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Based on the self-terminating thermal oxidation-assisted wet etching technique, two kinds of enhancement mode
Al2O3/GaN MOSFETs (metal–oxide–semiconductor field-effect transistors) separately with sapphire substrate and Si sub-
strate are prepared. It is found that the performance of sapphire substrate device is better than that of silicon substrate.
Comparing these two devices, the maximum drain current of sapphire substrate device (401 mA/mm) is 1.76 times that of
silicon substrate device (228 mA/mm), and the field-effect mobility (µFEmax) of sapphire substrate device (176 cm2/V·s) is
1.83 times that of silicon substrate device (96 cm2/V·s). The conductive resistance of silicon substrate device is 21.2 Ω·mm,
while that of sapphire substrate device is only 15.2 Ω·mm, which is 61% that of silicon substrate device. The significant
difference in performance between sapphire substrate and Si substrate is related to the differences in interface and border
trap near Al2O3/GaN interface. Experimental studies show that (i) interface/border trap density in the sapphire substrate
device is one order of magnitude lower than in the Si substrate device, (ii) Both the border traps in Al2O3 dielectric near
Al2O3/GaN and the interface traps in Al2O3/GaN interface have a significantly effect on device channel mobility, and (iii)
the properties of gallium nitride materials on different substrates are different due to wet etching. The research results in
this work provide a reference for further optimizing the performances of silicon substrate devices.

Keywords: atomic layer deposition Al2O3/GaN MOSFET, normally-off, interface/border traps, thermal
oxidation-assisted wet etching

PACS: 73.40.Kp, 73.20.At, 81.05.Ea DOI: 10.1088/1674-1056/ac6743

1. Introduction
GaN, as wide band gap semiconductor material, has a

bright future in the field of power semiconductor devices due
to its advantages of high thermal conductivity, high break-
down electric field, and high electron saturation drift veloc-
ity. Two-dimensional electron gas (2DEG) with high concen-
tration and high mobility can be formed at the AlGaN/GaN
interface due to the strong polarization effect in III–nitrides.
However, the traditional AlGaN/GaN high electron mobility
transistor (HEMT) is a depletion-mode device, Considering
the design of driving circuit. single polar power supply, and
the safe operation, it is necessary to realize enhancement mode
(E-mode) AlGaN/GaN device. Various techniques have been
proposed to realize the normally-off operation of AlGaN/GaN
HEMTs.[1–4] Among them, the recessed-gate with insulator
gate dielectric is a commonly used structure to realize E-mode
GaN device because of its high gate voltage swing, low gate
leakage current, and high threshold voltage, which has been
widely studied for realizing E-mode GaN HEMTs.[4]

Our research group has developed a self-terminating ther-
mal oxidation-assisted wet etching technique[5] to realize the
E-mode MOSFET structure, the device which is simple to fab-

ricate, easy to control, and possesses reliable performance,
has broad market prospects. In this work, based on this tech-
nique, the enhancement mode Al2O3/GaN MOSFETs of sap-
phire substrate and Si substrate were developed, respectively.
And the characteristics of the two devices were analyzed.
The indicators reflecting the significant improvement in the
sapphire substrate device are maximum drain current (Idmax),
field-effect mobility (µFEmax), and on-state resistance (Ron).
The experimental results show that the difference in device
performance depends on the difference in Al2O3/GaN inter-
face state. The interface/border trap density in the Si substrate
device is one order of magnitude higher than that in the sap-
phire substrate device. The border traps in Al2O3 dielectric
and the interface traps in Al2O3/GaN gave a significant effect
on device channel mobility. The quality of GaN grown on Si
is not so good as that grown on sapphire.

2. Device fabrication
2.1. Sapphire substrate device

The AlGaN/GaN epitaxial structure studied here were
grown on a 3-in (0 0 0 1) sapphire substrate by metal organic
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chemical vapor deposition (MOCVD) (1 in = 2.54 cm). In the
AlGaN/GaN epitaxial structure, the GaN buffer layer is 1.5-
µm thick, GaN channel layer is 120-nm thick, AlN spacer
layer is 1-nm thick, Al0.23Ga0.77N barrier layer is 18-nm thick,
and GaN cap layer is 2-nm thick. Its structure is shown in
Fig. 1(a).

2.2. Si substrate device

The epitaxial structure studied here was grown on a 3-
in p-type (111) Si substrate by metal–organic chemical vapor
deposition (MOCVD). In the epitaxial structure, GaN buffer
layer is 1.5-µm thick, GaN channel layer is 120-nm thick, AlN
spacer layer is 1-nm thick, Al0.23Ga0.77N barrier layer is 25-
nm thick, and GaN cap layer is 2-nm thick. Its structure is
shown in Fig. 1(b).

4 mm

Gate

AI2O3 dielecltric layer

Sapphire substrate

Source Drain

GaN buffer layer

AIGaN barrier layer

AIN interlayer

GaN cap layer

2 mm 20 mm

18 nm

2nm

25 nm

Nucleation layers  

GaN channel layer 120 nm2 mm

4 mm

Gate

AI2O3 dielecltric layer

Si substrate

Source Drain

GaN buffer layer

AIGaN barrier layer

AIN interlayer

GaN cap layer

2 mm 20 mm

25 nm

2nm

25 nm

Nucleation layers  

GaN channel layer 120 nm
2 mm

(a)

(b)

Fig. 1. Structure diagram of GaN MOSFET with 25-nm-thick ALD Al2O3,
showing (a) sapphire substrate GaN MOSFET with ALD Al2O3 and (b) Si
substrate GaN MOSFET with ALD Al2O3.

Self-terminating thermal oxidation assisted wet etching
technique process flows of these two devices were identical.
First, the fabrication of devices started with gated recess fab-
rication, GaN cap layer served as a recess mask.[6] Specifi-
cally, 650-◦C thermal oxidation lasted 50 min, and then 70-◦C
wet etching in KOH rtook 75 min. And then at 250 ◦C, 18-
nm or 25-nm-thick gate dielectric Al2O3 layer was deposited
by atomic layer deposition (ALD). After removing the dielec-
tric Al2O3 at the source and drain positions by buffered oxide
etch, Ohmic contact Ti/Al/Ni/Au (20/160/50/100 nm) metal

stack was fabricated by e-beam evaporation. Then at 870 ◦C,
rapid thermal annealing lasted 30 s. Then, multi-energy F-ion
implantation for device isolation was conducted. Finally, a
gate region was defined by the lithography technique, and the
Ni/Au gate stack was completed by e-beam evaporation.

3. Results and discussion
The ID–(VGS–Vth) and ID–VDS characteristics of the GaN

MOSFETs with sapphire substrate and Si substrate are shown
in Fig. 2. The geometrical dimensions of both samples are as
follows. A gate–source distance LGS is 2 µm, a gate length
LG is 2 µm, a gate–drain distance LGD is 20 µm, and a gate
width WG is 20 µm. Figure 2(a) shows the transfer charac-
teristics of the GaN MOSFETs with sapphire substrate de-
vice and Si substrate device at Vds = 7 V. The Vgs voltage in-
creases from −2 V to 7 V for the sapphire substrate device,
and from −2 V to 7.5 V for the Si substrate device. The
threshold voltage (Vth) is 0.2 V for the sapphire substrate de-
vice and 1.5 V for the Si substrate device. The two devices
are well pinched off at VGS = 0 V. With the upward scanning
of gate voltage VGS, drain current ID of sapphire substrate de-
vice rises rapidly, indicating better gate control performance of
sapphire substrate device. The maximum drain current Idmax

is ∼ 401 mA/mm and the maximum transconductance Gm is
∼ 75 mS/mm for sapphire substrate device, while the Idmax

and Gm are ∼ 228 mA/mm and ∼ 55 mS/mm for the Si sub-
strate device. Thus, it can be seen that comparing with the Si
substrate device, the maximum drain current of sapphire sub-
strate device is 1.76 times that of silicon substrate device. The
output characteristics of the sapphire substrate device and Si
substrate device with VGS scanning from 0 V to 8 V in steps
of 2 V are shown in Fig. 2(b). The performance of sapphire
substrate device is improved obviously. Under VGS = 8 V and
VDS = 10 V bias, GaN MOSFET of sapphire substrate has a
very high drain current (401 mA/mm), and a very small on-
resistance (15.2 Ω·mm), in comparison with the the maximum
drain current of 228 mA/mm and on-resistance of 21.2 Ω·mm
of the Si substrate device.

It is obvious that the performance of the sapphire sub-
strate device is better than that of Si substrate device. The
difference in performance between the sapphire substrate de-
vice and Si substrate device is very large. In order to analyze
its underlying mechanism, we evaluate the interface trap dis-
tribution of the GaN MOSFET with ALD Al2O3 gate dielec-
tric by the conductance method.[7] This technique is based on
measuring the equivalent parallel conductance Gp of an MOS
capacitor as a function of bias voltage and frequency. The
MOS capacitor equivalent circuit is shown in Fig. 3(a), where
the Cox represents the capacitance of the gate insulator, and Cs

refers to the capacitance of the channel depletion region. The
Cit and Rit in series describe the capacitance effect of the traps
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located at the interface between the gate insulator and the GaN
buffer layer. The Rit together with the Cit describes the time
delay (τit) required for the electrons trapped at the interface to
form an equilibrium with those in the channel, τit = RitCit be-
ing the time constant of interface trap, and Cit being related to
the trap density (Dit). Simplified circuit of Fig. 3(a) is shown
Fig. 3(b), where Cp and Gp are the equivalent parallel capaci-
tance and conductance respectively.
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Fig. 2. The I–V characteristics of the fabricated GaN MOSFET with device
dimension of LGS/LG/LGD/WG = 2/2/20/20 µm: (a) transfer characteris-
tics and (b) output characteristics.
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Fig. 3. (a) Equivalent circuit of MOS capacitor with interface trap, and (b)
simplified circuit of equivalent circuits of MOS capacitor with interface trap,
with Cp and Gp denoting equivalent parallel capacitance and conductance
respectively.

Figure 4 shows the curves of Gp/ω versus ω under differ-
ent Vgs for sapphire substrate device and Si substrate device,
where Gp/ω named the normalized equivalent parallel con-
ductance is the frequency-dependent values of Gp and can be

used to calculate the interface trap density, and ω is the angu-
lar frequency. The measured capacitance and conductance are
used to extract the normalized equivalent parallel conductance
(Gp/ω). By assuming a single trap level, the relationship of
Gp/ω versus ω can be given below:

Gp

ω
=

qωτitDit

1+(ωτit)
2 . (1)

The f scanning frequency t ranges from 1 kHz to 1 MHz in
the experiment, the gate bias voltage scanning ranges from
−0.5 V to 0.1 V and from 0.8 V to 1.4 V in steps of 0.1 V
for the sapphire substrate device and Si substrate device, re-
spectively. The MOS capacitor is biased at the depletion state
so that the Fermi level is located within the GaN bandgap for
the detection of interface traps. As can be seen from Fig. 4,
the peak value of Gp/ω moves towards high frequency as the
bias increases.[8–15] It has similar characteristics to other ex-
isting reports. But the Gp/ω value of Si substrate device is
significantly higher than that of sapphire substrate device. For
sapphire substrate device, the Gp/ω value is small when the
frequency is below 105 s−1, instead, Gp/ω value of Si sub-
strate device is still large. Indicating that the deeper level trap
of Si substrate device is higher than that of sapphire substrate
device.

104 105 106 107

1

2

3

4

5

6

7

8

9
Sapphire substrate  device

0

0.4

0.8

1.2

1.6

2.0
Si substrate  device

(G
p
/

ω
) 
(1

0
-

7
 F

/
c
m

2
)

(G
p
/

ω
) 
(1

0
-

6
 F

/
c
m

2
)

VA=-0.5 V~0.1 V
DVA=0.1 V

VA=0.8 V~1.4 V
DVA=0.1 V

ω (s-1)

104 105 106 107

ω (s-1)

(a)

(b)

Fig. 4. Characteristics curves Gp/ω versus ω of MOS capacitor for (a)
sapphire substrate device bias (from −0.5 V to 0.1 V in steps of 0.1 V)
and (b) Si substrate device at bias (from 0.8 V to 1.4 V in steps of 0.1 V).
Gp/ω is normalized equivalent parallel conductance, with ω being angular
frequency.

As can be seen from Fig. 4, the curve obviously has more
than one peak value, and the equivalent parallel conductivity
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model of single-level trap cannot be applied to our system.
Hence, in order to quantitatively extract the interface states,
the Gp/ω curves are fitted through considering two or three
different distributions of trap density levels Dit with different
values of time constant τit by using the following equations:[7]

Gp

ω
=

qωτit1Dit1

1+(ωτit1)
2 +

qωτit2Dit2

1+(ωτit2)
2 , (2)

Gp

ω
=

qωτit1Dit1

1+(ωτit1)
2 +

qωτit2Dit2

1+(ωτit2)
2 +

qωτit3Dit3

1+(ωτit3)
2 , (3)

where ω = 2π f is the radial frequency, Dit1, Dit2, and Dit3 are
the interface trap densities, τit1, τit2, τit3 are the time constants
of traps. Figure 5 show the experimental and fitting curves of
MOS capacitor with sapphire substrate and Si substrate at bias
voltages of −0.2 V and 0.9 V, the measurement curves and fit-
ting curves of the two MOS devices are in good consistency
with each other. For devices of sapphire substrate, each mea-
sured curve can be decomposed into two fitting curves, show-
ing that there are two types of traps at a given bias voltage. For
Si substrate device, each measured curve can be decomposed
into three fitting curves. It can be seen from Fig. 5 that there
are at least two peak values in the Gp/ω curve of sapphire
substrate device, and at least three peak values in the Gp/ω

curve of Si substrate device. The Dit of traps is a function of
trap characteristic time constant (τit) and trap energy level as
shown in Fig. 6. The relationship between the time constants
and trap energy level is expressed as

τit =
1

vthNCσn
exp

(
EC −ET

kT

)
, (4)

where vth = 2.6 × 107 cm/s is the thermal velocity, Nc =

2.7×1018 cm−3 is the effective density states in the GaN con-
duction band,[15] and σn = 1×10−14 cm2 is the electron cap-
ture cross section.

In Fig. 6, There are two kinds of traps that are contin-
uous distributions of energy level ranging from 0.34 eV to
0.41 eV and from 0.42 eV to 0.46 eV. Both traps should be
attributed to common interface states,[10] marked as interface
trap in Fig. 6. And the other kinds of traps are very possi-
ble to be border trap states, for they exhibit single trap en-
ergy level of around 0.48 eV, marked as border trap in Fig. 6.
Note that the time constant of a border trap is ∼ 1.5×10−4 s,
which is close to our extraction value ∼ 1.8×10−4 s reported
at Al2O3/GaN interface.[13] Moreover, what is observed at
SiO2/GaN interface[14,15] is also a similar border trap with a
time constant of ∼ 1.4× 10−4 s–3× 10−4 s. Figure 6 shows
the curves of interface trap and border trap extracted from sap-
phire substrate and Si substrate MOS capacitors, and the in-
crease of measured trap density with VGS increasing , indicat-
ing the apparent differences in trap distribution and density.
First, the interface trap concentration of Si substrate device

with energy distribution between 0.34 eV and 0.41 eV is nearly
one order of magnitude higher than that of sapphire substrate
device. The Si substrate device has a wide interface trap dis-
tribution, while the sapphire substrate device has no interface
trap distribution between 0.4 eV and 0.46 eV. Furthermore,
the border trap concentration of Si substrate device is one or-
der of magnitude higher than that of sapphire substrate device.
It shows that the quality of GaN grown on Si is inferior to that
grown on sapphire substrate.which is likely to be due to the
fact that the GaN grown on Si substrate has higher oxygen and
nitrogen vacancies.[13,17–20]
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Fig. 5. Measured curves and fitting curves of Gp/ω versus ω at VA of −0.2 V
and 0.9 V for (a) sapphire substrate device and (b) Si substrate device.
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It can be seen from Fig. 7 that with the gate bias increas-
ing, Si substrate MOS capacitor increases continually and the
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sapphire substrate MOS capacitor trends to saturate. There-
fore, it can be reasonably inferred that the degraded transport
performance in the channel of Si substrate device can be at-
tributed to the presence of high density of interface traps and
border traps at the Al2O3/GaN interface. The Al2O3/GaN
MOS capacitor structure with interface trap and border trap
distributions is shown in Fig. 8.
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Fig. 8. Schematic band diagram of Al2O3/GaN MOS capacitor structure
with interface trap and border trap distributions.

In addition, the field effect mobility at low field (µFE) for
the sapphire substrate device and the Si substrate device are
also extracted in the linear region (Vds = 0.1 V) and shown
in Fig. 9. When a GaN MIS HEMT device operates in a lin-
ear operating region, the drain current IDS can be expressed
as[6,21,22]

IDS =
W
L
·µFE ·Cox(VGS −Vth) ·VDS, (5)

where µFE is the channel carrier effective mobility, L and W
are the gate length and width, respectively. The transconduc-
tance Gm can be expressed as

Gm =
∂ IDS

∂VGS
=

W
L
·µFE ·Cox ·VDS. (6)

The effective mobility can be obtained from the following
equation:

µFE =
Gm ·L

W ·Cox ·VDS
. (7)

From Eq. (7), the maximum field effect mobility (µFEmax) is
calculated to be 176 cm2/V·s for sapphire substrate device

and 96 cm2/V·s for Si substrate device. The accumulation
capacitance (Cox) is 378 nF/cm2 for sapphire substrate and
386 nF/cm2 for Si substrate.
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Fig. 9. Curve of extracted field effect mobility (µFE) versus VGS–Vth for
sapphire substrate device and for Si substrate device.

Some authors described the channel mobility on MOS-
FETs fabricated by wide bandgap semiconductor,[23–26] with
consideration of the contributions to the Matthiessen’s rule,
made by the bulk mobility factor (µB), the acoustic-phonon
scattering (µAC), the surface roughness scattering (µSR), and
the Coulomb scattering (µC) due to the presence of interface
charges, specifically

µFE =

(
1

µB
+

1
µAC

+
1

µSR
+

1
µC

)−1

. (8)

The study of the temperature behavior of the field-effect mo-
bility is a useful method to acquire the information on the in-
sulator/semiconductor interface properties in MOSFETs. Fig-
ure 10 shows the experimental results of the field-effect mobil-
ity versus VG–Vth at different measured temperatures (298 K–
398 K). As can be seen, the maximum values of these curves
decrease as the measured temperature increases.

Figure 11 shows the peak of the field-effect mobility val-
ues as a function of temperature, extracted from Fig. 10. As
can be seen, the experimental peak mobility values decrease
with the measured temperature increasing. As can be seen
from Eq. (8), the limiting factor of the mobility comes from the
contributions made by the surface roughness (µSR), the acous-
tic phonon (µAC), and the Coulomb scattering (µC) contribu-
tions. Because the larger value of bulk mobility only has a neg-
ligible effect on the total mobility. The sapphire substrate de-
vice is mainly responsible for acoustic-phonon scattering, and
Si substrate device is mainly responsible for the surface rough-
ness scattering. It should be mentioned that the subthreshold
region of the IDS–VDS can be affected by the non-steep change
in the gate capacitance. The early ascending part of the curve
of field-effect mobility versus VGS–Vth can be influenced by the
soft gate–capacitance variation. However, for VGS–Vth > 1 V
the device is in accumulation and the capacitance value is al-
most constant. Hence, the peak mobility values used in the
following are not affect by the capacitance value variation.
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Figure 12 displays the temperature-dependent C–V mea-
surement results for GaN MOSFET with sapphire substrate
and Si substrate, respectively, showing that our model repro-
duces the characteristic shapes of C–V curves from the MOS
capacitors, specifically, a nearly flat part of the voltage above
threshold voltage (Vth), a rapid change in the capacitance at
Vth, and a very small capacitance in the subthreshold region
(below Vth). The capacitance for the gate voltage of the volt-
age above threshold voltage (Vth) is determined by the capac-
itance of Al2O3 layer and is almost bias-independent. The
capacitance in the subthreshold region depends on the back-
ground doping in the GaN layer. The effect of increasing tem-
perature on C–V curve is a reduction of the slope caused by
the increased Debye length and the thermal broadening of the
Fermi–Dirac distribution.[27] The slope of sapphire substrate
device, KSapphire, is greater than that of Si substrate device, KSi

as shown in Fig. 12. The higher the trap concentration, the
lower the slope is. It shows that the trap concentration of the
interface of Si substrate device is higher that of sapphire sub-
strate device.

On the other hand, the increasing in temperature led the
C–V curves to shift positively by around 0.04 V for sapphire

substrate device. But the increasing in temperature results in
a negative shift of C–V curves by around 0.2 V for Si sub-
strate device as shown in Fig. 13. The temperature-dependent
voltage shift is attributed to the depletion and redistribution
of carriers.[28] The negative shift of the C–V curve of the Si
substrate device indicates that the shallow level trapped elec-
trons are detrapping and a positive charge appears. The larger
the trap charge concentration, the larger the Vth shift is, indi-
cating the excellent Al2O3/GaN interface quality for sapphire
substrate device.
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Fig. 12. The VGS-dependent gate capacitance for (a) sapphire substrate
device and (b) Si substrate device at various temperatures.
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To further study the crystalline quality of the GaN epilay-
ers on sapphire substrate and Si substrate, the crystal quality of
GaN is analyzed by high resolution x-ray diffraction measure-
ments. The measurement results of symmetric (002) plane and
asymmetric (102) plane of GaN epilayer are shown in Table 1.

The full width at half maximum (FWHM) values of the (002)
and (102) planes for the GaN of sapphire substrate are 316 arc-
sec and 613 arcsec, while those for the GaN of Si substrate are
688 arcsec and 941 arcsec respectively. The FWHM value of
(002) plane for the GaN of Si substrate is about twice that for
the GaN of sapphire substrate, and the FWHM value of (102)
plane for the GaN of Si substrate is about one and a half times
that for the GaN of sapphire substrate. Because the FWHM
value is associated with threading dislocation density in GaN
epilayer, this significant difference FWHM value confirms that
quality of GaN of sapphire substrate is better than that of GaN
of Si substrate. One of the biggest challenges is the large stress
caused by the thermal mismatch between GaN epilayer and Si
substrate. The large lattice mismatch between GaN and Si will
result in high density dislocations. Owing to the existence of
oxygen, silicon impurities and nitrogen vacancies, the quality
of GaN grown on Si is not good.[29,30]

Table 1. X-ray diffraction measurement results of GaN epilayer on sapphire and Si.

Sample device Symmetric plane (002)
FWHM (arcsec)

Asymmetric plane (102)
FWHM (arcsec)

Symmetric plane (002)
normalized intensity

Asymmetric plane (102)
normalized intensity

Maximum field
effect mobility
(µFEmax) (cm2/V·s)

GaN on sapphire 316 613 1 1 176
GaN on Si 688 941 1 1 96

By comparing the fabrication of the sapphire substrate
device with the fabrication of the Si substrate device, it can
be assumed that a self-terminating gate recess technique used
for recessed GaN MOSFET fabrication can effectively inhibit
the generation of interface and border trap at the Al2O3/GaN
interface, thus improving the device performance. The self-
terminating thermal oxidation assisted wet etching technique
is shown to be effective and feasible. At the same time, the
technique is also shown to cause different property changes in
gallium nitride materials with different substrates. This find-
ing can be used as a reference for further optimizing the Si
substrate devices.

4. Conclusions
The improved GaN MOSFET device with sapphire and

silicon substrates are developed based on our proposed the
thermal oxidation-assisted self-terminating gate recess tech-
nique, and two kinds of devices are systematically studied.
The experimental results demonstrate that the performance in-
dex of the enhanced device on sapphire substrate in terms of
Idmax (∼ 76%), µFEmax (∼ 83%) as well as Ron (∼ 39%) is
significantly improved in comparison with that of the device
on silicon substrate. Moreover, the frequency-dependent con-
ductance measurement is used to evaluate the performance of
the device. The results show that the improvement of the de-
vice performance on sapphire substrate should be attributed to

the significant suppression of self-terminated groove gate tech-
nology that significantly inhibits the Al2O3/GaN interface and
border trap, and reduces the time constant of interface trap to
∼ 1×10−6 s–8×10−6 s and the time constant of border trap to
∼ 1.6×10−4 s–3×10−4 s, respectively. Our experimental re-
sults demonstrate that (i) the Al2O3/GaN interface traps have
a significant influence on the performance of device, (ii) the
self-terminating gate recess technique can effectively suppress
the generation of interface/border traps of at Al2O3/GaN in-
terface, thus improving the performance of the device, (iii) the
improving of performances varies according to GaN materials
with different substrates. The research results in this work can
provid a reference for further optimizing the performances of
silicon substrate devices.
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