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Using numerical simulations, we investigate the effects of deep traps and deep acceptor levels
in magnesium-doped GaN on interface charges in the semiconductor-oxide interface. Specifically, in
this work we address two open issues observed in experimental studies on GaN trench metal-oxide-
semiconductor field-effect transistors. (i) We investigate the observed clockwise hysteresis in the transfer
characteristics and elucidate the underlying physical mechanism causing it. By employing appropriate
models for substitutional carbon at nitrogen sites (Cy) and nitrogen vacancies (Vy), we calculate the hys-
teresis dependence on the trap concentrations and the measurement sweep duration 7. We show that Cy
acceptor traps in p-GaN are likely responsible for this phenomenon and the largest hysteresis is predicted
for a sweep duration of Ty & 30 s. (ii) We also address the apparent inconsistency between the experimen-
tal and theoretically predicted magnesium-ionization levels and the variations of the measured transfer
characteristics, specifically the threshold voltage. We show that the bands bending in the channel area cre-
ates a layer in which magnesium is completely ionized. As a result, the magnesium partial ionization does
not have an effect and, while the threshold voltage decreases, nor does the breakdown voltage, as observed
experimentally. The measured threshold voltage, which is lower than the theoretically predicted value, is
caused by fixed and trapped charges at the interface, in agreement with values reported in the literature.

DOI: 10.1103/PhysRevApplied.13.014007

I. INTRODUCTION

Understanding the physics of semiconductor-oxide
interfaces and their behavior under nonequilibrium is crit-
ical for the development of novel electronic devices.
This is especially important for gallium-nitride- (GaN)
based power devices that are expected to operate under
more extreme conditions than their silicon counterparts.
Among these, the gallium-nitride vertical-trench metal-
oxide-semiconductor field-effect transistor (MOSFET) is
a very appealing technology for power applications. It
is naturally suitable for integration with high packing
densities, leading to high absolute current switching capa-
bilities. Using thick drift layers, high breakdown volt-
ages can be attained, exceeding the rating of lateral
transistor architectures. For device layers grown in the
(0001) direction, the resulting gate trenches are on the m
planes (1100), mitigating unwanted polarization effects.
Fabricated vertical-trench GaN-MOS devices [1-5] have
achieved high channel mobility [1] and low on-resistance
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and threshold voltages (V) [6]. Using field plates, Oka
et al. have fabricated a device with a high breakdown
voltages of 1.6 kV [3] and, subsequently, an optimized
structure with a hexagonal cell structure that has attained a
breakdown voltage of 1.25 kV with specific on resistance
of 1.8 mQ cm? [4].

These successful efforts also expose important gaps
in the understanding of the physics of the GaN-oxide
interface and its impact on the device performance. An
unexplained clockwise hysteresis in the gate transfer char-
acteristics has been observed, both in the device fabricated
by Oka (AVs = 0.5) [4] and in Li (AVs = 0.6 V) [S].
Moreover, the measured threshold voltages of all fabri-
cated devices have turned out to be consistently lower than
the theoretical values computed using a standard MOS
model [7]. This trend has been consistent over differ-
ent gate oxides and application methods, as presented in
Table 1. The observed low threshold has been attributed
to [3,4] (i) insufficient activation of the magnesium impu-
rities in the gate layer and (ii) the presence of fixed
charges and/or nitrogen vacancies (Vy) on the gate trench
surface. However, as stated by Oka ef al. [4], a low mag-
nesium activation would also have led to punch-through

© 2020 American Physical Society
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TABLE 1. Measured and calculated values of the threshold
voltage in actual devices, the observed hysteresis voltage AV,
the gate-insulator composition, and its application method used
for each structure. In [3,4] atomic layer deposition (ALD) was
used to apply the gate oxide.

Vr Vr
Ref. measured calculated AVg Gate insulation
[1] 5.1/25.5 11.2-29 SiN/Si0,, ECR/PECVD
[2] 10 44 SiN LPCVD
[3] 7 57 SiO, ALD
[4] 35 33 0.5 SiO, ALD
[5] 4.8 0.6 AIN/SiN MOCVD

4V is calculated in this case as the gate voltage at which the
drain current is 1000 times smaller than the “fully on” case,
which seems to be an overestimate.

and breakdown at much lower drain-source voltages than
observed, i.e., around 10 V. Other authors have attributed
the observed low threshold voltage to the creation of an
n-type region near the trench surface [1,2].

In this paper, we employ a physics-based numeri-
cal device-simulation model to investigate the impact of
defects and dopants on the gate transfer characteristics
of a prototype trench GaN-MOS devices. Specifically, we
intend to address two main open questions: (i) What is the
mechanism responsible for the observed clockwise hys-
teresis in the transfer characteristics? (ii) Can one explain
the apparent contradiction between the predicted acti-
vated magnesium concentration in the p-gate layer and the
measured threshold and breakdown voltages?

II. METHOD AND MODELS

A drift-diffusion model, as implemented in the TCAD
SENTAURUS package [8], is used for this investigation.
All simulations are performed at a constant temperature
of 300 K. A two-dimensional structure, based on the
cross section of the device fabricated by Oka et al. [4] is
used as the geometrical device model for the simulations.
Figures 1(a) and 1(b) show the device cross section and
the gate area from the simulation. The structure’s layer
thicknesses, doping type, and doping concentrations are
presented in Table II. The gate insulator layer is 80-nm-
thick SiO,, deposited on the etched channel, as shown in
Figs. 1(a) and 1(b). Silicon and magnesium are used as »
and p impurity atoms, respectively. The geometrical model
is designed to be consistent with a 12.6-um-pitch hexago-
nal cell. The conduction channel thickness, as well as the
areas affected by the phenomena studied in this work, are
very thin compared to a gate section and are equal to a
cell side length of 12.6 um. Therefore, the effect of the
cell corners is expected to be negligibly small, allowing
accurate modeling of the device by its two-dimensional
cross-section representation. Symmetry considerations and
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FIG. 1. (a) A schematic (not to scale) cross section of the sim-
ulated device structure, based on the actual device in Ref. [4].
(b) A detailed look at the device structure near the gate: the
GaN/SiO; interface at X = 0 and the cut line that is used as the
X axis in Figs. 3 and 7. (c) The gate-voltage sweep waveform
used in the transient simulations.

a reduced substrate thickness are used to limit the numer-
ical simulation requirements in terms of memory and exe-
cution time. The dark green dashed-dotted lines in Fig. 1(a)
show the boundaries of the structure used in the simula-
tion. Finally, the mesh on which the discretize equations
are solved is optimized to properly capture the physical
phenomena near the oxide-semiconductor interface and
the channel area. The Arora [9] model is employed to
account for the dependence of the mobility on doping.
At high electric fields, the carriers’ velocity saturation is
described by the Caughy-Thomas and transferred-electron
models [9], for holes and electrons respectively. The rele-
vant fitting parameters for GaN, derived using numerical
and experimental data, are obtained from Ref. [9]. The
avalanche-generation model of Okuto and Crowell is used,
with parameters from Ref. [10].

The magnesium-ionization energy, E,, relative to the
valance-band maximum (VBM), has been reported by

TABLEII. The simulated structure’s layer thicknesses, doping
type, and doping concentrations.

Layername Type Thickness (um) Concentration (cm™3)
Gate oxide e 0.08 e

Source n 0.2 6 x 10'8

Base p 0.7 2% 10'8

Drift n 13 9 x 10"
Substrate n 3 10'8
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several authors, with values ranging from 117 [11] to
380meV [12]. In this work, we use values based on data
and meta-analysis given by Brochen ef al. [13], as fol-
lows. The concentration of ionized magnesium atoms, N4,
is calculated using the Fermi-Dirac distribution:

Ny
NA == s
1+ gexp[(Eq — EFp)/kT]

(1)

where g is the degeneracy factor (g = 4) and N, is the
substitutional magnesium concentration. The effect of the
doping concentration on the effective acceptor level E, is
given by [13—15]

Eq=Eu —aN'", (2)
where N is the total doping concentration and E,o =
0.245 eV is the ionization energy of an isolated impu-

rity center. The geometrical coefficient v, accounting for
electrostatic effects, is calculated as follows [16]:

2\ [4n\'? &
a=T(2)(Z T 33086 x 10-%eVem,
3 3 4me €

G)

By iteratively solving Eqgs. (1)+3) and the Fermi energy
level, the effective acceptor level and concentration of ion-
ized magnesium atoms are calculated. Figure 2 shows the
calculated results for a range of substitutional magnesium-
atom concentrations. The Ionized magnesium concentra-
tion (left vertical axis) is shown by the blue dashed line
and the effective ionization level above the VBM is shown

GaN/Mg
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FIG. 2. The calculated magnesium-ionized concentration as a
function of the concentration of substitutional atoms. The ion-
ized concentration in the case of a constant acceptor level £, =
0.245 eV is shown by the black solid line and the case including
the ionization-level decrease due to the electrostatic interaction is
shown by the blue dashed line. The red dashed-dotted line shows
the dependence of the effective acceptor level (right vertical axis)
on the doping concentration.

by the red dashed-dotted line (right vertical axis). Addi-
tionally, the (black) solid line represents the case of a
constant energy level, £, = E,o = 0.245 eV, which gives
an underestimate for the magnesium-ionization level.

The simulation also takes into account traps, both donor
and acceptor, that have been identified as being prevalent
in GaN [12,17—19]. Nitrogen vacancies(Vy) are included
as donor traps at 0.47 eV above the VBM [20], with a
capture cross section of o = 1.3 x 10715 ecm™2 [21,22].
Carbon substitution at nitrogen sites (Cy) is modeled as
acceptor traps at 0.9 eV above the VBM [17,18,23,24],
with 0 = 2.5 x 1072 ¢cm™2 [25]. Carbon impurities are
common in GaN grown in both metalorganic chemical-
vapor deposition (MOCVD) and molecular-beam epitaxy
(MBE) [19]. In the former, hydrocarbon fragments from
the metalorganic precursor (trimethylgallium), which is
used as the gallium source, are the main source of carbon
contamination. Also, CO and CO, contaminants in NHj,
which is used as the nitrogen source, are also considered as
culprits. In the case of MBE, impurities are adsorbed dur-
ing air exposure in standard substrate-loading procedures.
Fixed charges with several areal densities are introduced at
the GaN/SiO; interface. The threshold voltage is extracted
from the simulation results using the linear extrapolation
method with a drain voltage of 0.5 V.

To analyze the observed gate transfer-characteristic
hysteresis (AVg), we study the time-dependent device
behavior employing transient simulations. In practical
transfer-characteristics measurements, hysteresis may be
observed when sweeping the gate bias from zero to a given
voltage and back. Therefore, transient simulations are per-
formed with Vg increased linearly from zero to 40 V and
back to zero with period T [see Fig. 1(c)]. The maximum
value of Vg is chosen to be able to perform the numerical
simulation under the same conditions as for the measure-
ments. The hysteresis value, AV, is then extracted by
finding Vg[max(g,,)] for the up and down sweeps, where
g2 1s the up-sweep curve transconductance.

III. RESULTS AND DISCUSSION

The semiconductor band bending near the interface
at the metal-insulator-semiconductor system is controlled
by the Poisson equation and affected by the metal work
function and the charge balance across the insulator-
semiconductor interface. These charges are usually clas-
sified as interface traps, trapped charges, oxide-trapped
charges, and mobile ionic charges. These are balanced by
the space-charge region created at the semiconductor side
by the band bending [26]. We investigate first the effect
of fixed charges, located at the GaN/SiO, interface, on the
threshold voltage. We compute the transfer characteristic
for a number of areal charge densities and find that the
measured value of V7 = 3.5 V [4] corresponds to a fixed-
charge density of [Q;] = 7.52 x 10'? cm~2. Furthermore,
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Vr decreases rapidly with increasing areal densities. This
result is consistent with experimentally measured values
of [Or] in p-type GaN/SiO, interfaces [27-29]. It should
be noted that GaN/SiO; interface characterization is typ-
ically performed on c-plane interfaces and not m-plane
interfaces, as is the case for the device being studied. Obvi-
ously, these values are sensitive to process parameters, and
controlling [Qy ] requires further experimental research.

When simulating data obtained by measuring /-V
curves, one usually assumes steady-state conditions. How-
ever, although relatively slow (in the order of a few
seconds), these results are actually transient and time-
dependent in nature. Therefore, the transfer-characteristic
hysteresis is considered next by introducing trap states,
either Cy or Vy in the p-gate layer, and performing tran-
sient simulations to investigate the capture and emission
dynamics of traps. Both in the case of Cy and Vy, increas-
ing the gate voltage causes a downward bending of the
energy bands, resulting in a wider region in which the
Fermi energy is higher than the trap energy (see Fig. 3).
Acceptor traps in p-type material, Cy in our case, are neu-
tral in the bulk and become negatively ionized by electron
capturing due to the band bending [see Fig. 3(a)]. For
donors (Vy), the opposite occurs; they are positively ion-
ized in the bulk and become neutral by electron capture,
due to band bending [Fig. 3(b)]. As a result, increasing
the band bending increases the negative charge (C)) or
decreases the positive one (V;), as shown by the shaded
areas in Fig. 3. The capture rate for conduction-band
electrons by Cy traps is given by

v, = n[Cy](1 — frp(ED))o v, @)

where n is the electron density, frp is the Fermi-Dirac dis-
tribution, and vy, is the thermal velocity. As the bands are
bent by the gate voltage, more electrons become avail-
able for trapping and thus the duration of the capturing
process is controlled by the concentration of empty traps:
[Cy](1 — frp) and the capture cross section (o). Due to
their smaller cross section and the fact that the change
in charge distribution occur farther away from the inter-
face, Vy traps do not induce hysteresis. Figure 4 shows the
hysteresis, A Vg, calculated from transient simulations, for
sweep durations ranging from 1072 to 10° s. A baseline
curve with [Cy] = 10'® cm™3 and physical-parameter val-
ues from the literature (mentioned above) is shown by the
black solid line and round markers. In this case, AV =
0.5 V is obtained, in good agreement with the experimen-
tal data. This value is obtained at 7, ~ 30 s, which is a
reasonable sweep time for such a measurement. Reducing
[Cy] decreases AV (Fig. 4, green plus markers) and no
hysteresis is present when no Cy traps are included. Since
the additional trapped charges stored by (C),) increase the
threshold voltage (in the steady state), [Or ] is adjusted in
order to obtain the experimentally obtained V7. For [Cy] =

Density (cm™®)

Density (cm™®)

-—=Vg=40V[

: -
—10 0

FIG. 3. Calculated Cy (a) and Vy (b) ionization profiles as
a function of the gate voltage and the band bending near
the GaN/SiO; interface (X = 0), along the cut line shown in
Fig. 1(b). In the cases shown, [Cy] or [Fy] = 10'® cm™3. Zero
gate voltage is shown by the solid lines and 40 V by the dashed
lines. The light shaded area shows the space-charge difference
between the two biases. In (a), the [C}] profile at 40 V (at
t = T/2) is also shown for different sweep times, 7 (in s).

5x 10'7 and 10" cm™3, [O/] is set to 8.3 x 10'* and
9 x 10'2 cm~2, respectively. Additionally, Fig. 4 shows the
sensitivity of AVg to the Cy trap level E; = 0.05 eV, o,
and [Cy]. Higher E; (dashed-dotted red line and diamond
markers) or lower o (dashed line and blue triangle mark-
ers) both reduce the capture rate, resulting in an increased
time delay between the band bending and subsequent occu-
pation of all traps. Therefore, the curve is shifted toward
longer sweep times and vice versa for a lower trap level
(red dashed-dotted line and square markers). In order to
understand the resonancelike behavior of the hysteresis
magnitude with the sweep duration, we analyze the time
evolution of the ionized traps Cj near the interface. The
predefined area used for the integration is marked by the

014007-4



INTERFACIAL CHARGE DYNAMICS...

PHYS. REV. APPLIED 13, 014007 (2020)

0.7
g [CN]=5%x10" cm ™3

0.64 ~A0=10""3cm2

——-E;=0.85 eV
0.51 —4—E;=0.95 eV ﬁ...‘

—@—Baseline
2 0.4-

0.0 '- : ul
10°% 107" 10° 10! 10? 10°
Ts (s)

FIG. 4. The calculated hysteresis voltage AV as a function of
the sweep time T. For the baseline case (black round markers),
the largest hysteresis value > 0.5 V is obtained for 7y ~ 30 s.
The effect of different E, values is shown by the red curves.
Decreasing (square markers) or increasing (diamond markers)
E, by 0.05 eV shifts the curve by nearly an order of magni-
tude. The green curve (cross markers) shows the effect of halving
[Cy], which correspondingly reduces AVg ([Qy] is adjusted to
maintain the V7 value). Finally, decreasing the capture cross
section o (blue triangle markers) correspondingly increases the
trap lifetime and right shifts the curve.

magenta rectangle in Fig. 1(b). The results are then normal-
ized with respect to the p-Base layer thickness. In Fig. 5,
the results from simulations with baseline parameters are
presented for three representative cases, 7y = 0.1, 29, and
1000 s. When the gate voltage is swept much faster than
the trap capture rate (blue dashed-dotted line 7; = 0.1 s),
hardly any traps are filled and no hysteresis is observed.
On the other hand, for an extremely slow sweep (green
solid line, Ts = 1000 s) the trap-filling time is negligibly
small and the trap occupation follows the gate bias. Con-
sequently, the number of charged traps in the up and down
sweeps is equal and no hysteresis is observed. The maxi-
mal hysteresis occurs when the sweep duration is double
that of the trap charging (red dashed line 75 = 29s). Sub-
sequently, during the down sweep, the charges in [C] are
stored until the bands return to their initial (Vg = 0) state
and the trapped electrons are released. Thus, the difference
in trap occupation between up and down sweeps is maxi-
mal. We conclude that the observed clockwise hysteresis
is likely caused by the trapping time, in the order of a
few seconds, of Cy acceptorlike traps. Our results indicate
that reducing [Cy] by approximately an order of magni-
tude will eliminate the observed hysteresis in the transistor
transfer characteristics.

Lastly, we investigate the effect of magnesium partial
ionization in the p-type gate layer. For a magnesium con-
centration (N,) of 2 x 10'8 cm™3 and an effective acceptor
activation energy of £, = 0.2 eV above the VBM, the
bulk Fermi level is computed to be 50 meV below the
acceptor level and the ionized magnesium concentration

x101°
5

FIG. 5. The calculated time dependence of the ionized traps
integrated over the channel area for the baseline case and three
values of 7y = 0.1 (blue dashed-dotted line), 29 (red dashed line),
and 1000 s (green solid line).

is 6.8 x 10'® cm™> or 3.4%. However, for a device in
which the Fermi level changes with the position and the
gate applied bias, an assumption of complete and incom-
plete ionization leads to a different outcome. As shown in
Fig. 6, the effect of including the model for incomplete
magnesium ionization is much smaller than actually reduc-
ing the layer doping, as one would do by considering the
bulk value in the case of partial ionization. In fact, for
Ny =2 x 10" cm™3, the calculated V7 is 32 and 31.4 V
when assuming complete and position-dependent incom-
plete magnesium ionization, respectively. If one simply
uses a constant-bulk incomplete-ionization value of Ny =
6.8 x 10'® cm~3 throughout the layer, V7 is reduced to
5.9 V. No interface fixed charges are included in these
calculations.

Finally, Fig. 7 shows the calculated energy-band pro-
file near the GaN/SiO, interface and its effect on the
magnesium-ionization level. Similarly to the case of
acceptor traps, a layer of fully ionized magnesium is

309 === Incomp.
—— Comp.

25
g
£ 20
= Na =6.81 x 10*°
é 15 A
8 10 1

5] Ny =2 x 10"

0 T T

0 10 20

Ve (V)

FIG. 6. The calculated transfer characteristics with Ny = 2 x
10'® and 6.8 x 10'® cm™3. The blue solid lines are obtained
assuming complete magnesium ionization and the red dashed line
is for incomplete ionization.
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FIG.7. The calculated magnesium ionization (red regions) near
the GaN/SiO, interface (X = 0) and along the cut line [see
Fig. 1(b)] for V¢ = 0 (solid line) and for V' = 40 V (dashed red
line).

created near the interface due to the downward band bend-
ing. This layer thickness is approximately 32 nm when
the gate voltage is zero and 38 nm at V, =40 V, which
is much thicker than the width of the conduction channel.
The presence of this fully ionized region prevents incom-
plete magnesium ionization from impacting the device
transfer characteristics. This study demonstrates the direct
use of first-principle calculations to infer macroscopic
device behavior. Using knowledge gained, at the atomistic
level, from defect studies based on density-functional the-
ory and macroscopic device-simulation models, the charge
dynamics at theGaN/SiO, interface are investigated. The
physics that is responsible for the observed hysteresis
clearly emerges from our analysis. Finally, the microscopic
physics of the magnesium acceptor ionization is shown not
to affect the threshold voltage.

IV. CONCLUSION

In conclusion, using a numerical approach, we inves-
tigate the hysteresis effect observed in GaN trench MOS
devices and the influence of gate-oxide fixed charges and
incomplete magnesium ionization on its transfer charac-
teristic. From analysis of the time-dependent simulation
results, we infer that the relatively slow trapping pro-
cess of Cy is likely responsible for the observed clock-
wise hysteresis. Hence, purifying the material from such
slow acceptor traps will eliminate the observed hystere-
sis. Based on the Cy trap energy level and the capture
cross section, we estimate that the electron-capture pro-
cess by these sites has a time constant of a few seconds.
This causes the trapped-charge dynamics to lag behind the
gate-voltage time variation. The presented calculation pre-
dicts that maximum hysteresis occurs for a sweep duration

of approximately 30 s. The contribution of the Vy sites to
the hysteresis is found to be negligible.

The second issue we address is the inconsistency
between the low magnesium ionization in p-GaN bulk,
3.4% for [Mg] = 2 x 10'® cm ™3, and the observed transfer
and breakdown properties in actual devices. We show that,
due to the band bending at the GaN/SiO, interface, a layer
of fully ionized magnesium is created. This layer inhibits
the expected effect of the low doping density in the channel
resulting from low magnesium ionization.

ACKNOWLEDGMENTS

This work was supported by the U.S. Army Research
Laboratory through the Collaborative Research Alliance
for MultiScale Multidisciplinary Modeling of Electronic
Materials (Grant No. W911NF-12-2-0023).

[1] H. Otake, S. Egami, H. Ohta, Y. Nanishi, and H. Takasu,
GaN-based trench gate metal oxide semiconductor field
effect transistors with over 100 cm?/(V s) channel mobility,
Jpn. J. Appl. Phys. 46, L599 (2007).

[2] M. Kodama, M. Sugimoto, E. Hayashi, N. Soejima, O.
Ishiguro, M. Kanechika, K. Itoh, H. Ueda, T. Uesugi, and
T. Kachi, GaN based trench gate metal oxide semiconduc-
tor field-effect transistor fabricated with novel wet etching,
Appl. Phys. Express 1, 21104 (2008).

[3] T. Oka, Y. Ueno, T. Ina, and K. Hasegawa, Vertical GaN-
based trench metal oxide semiconductor field-effect transis-
tors on a free-standing GaN substrate with blocking voltage
of 1.6 kV, Appl. Phys. Express 7, 21002 (2014).

[4] T. Oka, T. Ina, Y. Ueno, and J. Nishii, 1.8mS2 - cm? vertical
GaN-based trench metal-oxide-semiconductor field-effect
transistors on a free-standing GaN substrate for 1.2 kV class
operation, Appl. Phys. Express 8, 54101 (2015).

[5] R.Li, Y. Cao, M. Chen, and R. Chu, 600 V/1.7 2 normally-
off GaN vertical trench metal-oxide-semiconductor field-
effect transistor, IEEE Electron Device Lett. 37, 1466
(2016).

[6] T. Fujishima, H. Otake, and H. Ohta, Reduction in thresh-
old voltages in GaN-based metal oxide semiconductor field
effect transistors, Appl. Phys. Lett. 92, 243505 (2008).

[7] S. M. Sze and K. K. Ng, Physics of Semiconductor Devices
(John Wiley & Sons, 2007), 3rd ed., Chap. 6, p. 293.

[8] Synopsys, SENTAURUS Device User Guide (Synopsys Inc.,
Mountain View, 2018).

[9] E. Bellotti and F. Bertazzi, in Nitride Semiconductor
Devices: Principles and Simulation, edited by J. Piprek
(Wiley-VCH, Berlin, 2007), Chap. 4, p. 69.

[10] F. Bertazzi, M. Moresco, and E. Bellotti, Theory of high
field carrier transport and impact ionization in wurtzite
GaN. Part I: A full band Monte Carlo model, J. Appl. Phys.
106, 063718 (2009).

[11] Y. Nakano, O. Fujishima, and T. Kachi, High-temperature
annealing behavior of p-type doping characteristics in Mg-
doped GaN, J. Electrochem. Soc. 151, G574 (2004).

014007-6


https://doi.org/10.1143/JJAP.46.L599
https://doi.org/10.1143/APEX.1.021104
https://doi.org/10.7567/APEX.7.021002
https://doi.org/10.7567/APEX.8.054101
https://doi.org/10.1109/LED.2016.2614515
https://doi.org/10.1063/1.2948855
https://doi.org/10.1063/1.3213363
https://doi.org/10.1149/1.1775932

INTERFACIAL CHARGE DYNAMICS...

PHYS. REV. APPLIED 13, 014007 (2020)

[12] G. Miceli and A. Pasquarello, Self-compensation due to
point defects in Mg-doped GaN, Phys. Rev. B 93, 165207
(2016).

[13] S. Brochen, J. Brault, S. Chenot, A. Dussaigne, M. Leroux,
and B. Damilano, Dependence of the Mg-related acceptor
ionization energy with the acceptor concentration in p-type
GaN layers grown by molecular beam epitaxy, Appl. Phys.
Lett. 103, 032102 (2013).

[14] P. P. Debye and E. M. Conwell, Electrical properties of
N-type germanium, Phys. Rev. 93, 693 (1954).

[15] G. L. Pearson, J. Bardeen, P. Ing, and P. Pivo, Electri-
cal properties of pure silicon and silicon alloys containing
boron and phosphorus, Phys. Rev. 75, 865 (1949).

[16] W. Gétz, R. S. Kern, C. H. Chen, H. Liu, D. A. Steiger-
wald, and R. M. Fletcher, Hall-effect characterization of
III-V nitride semiconductors for high efficiency light emit-
ting diodes, Mater. Sci. Eng. B: Solid-State Mater. Adv.
Technol. 59, 211 (1999).

[17] M. Matsubara and E. Bellotti, A first-principles study of
carbon-related energy levels in GaN. I. Complexes formed
by substitutional/interstitial carbons and gallium/nitrogen
vacancies, J. Appl. Phys. 121, 195701 (2017).

[18] M. Matsubara and E. Bellotti, A first-principles study of
carbon-related energy levels in GaN. II. Complexes formed
by carbon and hydrogen, silicon or oxygen, J. Appl. Phys.
121, 195702 (2017).

[19] A.Kyrtsos, M. Matsubara, and E. Bellotti, Migration mech-
anisms and diffusion barriers of carbon and native point
defects in GaN, Phys. Rev. B 93, 1 (2016).

[20] Q. Yan, A. Janotti, M. Scheffler, and C. G. Van De Walle,
Role of nitrogen vacancies in the luminescence of Mg-
doped GaN, Appl. Phys. Lett. 100, 142110 (2012).

[21] Z. Q. Fang, D. C. Look, W. Kim, Z. Fan, A. Botchkarev,
and H. Morkog, Deep centers in n-GaN grown by reactive
molecular beam epitaxy, Appl. Phys. Lett. 72, 2277 (1998).

[22] A. Y. Polyakov and I. H. Lee, Deep traps in GaN-based
structures as affecting the performance of GaN devices,
Mater. Sci. Eng. R: Rep. 94, 1 (2015).

[23] J. L. Lyons, A. Janotti, and C. G. Van De Walle, Car-
bon impurities and the yellow luminescence in GaN, Appl.
Phys. Lett. 97, 95 (2010).

[24] A. Chini, G. Meneghesso, M. Meneghini, F. Fantini, G.
Verzellesi, A. Patti, and F. Iucolano, Experimental and
numerical analysis of hole emission process from carbon-
related traps in GaN buffer layers, IEEE Trans. Electron
Devices 63, 3473 (2016).

[25] H. Yamada, H. Chonan, T. Takahashi, T. Yamada, and
M. Shimizu, Deep-level traps in lightly Si-doped n-GaN
on free-standing m-oriented GaN substrates, AIP Adv. 8,
045311 (2018).

[26] S. M. Sze and K. K. Ng, Physics of Semiconductor Devices
(John Wiley & Sons, 2007), 3rd ed., Chap. 4, p. 197.

[27] T. E. Cook, C. C. Fulton, W. J. Mecouch, R. F. Davis, G.
Lucovsky, and R. J. Nemanich, Band offset measurements
of the Si3N4/GaN (0001) interface, J. Appl. Phys. 94, 3949
(2003).

[28] W. Huang, T. Khan, and T. P. Chow, Comparison of MOS
capacitors on n- and p-type GaN, J. Electron. Mater. 35,
726 (2000).

[29] M. Placidi, A. Constant, M. Zabala, R. Pérez, J. Millan,
E. Pausas, Y. Cordier, I. Cortes, N. Mestres, A. Fontsere,
P. Godignon, and A. Pérez-Tomas, Deposited thin SiO, for
gate oxide on n-type and p-type GaN, J. Electrochem. Soc.
157, H1008 (2010).

014007-7


https://doi.org/10.1103/PhysRevB.93.165207
https://doi.org/10.1063/1.4813598
https://doi.org/10.1103/PhysRev.93.693
https://doi.org/10.1103/PhysRev.75.865
https://doi.org/10.1016/S0921-5107(98)00393-6
https://doi.org/10.1063/1.4983452
https://doi.org/10.1063/1.4983453
https://doi.org/10.1103/PhysRevB.93.245201
https://doi.org/10.1063/1.3699009
https://doi.org/10.1063/1.121274
https://doi.org/10.1016/j.mser.2015.05.001
https://doi.org/10.1063/1.3492841
https://doi.org/10.1109/TED.2016.2593791
https://doi.org/10.1063/1.5011362
https://doi.org/10.1063/1.1601314
https://doi.org/10.1007/s11664-006-0129-6
https://doi.org/10.1149/1.3486091

	I. INTRODUCTION
	II. METHOD AND MODELS
	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


