs spacer

n*-Ing ,Gag gAs(Sh)
channel 95A

|

i- GaAs buffer
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Figure 1. The device cross-section of the proposed
Ing,GaggAsSb/GaAs DCFET.

by the molecular beam epitaxy (MBE) system to improve the
interfacial quality, device characteristics and thermal stability
at the same time.

2. Material growth and device fabrication

The epitaxial structure of the Ing,GaggAsSb/GaAs DCFET
was grown by the solid-source MBE (SSMBE) system.
Arsenic and antimony in separate thermal cracked cells were
used as the group-V sources for growing the InGaAsSb layer.
The flux rate of As was maintained constantly at about 1 x
107% Torr during the entire growth procedure, and only the
ratio of In to Ga was adjusted. An excess Sb flux of 1.5 x
107 Torr, measured by the high vacuum gauge, was
introduced during the growth of the InGaAs channel by setting
the cracked cell temperature at 530 °C for the Sb valve. The
growth temperatures for the InGaAsSb and GaAs layers were
set around 510 °C and 600 °C, respectively.

Figure 1 shows the device cross section of the proposed
Ing ,Gay gAsSb/GaAs DCFET. The epitaxial structure consists
of a 0.4 um GaAs buffer layer on a (100)-oriented semi-
insulating GaAs substrate, sequentially followed by a 9.5 nm
thick Si-doped Ing,GaggAsSb channel (5 x 10'® ecm™),
a 4 nm undoped GaAs spacer layer, a 35 nm undoped
GaAs Schottky layer and finally a 20 nm Si-doped (7 x
10" cm™3) GaAs cap layer. Hall measurements were

carried out on the proposed Iny,GaggAsSb/GaAs DCFET to
characterize the two-dimensional electron gas concentration
(nypeg) and electron mobility (u,,) under a magnetic field of
5000 G. The values of u, and the corresponding nypgg were
2674 cm?V~'s7!and 3.82 x 10'2cm~2 at 300 K, respectively.
The proposed design in this work has demonstrated superior
transport properties with comparable 2DEG concentrations
and InGaAs channel compositions as compared to other
DCEFET reports [16—18], as shown in table 1. The improved
transport properties are mainly due to the Sb incorporation
in the InGaAs-doped channel, which will be discussed later.
Standard photolithography, lift-off and the rapid thermal
annealing (RTA) techniques were employed for the device
fabrication. The mesa etching process was performed down
to the buffer layer to reduce the gate leakages current.
The H3PO4/H,0,/H,0 solution was used as the wet-etching
solution for the GaAs cap layer. AuGeNi alloys were used
for the source/drain ohmic contacts, onto which Au was
evaporated to reduce the contact resistance. Au was deposited
on the undoped GaAs Schottky layer as the gate electrode. The
gate dimensions were 1.2 x 200 wm? with the drain-to-source
spacing of 7 pm.

3. Experimental results and discussions

Figure 2 shows the secondary ion mass spectrometry (SIMS)
intensity as a function of the depth of the Iny ,Gay gAsSb/GaAs
DCFET. The Ing,GaggAsSb dilute channel is inserted about
59 nm below the wafer surface. The SIMS measurement
profile also indicates the stable compositions of both Ga and
As during the sample growth. On the other hand, the In, Si
and Sb ion compositions were increased to their maximum
at about 60 nm depth. The SIMS profiles have demonstrated
the successful incorporations of the Sb and Si atoms within
the channel growth. The Sb atoms reacted like surfactants to
be slightly incorporated into the InGaAs film to improve the
crystalline quality.

Though the academic studies of having successfully
applied Sb incorporation to laser devices [9-13], improved
the crystalline quality [14] or effectively reduced the
energy gap [15] have already been cited and discussed
in section 1, we have further performed the Shubnikov—
de Hass (SdH) measurement on simple InGaAs/GaAs QW
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Figure 2. SIMS measurement profiles.

samples with/without the Sb incorporation. SdH is a
powerful tool to give detailed information about the sub-
band occupancies and carrier transport property in the 2DEG
system. The SdH measurement results, as in figure 3,
clearly show that two frequencies were observed. It indicates
that two different sub-bands have been occupied in both
the InGaAsSb/GaAs and InGaAs/GaAs QWs. The first
peak frequencies of the two samples are not distinct from
each other, since the lowest sub-bands in both samples
have been occupied by the 2DEG population. However,
the second peak frequency of the InGaAsSb/GaAs QW is
higher than that of the InGaAs/GaAs structure, indicating its
increased 2DEG concentrations in the second sub-band by
incorporating the Sb atoms in the InGaAs channel. In addition
to the Hall characterization results, as discussed before,
the SdH comparisons further verify the enhanced 2DEG
confinement capability by incorporating Sb atoms into the
InGaAs channel of this work. The inset of figure 3 shows the
TEM pictures for the proposed Ing,Gaj sAsSb/GaAs DCFET.
The Ing,GaggAsSb/GaAs heterointerfaces were observed to
be more flat and uniform than those in the conventional
InGaAs/GaAs sample [19]. The TEM photos and SdH
characterizations have clearly verified the improved crystalline
quality and enhanced electron confinement capability after
the incorporation of surfactant-like Sb atoms into the InGaAs
channel.

Figure 4 shows the typical current—voltage characteristics
of the Ing,GaygAsSb/GaAs DCFET from 300 K to 450 K.
Good pinch-off characteristics at different temperatures have
been observed. It is mainly attributed to the increased barrier
heights of the conduction-band discontinuities (AE¢) within
the devised Ing,GagpgAsSb/GaAs interfaces to effectively
reduce the electron injections at decreased gate biases.
Consequently, decreased substrate leakages and improved
pinch-off properties at high electric fields have been achieved.

Figure 5 shows the g,, and Ipgs characteristics with respect
to the gate-to-source bias (Vgs) at elevated temperatures.
The observed g, max and peak Ipss values were found to be

016 —
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0.04 InGaAsSh/GaAs QW

0 100 200
Frequceny (Hz)

Figure 3. SdH measurement results for the InGaAsSb/GaAs and
InGaAs/GaAs QWs. The inset shows the TEM photos of the
studied Ing,GapgAsSb/GaAs DCFET.
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Figure 4. The current-voltage characteristics of the Ing,GaggAsSb/
GaAs DCFET at elevated temperatures.

161.5 (142) mS mm~! and 230 (220) mA mm™! respectively
at 300 (450) K. The studied device also demonstrates
improved current-driving capability (/pss) and maximum
room-temperature extrinsic transconductance (gm max) as
compared with other works [14, 20-23], as shown in table 2.
Define the gate—voltage swing (GVS) value as the available
gate bias range at a 10% drop from the g, max Vvalue.
The GVS characteristics of the proposed device are
superiorly high to be 1.65 (1.71) V at 300 (450) K,
which is higher than that of the uniform channel HFET
(1.45 V) [21]. Though the GVS value of this work is lower
than that of the V-shape channel HFET (1.75 V) [21], yet the
V-shaped graded-channel structure [21] can also be used in the
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Table 2. Comparisons of Ipss, g, max and thermal threshold coefficient (3Vy,/dT) characteristics.

IDSS 8m, max 8vth/aT
References  Material MmMAmm™) mMSmm™!) (mVK
This work  GaAs/InGaAsSb
DCFET 230 161.5 -0.7
[14] GaAs/InGaAsNSb
HEMT 87.5 109 —0.807
[20] AlGaAs/InGaAsN
As-grown HEMT 220 56 -
RTA 700 °C HEMT 290 64 -
[21] AlGaAs/InGaAs
Uniform channel HFET 112 102 —1
V-shape channel HFET 201 112 —0.82
[22] InGaP/InGaAs
PDDCHFET 100 162.2 —1.81
[23] InGaP/InGaAs HFETs
Device A 390 208 —1.139
Device B 400 158 —1.418
200 1.0
__ 180 | (@ —— 300K
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P E E 05
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Figure 5. g,, and Ipgs characteristics with respect to Vg at elevated 10 )
temperatures. . —— 360K
€ I |---- 390K
s | |- - 420K]
proposed Ing ,Gag gAsSb/GaAs DCFET to further improve the E 05 [T 450K
GVS linearity property. g
Figure 6 shows the two-terminal gate—drain -V @
characteristics of the Ing,GapsAsSb/GaAs DCFET at ] oo —
different temperatures. The reverse gate—drain breakdown g
voltage (BVgp) is defined to be the gate-to-drain voltages, at 5
which the gate current density reaches 1 mA mm~'. The 2 -05 |
measured BVgp values are —14.6 V, —14.8 V, —14.9 V, 8
—148 V, —14.4 V and —13.9 V at 300 K, 330 K, 360 K,
390 K, 420 K and 450 K, respectively. It is noted that T R

the breakdown voltage increases with the temperature from
300 K to 360 K, as shown in figure 6(a). This is mainly
attributed to the degraded transport characteristics and the
decreased gate current density by the enhanced scattering
mechanism at elevated temperatures. However, the breakdown
voltages were observed to decrease from 360 K to 450 K,
as shown in figure 6(b). An interesting polarity change is
mainly due to the switching of the dominant mechanism
from the previously described scattering mechanism to

-8 6 -4 2 o0 2
Gate-Drain Voltage (V)

Figure 6. (a) Two-terminal gate-to-drain breakdown characteristics
from 300 K to 360 K. (b) Two-terminal gate-to-drain breakdown
characteristics from 360 K to 450 K.

the combinational effects of the enhanced barrier-lowering
phenomenon, the enhanced tunneling mechanism and the
decreased bandgap above 360 K. Consequently, the electron



Semicond. Sci. Technol. 23 (2008) 045012

K-H Su et al

0.0 200
Vos=3V Jieo E
] E
5L 160 £
— e S 7 £
= A 3
° 4140 ¢
o -1.0 o]
g 1o S
£ 1120 8
> ]
ey 3
3 st 4100 2
] ] e
< W 7,0.7ﬂ 1e0 F
£ '—Pr or K o
4 17}
2.0 = - c
U = » <460 £
x
w
440 €
25 | 2
£
420 %
@
=
30 N 1 N 1 N 1 N 1 N 0
300 330 360 390 420 450

Temperature (K)

Figure 7. Maximum extrinsic transconductance and threshold
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Figure 8. High-frequency characteristics at 300 K, with Vps = 3.5
Vand Vgs=—15V.

injection was increased to deteriorate the breakdown
characteristics at higher temperatures.

Figure 7 shows the temperature-dependent characteristics
of g, max and the threshold voltage (Vy,) from 300 to 450 K
at Vps = 3 V. The values of Vy, are —2.034 V, —2.052 V,
—2.062 V, —2.085 V, —2.116 V and —2.139 V at 300 K,
330 K, 360 K, 390 K, 420 K and 450 K, respectively.
The threshold shift (AVy) from 300 K to 450 K is only
0.105 V, with a superior thermal threshold coefficient
(3V/dT) of —0.7 mV K~!'. The studied device has
also demonstrated improved thermal threshold stability as
compared to other HFETs [14, 21-23], as also listed in
table 2.  Superior thermal threshold stability is mainly
due to the improved channel confinement capability in
the Ing,GagsAsSb/GaAs QW structure with devised high
discontinuity barriers. The microwave characteristics of the
studied devices were characterized by using an HP 8510B
vector network analyzer in conjunction with the cascaded
probes over the range from 0.5 GHz to 20 GHz, as shown
in figure 8. fr and f;,,x were determined to be 12.5 GHz and

25 GHz, respectively, at 300 K with Vpg = 3.5 V and Vs =
—1.5 V for the proposed Iny,GaggAsSb/GaAs DCFET.

4. Conclusion

A novel Ing,Gag sAsSb/GaAs DCFET with a dilute antimony-
doped channel has been successfully investigated for the first
time. By incorporating the surfactant-like Sb atoms into
the InGaAs channel, the proposed design can effectively
improve the crystalline quality of the InGaAsSb/GaAs
heterointerface and the electron transport properties. In
addition, the decreased energy bandgap of the dilute antimony-
doped Ing,Gag gAsSb channel can further improve the carrier
transport properties and the channel confinement capability at
the same time. Various characterization techniques, including
the SIMS spectrometer and the TEM photography, have
been performed to verify the improved crystalline property.
Consequently, superior device performances of high linearity,
high gain and improved thermal stability have all been
successfully achieved in the proposed Ing,GajgAsSb/GaAs
DCFET.
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