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ABSTRACT

We report normally-off operations in partially-gate-recessed AlxTiyO(AlTiO)/AlGaN/GaN metal-insulator-semiconductor (MIS) field-effect
transistors (FETs), where aluminum titanium oxide AlTiO, an alloy of Al2O3 and TiO2, is employed as a gate insulator. Since AlTiO is
useful for interface charge engineering owing to a trend that the AlTiO/AlGaN interface fixed charge is suppressed in comparison with
Al2O3, we investigated combining the interface charge engineering with a partial gate recess method for AlTiO/AlGaN/GaN MIS-FETs. For
AlTiO with a composition of x=(x þ y) ¼ 0:73, a suppressed positive interface fixed charge at the AlTiO/recessed-AlGaN interface leads to
a positive slope in the relation between the threshold voltage and the AlTiO insulator thickness. As a result, we successfully obtained nor-
mally-off operations in partially-gate-recessed AlTiO/AlGaN/GaN MIS-FETs with favorable performances, such as a threshold voltage of
1.7 V, an on-resistance of 9:5Ωmm, an output current of 450 mA/mm, a low sub-threshold swing of 65 mV/decade, and a rather high elec-
tron mobility of 730 cm2=V s. The results show that the interface charge engineering in combination with partial gate recess is effective for
the GaN-based normally-off device technology.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0054045

I. INTRODUCTION

For a gate insulator of GaN-based metal-insulator-
semiconductor (MIS) field-effect transistors (FETs), high-
dielectric-constant (high-k) oxides Al2O3,

1 HfO2,
2,3 TiO2,

4

AlSiO,5,6 AlTiO,7–11 high-k oxynitrides TaON,12 AlON,13 and
high-k nitrides BN,14,15 AlN16–20 have been investigated. In any
case, understanding and controlling the insulator/semiconductor
interface is indispensable for the development of the MIS device
technology. In addition to the problem of device instability caused
by the interface traps,21 effects of the interface fixed charge are crit-
ical issues. When an insulator such as Al2O3 is deposited on a
GaN-based semiconductor having a negative surface polarization
charge, there is a tendency that a positive interface fixed charge is
generated and neutralizes the polarization charge.22–29 The inter-
face fixed charge has significant effects on the MIS device
characteristics, especially on the threshold voltage. A high-density
positive interface fixed charge shifts the threshold voltage Vth nega-
tively when the insulator thickness dins increases. While the

semiconductor polarization is an intrinsic material property, the
origin of the interface fixed charge is not clearly elucidated. Since
the positive interface fixed charge is not a necessity,26,27,30,31 if it is
sufficiently suppressed, Vth increases as dins increases, being useful
for normally-off operations of the MIS-FETs. The threshold voltage
of the MIS devices can be controlled by controlling the interface
fixed charge; the technology aimed at this is called “interface
charge engineering.”26

Toward realization of normally-off AlGaN/GaN devices,
several methods, such as partial gate recess,32 full gate recess,33

fluoride plasma treatment,34 p-type (Al)GaN capping,35,36 selective
electro-chemical oxidation,37 and fin-structure formation,38 have
been investigated. The full gate recess method is considered to be
effective to obtain a high threshold voltage, although low output
currents and a high on-resistance due to a low channel electron
mobility at the insulator/etched-GaN interface are major draw-
backs. However, when using an Al2O3 gate insulator and the full
gate recess method, a threshold voltage lower than the theoretical
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value is often obtained, owing to the positive Al2O3=GaN interface
fixed charge.39,40 The partial gate recess is more suitable to obtain
normally-off operations with high output currents and a low
on-resistance. In order to avoid degradation of the channel electron
transport properties due to recess etching damage and interface
charge scattering, it is preferable to employ a thick remaining
AlGaN layer, although a thin remaining AlGaN layer & 2 nm is
often required owing to the positive Al2O3/etched-AlGaN interface
fixed charge.41 Therefore, if the interface charge engineering suc-
ceeds to suppress the positive Al2O3/etched-AlGaN interface fixed
charge, normally-off operations with a good channel electron trans-
port can be realized for partial recess with a thicker remaining
AlGaN layer.

In this study, we employed AlxTiyO (AlTiO) as a gate insula-
tor of partially-gate-recessed AlGaN/GaN MIS devices. AlTiO, an
alloy of Al2O3 (energy gap Eg � 7 eV, dielectric constant k � 10)
and TiO2 (Eg � 3 eV, k � 60), is a versatile insulator, because it
can be applied to dielectric constant engineering as well as energy
gap engineering, via controlling its composition x:y.42–45 Moreover,
it has been shown that AlTiO is useful for interface charge
engineering owing to a trend that the positive AlTiO/AlGaN inter-
face fixed charge is suppressed in comparison with Al2O3.

9,11

Based on the interface charge engineering, for a composition of
x=(x þ y) ¼ 0:73, a suppressed positive interface fixed charge at
the AlTiO/recessed-AlGaN leads to a positive slope in the relation
between the threshold voltage Vth and the AlTiO insulator thick-
ness dins. As a result, we obtained normally-off operations in the
partially-gate-recessed AlTiO/AlGaN/GaN MIS devices with a
� 4 nm-thick remaining AlGaN layer, which thickness leads to
normally-on operations for Al2O3=AlGaN=GaN MIS devices. The
normally-off AlTiO/AlGaN/GaN MIS-FETs show favorable perfor-
mances such as a threshold voltage of 1.7 V, an on-resistance of
9:5Ωmm, an output current of 450 mA/mm, a low sub-threshold
swing of 65 mV/decade, and a rather high electron mobility of
730 cm2=V s.

II. DEVICE FABRICATION

The fabrication of the partially-gate-recessed AlTiO/AlGaN/
GaN MIS devices, MIS-capacitors [Fig. 1(a)] and MIS-FETs
[Fig. 1(d)], started from an Al0:24Ga0:76N (20 nm)=GaN (3 μm) het-
erostructure on sapphire(0001), followed by Ti/Al/Ti/Au Ohmic
electrode formation. As gate recess process, the AlGaN layer was
etched by using electron cyclotron resonance (ECR) nitrogen
plasma. The etching rate and depth were � 1:2 nm/min and
� 16 nm (i.e., AlGaN remaining thickness dAlGaN � 4 nm), respec-
tively, as measured by atomic force microscopy (AFM) showing the
etched-AlGaN surface morphology given in Fig. 1(c), where the
roughness is � 0:5 nm. After etched-AlGaN surface cleaning to
remove oxide and oxygen-related molecules, several compositions
of AlTiO gate insulators with several thicknesses were formed by
atomic layer deposition (ALD) using TMA (trimethyl aluminum),
TDMAT (tetrakis-dimethylamino titanium), and water,7,9,11

followed by post-deposition annealing at 350 �C in H2-mixed Ar.
After necessary device isolation by Bþ ion implantation, Ni/Au
gate electrodes were formed. Finally, post-gate annealing at 400 �C
in N2 completed the device fabrication. The device size and the top

view image of the MIS-capacitors are shown in Figs. 1(a) and 1(b),
respectively, where the recessed area S1 ¼ 652 μm2 and the non-
recessed area S2 ¼ (702 � 652) μm2 under the gate are surrounded
by the Ohmic electrodes. Figure 1(d) shows the device size of the
MIS-FETs, where the recessed gate length of LG ¼ 2:5 μm is over-
lapped by the 3-μm-length gate metal, with the source-drain dis-
tance of 5 μm, and the gate width is WG ¼ 50 μm.

Although the positive fixed charge density at the AlTiO/
AlGaN interface decreases with a decrease in the Al compositions
of AlTiO,11 the decrease in the energy gap Eg and the insulator/
AlGaN conduction band offset ΔEC will lead to an increase in
leakage currents of MIS devices. To avoid the leakage, gate insula-
tors having ΔEC � 1 eV are preferable. Therefore, in this study,
we employed three compositions of AlxTiyO gate insulators:
x=(x þ y) ¼ 1:0 (Al2O3, k ≃ 8, Eg ≃ 7 eV, ΔEC ≃ 1:7 eV),
x=(x þ y) ¼ 0:84 (k ≃ 10, Eg ≃ 6:3 eV, ΔEC ≃ 1:4 eV), and
x=(x þ y) ¼ 0:73 (k ≃ 13, Eg ≃ 6 eV, ΔEC ≃ 1:3 eV).11

III. DEVICE CHARACTERIZATION

Capacitance-voltage (C-VG) characteristics of the AlTiO/
AlGaN/GaN MIS-capacitors were measured at 1MHz. Figure 2
shows the C-VG characteristics for several AlTiO insulator thick-
nesses dins, with the inset depicting the equivalent circuit of the
devices, where the capacitance of the recessed area S1 is in parallel
with the capacitance of the non-recessed area S2. We observe a
step-like behavior of the C-VG characteristics; the lower-voltage
step corresponds to the threshold voltage of the non-recessed area,
whereas the higher-voltage step to that of the recessed area. Only
for x=(x þ y) ¼ 1:0, additional steps are observed in the range of
VG * 3V, owing to the spillover at the insulator/AlGaN in the
non-recessed area, where rather large overdrive voltages are applied
due to the negatively large threshold voltages. The two-dimensional
electron gas (2DEG) sheet concentration nS under the gate can be
obtained by the integration of C as a function of VG, as shown in
Fig. 2 with two linear fittings corresponding to nS increases in the
non-recessed and recessed areas. The threshold voltage of the non-
recessed area Vth2 is determined at nS ¼ 0, while that of the
recessed area Vth1 is obtained by the intersection between the two
fitting lines.

The threshold voltage Vth of an AlGaN/GaN MIS device dom-
inated by an insulator/semiconductor interface fixed charge density
σ ins is given by a linear function of the insulator thickness dins,

Vth ¼ σGaN � σ ins

kinsϵ0
dins � σAlGaN � σGaN

kAlGaNϵ0
dAlGaN þ (f� w� ΔEC)=q,

(1)

using the elementary charge q . 0, the vacuum permittivity ε0, the
polarization charge densities σGaN and σAlGaN, the dielectric con-
stants kins and kAlGaN, the thicknesses dins and dAlGaN, the metal-
insulator barrier height f, the insulator-AlGaN conduction band
offset w, and the AlGaN-GaN conduction band offset ΔEC, where
the slope is (σGaN � σ ins)=(kinsε0).

11 It should be noted that, in the
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limit of dins ! 0, (1) gives

Vth(dins ! 0) ¼ � σAlGaN � σGaN

kAlGaNϵ0
dAlGaN þ (f� w� ΔEC)=q, (2)

where (f� w) can depend on the AlTiO composition. On the
other hand, using the metal-AlGaN barrier height ~f, Vth of a
Schottky device is given by

Vth ¼ � σAlGaN � σGaN

kAlGaNϵ0
dAlGaN þ (~f� ΔEC)=q, (3)

which can be different from (2). Figures 3(a) and 3(b) show the
obtained threshold voltages as functions of dins for the non-
recessed and recessed areas, respectively. Basically, we observe
linear relations of Vth-dins, confirming that Vth is dominated by the
interface fixed charge. Although the linearity is not good for the
recessed area of x=(x þ y) ¼ 1:0, this can be attributed to data

dispersion related to the interface fixed charge rather than the bulk
charge, since the non-recessed area exhibits a linear behavior. We
observe Vth , 0 of the recessed area for x=(x þ y) ¼ 1:0, showing
that the AlGaN remaining thickness dAlGaN � 4 nm leads to
normally-on operations for Al2O3=AlGaN=GaN MIS devices. On
the other hand, for x=(x þ y) ¼ 0:84 with dins , 26 nm and
x=(x þ y) ¼ 0:73 with dins . 12 nm, we obtain Vth . 0, normally-
off operations for AlTiO/AlGaN/GaN MIS devices, where a positive
Vth-dins slope is observed for x=(x þ y) ¼ 0:73. From the fitting
using the relation (1), we can directly obtain σGaN � σ ins. It should
be noted that, in order to evaluate σ ins, the value of σGaN is
required. Here, assuming σGaN=q ¼ 2:1� 1013 cm�2,46–50 we evalu-
ate σ ins at the AlTiO/AlGaN interface for the non-recessed and
recessed areas, as summarized in Fig. 4, where the error bars show
the three-sigma asymptotic standard errors in the fitting, and the
neutral interface is indicated by the black dotted line. While there
was little effect of the post-gate annealing for the non-recessed
area, the post-gate annealing decreased the positive interface fixed

FIG. 1. (a) The structure and (b) the top view image of the partially-recessed AlTiO/AlGaN/GaN MIS-capacitors. (c) An AFM image of the etched-AlGaN surface. (d) The
structure of the partially-recessed AlTiO/AlGaN/GaN MIS-FETs.
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FIG. 2. C-VG characteristics of the partially-recessed AlTiO/AlGaN/GaN MIS-capacitors at 1 MHz. The inset shows the equivalent circuit of the devices. The 2DEG sheet
concentration nS under the gate is obtained by integration of C as a function of VG, from which the threshold voltages of non-recessed area (Vth2) and recessed area
(Vth1) are determined.

FIG. 3. The threshold voltage Vth for the (a) non-recessed and (b) recessed areas of the AlTiO/AlGaN/GaN MIS-capacitors as functions of dins.
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charge in the recessed area by the order of mid 1012 cm�2, similarly
to Ref. 39. For the non-recessed AlGaN area, as reported in Ref. 11,
AlTiO with low Al compositions can suppress the AlTiO/AlGaN
interface fixed charge σ ins. Moreover, it is found that σ ins is further
suppressed for the recessed AlGaN area. Considering the fact that
σ ins is the sum of positive and negative fixed charges (excluding the
negative polarization charge) at the interface, the further suppres-
sion of σ ins might be attributed to a negative charge introduced by
the gate recess process. For the x=(x þ y) ¼ 0:73 composition, we
observe a rather low σ ins leading to the positive Vth-dins slope;
although the mechanism is not elucidated, one possibility is that
the interaction between the AlTiO and the recessed AlGaN
depends on the AlTiO composition, affecting the interface fixed
charge. The positive slope is useful for fabricating normally-off
devices, since more positive threshold voltages can be obtained by
increasing the insulator thickness.

Figure 5 shows calculated 1D Poisson-Schrödinger band dia-
grams of the partially-recessed AlTiO/AlGaN/GaN MIS structures
with dAlGaN ¼ 4 nm and dins ¼ 30 nm at VG ¼ 0V, using σ ins

obtained by the experimental results. For the calculation, we deter-
mined the AlTiO-AlGaN conduction band offset w and the metal-
AlTiO barrier height f as follows. Using the electron affinities
� 1:9 eV of ALD-deposited Al2O3

51 and � 4:0 eV of ALD-deposited
TiO2,

52 we employed a linear approximation of the electron affinity
� [4:0� 2:1x=(x þ y)] eV of AlxTiyO. Assuming no vacuum level
discontinuity at the AlTiO/AlGaN, the AlGaN electron affinity
� 3:5 eV leads to an estimated AlTiO-AlGaN conduction band
offset w ≃ [2:1x=(x þ y)� 0:5] eV. On the other hand, from the
intercept of the Vth-dins relation given by (1), we experimentally
obtained f� w, which gives the metal-AlTiO barrier height f in
combination with the above-estimated w, where we obtain
f ¼ (4:6+ 0:5) eV for x=(x þ y) ¼ 1:0, f ¼ (1:5+ 0:4) eV for

x=(x þ y) ¼ 0:84, and f ¼ (1:6+ 0:2) eV for x=(x þ y) ¼ 0:73,
including the three-sigma asymptotic standard errors in the fitting.
The metal-AlTiO barrier heights f for x=(x þ y) ¼ 0:84 and 0:73
are rather small in comparison with that for x=(x þ y) ¼ 1:0.

FIG. 4. The AlTiO/AlGaN interface fixed charge density σ ins as functions of the
Al composition of the AlTiO for the non-recessed and recessed areas. The error
bars show the three-sigma asymptotic standard errors in the fitting. The neutral
interface is indicated by the black dotted line.

FIG. 5. Calculated 1D Poisson-Schrödinger band diagrams of the
partially-recessed AlTiO/AlGaN/GaN MIS structures with dAlGaN ¼ 4 nm and
dins ¼ 30 nm at VG ¼ 0 V, using experimentally obtained σ ins.
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Although the average value of f for x=(x þ y) ¼ 0:84 is slightly
smaller than that for x=(x þ y) ¼ 0:73, they are similar and within
error. We find that the decrease in the interface fixed charge density
can reverse the direction of the electric fields in the AlTiO insulators

for the x=(x þ y) ¼ 0:84 and 0.73 compositions. The larger the
decrease in σ ins is, the stronger the electric field is in AlTiO, shifting
the threshold voltages positively. As a result, while Vth , 0V for
x=(x þ y) ¼ 1:0 and Vth & 0V for x=(x þ y) ¼ 0:84, a clear
normally-off operation Vth . 0V is indicated for x=(x þ y) ¼ 0:73.

In order to examine the normally-off operation, we character-
ized a partially-recessed AlTiO/AlGaN/GaN MIS-FET for
x=(x þ y) ¼ 0:73, where dAlGaN � 4 nm and dins ¼ 29 nm. The
output and transfer device characteristics are depicted in Fig. 6,
showing the drain current ID, the gate current IG, and the transcon-
ductance gm normalized by the channel width. Figure 6(a) shows
the transfer characteristics at VD ¼ 10V, exhibiting a clear
normally-off operation with a low leakage current, a high on/off
current ratio � 1010, and the maximum of gm ≃ 80mS=mm. The
threshold voltage is estimated to be 1.7 V by linear fitting of ID as a
function of VG shown in Fig. 6(b), being consistent with the esti-
mation from the C-VG characteristics. Since there is almost no hys-
teresis for positive voltage applications in the range of
VG � þ10V, we show the transfer characteristics for a voltage
sweep for VG ¼ þ10 ! �6V. On the other hand, the negative
voltage application down to VG ¼ �6V leads to a negative thresh-
old voltage shift of & 0:5V. The output characteristics shown in
Fig. 6(c) exhibits ID as high as � 450mA=mm, and a low
on-resistance of 9:5Ωmm.

Figure 7 shows the sub-threshold swing
SS ¼ [@( log ID)=@VG]

�1 as functions of ID for VD ¼ 1, 3, and 10 V.
We observe excellent sub-threshold characteristics with the minimum
SS � 65mV=decade, which approaches the theoretical limit
(60mV/decade, plotted as the black dotted line) for a wide range
of ID.

FIG. 6. Device characteristics of a partially-recessed AlTiO/AlGaN/GaN
MIS-FET. (a) and (b) The transfer characteristics at VD ¼ 10 V. (c) The output
characteristics.

FIG. 7. The sub-threshold swing SS ¼ [@( log ID)=@VG]
�1 as functions of ID for

VD ¼ 1, 3, and 10 V; the black dotted line shows the theoretical limit 60 mV/
decade.
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The FET channel field mobility under the gate is usually
calculated by

μ ¼ LG
CVD

@ID
@VG

: (4)

However, based on a FET equivalent circuit shown in the inset of
Fig. 8, the effects of the source resistance RS and the drain resist-
ance RD must be taken into account. The channel field mobility
under the gate should be obtained by

μ ¼ LG
CVD0

@ID
@VG0

, (5)

where VD0 ¼ VD � ID(RS þ RD) and VG0 ¼ VG � IDRS. The source
resistance RS and the drain resistance RD are calculated from the
contact resistance RC and the sheet resistance ρSh for the non-
recessed area, by using

RS ¼ RC þ ρSh � LGS,
RD ¼ RC þ ρSh � LGD,

�
(6)

where LGS and LGD are the gate-source and gate-drain distance,
respectively. From separate transfer length method (transmission-
line model) measurements, we estimated RC ≃ 1:2Ωmm and
ρSh � 900Ω=□ for the non-recessed area. Thus, as shown in
Fig. 8, we obtain the channel field mobility μ under the recessed
gate as a function of VG for VD � 0:1V. We observe a maximum
μ ≃ 730 cm2=V s, which is rather high as a channel field mobility
of gate-recessed GaN-based MIS-FETs.53 However, we observe a
decrease in μ-VG and gm-VG relations for high VG, which can be
attributed to interface states impeding the gate-control efficiency.18

Further works are necessary to suppress such interface states and
improve the linearity of the transconductance.

IV. CONCLUSION

We investigated combining the interface charge engineering
using AlxTiyO gate insulators with a partial gate recess method
for AlGaN/GaN MIS-FETs. For a composition of x=(x þ y) ¼ 0:73,
we successfully obtained normally-off operations in the partially-
gate-recessed AlTiO/AlGaN/GaN MIS devices with a � 4 nm-thick
remaining AlGaN layer, which thickness leads to normally-on
operations for Al2O3=AlGaN=GaN MIS devices. The normally-off
AlTiO/AlGaN/GaN MIS-FETs show favorable performances, such
as a threshold voltage of 1.7 V, an on-resistance of 9:5Ωmm, an
output current of 450 mA/mm, a low sub-threshold swing of
65 mV/decade, and a rather high electron mobility of 730 cm2=V s.
We conclude that combining the interface charge engineering with
a partial gate recess method is advantageous toward normally-off
operations in AlGaN/GaN MIS devices to achieve high threshold
voltages, low on-resistances, and high output currents.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1T. Hashizume, S. Ootomo, and H. Hasegawa, Appl. Phys. Lett. 83, 2952 (2003).
2C. Liu, E. F. Chor, and L. S. Tan, Appl. Phys. Lett. 88, 173504 (2006).
3A. Kawano, S. Kishimoto, Y. Ohno, K. Maezawa, T. Mizutani, H. Ueno,
T. Ueda, and T. Tanaka, Phys. Status Solidi C 4, 2700 (2007).
4S. Yagi, M. Shimizu, M. Inada, Y. Yamamoto, G. Piao, H. Okumura, Y. Yano,
N. Akutsu, and H. Ohashi, Solid-State Electron. 50, 1057 (2006).
5C. Gupta, S. H. Chan, A. Agarwal, N. Hatui, S. Keller, and U. K. Mishra,
IEEE Electron Device Lett. 38, 1575 (2017).
6D. Kikuta, K. Ito, T. Narita, and T. Kachi, Appl. Phys. Express 13, 026504 (2020).
7S. P. Le, T. Ui, T. Q. Nguyen, H.-A. Shih, and T. Suzuki, J. Appl. Phys. 119,
204503 (2016).
8A. Colon, L. Stan, R. Divan, and J. Shi, J. Vac. Sci. Technol. A 35, 01B132 (2017).
9S. P. Le, D. D. Nguyen, and T. Suzuki, J. Appl. Phys. 123, 034504 (2018).
10S. Dutta Gupta, A. Soni, V. Joshi, J. Kumar, R. Sengupta, H. Khand,
B. Shankar, N. Mohan, S. Raghavan, N. Bhat, and M. Shrivastava, IEEE Trans.
Electron Devices 66, 2544 (2019).
11D. D. Nguyen and T. Suzuki, J. Appl. Phys. 127, 094501 (2020).
12T. Sato, J. Okayasu, M. Takikawa, and T. Suzuki, IEEE Electron Device Lett.
34, 375 (2013).
13M. Nozaki, K. Watanabe, T. Yamada, H.-A. Shih, S. Nakazawa, Y. Anda,
T. Ueda, A. Yoshigoe, T. Hosoi, T. Shimura, and H. Watanabe, Jpn. J. Appl.
Phys. 57, 06KA02 (2018).
14J. C. Gerbedoen, A. Soltani, M. Mattalah, M. Moreau, P. Thevenin, and
J. C. D. Jaeger, Diamond Relat. Mater. 18, 1039 (2009).
15T. Q. Nguyen, H.-A. Shih, M. Kudo, and T. Suzuki, Phys. Status Solidi C 10,
1401 (2013).
16Y. Liu, J. Bardwell, S. McAlister, S. Rolfe, H. Tang, and J. Webb, Phys. Status
Solidi C 0, 69 (2003).
17H.-A. Shih, M. Kudo, and T. Suzuki, Appl. Phys. Lett. 101, eid043501 (2012).
18H.-A. Shih, M. Kudo, and T. Suzuki, J. Appl. Phys. 116, eid184507 (2014).
19H.-A. Shih, M. Kudo, M. Akabori, and T. Suzuki, Jpn. J. Appl. Phys. 51,
02BF01 (2012).
20S. P. Le, T. Q. Nguyen, H.-A. Shih, M. Kudo, and T. Suzuki, J. Appl. Phys.
116, 054510 (2014).
21J. T. Asubar, Z. Yatabe, D. Gregusova, and T. Hashizume, J. Appl. Phys. 129,
121102 (2021).

FIG. 8. The channel field mobility μ under the recessed gate as a function of
VG for VD � 0:1 V, where the inset shows a FET equivalent circuit.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 014503 (2021); doi: 10.1063/5.0054045 130, 014503-7

Published under an exclusive license by AIP Publishing

 27 June 2025 03:26:53

https://doi.org/10.1063/1.1616648
https://doi.org/10.1063/1.2198507
https://doi.org/10.1002/pssc.200674769
https://doi.org/10.1016/j.sse.2006.04.041
https://doi.org/10.1016/j.sse.2006.04.041
https://doi.org/10.1109/LED.2017.2756926
https://doi.org/10.7567/1882-0786/ab658a
https://doi.org/10.1063/1.4952386
https://doi.org/10.1116/1.4972252
https://doi.org/10.1063/1.5017668
https://doi.org/10.1109/TED.2019.2908960
https://doi.org/10.1109/TED.2019.2908960
https://doi.org/10.1063/1.5141399
https://doi.org/10.1109/LED.2012.2237499
https://doi.org/10.7567/JJAP.57.06KA02
https://doi.org/10.7567/JJAP.57.06KA02
https://doi.org/10.1016/j.diamond.2009.02.018
https://doi.org/10.1002/pssc.201300290
https://doi.org/10.1002/pssc.200390119
https://doi.org/10.1002/pssc.200390119
https://doi.org/10.1063/1.4737876
https://doi.org/10.1063/1.4901290
https://doi.org/10.7567/JJAP.51.02BF01
https://doi.org/10.1063/1.4892486
https://doi.org/10.1063/5.0039564
https://aip.scitation.org/journal/jap


22S. Ganguly, J. Verma, G. Li, T. Zimmermann, H. Xing, and D. Jena, Appl.
Phys. Lett. 99, 193504 (2011).
23M. Esposto, S. Krishnamoorthy, D. N. Nath, S. Bajaj, T.-H. Hung, and
S. Rajan, Appl. Phys. Lett. 99, 133503 (2011).
24M. Ťapajna and J. Kuzmík, Appl. Phys. Lett. 100, 113509 (2012).
25J. Son, V. Chobpattana, B. M. McSkimming, and S. Stemmer, Appl. Phys. Lett.
101, 102905 (2012).
26T.-H. Hung, S. Krishnamoorthy, M. Esposto, D. N. Nath, P. S. Park, and
S. Rajan, Appl. Phys. Lett. 102, 072105 (2013).
27M. Ťapajna, M. Jurkovič, L. Válik, Š. Haščík, D. Gregušová, F. Brunner,
E.-M. Cho, T. Hashizume, and J. Kuzmík, J. Appl. Phys. 116, 104501 (2014).
28M. Matys, B. Adamowicz, A. Domanowska, A. Michalewicz, R. Stoklas,
M. Akazawa, Z. Yatabe, and T. Hashizume, J. Appl. Phys. 120, 225305 (2016).
29M. Ťapajna, L. Válik, F. Gucmann, D. Gregušová, K. Frohlich, Š. Haščík,
E. Dobročka, L. Tóth, B. Pécz, and J. Kuzmík, J. Vac. Sci. Technol. B 35, 01A107
(2017).
30G. Dutta, S. Turuvekere, N. Karumuri, N. DasGupta, and A. DasGupta, IEEE
Electron Device Lett. 35, 1085 (2014).
31M. Blaho, D. Gregušová, Š. Haščík, M. Jurkovič, M. Ťapajna, K. Fröhlich,
J. Dérer, J. F. Carlin, N. Grandjean, and J. Kuzmík, Phys. Status Solidi A 212,
1086 (2015).
32V. Kumar, A. Kuliev, T. Tanaka, Y. Otoki, and I. Adesida, Electron. Lett. 39,
1758 (2003).
33T. Oka and T. Nozawa, IEEE Electron Device Lett. 29, 668 (2008).
34Y. Cai, Y. Zhou, K. J. Chen, and K. M. Lau, IEEE Electron Device Lett. 26, 435
(2005).
35X. Hu, G. Simin, J. Yang, M. Asif Khan, R. Gaska, and M. Shur, Electron. Lett.
36, 753 (2000).
36Y. Uemoto, M. Hikita, H. Ueno, H. Matsuo, H. Ishida, M. Yanagihara,
T. Ueda, T. Tanaka, and D. Ueda, IEEE Trans. Electron Devices 54, 3393 (2007).
37N. Harada, Y. Hori, N. Azumaishi, K. Ohi, and T. Hashizume, Appl. Phys.
Express 4, 021002 (2011).

38C. Yadav, P. Kushwaha, S. Khandelwal, J. P. Duarte, Y. S. Chauhan, and
C. Hu, IEEE Electron Device Lett. 35, 612 (2014).
39Q. Zhou, L. Liu, A. Zhang, B. Chen, Y. Jin, Y. Shi, Z. Wang, W. Chen, and
B. Zhang, IEEE Electron Device Lett. 37, 165 (2016).
40T. Sato, K. Uryu, J. Okayasu, M. Kimishima, and T. Suzuki, Appl. Phys. Lett.
113, 063505 (2018).
41Q. Zhou, B. Chen, Y. Jin, S. Huang, K. Wei, X. Liu, X. Bao, J. Mou, and
B. Zhang, IEEE Trans. Electron Devices 62, 776 (2015).
42C. Mahata, S. Mallik, T. Das, C. K. Maiti, G. K. Dalapati, C. C. Tan,
C. K. Chia, H. Gao, M. K. Kumar, S. Y. Chiam, H. R. Tan, H. L. Seng, D. Z. Chi,
and E. Miranda, Appl. Phys. Lett. 100, eid062905 (2012).
43E. Miranda, J. Suñé, T. Das, C. Mahata, and C. K. Maiti, J. Appl. Phys. 112,
eid064113 (2012).
44T. Ui, M. Kudo, and T. Suzuki, Phys. Status Solidi C 10, 1417 (2013).
45Z. Yatabe, K. Nishiyama, T. Tsuda, K. Nishimura, and Y. Nakamura,
Jpn. J. Appl. Phys. 58, 070905 (2019).
46F. Bernardini, V. Fiorentini, and D. Vanderbilt, Phys. Rev. B 63, 193201
(2001).
47O. Ambacher, B. Foutz, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu,
M. Murphy, A. J. Sierakowski, W. J. Schaff, L. F. Eastman, R. Dimitrov,
A. Mitchell, and M. Stutzmann, J. Appl. Phys. 87, 334 (2000).
48J. A. Garrido, J. L. Sanchez-Rojas, A. Jimenez, E. Munoz, F. Omnes, and
P. Gibart, Appl. Phys. Lett. 75, 2407 (1999).
49E. J. Miller, E. T. Yu, C. Poblenz, C. Elsass, and J. S. Speck, Appl. Phys. Lett.
80, 3551 (2002).
50A. T. Winzer, R. Goldhahn, G. Gobsch, A. Link, M. Eickhoff, U. Rossow, and
A. Hangleiter, Appl. Phys. Lett. 86, 181912 (2005).
51H. D. Trinh, M. T. Nguyen, Y. C. Lin, Q. V. Duong, H. Q. Nguyen, and
E. Y. Chang, Appl. Phys. Express 6, 061202 (2013).
52F. Marques and J. Jasieniak, Appl. Surf. Sci. 422, 504 (2017).
53Q. Hu, B. Hu, C. Gu, T. Li, S. Li, S. Li, X. Li, and Y. Wu, IEEE Trans. Electron
Devices 66, 4591 (2019).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 130, 014503 (2021); doi: 10.1063/5.0054045 130, 014503-8

Published under an exclusive license by AIP Publishing

 27 June 2025 03:26:53

https://doi.org/10.1063/1.3658450
https://doi.org/10.1063/1.3658450
https://doi.org/10.1063/1.3645616
https://doi.org/10.1063/1.3694768
https://doi.org/10.1063/1.4751466
https://doi.org/10.1063/1.4793483
https://doi.org/10.1063/1.4894703
https://doi.org/10.1063/1.4971409
https://doi.org/10.1116/1.4972870
https://doi.org/10.1109/LED.2014.2357837
https://doi.org/10.1109/LED.2014.2357837
https://doi.org/10.1002/pssa.201431588
https://doi.org/10.1049/el:20031124
https://doi.org/10.1109/LED.2008.2000607
https://doi.org/10.1109/LED.2005.851122
https://doi.org/10.1049/el:20000557
https://doi.org/10.1109/TED.2007.908601
https://doi.org/10.1143/APEX.4.021002
https://doi.org/10.1143/APEX.4.021002
https://doi.org/10.1109/LED.2014.2314700
https://doi.org/10.1109/LED.2015.2511026
https://doi.org/10.1063/1.5039886
https://doi.org/10.1109/TED.2014.2385062
https://doi.org/10.1063/1.3684803
https://doi.org/10.1063/1.4754510
https://doi.org/10.1002/pssc.201300293
https://doi.org/10.7567/1347-4065/ab29e3
https://doi.org/10.1103/PhysRevB.63.193201
https://doi.org/10.1063/1.371866
https://doi.org/10.1063/1.125029
https://doi.org/10.1063/1.1477275
https://doi.org/10.1063/1.1923748
https://doi.org/10.7567/APEX.6.061202
https://doi.org/10.1016/j.apsusc.2017.06.062
https://doi.org/10.1109/TED.2019.2940749
https://doi.org/10.1109/TED.2019.2940749
https://aip.scitation.org/journal/jap

