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A B S T R A C T

In this work, we demonstrate the capability of the hot-wall metalorganic chemical vapor deposition to deliver
high-quality n-Al𝑥Ga1−𝑥N (x = 0 – 0.12, [Si] = 1 × 1017 cm−3) epitaxial layers on 4H-SiC(0001). All layers are
crack-free, with a very small root mean square roughness (0.13 – 0.25 nm), homogeneous distribution of Al over
film thickness and a very low unintentional incorporation of oxygen at the detection limit of 5 × 1015 cm−3

and carbon of 2 × 1016 cm−3. Edge type dislocations in the layers gradually increase with increasing Al
content while screw dislocations only raise for x above 0.077. The room temperature electron mobility of the
n-Al𝑥Ga1−𝑥N remain in the range of 400 – 470 cm2/(V.s) for Al contents between 0.05 and 0.077 resulting in
comparable or higher Baliga figure of merit with respect to GaN, and hence demonstrating their suitability for
implementation as drift layers in power device applications. Further increase in Al content is found to result
in significant deterioration of the electrical properties.
1. Introduction

Ultrawide bandgap semiconductors such as diamond, AlN and
Ga2O3 are attracting increasing research interest as promising mate-
rials for next generation power electronics [1,2]. Due to their high
critical electric field (E𝑐) these materials can enable devices with lower
resistance and lower capacitance as compared to their GaN and SiC
counterparts. The critical electric field is directly proportional to the
bandgap energy (E𝑔), 𝐸𝑐 ∼ (𝐸𝑔)2.5 [3]. In addition, the Baliga’s figure-
of-merit (BFOM) [4], which describes the relation between the material
properties and the performance of power unipolar devices, is also
proportional to E𝑐 . Compared to SiC or GaN power devices, AlN allows
thinner drift layer (×10) and efficient heat transport since the thermal
conductivity of this material is superior [5] than that of conventional
Si and even SiC/GaN power devices. Moreover, AlN is also used today
in several commercial power modules for high power applications due
to its superior thermal performance. Al𝑥Ga1−𝑥N ternary alloys offer
the advantage to engineer the bandgap from 3.4 eV (GaN) to 6.0 eV
(AlN). Thus, it is expected that Al𝑥Ga1−𝑥N-based power devices can
outperform GaN-based ones if other parameters of the Al𝑥Ga1−𝑥N active
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layers such as structural quality, electron concentration and mobility
are kept similar to those of GaN. However, the latter present certain
challenges posed by both practical implementations associated with
growth and fundamental limitations.

For example, growth of Al𝑥Ga1−𝑥N layers by metalorganic chemical
vapor deposition (MOCVD) is plagued by parasitic reactions in the gas
phase between the Al precursor, trymethylaluminum (TMAl), and the
group V precursor (NH3) which causes poor growth efficiency, high
dislocation density material and rough surface due to the generation
of adducts as by-products of the parasitic reactions [6]. These effects
become more likely to occur as the TMAl concentration in the vapor
phase increases. Since the Al-N bond energy (2.88 eV) is higher than
the Ga-N bond energy (2.24 eV) [7], the surface diffusion of adsorbed
species will be impeded when increasing Al content [6]. This will result
in a poor lateral growth with tendency to lead to three-dimensional
growth mode as observed in rougher surface morphology at elevated Al
compositions [8]. Due to limitations in surface diffusion, the growth of
Al𝑥Ga1−𝑥N layers should be done at elevated temperatures as compared
to the growth of GaN [9]. Growth at reduced pressure can be employed
vailable online 9 August 2023
042-207X/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access a

https://doi.org/10.1016/j.vacuum.2023.112481
Received 4 July 2023; Received in revised form 5 August 2023; Accepted 5 August
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

2023

https://www.elsevier.com/locate/vacuum
http://www.elsevier.com/locate/vacuum
mailto:vanya.darakchieva@liu.se
https://doi.org/10.1016/j.vacuum.2023.112481
https://doi.org/10.1016/j.vacuum.2023.112481
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vacuum.2023.112481&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Vacuum 217 (2023) 112481V. Stanishev et al.

0

l

(
f
f
d

𝐷

to reduce the probability of parasitic reactions and improve the crystal
quality and surface morphology. However, challenges in achieving high
n-type conductivity due to the increasing ionization energy of the Si
donors with Al composition [10] and incorporation of compensating
C acceptors remain [9]. Exploring low Al-content Al𝑥Ga1−𝑥N layers
for potential use as drift layers in electronic devices presents some
interesting opportunities as doping is readily achievable.

In order to realize low Al-content Al𝑥Ga1−𝑥N we employ hot-wall
MOCVD approach, which has demonstrated some advantages with
respect to the conventional cold-wall MOCVD systems in terms of
more uniform temperature distribution and reduced strain gradients
in the wafers. Furthermore, it proved beneficial for the generation of
N and H radicals in the vapor phase, which improves the yield of
the reactions leading to higher growth efficiency [11]. Recently, the
growth of ultra-wide bandgap semiconductors by how-wall MOCVD
such as 𝛽-Ga2O3 [12], AlN [13] and high-Al composition Al𝑥Ga1−𝑥N
with well controlled doping [14] have been reported. Besides, the hot-
wall MOCVD technique has demonstrated high quality GaN material
with polarity and p-type doping control [15–17] as well as high purity
homoepitaxial GaN with the smoothest surface morphology reported so
far [18].

In this work, we aim to determine the threshold in Al content above
which the crystal quality and electrical transport properties starts to
deteriorate in order to determine the optimum x in n-type Al𝑥Ga1−𝑥N to
be used as a drift layers in vertical power devices. For such application,
a certain amount of Al is needed to increase the bandgap and thus
the E𝑐 and the BFOM of the potential device. However, the Al content
should not be too high to facilitate formation of additional threading
dislocation densities, rougher surface morphology and decrease of the
electron mobility.

2. Experimental

A series of 700-nm-thick n-Al𝑥Ga1−𝑥N layers were grown in a hor-
izontal hot-wall MOCVD reactor on semi-insulating 4H-SiC(0001) sub-
strates at a reactor pressure of 100 mbar and a temperature of 1100 ◦C.
The flows of the precursors trimethylgallium (TMGa) and NH3 were
kept constant at values of 2.2 ml/min and 2.0 l/min, respectively.
Alloying with Al was achieved by varying the TMAl flow ranging from 0
to 0.05 ml/min and resulting in Al content x from 0 to 0.12 (Table 1).
The doping with [Si] = 1 × 1017 cm−3 was realized by the use of a
double hydrogen-diluted silane (SiH4) source. Prior to the growth of
n-Al𝑥Ga1−𝑥N layers, a 50-nm-thick AlN nucleation layer was grown at
a pressure of 50 mbar, growth temperature of 1250 ◦C and V/III ratio
of 460.

The surface topography of Al𝑥Ga1−𝑥N layers was studied by means
of a Veeco Dimension 3100 Atomic Force Microscope (AFM) in a
tapping operation mode. The layer thickness was determined by white
light interferometry. The crystalline quality and lattice parameters were
evaluated by high-resolution X-ray diffraction (HR-XRD) employing
a PANalytical Empyrean diffractometer equipped with a four-bounce
Ge(220) and a hybrid monochromator consisting of a parabolic X-
ray mirror and two bounce Ge(220). The CuK𝛼 radiation used has a
wavelength 𝜆 = 1.5405974 Å. The lattice parameters and the strain
were calculated as described previously [19,20].

The bandgap energies of the Al𝑥Ga1−𝑥N layers were determined
from visible-near-ultraviolet spectroscopic ellipsometry (SE) data mea-
sured with a dual-rotating compensator ellipsometer (RC2 J.A. Wool-
lam Co., Inc.). SE data were analyzed using the WVASE software
(J.A. Woollam Co., Inc.) by fitting optical model spectra to the ex-
perimental data and employing a nonlinear regression algorithm. The
optical model consisted of parameterized model dielectric functions
to describe intra-band and band-to-band electronic transitions in the
Al𝑥Ga1−𝑥N where the band gap absorption edge energy appears as a
fitting parameter. The band gap energies were determined from the
best-fit optical models as the energies of the band gap absorption
2

edges. Cathodoluminescence (CL) spectroscopy was performed at room
temperature with a Leo 1550 MonoCL2 system (Oxford Res. Instr.).

The free-electron concentration and mobility were determined by
Hall-effect measurements performed at room temperature in Van der
Pauw configuration with a Linseis CS1 instrument. For this purpose,
Ni/Au (5 nm/ 250 nm) ohmic contacts were deposited by thermal
evaporation and annealed at 450 ◦C in air. Capacitance–voltage (C–V)
measurements with a mercury probe setup with a 4284 A LCR meter
from Agilent are used to determine the net donor concentration.

The Al content, the Si doping concentration and the concentration of
unintentional impurities (O, C and H) were obtained by secondary ion
mass spectrometry (SIMS) through a depth profiling analysis. For this
purpose, a special sample consisting of four consecutive 300-nm-thick
Si-doped Al𝑥Ga1−𝑥N layers with different Al contents grown on semi-
insulating SiC substrate, was fabricated. The Al content determined
in the multi-layer sample versus TMAl to TMGa ratio was used to
estimate the Al contents in the respective 700-nm-thick Al𝑥Ga1−𝑥N
layer series. Selected samples were cross-checked with SIMS confirming
the assignment.

3. Results and discussion

3.1. Crystal quality of layers

Representative AFM images, revealing the surface morphology of
the n-GaN and n-Al𝑥Ga1−𝑥N epitaxial layers are shown in Fig. 1. The n-
GaN layer exhibits an atomically flat surface with a root-mean-square
roughness (RMS) of 0.12 nm over a 5×5 μm2 scanning area. The surface
roughness remains practically unaffected up to x = 0.065. In the n-
Al𝑥Ga1−𝑥N layers with an Al content of x = 0.077 the RMS value
increases to 0.17 nm and the highest RMS of 0.25 nm is observed for
n-Al0.12Ga0.88N, where pits start appearing.

The dislocation densities were estimated using the rocking-curves
of different symmetric and asymmetric GaN XRD peaks. Screw disloca-
tions cause mosaicity by tilting the crystallites with distortions parallel
to the c-direction. The tilt angle (𝛼𝑐) was determined by employing the
Williamson–Hall method. In this method, 𝛼𝑐 represents the slope of the
linear fit of the 𝛽𝜔sin(𝜃)/𝜆 versus sin(𝜃)/𝜆, where 𝜃 is the diffraction
angle and 𝛽𝜔 is the full width at a half maximum (FWHM) of the GaN
(0002), (0004) and (0006) rocking curves [21]. The screw dislocation
density (𝐷𝑆 ) was estimated by

𝐷𝑆 =
𝛼2𝑐

4.35𝑏2𝑐
, (1)

where the magnitude of the Burgers vector along the c-axis is |𝑏𝑐 | =
.5185 nm.

Edge dislocations cause distortions parallel to the in-plane crystal-
ographic directions, < 1120 >, i.e. a twist of the crystallites. The twist

angle 𝛼𝑎 was obtained from the plot of the FWHM of GaN (0002),
1011), (1012), (1013), (1014), and (1015) versus the inclination angle
rom the surface normal [22]. In the fitting, the tilt angle obtained
rom the William–Hall plot was used as a fixed parameter. The edge
islocation density (𝐷𝐸) was estimated by

𝐸 =
𝛼2𝑎

4.35𝑏2𝑎
(2)

where |𝑏𝑎| = 0.3189 nm is the magnitude of the Burgers vector along
the a-axis.

The densities of dislocations for all studied layers are shown in
Table 1 and displayed in Fig. 2 as a function of Al content. As expected,
the density of screw type dislocations is at least one order of magnitude
lower as compared to the density of edge type dislocations in the GaN
layer. This trend is preserved for all n-Al𝑥Ga1−𝑥N layers independent
of Al content. The density of edge type dislocations increases notably
with Al content. On the other hand, the screw dislocation densities

remain similar to that of the GaN reference layer up to x = 0.065 and
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Table 1
Summary of the structural and electrical properties of the layers with different Al content: Si concentration, screw (𝐷𝑆 ) and edge (𝐷𝐸 ) dislocation densities, net
donor concentration, (𝑁𝐷 −𝑁𝐴), electron concentration (n), mobility (𝜇) and bandgap energy (𝐸𝑔). The estimated critical electric field (𝐸𝑐 ) following [3] and
BFOM relative to that of GaN following [4] are also shown.

Al content (%) [Si] (cm−3) 𝐷𝑆 (cm−2) 𝐷𝐸 (cm−2) 𝑁𝐷 −𝑁𝐴 (cm−3) n (cm−3) μ (cm2/(V.s)) 𝐸𝑔 (eV) 𝐸𝑐 (V/cm) BFOM

0 8.4 × 1016 3.6 × 107 4.9 × 108 7.7 × 1016 3.9 × 1016 541 3.44 3.8 × 106 1
2 1.2 × 1017 2.3 × 107 8.8 × 108 – 6.3 × 1016 517 3.48 3.9 × 106 1.04
3.1 8.5 × 1016 4.8 × 107 1.0 × 109 6.7 × 1016 4.3 × 1016 376 3.51 4.0 × 106 0.81
5 1.0 × 1017 1.4 × 107 6.7 × 108 – 7.1 × 1016 468 3.54 4.1 × 106 1.05
6.5 1.2 × 1017 2.9 × 107 7.8 × 108 8.5 × 1016 4.9 × 1016 396 3.56 4.2 × 106 0.95
7.7 1.2 × 1017 7.9 × 107 1.2 × 109 6.3 × 1016 4.4 × 1016 407 3.58 4.3 × 106 1.02
12 1.0 × 1017 9.4 × 107 1.2 × 109 5.8 × 1016 5.0 × 1016 194 3.66 4.5 × 106 0.57
Fig. 1. 5 × 5 μm2 AFM images of n-GaN layer (a) and n-Al𝑥Ga1−𝑥N layers with Al compositions of 3.1% (b), 6.5% (c), 7.7% (d) and 12% (e).
Fig. 2. Screw and edge dislocation densities versus the Al content, x, in the
n-Al𝑥Ga1−𝑥N layers.

then increase for x = 0.077 and above. Note that the increase in screw
dislocation density in the n-Al0.12Ga0.88N layer may explain the higher
RMS observed (Fig. 1(e)).

Representative reciprocal space maps (RSMs) around the 101̄5 re-
ciprocal space point for GaN and Al𝑥Ga1−𝑥N layers with x = 0.02,
0.05 and 0.12 are shown on Fig. 3. The RSMs have the elliptical shape
typical for III-nitrides with a mosaic structure. The RSM broadening
directions of the GaN layer and the Al𝑥Ga1−𝑥N layer with x = 0.02 are
parallel and perpendicular to the surface. It can be seen that the RSM
broadening direction for the Al0.05Ga0.95N is somewhat inclined to the
lateral direction (∥ to the surface) towards the direction perpendicular
to the Q-vector (𝜔-direction), which indicates increase in mosaic tilt
and a decrease in lateral domain size. The RSM inclination is more
pronounced for the layer with Al-content of 12% (Fig. 3). These results
are consistent with the observed increase in screw type dislocations for
the layers with higher Al-content (Fig. 2).

In addition, a relatively high in-plane compressive strain of −0.046
was estimated for the GaN layer from the respective RSM. This result
is in agreement with previous works on GaN layers with thickness
3

below 1 μm grown on AlN/6H-SiC [23]. The compressive in-plane
strain was attributed to the fact that initially GaN grows coherently on
the AlN buffer layer. Even though, beyond a critical thickness of few
nanometers the compressive strain starts to be partially relieved, full
relaxation is not achieved for our 700 nm-thick layer. This long-range
relaxation was associated with the difficulty of threading dislocations
in the group III-nitrides to bend over and glide in the c-plane [24].
The tensile strain, induced as a consequence of the different thermal
expansion coefficient of GaN and the SiC substrate, is not sufficient
to compensate the remaining compressive strain due to the lattice
mismatch. In contrast, for the Al𝑥Ga1−𝑥N layer with x = 0.12 the
in-plane strain estimated from the respective RSM is slightly tensile
and has a value of 0.001. This can be understood in view of a lower
compressive strain due to the lattice mismatch between the AlN buffer
layer and the Al𝑥Ga1−𝑥N as compared to the case of GaN. Consequently,
the thermally induced tensile strain overcomes the lattice-mismatched
induced compression.

3.2. Impurity incorporation

A multilayer structure with Si-doped Al𝑥Ga1−𝑥N layers with differ-
ent Al content was used for the investigation of impurity incorporation
(Fig. 4(a)). This structure was grown at a constant SiH4 flow and a
constant growth temperature, only the TMAl flow was varied. The SIMS
depth profile of the multilayer structure is shown in Fig. 4(b). We
note that the Al content obtained by SIMS for the individual layers
in the stack agrees very well with that determined from XRD mea-
surements on single Al𝑥Ga1−𝑥N layers with the corresponding growth
conditions. The SIMS results in Fig. 4(b) show that Si, C, O and H
concentrations remain constant in all Al𝑥Ga1−𝑥N layers in the stack,
i.e. up to x = 0.077. The slightly lower [Si] in Al0.031Ga0.969N close
to the layer/substrate interface is probably due to the ramping down
of the growth temperature. Importantly, the C level is below 2 × 1016

cm−3 for all Al compositions up to x = 0.077 and which is comparable
to that obtained previously for epitaxial GaN grown on SiC by hot-
wall MOCVD [17,25]. Carbon atoms introduced from the metalorganic
sources during MOCVD growth occupy the N site in n-type GaN (CN)
and are a major source of compensating acceptors. CN interferes with
the precise control of free electron concentration of the n-type drift
layer and affects negatively the blocking voltage and other device
characteristics. Therefore, keeping [C] at the levels in GaN indicates
goods prospects of using Al𝑥Ga1−𝑥N layers with Al content up to x =
0.077 in power devices.
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Fig. 3. Representative RSMs around the GaN 101̄5 reciprocal lattice point for the n-Al𝑥Ga1−𝑥N layers with x = 0, 0.02, 0.05 and 0.12. The 𝜔 and 2𝜃 −𝜔 scan directions, and the
direction parallel to the sample surface are indicated in the RSM of Al0.12Ga0.88N layer (same for all RSMs).
Fig. 4. (a) A schematic of the epitaxial multilayer structure used for SIMS, (b) Impurity concentrations as a function of layer depth in n-Al𝑥Ga1−𝑥N layers controlled by different
TMAl flows.
The low C concentration could be further inferred from the CL
spectra of the Al𝑥Ga1−𝑥N layers shown in Fig. 5. There is almost no
trace of yellow luminescence (YL) except for the Al0.12Ga0.88N layer.
We note that the YL in n-Al𝑥Ga1−𝑥N is attributed to the presence of the
CN acceptors [26]. The CL spectra are dominated by the near-bang edge
emission which for these particular layers arises from the free-exciton
recombination. Accounting for the exciton binding energy, the peak
energy positions in the spectra correspond very well with the bandgap
energies obtained from SE and summarized in Table 1.

3.3. Electrical properties

The net donor concentration (𝑁𝐷 −𝑁𝐴) in the n-Al𝑥Ga1−𝑥N layers
obtained from C-V measurements are listed in Table 1. The measure-
ments rely on determination of the capacitance (C) in the depletion
region below a small area Schottky contact. A reverse DC voltage (V)
superimposed with a small-signal AC voltage with a frequency of 10 Hz
was applied. From the charge neutrality equation for the depletion
region one can obtain [27]

𝑁𝐷 −𝑁𝐴 = 2
𝑞𝜖𝐴2𝑑(𝐶2)∕𝑑𝑉

(3)

where q is the electron charge, 𝜖 is the dielectric constant, and A is the
diode area.

The measured capacitance as a function of the DC voltage for the
n-Al𝑥Ga1−𝑥N layers is shown in Fig. 6. The obtained linear dependences
of 1/𝐶2 on the voltage indicate an uniform doping distribution in
the depletion region. Then 𝑁𝐷 − 𝑁𝐴 was calculated from the slope
(𝑑(𝐶2)∕𝑑𝑉 ) using the dielectric constant of GaN for all layers. As seen
from Table 1, the 𝑁𝐷 −𝑁𝐴 correlates with Si doping concentration for
n-GaN and n-Al0.031Ga0.969N layers. The deviation observed for higher
Al contents can be attributed to the presence of compensating acceptors
different from C𝑁 . The free electron concentration measured by Hall
effect in all studied layers is slightly lower than 𝑁 −𝑁 (see Table 1).
4

𝐷 𝐴
Fig. 5. Representative room-temperature CL spectra of n-Al𝑥Ga1−𝑥N layers.

This is commonly observed in n-GaN heteroepitaxial layers and can be
explained by the trapping of electrons at dislocations.

The mobility measured in the n-GaN layer is comparable to the
reported values for heteroepitaxial MOCVD GaN material with similar
free electron concentrations [28]. With increasing Al content up to
x = 0.077 the mobility gradually decreases. However, the decrease
is not monotonic as one could expect considering that electron-alloy
scattering is enhanced with increasing Al content. On the other hand,
the measured mobility values were found to anti-correlate with the
dislocation density (see Table 1). Hence, we can conclude that at
very low Al contents the mobility is limited by electron-dislocation
scattering rather than by electron-alloy scattering. For n-Al Ga N
0.12 0.88
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Fig. 6. Representative 1∕𝐶2 vs V plots for the n-Al𝑥Ga1−𝑥N layers. The slop was used
to calculate the net donor concentration (𝑁𝐷 −𝑁𝐴).

layer, the mobility drops significantly indicating that the electron-alloy
scattering becomes significant for this Al content.

The critical electric field estimated following Ref. [3] and the BFOM
for unipolar devices, estimated following Ref. [4] are shown in Table 1
for all layers. Due to the bandgap energy increase with Al content
the respective 𝐸𝑐 slightly increases with x. The BFOM is calculated
using the measured mobility in the layers and normalized to the BFOM
estimated for the reference GaN layer. Despite of the lower mobility
in the n-Al𝑥Ga1−𝑥N layers, BFOM remains close to that of n-GaN up
to x = 0.077. By reducing the dislocation density, i.e. using thicker
Al(Ga)N buffer layers or/and GaN substrates, and thus increasing the
mobility, we can expect to enhance BFOM in n-Al𝑥Ga1−𝑥N (x < 0.08)
by at least 10%. We note that the higher 𝐸𝑐 and enhanced BFOM would
enable larger breakdown voltage ratings for the same n-type doping and
thickness as compared to GaN.

4. Conclusions

In this study, we have investigated the defect density, impurity
concentrations and electrical properties of low-Al-content n-Al𝑥Ga1−𝑥N
layers in view of their potential to be employed as drift layers in ver-
tical power devices. The 700-nm-thick crack-free Si-doped Al𝑥Ga1−𝑥N
layers (x = 0 – 0.12) with smooth surfaces have been grown on 4H-SiC
substrates by hot-wall MOCVD. Edge type dislocations were found to
gradually increase with the Al content while screw dislocations were
only enhanced for x above 0.077. Importantly, the impurity concen-
trations and most notably [C] remain at similar low levels (below
2 × 1016 cm−3) up to x = 0.077 as revealed by SIMS and CL spec-
troscopy. The electron mobility was found to decrease with Al content
in anti-correlation with the dislocation densities. Nonetheless, they
still remained relatively high with e.g., a value of 407 cm2/(V.s) for
Al0.077Ga0.923N. Comparable BFOMs for the Al𝑥Ga1−𝑥N layers up to x
= 0.077 were estimated using the respective experimentally determined
mobility and bandgap energy. On the other hand, increase of Al content
to 12% resulted in deteriorated crystal quality and electron mobility,
and hence significantly lower BFOM. Based on our results we propose
that decreasing dislocation densities in n-Al𝑥Ga1−𝑥N layers with x =
0.05 – 0.08 by, e.g. growth on GaN substrates, may provide a route to
explore such drift layers in power device applications.
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