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Comparative study of drain-current collapse in AlGaN ÕGaN high-electron-
mobility transistors on sapphire and semi-insulating SiC

S. Arulkumaran,a) T. Egawa,b) H. Ishikawa, and T. Jimbo
Research Center for Micro-Structure Devices, Nagoya Institute of Technology, Showa-ku, Gokiso-cho,
Nagoya 466-8555, Japan

~Received 17 June 2002; accepted 12 August 2002!

The drain-current collapse at high drain voltage has been studied in AlGaN/GaN
high-electron-mobility transistors~HEMTs! on both semi-insulating~SI!–SiC and sapphire
substrates using small frequency~120 Hz! sinusoidal wave superimposed dcI DS–VDS

characteristics. Low drain-current collapses were observed in AlGaN/GaN HEMTs on SI–SiC
substrate when compared with the HEMTs on sapphire substrates. Two and three thermally activated
deep traps were observed on SiC-based and sapphire-based HEMTs, respectively. The existence of
an additional deep trap (DE50.61 eV) could be associated with the material defects/ dislocations
responsible for the severe drain current collapse in sapphire-based HEMTs. The white-light
illuminated I DS–VDS characteristics support the existence of more number of deep traps in the
sapphire-based HEMTs. ©2002 American Institute of Physics.@DOI: 10.1063/1.1512820#
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Nitride-based field effect transistors are of great inter
due to their capability of operating at high power, high te
perature, and high frequency. An important problem fac
nitride-based high power microwave electronics is the pr
ence of drain current collapse while applying high drain vo
age. Authors have discussed the current collapse mecha
of field effect transistors with the help of trap-relate
phenomenon,1–6 piezo-related charge states,7 and the source
and drain resistances.8 Until now, the exact current collaps
mechanism of AlGaN/GaN high-electron-mobility transisto
~HEMTs! is not very clear. Authors have studied the dra
current collapse using high drain voltage
characteristics1,2,4,5 and also pulsed dc characteristics.3,6–8

Recently, Kikkawaet al.9 showed the drain current collaps
using a 100 Hz curve tracer. So far, no comparative stu
have been performed between the HEMTs on sapphire
SiC using small frequency~120 Hz! sinusoidal wave super
imposed dc measurements. Because of the low disloca
density GaN buffer layers, the performance of AlGaN/G
HEMTs on semi-insulating~SI!–SiC was superior to the
HEMTs on sapphire substrates.10 The comparative study ma
help to understand the drain current collapse mechanism
this study, we report the lower drain current collapse
AlGaN/GaN HEMTs on SI–SiC when compared with th
HEMTs on sapphire substrates using dc and 120 Hz s
soidal wave superimposed dc measurements.

The device structures were grown by atmospheric p
sure metalorganic chemical vapor deposition on~0001!-
oriented SI–4H-SiC and sapphire substrates. The de
structure growth and its fabrication details were repor
elsewhere.10–12 For this study, device dimensions are as f
lows: source-drain distance (Lsd) 10 mm; gate-width (Wg)
200 mm; gate-length (Lg) 2 mm, and source-gate distanc
(Lsg) 3.5 mm. Several devices with an identical dimensi
were used for this study. The dc and small frequency 120
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sinusoidal wave superimposed dcI DS–VDS characteristics
~hereafter, it is called as ac measurements! of the fabricated
devices were performed using Sony Tektronix 370A hig
resolution programable curve tracer. The ac characteristi
AlGaN/GaN HEMTs were carried out at different dra
sweep-voltages (VDS) of 0–4, 0–8, 0–12, 0–15, and 0–2
V. To obtain thermally activated deep traps, dcI DS–VDS

characteristics were measured at different temperat
(25– 500 °C in a step of 50 °C).12 To confirm the trapping
effect, I DS–VDS characteristics were carried out on AlGaN
GaN HEMTs under both dark and white-light illumination

Figures 1~a! and 1~b! show the dc and acI DS–VDS char-
acteristics of AlGaN/GaN HEMTs on sapphire and SiC su
strates, respectively. Though the drain-current collapse
been observed on a reproducible basis in both the HEM
fabricated on sapphire and SiC substrates, the drain cur
collapse in HEMTs on SiC was very small compared w
the HEMTs on sapphire substrates. The current colla
reaches high for the sweep voltage of 15 V, low therm
conductivity of sapphire substrate may partly involve in t
current collapse mechanism. About 3.5% and 9.3% of
drain current reduction due to the device temperature ef
has been observed atVg511.5 V on the SiC-based HEMTs
and sapphire-based HEMTs, respectively.10

Figure 2 shows the maximum drain current dens
(I Dmax) as a function of drain sweep-voltage for differe
gate voltages of HEMTs on sapphire and SiC substrates.
clear that, the drain-current collapse is severe for sapp
grown AlGaN/GaN HEMTs when compared with th
HEMTs on SiC substrates. The current collapse behavio
both sapphire and SiC grown HEMTs is due to the existe
of deep traps associated with the material defe
dislocations. To observe the trapping effects, the dra
leakage-current (I DLeak) of HEMTs was measured at differ
ent temperatures.12 An activation energy plot ofI DLeak

measured at the gate voltage of25 V with the drain voltage
of 10 V is shown in Fig. 3. Two deep trap activation energ
of DE51.05 and 0.040 eV were observed on the SiC-ba
3 © 2002 American Institute of Physics
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HEMTs.7 However, three deep trap activation energies
DE51.23, 0.61, and 0.046 eV were observed on
sapphire-based HEMTs. These deep trap activation ene
are related with the material defects/dislocations. Low de
density has been realized on GaN epilayers grown on
substrates (23108 cm22) when compared with the GaN ep
ilayers on sapphire substrates (63108 cm22). The low dis-
location density of GaN on SiC is related to its small latti
mismatch and thermal expansion coefficient with Ga
Moreover, low radiative recombination centers have a
been observed on the SiC grown GaN using electron b

FIG. 1. Measured dc and acI DS–VDS characteristics~for different drain
sweep voltagesVDS54, 8, 12, 15, and 20 V! of AlGaN/GaN HEMTs on~a!
sapphire and~b! SI–SiC substrates. Top trace was atVGS511.5 V step
voltage was21.0 V.

FIG. 2. Maximum drain current (I Dmax) of AlGaN/GaN HEMTs on sapphire
and SI–SiC substrates as a function of ac drain sweep voltages for diff
gate voltages (11.5, 10.5, and20.5 V).

loaded 02 Sep 2010 to 133.68.192.98. Redistribution subject to AIP licens
f
e
ies
ct
iC

.
o
m

induced current~EBIC! measurements.13 The product of Hall
mobility and sheet carrier density (mH•ns) values were also
high for AlGaN/GaN heterostructures on SiC substrate.10–12

Figure 4 shows the dcI DS–VDS characteristics of HEMTs
measured atVg50 V under dark and white-light illumina-
tion. The increase in percentage of drain current under w
light illumination was high for sapphire-based HEMT
~33%! when compared with the SiC-based HEMTs~5%!.
The white-light illuminatedI DS–VDS characteristics suppor
the existence of more number of traps in the sapphire-ba
HEMTs. The acI DS–VDS curve of sapphire grown HEMTs
shows @see Fig. 1~a!# large hysteresis width (<910 mV)
when compared with the HEMTs on SiC substra
(<310 mV). Large values of hysteresis width confirm t
presence of more deep traps located adjacent to the cha
which increases the device capacitance. Both the low ther
conductivity of sapphire and an additional activation ene
deep trap (DE50.61 eV) level located nearer to the valen
band severely degraded the drain current of sapphire-b
HEMTs @see Figs. 1~a! and 3#. These results are in goo
agreement with the low dislocation density, high value
mH•ns and small number of radiative recombination cent
of GaN on SiC substrates, which was measured by ato
force microscopy, Hall effect, and EBIC publishe
elsewhere.10–13

nt

FIG. 3. Activation energy plot of drain leakage current (I DLeak) measured at
the gate voltage ofVg525 V and drain voltage ofVDS510 V.

FIG. 4. dcI DS–VDS characteristics of AlGaN/GaN HEMTs on sapphire an
SiC substrates measured under dark and white-light illumination.
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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More number of deep traps captured almost all of
channel carriers when high drain voltages (>15 V) were ap-
plied. This trapped charge depletes the two-dimensional e
tron gas from beneath the active channel and results in
reduction of drain current and, hence, the output powe2,6

For example, the dc characteristics of AlGaN/GaN HEM
on SI–SiC11 with a maximum saturation current aboutI DS

5850 mA/mm and the knee voltage ofVKN54.5 V at a
moderateVDS530 V, would deliver an output power o
POUT'(I DS/2)3(VDS2VKN)/2'5.4 W/mm. Small knee
voltage (VKN) shift ~2.31 V for drain sweep voltage of 12 V!
with small current reduction has been observed for S
based HEMTs. However, drasticVKN shift with severe cur-
rent collapse was observed for sapphire-based HEMTs@see
Figs. 1~a! and 2#. The current collapse may be suppressed
low dislocation density GaN epilayer growth and passivat
processes.2,9,14–16Further studies are required to understa
the properties of existing deep traps in the device struct
From these results, it is clear that the HEMTs on SiC s
strates show better dc and ac characteristics when comp
with the HEMTs on sapphire substrates.

In conclusion, small frequency~120 Hz! sinusoidal wave
superimposed dcI DS–VDS characteristics were performed o
sapphire and SI–SiC grown AlGaN/GaN HEMTs. The p
centage of current collapse in SiC grown HEMTs was ne
gibly small compared with the HEMTs on sapphire su
strates. Low drain-current collapses in AlGaN/GaN HEM
on semi-insulating SiC substrate is due to the existence
small number of deep traps associated with the mate
defects/dislocations. The existence of an additional deep
(DE50.61 eV) could be associated with the material defe
responsible for the severe drain current collapse in sapph
based HEMTs. The deep trapping effects were confirmed
ing illuminated dc I DS–VDS characteristics of HEMTs
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Hence, SiC-based HEMTs are suitable for fast switch op
ating circuits when compared with the sapphire-bas
HEMTs.
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