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Trapping effect in normally-off Al2O3/AlGaN/GaN metal–oxide–semiconductor (MOS) high-electron-mobility tran-
sistors (MOS-HEMTs) with post-etch surface treatment was studied in this paper. Diffusion-controlled interface oxidation
treatment and wet etch process were adopted to improve the interface quality of MOS-HEMTs. With capacitance–voltage
(C–V ) measurement, the density of interface and border traps were calculated to be 1.13×1012 cm−2 and 6.35×1012 cm−2,
effectively reduced by 27% and 14% compared to controlled devices, respectively. Furthermore, the state density distri-
bution of border traps with large activation energy was analyzed using photo-assisted C–V measurement. It is found that
irradiation of monochromatic light results in negative shift of C–V curves, which indicates the electron emission process
from border traps. The experimental results reveals that the major border traps have an activation energy about 3.29 eV and
the change of post-etch surface treatment process has little effect on this major activation energy.
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1. Introduction

AlGaN/GaN high-electron-mobility transistors (HEMTs)
have demonstrated state-of-the-art performance for high fre-
quency and high-power applications.[1–4] The strong polar-
ization effect in conventional AlGaN/GaN HEMTs results
in normally-on devices, while normally-off operation is pre-
ferred to in practical circuits in terms of maintaining the
system safety, reducing power consumption, and simplifying
circuit design.[5,6] Recess-gate metal–oxide–semiconductor
HEMTs (MOS-HEMTs) have been widely studied to achieve
normally-off GaN-based devices, which have smaller leakage
current and larger gate voltage swing compared with Schottky-
gate HEMTs.[7,8] However, there exist a large amount of inter-
face charges between gate dielectric and nitride semiconduc-
tor, being one of the critical issues that restrict the development
of device performance and reliability.[9,10] For recess-gate de-
vices, the plasma etch process of gate trench may cause rough
nitride surface, leading to worse interface quality of MOS-
HEMTs.[11–13] Therefore, the interface analysis as well as its
improvement is of vital importance for GaN-based recess-gate
MOS-HEMTs.

Generally, there exist three kinds of oxide-related charges
in GaN-based MOS-HEMTs having major influence on de-
vice performance and reliability, including interface traps, in-
terface fixed charges, and border traps.[14,15] The previous

works about normally-on MOS-HEMTs demonstrated that in-
terface traps caused transient threshold voltage (Vth) instabil-
ity while border traps induced retentive Vth shift.[16] The high
density of interface fixed charges does not exhibit trapping
effect, but it will lead to a negative Vth shift, being an ob-
stacle to normally-off operation. Various methods have been
developed to solve the interface issue, which can be classi-
fied into two types either by effective removing the native ox-
ide layer[17] or by forming a high-quality interfacial layer.[18]

In our previous work, we presented diffusion-controlled in-
terface oxidation (DCIO) process,[19,20] which resulted in an
increase in the conduction band offset at Al2O3/AlGaN inter-
face by over 0.6 eV and a decrease in MOS interface charges
by about 4×1012 cm−2 DCIO is a promising interfacial engi-
neering method for both MOS-HEMTs with and without re-
cess gate. This novel interface oxidation method followed by
wet etch was then used for the post-etch surface treatment of
normally-off Al2O3/AlGaN/GaN MOS-HEMTs, leading to an
improvement of channel transport property, on-resistance, and
breakdown voltage.

To evaluate the interface treatment method comprehen-
sively, quantitative characterization of interface charges in de-
tail is desirable. The change of interface fixed charges can
be easily derived from a voltage shift of transfer sweep or
capacitance–voltage (C–V ) curves. Many methods have also
been reported to map the interface traps in GaN devices,
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such as frequency-dependent C–V measurement,[21] conduc-
tance method,[22–24] and transient current or capacitance.[25,26]

For the border traps, however, it is quite difficult to identify
the trap density and its mapping because of the very long
time constant during de-trapping process and uncertain trap
location away from interface. In this paper, normally-off
Al2O3/AlGaN/GaN MOS-HEMTs were achieved with fully
recessed gate, and then the influence of DCIO treatment and
wet etch after recess etch on trapping effect was investigated
in detail. Sequential hysteresis C–V sweeps with increased
gate swing voltage show two types of voltage shift induced by
interface trapping and border trapping, respectively, which is
similar to the case in normally-on devices. Photo-assisted C–V
measurement[27,28] was used to identify the activation energy
and density distributions of deep-level interface traps and bor-
der traps. The major border traps have an activation energy of
de-trapping process about 3.29 eV for both two devices with
different post-etch surface treatment methods.

2. Device fabrication
The AlGaN/GaN epilayers used in this paper were grown

by metal organic chemical vapor deposition on sapphire sub-
strate, consisting of a 180-nm AlN nuclear layer, a 0.8-µm
carbon-doped GaN buffer layer, a 1-µm unintentionally doped
(UID) GaN channel layer, a 0.6-nm thick AlN interlayer,
a 21.6-nm Al0.25Ga0.75N barrier layer, and a 2.9-nm GaN
cap layer from bottom to top, as shown in Fig. 1. Hall
measurement shows that the carrier density and mobility are
9.78×1012 cm−2 and 1675 cm2/V·s, respectively.

sapphire substrate

180 nm AlN nuclear layer

1 mm UID GaN channel layer

21.6 nm AlGaN 

100 nm SiN

0.6 nm AlN 

20 nm Al2O3
drain

2.9 nm GaN

source

gate

LGS=1.5 mm
LG=1 mm

LGD=6.5 mm

0.8 mm C doped GaN buffer layer

Fig. 1. Schematic cross section of recess-gate Al2O3/AlGaN/GaN MOS-
HEMTs.

Device fabrication started with Ohmic contacts of
Ti/Al/Ni/Au. Ohmic contact resistance of 0.52 Ω·mm was
achieved after rapid thermal annealing at 880 ◦C in N2 for 50 s.
Then mesa isolation was performed by inductively coupled
plasma (ICP) etch with a depth of 125 nm, followed by 100-
nm SiN passivation layer grown with plasma-enhanced chem-
ical vapor deposition (PECVD). Before gate fabrication pro-
cess the PECVD-grown SiN layer and Al0.25Ga0.75N barrier

layer beneath gate area were completely removed using CF4

and BCl3/Cl2 plasma etch in sequence. After plasma etch, the
surface contaminant and residual photoresist were cleaned by
organic solutions and NH3·H2O (1:6) at 55 ◦C. To improve the
post-etch surface morphology, DCIO oxidation treatment[19]

and wet etch in 1:5 HCl solution were carried out. Then 20-
nm Al2O3 gate insulator layer was grown by atomic layer de-
position (ALD) at 300 ◦C, following in situ nitridation plasma
pre-treatment. The gate electrodes of Ni/Au were evaporated
on the Al2O3 gate insulator layer. Finally, the device under-
went post metallization annealing (PMA) in O2 at 450 ◦C for
5 minutes using rapid thermal annealing system.

Two kinds of devices with different post-etch surface
treatment processes were studied, the one with the aforemen-
tioned process (sample 1#) and the controlled one without
DCIO oxidation and wet etch (sample 2#). MOS-HEMTs have
T-shaped gate with gate foot length (LG) of 1 µm, gate cap
length of 2.8 µm, and gate width (WG) of 50 µm. The gate–
source (LGS) and gate-drain (LGD) distance are 2.5 µm and
6.5 µm, respectively. Ring diode were also fabricated for C–V
measurement, with gate diameter of 130 µm and gate-ohmic
distance of 25 µm.

3. Results and discussion

The interface quality of recess-gate normally-off MOS-
HEMTs was characterized using transmission electron micro-
scope (TEM) as shown in Fig. 2. There exists about 5 nm over
etch into the GaN channel layer for the gate trench process.
Enlarged views at Al2O3/GaN interface show that a rough in-
terface can be observed for the controlled sample, which will
cause a high density of interface charges and degrades the
channel transport property of recess-gate normally-off MOS-
HEMTs. MOS-HEMTs with DCIO oxidation and wet etch
post-etch surface treatment show a sharp Al2O3/AlGaN inter-
face by effective removal of surface damage and native oxide.

Figure 3(a) shows the transfer characteristics of normally-
off MOS-HEMTs with different post-etch surface treatment
processes, where the drain voltage (VD) is 10 V and the gate
voltage (VGS) sweeps from 0 V to 15 V. Vth is defined as
the maximum gate voltage where the drain current is below
10 µA/mm, estimated to be 2.8 V and 3.1 V for samples 1#
and 2#, respectively. DCIO treatment and wet etch after recess
etch lead to an increase in maximum drain current (Id) from
174 mA/mm to 294 mA/mm and an increase in peak transcon-
ductance (Gm) from 14 mS/mm to 40 mS/mm. In addition, the
OFF-state leakage current reaches 1 mA/mm at VD = 94 V for
sample 2#, while the breakdown voltage increases up to 260 V
for sample 1# with DCIO treatment and wet etch, as shown in
Fig. 3(b).
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Fig. 2. (a)-(b) Cross-sectional TEM micrographs of recess-gate
Al2O3/AlGaN/GaN MOSHEMTs and (c)–(d) the enlarged view at
Al2O3/GaN interface: (a) sample 1# with DCIO and wet etch post-etch sur-
face treatment and (b) the controlled sample 2#.

0 2 4 6 8 10 12 14

10-4

10-3

10-2

10-1

100

101

102

103

D
ra

in
 c

u
rr

e
n
t/

m
A
Sm

m
-

1

Gate voltage/V

0

10

20

30

40

50
Id

Id

Gm sample 1#: w/ 
DCIO and wet etch

Gm sample 2#: w/o
DCIO and wet etch

(a) T
ra

n
sc

o
n
d
u
c
ta

n
c
e
/
m

S
Sm

m
-

1

VD=10 V

Vth=3.1 V

Vth=2.8 V

0 50 100 150 200 250 300

10-8

10-6

10-4

10-2

100

drain current gate current

sample 1#: w/DCIO and wet etch 
drain current gate current

sample 2#: w/o DCIO and wet etch  

(b) 

D
ra

in
 a

n
d
 g

a
te

 c
u
rr

e
n
t/

m
A
Sm

m
-

1

Drain voltage/V

Fig. 3. Influence of post-etch surface treatment on normally-off
Al2O3/AlGaN/GaN MOS-HEMTs in terms of (a) transfer and transconduc-
tance characteristics and (b) breakdown characteristics.

It is obvious that post-etch surface treatment with DCIO
treatment and wet etch results in improved device perfor-
mance. The interface issue of recess-gate Al2O3/AlGaN/GaN
MOS-HEMTs was studied using C–V hysteresis measurement
as shown in Fig. 4. During each hysteresis sweep, gate volt-
age is swept from the maximum gate voltage to 0 V and then
swept back. The maximum gate voltage during each sweep is

defined as program voltage (Vp), which is increased from 6 V
to 15 V with step of 1 V. The ascending region in C–V curve
corresponds to the accumulation of electron at Al2O3/GaN in-
terface, and capacitance plateau represents the capacitance of
Al2O3 dielectric (CAl2O3 ). Devices with DCIO treatment and
wet etch method leads to a higher saturation capacitance and a
negative Vth shift.[21] The Vth shift and C–V hysteresis caused
by defective charges can be distinctly viewed. The voltage
hysteresis is defined as ∆V1 for each sweep, which is caused
by the trapping effect of interface traps. ∆V2 represents the
entire positive shift of backward sweep C–V curves with an
increase in Vp compared to the initial Vp of 6 V. This voltage
shift induced by border trapping is cumulative because of the
very large de-trapping time constant.[16]

0 2 4 6 8 10 12 14
0

50

100

150

200

250

300

350

400

Vp increases from 
6 V to 15 V

farward

sweep

from 0 V 

to Vp 
backward sweep

from Vp to 0 V

(before farward sweep)

sample 2#: w/o DCIO 

and wet etch

(a)

(b)

C
a
p
a
c
it
a
n
c
e
/
n
F
Sc

m
-

2
C

a
p
a
c
it
a
n
c
e
/
n
F
Sc

m
-

2

DV2

DV1

DV2

DV1

0 2 4 6 8 10 12 14
0

50

100

150

200

250

300

350

400

Gate voltage/V

Gate voltage/V

sample 1#: w/ DCIO  

and wet etch

Fig. 4. Sequential C–V hysteresis curves of Al2O3/AlGaN/GaN MOS-
HEMTs (a) without and (b) with DCIO treatment and wet etch.

Figure 5 shows the voltage shift extracted for C–V hys-
teresis sweeps with program voltage ranging from 6 V to 15 V.
The trap density can be calculated by the following equation:

NT =
COX∆V

q
, (1)

where NT is the density of interface or border traps, ∆V is the
voltage shift, and q is the magnitude of electronic charge. The
capacitance of Al2O3 gate dielectric for samples 2# and 1#
are 330 nF/cm2 and 363 nF/cm2. With program voltage above
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11 V, the density of detected interface traps tends to be satu-
rated. The density of total interface traps for samples 2# and
1# is estimated to be 1.54×1012 cm−2 and 1.13×1012 cm−2,
leading to a voltage hysteresis by 0.75 V and 0.5 V, respec-
tively. The decrease in trap density by 27% for devices with
DCIO treatment and wet etch makes contribution to the re-
markable increase in output current and transconductance.
The density of border traps for samples 2# and 1# is esti-
mated to be 7.73×1012 cm−2 and 6.35×1012 cm−2 with pro-
gram voltage of 15 V, resulting in a cumulative voltage shift by
3.75 V and 2.8 V, respectively. The border traps are reduced
by 14% with DCIO treatment and wet etch.
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Fig. 5. Voltage shift due to (a) interface traps and (b) border traps
as a function of program voltage for normally-off Al2O3/AlGaN/GaN
MOS-HEMTs.

To activate the de-trapping of border traps with very large
time constant, photo-assisted C–V measurement was carried
out. Figure 6 shows the C–V characteristics of normally-off
MOS-HEMTs before and after light illumination. The refer-
ence C–V curve (black curve) is firstly given under dark con-
dition. With gate voltage swept from 0 V to 8 V, the electrons
will be captured by border traps. Then the second sweep un-
der dark condition gives C–V curves (gray curves) after fill-
ing of border traps. For photo-assisted C–V measurement,
the devices are illuminated by monochromatic light for 60 s
to enhance the electron emission from border traps, follow-
ing which the C–V curve is swept from 0 V to 8 V imme-
diately under dark condition. The photo-assisted C–V sweeps
are repeated with wavelength of monochromatic light decreas-
ing from 500 nm to 360 nm.

After light illumination with wavelength shorter than
400 nm, there is a significant negative voltage shift of C–V
curves due to the de-trapping of border traps. With a decrease
in wavelength, the higher photon energy causes a larger neg-
ative voltage shift. For sample 2# without DCIO treatment
and wet etch, the voltage shift caused by photo-assisted de-
trapping process increases from 0.06 V to 0.54 V with the
wavelength decreases from 500 nm to 375 nm as shown in
Fig. 6(a). For sample 1#, the voltage shift shows an increase
from 0.05 V to 0.35 V. The photon energy (E), i.e., activation
energy of border traps (EA), can be calculated using E = hν

where h is the Boltzmann’s constant and ν is frequency of
photon. With the activation energy ranging from 2.48 eV to
3.29 eV, the density of border traps contributing to voltage
shift is 1.11×1012 cm−2 and 7.94×1011 cm−2 for samples
2# and 1#, respectively. Then, the C–V curves are further
recorded under the wavelength of incident light varying from
400 nm to 360 nm with a step of 5 nm. As shown in Fig. 6(b),
the most remarkable voltage shift appears at 375 nm of light
illumination. This indicates that the major border traps have
an activation energy about 3.29 eV.
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Fig. 6. (a) Typical photo-assisted C–V characteristics of normally-off MOS-
HEMTs before and after light illumination with different wavelength. (b)
Gate voltage at C = 150 nF/cm2 as a function of wavelength varying from
500 nm to 360 nm. The lower and upper dashed lines for each device show
the reference voltage level under dark before and after trap filling.

To obtain the trap distribution as activation energy, the
state density of border traps with activation energy of EA can
be estimated by using the following equation:[29]

DT(E = EA) =
C ·∆V
q ·∆hν

, (2)
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where ∆hν is the energy difference determined from photon
wavelength. Figure 7 shows the distribution of border traps in
normally-off MOS-HEMTs. Sample 1# with DCIO and wet
etch has a peak trap density DT of 2.60× 1012 cm−2·eV−1 at
the activation energy of 3.29 eV, and shows a sharp decrease
by over one order of magnitude with larger or smaller activa-
tion energy. The improved post-etch surface treatment reduces
border trap density by about half with little effect on the acti-
vation energy.
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Fig. 7. State density distribution of border traps in normally-off MOS-
HEMTs with and without DCIO treatment and wet etch.

4. Conclusions
In conclusion, interface issue of normally-off recess-

gate Al2O3/AlGaN/GaN MOS-HEMTs with different post-
etch surface treatment was investigated using hysteresis C–
V and photo-assisted C–V method. DCIO and wet etch pro-
cess results in a decrease in interface and border traps by 27%
and 14%, respectively, leading to the improved device perfor-
mance. Photo-assisted C–V reveals that both samples with dif-
ferent post-etch surface treatment have the similar distribution
of border traps, showing peak state density at activation en-
ergy of 3.29 eV. The peak border trap density for sample with
DCIO and wet etch is 2.60×1012 cm−2·eV−1, reduced by half
compared with the controlled sample.

References
[1] Taking S, Macfarlance D and Wasige E2011 IEEE Electron Dev. Lett.

58 1418
[2] Hou B, Ma X H, Yang L, Zhu J J, Zhu Q, Chen L X, Mi M H, Zhang H

S, Zhang M, Zhang P, Zhou X W and Hao Y 2017 Appl. Phys. Express
10 076501

[3] Zheng X F, Wang A C, Hou X H, Wang Y Z, Wen H Y, Wang C, Lu Y,
Mao W, Ma X H and Hao Y 2017 Chin. Phys. Lett. 34 27301

[4] Khandelwal S, Goyal N and Fjeldly T A 2011 IEEE Electron Dev. Lett.
58 3622

[5] Roberts J W, Chalker P R, Lee K B, Houston P A, Cho S J, Thayne I
G, Guiney I, Wallis D and Humphreys C J 2016 Appl. Phys. Lett. 108
072901

[6] Hou B, Ma X H, Zhu J J, Yang L, Chen W W, Mi M H, Zhu Q, Chen
L X, Zhang R, Zhang M, Zhou X W and Hao Y 2018 IEEE Electron
Dev. Lett. 39 397

[7] Mochizuki K, Mishima T, Terano A, Kaneda N, Ishigaki T and
Tsuchiya T 2011 IEEE Trans. Electron. Dev. 58 1979

[8] Liu Z H, Ng G I, Arulkumaran S, Maung Y K T, Teo K L, Foo S C and
Sahmugan-athan V 2009 Appl. Phys. Lett. 95 223501

[9] Ma X H, Zhu J J, Liao X Y, Yue T, Chen W W and Hao Y 2013 Appl.
Phys. Lett. 103 033510

[10] Zhou Q, Liu L, Zhang A B, Chen B W, Jin Y, Shi Y Y, Wang Z H, Chen
W J and Zhang B 2016 IEEE Electron Dev. Lett. 37 165

[11] Sang F, Wang M J, Tao M, Liu S F, Yu M, Xie B, Wen C P, Wang J Y,
Wu W G, Hao Y L and Shen B 2016 Appl. Phys. Express 9 091001

[12] Zhu J J, Zhu Q, Chen L X, Hou B, Yang L, Zhou X W, Ma X H and
Hao Y 2017 IEEE Trans. Electron. Dev. 64 840

[13] Wang M J, Wang Y, Zhang C, Xie B, Wen C P, Wang J Y, Hao Y L, Wu
W G, Chen K J and Shen B 2014 IEEE Trans. Electron. Dev. 61 2035

[14] Fleetwood D M, Winokur P S, Reber J R A, Meisenheimer T L,
Schwank J R, Shaneyfelt M R and Riewe L C 1993 J. Appl. Phys. 73
5058

[15] Ogawa S, Shimaya M and Shiono N 1995 J. Appl. Phys. 77 1137
[16] Zhu J J, Ma X H, Hou B, Ma M, Zhu Q, Chen L X, Yang L, Zhang P,

Zhou X W and Hao Y 2018 IEEE Trans. Electron. Dev. 65 5343
[17] Yang S, Tang Z K, Wong K Y, Lin Y S, Liu C, Lu Y Y, Huang S and

Chen K J 2013 IEEE Electron Dev. Lett. 34 1497
[18] Partida-Manzanera T, Zaid Z H, Roberts J W, Dolmanan S B, Lee K

B, Houston P A, Chalker P R, Tripathy S and Potter R J 2019 J. Appl.
Phys. 126 034102

[19] Zhu J J, Ma M, Zhu Q, Hou B, Chen L X, Yang L, Zhou X W, Ma X
H and Hao Y 2018 2018 IEEE Workshop on Wide Bandgap Power De-
vices and Applications in Asia WiPDA Asia, May 17–19, 2018, Xi’an,
China, p. 135

[20] Zhu J J, Zhang Y C, Ma X H, Liu S Y, Jing S Q, Zhu Q, Mi M H,
Hou B, Yang L, Uren M J, Kuball M and Hao Y 2020 Semiconductor
Science and Technology 35 065017

[21] Sun H, Wang M J, Yin R Y, Chen J G, Xue S, Luo J S, Hao Y L and
Chen D M 2019 IEEE Trans. Electron. Dev. 66 3290

[22] Wang H Y, Wang J Y, Liu J Q, He Y D, Wang M J, Yu M and Wu W G
2018 Solid-State Electron. 141 13

[23] Zheng X F, Dong S S, Ji P, Wang C, He Y L, Lv L, Ma X H and Hao Y
2018 Appl. Phys. Lett. 112 233504

[24] Liu S H, Yang S, Tang Z K, Jiang Q M, Liu C, Wang M J, Shen B and
Chen K J 2015 Appl. Phys. Lett. 106 051605

[25] Qin X Y, Lucero A, Azcatl A, Kim J and Wallace R M 2014 Appl. Phys.
Lett. 105 011602

[26] Zhou X Y, Lv Y J, Tan X, Wang Y G, Song X B, He Z Z, Zhang Z R,
Liu Q B, Han T T, Fang Y L and Feng Z H 2018 Acta Phys. Sin. 67
178501 (in Chinese)

[27] Bao S Q G W, Ma X H, Chen W W, Yang L, Hou B, Zhu Q, Zhu J J,
and Hao Y 2019 Chin. Phys. Lett 28 067304

[28] Shen Z, He L, Zhou G L, Yao Y, Yang F, Ni Y Q, Zheng Y, Zhou D Q,
Ao J P, Zhang B J and Liu Y 2016 Phys. Status Solidi 213 2693

[29] Yatabe Z, Hori Y, Ma W C, Asubar J T, Akazawa M, Sato T and
Hashizume T 2014 J. Appl. Phys. 53 100213

107302-5

http://dx.doi.org/10.1109/TED.2011.2114665
http://dx.doi.org/10.1109/TED.2011.2114665
http://dx.doi.org/10.7567/APEX.10.076501
http://dx.doi.org/10.7567/APEX.10.076501
http://dx.doi.org/10.1088/0256-307X/34/2/027301
http://dx.doi.org/10.1109/TED.2011.2161314
http://dx.doi.org/10.1109/TED.2011.2161314
http://dx.doi.org/10.1063/1.4942093
http://dx.doi.org/10.1063/1.4942093
http://dx.doi.org/10.1109/LED.2018.2791441
http://dx.doi.org/10.1109/LED.2018.2791441
http://dx.doi.org/10.1109/TED.2011.2145380
http://dx.doi.org/10.1063/1.3268474
http://dx.doi.org/10.1063/1.4813912
http://dx.doi.org/10.1063/1.4813912
http://dx.doi.org/10.1109/LED.2015.2511026
http://dx.doi.org/10.7567/APEX.9.091001
http://dx.doi.org/10.1109/TED.2017.2657780
http://dx.doi.org/10.1109/TED.2014.2315994
http://dx.doi.org/10.1063/1.353777
http://dx.doi.org/10.1063/1.353777
http://dx.doi.org/10.1063/1.358977
http://dx.doi.org/10.1109/TED.2018.2874314
http://dx.doi.org/10.1109/LED.2013.2286090
http://dx.doi.org/10.1063/1.5049220
http://dx.doi.org/10.1063/1.5049220
http://dx.doi.org/10.1109/WiPDAAsia.2018.8734573
http://dx.doi.org/10.1109/WiPDAAsia.2018.8734573
http://dx.doi.org/10.1109/WiPDAAsia.2018.8734573
http://dx.doi.org/10.1088/1361-6641/ab8356
http://dx.doi.org/10.1088/1361-6641/ab8356
http://dx.doi.org/10.1109/TED.16
http://dx.doi.org/10.1016/j.sse.2017.11.005
http://dx.doi.org/10.1063/1.5024645
http://dx.doi.org/10.1063/1.4907861
http://dx.doi.org/10.1063/1.4887056
http://dx.doi.org/10.1063/1.4887056
http://dx.doi.org/10.7498/aps.67.20180474
http://dx.doi.org/10.7498/aps.67.20180474
http://dx.doi.org/10.1088/0256-307X/28/6/067304
http://dx.doi.org/10.1002/pssa.201532785
http://dx.doi.org/10.7567/JJAP.53.100213

	1. Introduction
	2. Device fabrication
	3. Results and discussion 
	4. Conclusions
	References

