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ABSTRACT

Despite a high lateral breakdown voltage above 10 kV for large contact distances and a breakdown field of 5MV cm−1 for short contact
distances, an Al0.9Ga0.1N/GaN heterostructure with an 8 nm strained GaN channel grown on an AlN/sapphire template suffers from a low
and anisotropic mobility. This work deals with a material study to elucidate this issue. Threading dislocations were observed along the
growth direction in transmission electron microscopy pictures and are more in number in the (11−20) plane. Steps were also detected in
this plane at the GaN channel interfaces. With the help of device simulations and static characterizations, the deep level transient spectro-
scopy technique allowed five traps located in the GaN channel to be identified. Most of them are associated with nitrogen- or gallium-
vacancy-related defects and are expected to be localized at the interfaces of GaN with the buffer and the barrier. It is likely that these electri-
cally active defects contribute to reduce the mobility in the two-dimensional electron gas. In addition, a link was established between the
mobility and the dependence of the quality of the channel interfaces on the crystallographic orientation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0077107

I. INTRODUCTION

AlGaN/GaN high electron mobility transistors (HEMTs) are
promising devices for high voltage applications. Actually, GaN-based
HEMTs1 take advantage of an electron saturation velocity of
2.5 × 107 cm s−1, a breakdown electric field of 3 MV cm−1, and a
thermal conductivity of 2.1 W cm−1 K−1. A two-dimensional elec-
tron gas (2DEG) density around 1013 cm−2 combined with an
electron mobility that can reach 2000 cm2 V−1 s−1 also give a
major advantage to GaN-based HEMTs.2

Despite these interesting properties, the highest withstand
voltage of commercially available devices does not exceed 650 V.
Many problems limit the device performance in operations like
traps and leakage conduction. To address these issues and to
achieve operating voltages above kV, several solutions have been

explored. The surface passivation was used to reduce surface traps
on top of the AlGaN layer, resulting in an increase in the withstand
voltage.3 Field plate engineering was considered to reduce the elec-
tric field peaks and avoid the degradation of the device layers.4 A
blocking back barrier allowed a better 2DEG confinement and a
reduction of the leakage current toward the substrate.5 The removal
of the substrate was employed to avoid limitations resulting from
the substrate material properties.6

Another approach is to use a thinner GaN channel sand-
wiched between ultra-wide bandgap materials. The impact of the
substrate and the barrier on the overall breakdown voltage is then
reduced.7 Such a structure has been grown on an AlN/sapphire
template, with a strained 8 nm GaN channel and an Al-rich AlGaN
barrier. The AlN material with an ultra-wide bandgap of 6.2 eV, a

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

J. Appl. Phys. 131, 124501 (2022); doi: 10.1063/5.0077107 131, 124501-1

Published under an exclusive license by AIP Publishing

https://doi.org/10.1063/5.0077107
https://doi.org/10.1063/5.0077107
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0077107
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0077107&domain=pdf&date_stamp=2022-03-24
http://orcid.org/0000-0002-6736-9852
http://orcid.org/0000-0003-3720-9409
http://orcid.org/0000-0002-4753-4718
http://orcid.org/0000-0003-2901-2120
mailto:julien.bassaler@neel.cnrs.fr
https://doi.org/10.1063/5.0077107
https://aip.scitation.org/journal/jap


breakdown electric field8 of 8.4 MV cm−1, and a thermal conductiv-
ity9 of 2.9W cm−1 K−1 is suitable for withstanding high voltages.
The performed, i.e. realized AlGaN/GaN heterostructure exhibits a
high lateral breakdown voltage above 10 kV for large contact dis-
tances and a remarkable breakdown field of 5MV cm−1 for short
contact distances.7 However, the mobility in the 2DEG does not
exceed 340 cm2 V−1 s−1. This work aims to find the origin of this
low mobility of electrons in the channel.

II. DEVICES FABRICATION

The substrate has an AlN-based structure grown by molecular
beam epitaxy (MBE) on sapphire.7 It is composed of a 6 μm thick
commercial AlN-on-sapphire template, a 190 nm AlN buffer, a
8 nm thin GaN channel, a 10 nm AlGaN barrier layer with 90% of
the aluminum molar fraction to ensure a high sheet carrier density,
and a 5 nm in situ grown SiN cap layer. A Transmission Electron
Microscopy (TEM) image of the stacking layers is presented in
Fig. 1(a). The Ohmic contact was formed with a Ti/Al/Ni/Au metal
stack on the top of the barrier layer by etching the SiN cap layer
with a fluorine-based plasma. Thermal annealing at 875 °C was
then applied to achieve a contact resistance of 0.6Ωmm. The gate
was formed by a Ni/Au metal stack and was deposited on the top
of the cap layer.

I–V, C–V, and DLTS measurements were performed on a cir-
cular device [Fig. 1(b)] with a gate diameter of 100 μm, an Ohmic
ring with a width of 100 μm, and a distance between the gate and
Ohmic contacts of 4 μm. Resistivity measurements were realized on
the Hall bars [Fig. 1(c)]. The device is 700 μm long and 68 μm

wide (W). The distance between contacts 1 and 4 or 2 and 3 is
290 μm (D).

III. EXPERIMENTAL METHOD

The microstructure of the samples was investigated by electron
microscopy using a ThermoFischer Tecnai microscope operated at
200 kV. The analyses were performed either in the scanning trans-
mission mode using a high angle annular dark field detector
(HAADF-STEM) to emphasize the chemical contrast or using high
resolution transmission mode (HR-TEM). The samples were pre-
pared for cross section observations by mechanical polishing fol-
lowed by ion milling using the Gatan PIPS equipment.

Current–voltage (I–V) and resistivity measurements were per-
formed with a Keithley 2612B source measure unit and capaci-
tance–voltage (C–V) characteristics with an Agilent E4980A
precision LCR meter at 1MHz. The bias was applied between the
gate and the Ohmic contact. For the resistivity measurements by
four-probe method (4-P), a current from −100 to 100 μA was
applied between contacts 5 and 6, and the voltage was measured
between contacts 1 and 4 and between contacts 2 and 3. Results
come from an average of the measurements of the five Hall bars.
All static data were acquired at room temperature in the dark.

From the four-probe measurements, the sheet resistance was
determined according to the following equation:

Rsh ¼ W
D

R , (1)

FIG. 1. (a) HR-TEM image of the heterostructure taken at 8° tilt around the [0001] axis from the [10−10] zone axis; (b) schematic top view of the circular device used for
I–V, C–V, and DLTS measurements; and (c) schematic top view of the Hall bar with contacts 1–6.
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where W and D are the distances defined in Sec. II and R is the
resistance determined by the slope of the 4-P characteristic. The
electron mobility in the 2DEG μn is then determined by

μn ¼
1

e Rsh nS
, (2)

where e is the electron elementary charge, Rsh is the sheet resistance
of the 2DEG, and nS is the 2DEG density.

Simulations of the studied device were made in one and two
dimensions with a Schrödinger–Poisson solver, using the Nextnano
software. To simplify, only an AlGaN/GaN structure was simulated
with a gate metal directly in contact with the barrier layer. A result-
ing Schottky barrier height of 2 eV for an Al molar fraction of 90%
has been calculated from an equation based on the work of Yu
et al.11 and used by Ambacher et al.2 This value is consistent
with the turn on value of 2 V obtained from I–V measurements
(see Sec. IV). The vertical dimensions of the simulated device are
similar to the real one (8 nm for the GaN channel and 10 nm for
the AlGaN barrier). Due to a calculation deviation for large dimen-
sions, the length of the simulated device was fixed at 60 nm. This
does not affect the validity of the simulation since the depletion is
mainly vertical and the layer thicknesses are respected. The lateral
length of 60 nm is composed of the gate contact with a diameter of
20 nm, two Ohmic contacts of 10 nm length, and the gate-Ohmic
distance of 10 nm.

An FT 1030 DLTS system from PhysTech was used to
perform DLTS measurements at 1 MHz. The sample was mounted
on a thermal stage inside a cryostat. The device was reverse biased
with a voltage VR applied to the gate contact. A pulse voltage VP

was applied to fill the traps during a time tP. After the end of the
pulse voltage, trapped charges are thermally emitted, following the

equation

en ¼ NCvthσn exp
�Ea
kBT

� �
, (3)

where en is the thermal emission coefficient of electrons, NC is the
density of states in the conduction band, vth is the thermal electron
velocity, σn is the apparent electron capture cross section of the
trap, Ea is the thermal activation energy of the trap, and kB is the
Boltzmann constant.

Equation (3) can be rewritten as

en ¼ γnT
2σn exp

�Ea
kBT

� �
, (4)

where γn is given by

γn ¼
NCvth
T2

¼ 1
T2

2
2πmn*kBT

h2

� �3/2
" #

3kBT
mn*

� �1/2
" #

: (5)

Using an electron effective mass in the GaN conduction band
of mn* = 0.2 m0,

10 where m0 is the free electron mass, we calculate
γn = 6.5 × 1020 cm−2 s−1 K−2. Capacitance transients generated by
the thermally emitted charges were recorded from 77 to 500 K
between times t0 and t0 + TW, where t0 is the cut-off time and TW is
the period width of the measurement.

IV. STATIC MEASUREMENTS

In Fig. 2(a), we see the capacitance–voltage measurement
recorded at 1 MHz. Using the relative permittivities of AlGaN and
SiN at εr(Al0.9Ga0.1N) = 8.612 and εr(SiN) = 9.4,13 respectively, the
thickness of the AlGaN/SiN bilayer was calculated at 15.4 nm from
the capacitance at 0 V. This value agrees well with the nominal one

FIG. 2. Static characteristics at room temperature: (a) capacitance–voltage with the corresponding sheet carrier density and (b) current–voltage in linear and logarithmic
scales.
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of 15 nm. The reduction of the capacitance from 0 to −5.7 V is
related to an impoverishment of the 2DEG with an increased drop
beyond −4 V. The next regime (VR <−5.7 V) is the depletion where
the capacitance reaches almost zero at −7 V, meaning that the
2DEG is fully depleted below the gate contact.

The sheet carrier density of the channel [Fig. 2(a)] was calcu-
lated from the C–V measurement by applying the following
equation:14

nS ¼ 1
e

ð
C:dV , (6)

where nS is the sheet carrier density of the 2DEG, e is the ele-
mentary charge, and C is the measured capacitance. A sheet
carrier density of 1.8 × 1013 cm−2 at 0 V was calculated, agreeing
well with the value determined by the Hall effect measurement
(1.9 × 1013 cm−2).7

The current–voltage characteristic of the device is reported in
Fig. 2(b). For a positive voltage, the current seems to follow a
diode-like characteristic with a turn on voltage of 2 V. For a reverse
bias, the current is first stable at 60 μA/cm2, then increases from
−4 to −7 V, and finally, saturates to 8 mA/cm2. The more the
2DEG is depleted, the less the current flows through the channel.
However, during the same time, a leakage current appears, proba-
bly across the SiN passivation.

V. SIMULATIONS

Figure 3(a) reports the 1D simulation of the band structure
at the center of the device, below the gate contact. We see from
the electron density distribution as a function of the depth that
the 2DEG is mainly concentrated in the three-upper nanometer
of the GaN layer. In Fig. 3(b), the sheet carrier density nS

obtained from the simulation as a function of the reverse bias
is compared to the experimental data. A maximum density of
2.0 × 1013 cm−2 at 0 V was determined, agreeing well with the
value extracted from the Hall effect and C–V measurements. In
addition, the experimental and simulated curves are close to
each other for the entire reverse voltage range, which demon-
strates the accuracy of the simulation.

The 2D structure was simulated for different gate voltages
from 2 to −7 V (Fig. 4). The channel is completely open for 2 V
since the Schottky barrier height was fixed to 2 eV. By applying a
negative bias on the gate, the channel is progressively impoverished
under the gate contact and reaches the depletion regime slightly
before −6 V. Beyond this voltage, the channel starts to be laterally
depleted toward the gate contact edges. These results are consistent
with the static characterizations.

VI. TEM MEASUREMENTS

Transmission electron microscopy (TEM) measurements
reported in Fig. 5(a) were acquired along two different planes
(11−20) and (10−10). Threading dislocations were identified in the
AlN buffer along the growth direction, and we see that they are
more in number in the plane (11−20) [Fig. 5(a)].

X-ray diffraction (XRD) using omega scans was previously
used to look at the AlN crystal quality.7 Rocking curve full widths
at half maximum (FWHM) around the symmetric AlN (002)
reflection and asymmetric AlN (101) reflection peaks were esti-
mated below 350 and 500 arcsec, respectively, indicating a mean
threading dislocation density in the range of fewer than 108 cm−2.
The large lattice mismatch of 13% between AlN and Al2O3 is
expected to explain the presence of dislocations.15 Therefore, we
cannot exclude the propagation of these dislocations through
the GaN channel. In the (11−20) plane, we observe steps, which

FIG. 3. 1D simulation of (a) the band structure and electron density of the Al0.9Ga0.1N/GaN heterostructure and (b) the comparison between the experimental and simu-
lated sheet carrier density evolution as a function of the reverse bias.
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highlight an interface roughness with the buffer and the barrier
[Fig. 5(b)]. Consequently, a link between the roughness of the GaN
layer and threading dislocations in the AlN buffer cannot be ruled
out. In the (10−10) plane, the shape of the GaN layer seems quite
regular and straight but few steps can still be seen on a zoom [the
inset of Fig. 5(b)].

VII. DLTS MEASUREMENTS

DLTS measurements were performed by changing the reverse
voltage VR from −1 to −10 V. The pulse voltage VP was fixed to
−0.5 V with a pulse time tP of 10 ms and a period width TW of
10 ms. Figure 6(a) reports the DLTS spectra for three different
reverse biases at VR =−5.4 V (impoverishment regime),
VR =−6.0 V (beginning of the depletion regime), and VR =−6.6 V
(near a complete depletion regime below the gate). The capacitance

rapidly decreases beyond −5.5 V and reaches zero at −7 V [Fig. 2(a)].
Consequently, only noise is measured on DLTS spectra for VR

beyond −7 V.
In the impoverishment regime, electrons are still present in

the triangular well formed at the AlGaN/GaN heterojunction. As a
result, the Fermi level is slightly below the GaN conduction band
only in the region close to the AlN/GaN interface. Therefore, in
this regime, the DLTS signal involves exclusively low deep electron
traps E1 and E2. In the depletion regime, the Fermi level is below
the conduction band for the entire GaN layer and an electron trap
detection can occur in the whole channel thickness. In addition,
the Fermi level is low enough to allow the detection of deeper traps
(E3, E4, and E5). At VR =−6.6 V, the very weak value of the reverse
capacitance below 270 K prevents a trap detection by DLTS [Fig. 6(b)].
Therefore, traps E1 and E2 do not appear in the DLTS spectrum
of Fig. 6(a).

FIG. 4. 2D depletion simulation under the gate contact at different biases of (a) 2, (b) −5, (c) −6, and (d) −7 V.
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Among the five detected traps, we were able to extract the sig-
nature of four of them. Trap E3 that appears as a shoulder in the
spectrum at VR =−5.4 V does not dominate whatever be the
reverse voltage. Therefore, the activation energy and capture cross
section of this trap could not be determined. The Arrhenius plots
of traps E1, E2, E4, and E5 are reported in Fig. 7, and the extracted
values are summarized in Table I.

The activation energies of the traps are in the range
0.14–0.64 eV. Regardless of the voltage applied (VR or VP) to the
gate, the Fermi level is always away from the conduction band of
AlGaN and AlN by more than 1 eV. Hence, the thermal energy
even at 500 K remains too weak to allow the detection of traps in
the AlGaN barrier and the AlN buffer layer. All deep levels reported
in this work are then localized in the GaN channel and have already

FIG. 5. (a) HAADF-STEM images of a sample cross section, taken in the (11−20) and (10−10) planes, respectively, and (b) zoom of Fig. 5(a) in around the channel
region.

FIG. 6. (a) Normalized DLTS signal at different reverse biases of −5.4, −6.0, and −6.6 V and (b) evolution of the capacitance as a function of temperature for the voltages
used for the DLTS measurements.
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been detected in GaN-based devices.14,17,19,20,27–29 They are also
commonly observed in GaN grown by MBE.16,19 Trap E1 is similar
to trap E identified by Polenta et al.16 with Ea = 0.14 eV and
σn = 7 × 10−17 cm2. Since irradiation induces this trap, they attrib-
uted it to complexes involving a nitrogen-vacancy.17 E2 is likely
related to a complex such as VN–VGa.

18 Trap E3, which is between
E2 and E4 in DLTS spectra, could correspond to trap C found by
Fang et al.19,23,30 and another group27 with an activation energy of
0.34–0.41 eV and associated with nitrogen-vacancy. E4 could be
related to nitrogen-vacancy defects19,20 or might be associated with
dislocations.17 E5 is associated with gallium-vacancy-related
centers.16,18,19,21–26 Fang et al.29 have shown that most of the traps
in thin epitaxial GaN layers with a high dislocation density (108–
109 cm−2) behave as line defects, whereas the same traps in thick
GaN layers with lower dislocation density (106 cm−2) behave as
point defects. However, we conclude that the traps detected in the
strained thin GaN layer are similar to traps commonly observed in
the relaxed material.

The detection of gallium or nitrogen vacancies related defects
could be linked to the roughness of the GaN interfaces observed by

TEM analysis. As a break of the lattice periodicity takes place at the
heterojunctions, vacancies are likely to occur. In addition, we
emphasized that threading dislocations can propagate through the
GaN channel, which could possibly explain the detection of trap E4
suspected to be associated with dislocations.

VIII. MOBILITY DETERMINATION

The sheet resistance and the electron mobility as a function of
the orientation of the Hall bars are summarized in Table II. A
sheet carrier density value of nS = (1.9 ± 0.1) × 1013 cm−2 was used
to calculate the errors.

In Fig. 8, we can see the axes of the crystal structure used for
the TEM images (Fig. 5) and the mobility measurements (Table II).
It is worth noting that the mobility is the lowest for directions close
to the one where steps were observed by TEM [Fig. 5(b)] and the
highest for a perpendicular direction. Therefore, it is absolutely
clear that the electron mobility is affected by the roughness of the
channel interfaces, and we can assume that the deep electron traps
expected to be located at these interfaces play a significant role to
break the conduction.

FIG. 7. Arrhenius plots of the detected traps E1, E2, E4, and E5 with a linear
fit for each trap.

FIG. 8. Crystal structure with different orientations and the corresponding
electron mobility in cm2 V−1 s−1.

TABLE II. Sheet resistance and electron mobility from 4-P measurements on Hall
bars along different zone axes.

Crystallographic direction Rsh (Ω) μn (cm
2 V−1 s−1)

[−12−10] 2419 ± 114 136 ± 14
[01−10] 2280 ± 97 144 ± 14
[11−20] 1795 ± 70 183 ± 17
[10−10] 1683 ± 73 195 ± 19

TABLE I. Thermal activation energy; apparent capture cross section; and identifica-
tion of traps E1, E2, E4, and E5.

Trap Ea (eV) σn (cm
2) Identification

E1 0.14 ± 0.01 (1.28 ± 0.02) × 10−17 VN related16,17

E2 0.24 ± 0.04 (3.81 ± 0.08) × 10−14 VN–VGa complex related18

E4 0.46 ± 0.02 (1.40 ± 0.10) × 10−16 VN related19,20 or
dislocations17

E5 0.64 ± 0.04 (4.12 ± 0.37) × 10−16 VGa related
16,18,19,21–26
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IX. CONCLUSIONS

An Al0.9Ga0.1N/GaN heterostructure with an 8 nm strained
GaN channel has been grown on an AlN/sapphire template to
address the issue of the withstand voltage for power electronics. A
high lateral breakdown voltage up to 10 kV and a breakdown field
up to 5MV cm−1 were achieved, but the electron mobility of the
device is low and anisotropic. TEM investigations revealed the pres-
ence of threading dislocations along the growth axis with a mean
density in the AlN buffer estimated below 109 cm−2 by XRD analy-
sis in the (11−20) plane. A part of them is expected to extend until
the thin GaN channel and assumed to be responsible for steps at
the interfaces AlN/GaN and Al0.9Ga0.1N/GaN. Furthermore, a low
and anisotropic mobility between ∼140 and ∼190 cm2 V−1 s−1 was
determined in the direction or perpendicularly of the steps, respec-
tively. Hence, the interface roughness of the channel leads to
reduce the electron mobility by surface scattering. With the help of
device simulations and static characterizations, five deep traps with
activation energies in the range of 0.14–0.64 eV were detected in
the GaN channel by DLTS. Most of them are associated with VN or
VGa related defects and are expected to be located at the GaN inter-
faces. The participation of these deep traps in the reduction of the
electron mobility in the 2DEG has to be considered. Nevertheless,
the Al0.9Ga0.1N/GaN heterostructure with the 8 nm thin GaN
channel is a promising approach for the next generation of power
electronics to address high voltage markets beyond 1200 V. An
improvement of the crystal quality of the GaN channel surfaces
would allow an increase of the electron mobility to target the high-
frequency market as well.
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