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Compressively strained InxAl1�xN (15 nm)/Al0:22Ga0:78N (3 nm)/GaN heterostructure field effect transistors (FETs) with regrown AlGaN contact

layers were fabricated. The increase in compressive strain in InAlN reduced the polarization charge, i.e., the density of two-dimensional electron

gas decreased from 6:5� 1012 to 1:3� 1012 cm�2 as the In content of InAlN increased from 0.245 to 0.325. With the insertion of the AlGaN layer,

electron mobility of as high as 1570 cm2 V�1 s�1 was achieved at the In content of 0.245. Selectively regrown AlGaN contact layers reduced the

sheet resistance from 17,000 to 584�/sq. at the access layer for In0:325Al0:675N/Al0:22Ga0:78N/GaN. We fabricated FETs with this structure. The

FETs without the regrown AlGaN contact layer did not operate at all owing to the high resistance. In contrast, the devices with the regrown AlGaN

did. The maximum transconductance is 60mS/mm, and the drain current is 0.11A/mm. The threshold voltage becomes shallower, changing from

�3:2 to �0:2V with the increase in In content from 0.245 to 0.325. These results indicate that it is possible to fabricate enhancement-mode FETs

with InAlN/AlGaN/GaN heterostructures. # 2010 The Japan Society of Applied Physics

DOI: 10.1143/JJAP.49.04DF13

1. Introduction

GaN-based field effect transistors (FETs) are attractive for
high-frequency and high-power devices because of their
high electron saturation velocity and high critical electric
field. AlGaN/GaN heterostructures are conventionally used
for FETs. A new material, InAlN, has the potential to
replace the AlGaN barrier layer.1) The polarization effect is
an important characteristic for III-nitride semiconductor
heterostructures. A spontaneous and piezoelectric polariza-
tion induces an internal electric field because of the polarity
of the wurtzite structure and the large electronegativity of
nitrogen atoms.2,3) The large charge induced by the differ-
ence in the polarization between the barrier layer and the
buffer layer gives rise to a high density of the two-
dimensional electron gas (2DEG). Therefore, the densitiy of
2DEG (NS), which affects the threshold voltage and sheet
resistance, is varied by adjusting the composition and
thickness of the barrier layer. When we use an InAlN
barrier, NS can be controlled over a wide range.

InAlN with In content of 0.17–0.18, lattice-matched to
GaN, has a large spontaneous polarization charge of
0.072C/m2. This results in the generation of a large NS of
about 2:5� 1013 cm�2 at the heterointerface without lattice
strain.1,4) Therefore, InAlN is attractive for fabricating FETs
with low channel resistance and high reliability. As a result,
there are many reports on lattice-matched (LM) InAlN.5–10)

On the other hand, compressively strained (CS) InAlN
with In content higher than 0.18 is also interesting. For CS-
InAlN/GaN heterostructures, the piezoelectric polarization
is antiparallel to the spontaneous polarization. Therefore, NS

decreases with increasing In content. It has been predicted
that the sum of the spontaneous and piezoelectric polar-
ization charges should be equal to that of GaN for CS-InAlN
with In content of about 0.32.4) In this case, NS is eliminated
at the heterointerface. Therefore, it is possible to fabricate
enhancement-mode (E-mode) devices with CS-InAlN/GaN
heterostructures. The reproducibility of the threshold voltage
(Vth) should be a large advantage in the fabrication of
E-mode FETs with CS-InAlN/GaN heterostructures over
conventional recessed-gate AlGaN/GaN structures.11) For

the recessed-gate structures, Vth is determined by the
thickness of the AlGaN barrier layer. We must form a
subnanometer-thick AlGaN barrier by a dry-etching process
in order to achieve E-mode operation. Vth is largely varied
with little variation of thickness; therefore, the accurate
control of Vth is difficult for dry etching. In contrast, we can
use the composition of InAlN to adjust Vth in a FET with
the CS-InAlN barrier layer. This should be provide better
reproducibility because dry etching is not required. How-
ever, there are few reports on CS-InAlN/GaN heterostruc-
tures. In this study, we fabricated FETs with a CS-InAlN
barrier layer and characterized the device performance.

One problem, however, with using CS-InAlN/GaN
heterostructures to fabricate FETs is that the access
resistance is extremely high. This is because the electron
mobility is very low owing to alloy-disorder scattering.12)

Also, there is either no or very little NS. To solve these
problems, we made two improvements to the device
structure. Figure 1 shows a cross-sectional schematic view
of the device structure in this study. First, we inserted a 3-
nm-thick Al0:22Ga0:78N layer between InAlN and GaN to
boost mobility. Generally, an AlN interlayer has been widely
used5,6,8) to achieve high mobility. The AlN interlayer of a
binary alloy can suppress alloy disorder scattering, and it
increases the effective conduction-band offset because of
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Fig. 1. Cross-sectional schematic view of InAlN/AlGaN/GaN FET with

regrown AlGaN contact layer.
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the large polarization charge.13,14) The electron mobility is
as high as 1300 cm2 V�1 s�1 for InAlN/AlN/GaN hetero-
structures.8) Howerver, the surface tends to be rough. In
addition, the insertion of an AlN interlayer has been shown
to decrease the reliability of the AlGaN/GaN heterostructure
FETs.15) Recently, we obtained a flat surface and high
electron mobility for InAlN/GaN heterostructures with an
AlGaN interlayer.16,17) In this study, we also used the AlGaN
interlayer. In addition, we selectively regrew an AlGaN
contact layer at the access region. With this technique,
2DEG is generated as a result of the polarization charge of
the regrown AlGaN.

2. Experimental Procedure

The heterostructures were fabricated by low-pressure verti-
cal metal organic vapor phase epitaxy (MOVPE) on sapphire
substrates. Trimethylgallium, trimethylaluminum, trimethyl-
indium, and ammonia were the precursors of Ga, Al, In, and
N, respectively. First, we grew a 2-mm-thick GaN buffer
layer at about 1000 �C and 300 Torr. Next, we reduced the
pressure to 200 Torr and deposited a 3-nm-thick layer of
Al0:22Ga0:78N. Then, we cooled the wafers to 750–800 �C
and switched the carrier gas from H2 to N2 for the growth of
the InAlN layer, which has an In content of 0.245–0.325 and
a thickness of 15 nm.

We fabricated FETs as follows. First, we deposited a 10-
nm-thick SiO2 mask on the samples and formed a 2-mm-long
SiO2 stripe on the gate region by SF6 reactive ion etching.
Next, we removed the InAlN in the access region down to
a thickness of 10 nm by Cl2 inductively coupled plasma
etching. Then, we selectively regrew 26-nm-thick
Al0:26Ga0:74N on the access region by MOVPE. The growth
temperature and pressure were 1000 �C and 300Torr,
respectively. Finally, we formed a mesa structure and the
electrode. The gate electrode was Ni/Au and the ohmic
electrode was Ti/Al/Ti/Au annealed at 850 �C for 30 s.
The gate length and width were 4 and 20 mm, respectively.
The source–drain space was 8 mm.

We observed the surface morphology by atomic force
microscopy (AFM) and estimated NS and the electron
mobility from nondestructive eddy current measurements.
We characterized the composition of InAlN by X-ray
diffraction (XRD) analysis. The sheet resistance was
estimated by the transmission line method (TLM). The DC
characteristics of the FETs were measured with a semi-
conductor parameter analyzer.

3. Results and Discussion

3.1 Properties of InAlN/AlGaN/GaN heterostructures

First, we evaluated the crystal quality of CS-InAlN.
Figure 2 shows the XRD curves of the InAlN/AlGaN/
GaN heterostructures with In contents from 0.245 to 0.325.
Clear InAlN peaks and fringes appear for all samples, which
means that the samples have an abrupt heterointerface. No
phase separation is observed in these curves. Figure 3 shows
AFM images of the surface morphology of CS-InxAl1�xN/
Al0:22Ga0:78N/GaN (x ¼ 0:245, 0.29, 0.307, and 0.325).
When the In content is 0.245, the surface is smooth. The
rms roughness is as low as about 0.3 nm. The obtained
morphology, which has monolayer steps and atomically
fluctuated terraces, is nearly the same as that of LM-

InAlN.16) However, bumplike defects appear when the In
content is 0.29 or higher. Also, the density increases as the In
content increases. Although the precise reason for this is not
clear, the appearance of defects is associated with the large
compressive strain. We must improve the crystal growth
conditions to eliminate the defects.

Next, we estimated the electrical properties of the
heterostructures from the non-destructive eddy current
measurements. Figure 4 shows NS and electron mobility
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Fig. 2. XRD curves of InxAl1�xN (15 nm)/Al0:22Ga0:78N (3 nm)/GaN

(x ¼ 0:245, 0.29, 0.307, and 0.325). Arrows indicate InAlN peaks.
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Fig. 3. AFM images of surface morphology of compressively strained

InAlN/AlGaN/GaN heterostructures with In contents of 0.245, 0.29,

0.307, and 0.325.
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as a function of the In content of the InAlN barrier layer.
NS decreased from 6:5� 1012 to 1:3� 1012 cm�2 as the In
content increased from 0.245 to 0.325, resulting from the
decrease in the sum of the piezoelectric and spontaneous
polarization charges. Figure 4(a) also shows the calculated
results obtained by self-consistently solving the one-dimen-
sional Schrödinger and Poisson equations.18) These values
are different from the experimental ones. For the calculation,
we used physical parameters such as the band gap, band
offset, Schottky barrier height, polarization charge, and
bowing parameters from refs. 4 and 19. Some predicted
parameter values probably differ from the actual ones. NS

should be eliminated for InAlN/GaN heterostructures when
the In content is 0.325; however, 2DEG is still generated as
a result of the insertion of AlGaN. To achieve E-mode
operation for FET, we must redesign the barrier structure,
particularly the thickness of the AlGaN layer, because it
strongly affects the threshold voltage, as discussed later.
However, the AlGaN layer is indispensable for boosting
electron mobility, which is greatly reduced by the large
alloy-disorder scattering rate of InAlN for InAlN/GaN.12)

The insertion of AlGaN is effective for suppression of alloy-
disorder scattering and for obtaining an abrupt heterointer-
face. We achieved a high mobility of 1,570 cm2 V�1 s�1

when the In content was 0.245. However, it decreased to
416 cm2 V�1 s�1 as the In content increased to 0.325. The
surface becomes rougher for higher In content (Fig. 3);
however, we consider that the reduction is not due to the
deterioration of the heterointerface for the following reasons.

(1) The abruptness of the heterointerface is not different
among these samples because of the insertion of the AlGaN
layer. (2) The influence of interface roughness on the
mobility of 2DEG becomes lower as NS decreases.20)

Generally, the contribution of Coulomb scattering probably
becomes dominant for low NS because the screening effect
becomes weak. The mobility decreases when NS becomes
lower than 7� 1012 cm�2 for AlGaN/GaN heterostruc-
tures.21,22) Therefore, we consider that the low electron
mobility for InAlN/AlGaN/GaN with high In content is due
to Coulomb scattering. In addition, the density of residual
donors might increase in the InAlN layer with higher In
content owing to the large compressive strain. The increase
in residual donor density might also result in the decrease
of mobility. However, the low mobility of In0:325Al0:675N/
Al0:22Ga0:78N/GaN should not degrade the performance of
the FETs in this study (Fig. 1). At the gate region, Coulomb
scattering should not be dominant in the high electric field
in on-state FETs. In the access region, the mobility should
be higher again because NS is generated by the selectively
regrown AlGaN, as mentioned later.

3.2 Device characteristics of the InAlN/AlGaN/GaN

heterostructure FETs

We estimated the resistance in the access region with
the selectively regrown AlGaN contact layer. Figure 5
shows the TLM measurement data for In0:325Al0:675N/
Al0:22Ga0:78N/GaN with and without regrown AlGaN. We
found that the resistance drastically decreases as a result of
the AlGaN regrowth. The sheet resistance (Rsh) estimated
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from the slope obtained by the TLM is 17,000�/sq. for
the sample without regrown AlGaN. In contrast, Rsh is
587�/sq. with the regrown layer. The generation of 2DEG
and an increase in mobility are found. Rsh can be reduced
when we optimize the thickness and composition of regrown
AlGaN or the etching depth of InAlN. The contact resistance
is 1.0�mm. It can also be reduced by Si doping, as
previously reported.23–25)

Next, we observed the DC characteristics of the FETs.
Figures 6–8 show the I–V , transfer, and forward gate
leakage characteristics of In0:325Al0:675N/Al0:22Ga0:78N/
GaN heterostructure FETs, respectively. The FETs without
the regrown AlGaN contact layer did not operate at all
owing to the high resistance of the channel. In contrast, the
devices with regrown AlGaN operated, as seen in Fig. 6.
However, the performance is still low. A large leakage
current of about 5mA/mm is observed in the pinch-off
state. The maximum transconductance (gm) is as low as
60mS/mm, and the maximum drain–source current (Ids)
is only 0.11A/mm. This is due to the large gate leakage
current. The gate–source current (Igs) (Fig. 7) is appreciably
large. Igs is as large as �10mA/mm at a gate–source voltage
(Vgs) of �4V. The leakage current through the gate source
and through through gate drain is attributed to the large Ids in
the pinch-off state. The forward gate leakage of the FETs is

considerably larger than that for the AlGaN/GaN of LM-
InAlN/GaN. The forward gate current is not Schottky-like
and is leaky in the bias region (Fig. 8). Igs rapidly increased
when Vgs exceeded 0.5V, and it exceeded Ids at a Vgs of
2.5V. This results in low Ids and low gm. Although it is not
clear why the gate leakage is so large, we consider two
reasons at the present stage. One is surface damage caused
during AlGaN regrowth. The high regrowth temperature
should oxidize the InAlN surface on the gate region with the
SiO2 mask. The oxidation would probably generate a high
density of surface defects.26,27) In this case, replacing SiO2

with a nonoxide material, such as Si3N4, may be promising.
The other is the leakage through the interface between the
InAlN barrier and regrown AlGaN contact layer. Anyway,
we must reduce gate leakage in order to achieve high device
performance. Inserting an insulator between the gate and
InAlN, to form what is called a metal insulator semi-
conductor (MIS) structure, is one possible way of obtaining
high performance.

Finally, we discuss Vth. Figure 9 shows Vth as a function
of the In content of the InAlN barrier layer. Vth is defined by
extrapolating gm. As previously mentioned, NS decreased
from 6:5� 1012 to 1:3� 1012 cm�2 as the In content of
InAlN increased from 0.245 to 0.325 (Fig. 4). In this range,
Vth becomes shallower, changing from �3:2 to �0:2V. We
did not achieve E-mode operation in this study, even when
the In content was 0.325. We must redesign the barrier
structure. Therefore, we investigated how Vth depends on
the barrier layer thickness. Figure 10 shows the calculated
NS variation caused by gate voltage in the In0:32Al0:68N/
Al0:22Ga0:78N/GaN heterostructures. Vth is not varied by
thinning the InAlN barrier, as seen in Fig. 10(a). Since the
low polarization charge of In0:32Al0:68N makes the potential
profile in this barrier flat (Fig. 11), the potential height at
the channel is not affected by the thickness of InAlN. In
contrast, thinning Al0:22Ga0:78N, which has a larger polar-
ization charge than In0:32Al0:68N, is effective for making
Vth shallower [Fig. 10(b)]. A Vth increase of 0.2 V can be
expected by 1 nm thinning of Al0:22Ga0:78N. However, we
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must pay attention to the reduction of the electron mobility
that such thinning would cause. The suppression effect
of alloy-disorder scattering will be weaker when we thin
AlGaN. We must optimize the trade-off between electron
mobility and Vth.

4. Conclusions

CS-InxAl1�xN (15 nm)/Al0:22Ga0:78N (3 nm)/GaN hetero-
structure FETs with regrown AlGaN contact layers were
fabricated. We found that the compressive strain in InAlN
reduced the polarization charge in the heterostructures.
NS decreased from 6:5� 1012 to 1:3� 1012 cm�2 as the

In content of InAlN increased from 0.245 to 0.325. With
the insertion of the AlGaN layer, electron mobility of as
high as 1570 cm2 V�1 s�1 was achieved at the In content
of 0.245. Selectively regrown AlGaN contact layers reduced
the sheet resistance from 17,000 to 584�/sq. at the access
layer for In0:325Al0:675N/Al0:22Ga0:78N/GaN. The FETs
without the regrown AlGaN contact layer did not operate
at all because of the high resistance. In contrast, the devices
with the regrown AlGaN did. However, the device perform-
ance was still low owing to the large gate leakage current.
The maximum gm is 60mS/mm, and Ids is 0.11A/mm.
The threshold voltage becomes shallower, changing from
�3:2 to �0:2V with the increase in In content from 0.245
to 0.325. Calculation results indicate that reducing the
thickness of the AlGaN interlayer is effective for making
Vth shallower. These results indicate that the CS-InAlN
barrier may make it possible to obtain E-mode GaN-based
FETs.
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