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Abstract

®

CrossMark

Critical thickness and strain relaxation of c-plane GaN layers grown by molecular beam epitaxy
on AIN were studied as a function of growth temperature and threading dislocation density
(TDD). For this purpose we used AIN/sapphire templates and AIN single crystals with TDDs of
~10° cm ™2 and ~10* cm ™2, respectively. Whereas at high growth temperature (900 °C) the
critical thickness for plastic relaxation is only 3 monolayers (MLs) for both substrates, this value
drastically increases when decreasing the growth temperature. It reaches ~30 MLs when GaN is
deposited at 750 °C on AIN single crystals. We also observed that the strain relaxation rate
strongly depends on TDD. These results exemplify the lack of efficient gliding planes in III-
nitrides when grown along the c-axis, which, combined with low kinetics, allows for plastic
relaxation to be frozen out. Achieving pseudomorphic GaN layers on AIN is of interest for two-

dimensional electron gases based on AIN/GaN/AIN heterostructures lattice-matched to AIN

single crystal substrates.
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[I-nitrides have proven to be promising materials for high
power and high frequency electronic devices [1, 2]. So far, the
most studied heterostructures have been AlGaN/GaN [3] and
InAIN/GaN [4, 5] grown on GaN or AlGaN buffer layers.
Despite impressive performance, Ill-nitride high electron
mobility transistors (HEMTs) may suffer from parasitic
leakage currents. One solution is to improve the carrier con-
finement by introducing a back-barrier with a large band
offset [6]. Along these lines, a radical approach would consist
in using an AIN buffer, which is a perfect electrical insulator
(6.2 eV) and an excellent thermal conductor (300 WmKil).
This solution could enable devices with even higher fre-
quency and power capabilities based on AIN/GaN/AIN
heterostructures with a thin GaN layer as a channel [7].
Furthermore, the recent development of AIN single crystals
allows for highly strained AIN/GaN/AIN heterostructures
[8, 9] that could potentially exhibit unprecedented electronic
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properties thanks to the combination of a very high electron
sheet carrier density, a large two-dimensional electron gas
confinement, and an excellent thermal dissipation. However,
one drawback of such heterostructures is the 2.4% lattice-
mismatch between GaN and AIN. Consequently, strain
relaxation occurs beyond a critical thickness either elastically
by 2D-3D growth mode transition or plastically by disloca-
tion generation [10]. Both phenomena affect the electron
mobility due to increased scattering processes induced either
by a much rougher GaN/AIN interface or by a higher dis-
location density. In the past, several groups have studied the
elastic strain relaxation of GaN on AIN, which is mediated by
the formation of 3D islands. It is well established that such a
critical thickness for the 2D-3D growth mode transition is
governed by a balance between the surface energy and the
elastic energy [11]. As a consequence, the critical thickness
varies depending on growth conditions and/or growth tech-
niques, with values ranging from 2 monolayers (MLs) [12] by
plasma-assisted molecular beam epitaxy (PA-MBE), 4 MLs
[13] by metalorganic vapor phase epitaxy, and 5 MLs [14] by
NH;-MBE. On the other hand, the onset of plastic relaxation
of c-plane GaN on AIN has been determined to be 11-12

© 2017 IOP Publishing Ltd  Printed in the UK
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MLs [10, 15]. This exceeds by far the theoretical value of 3
MLs based on energy minimization [16] and force balance
[17] models, which assume near-equilibrium growth condi-
tions. A refined theoretical model for the description of
metastable layers was proposed by Fischer et al [18] pre-
dicting a critical thickness of about 20 MLs. This model
introduces additional terms in the force balance model by
incorporating the elastic interactions between dislocations.
For IMl-nitride materials grown along the c-axis, there are no
proper gliding planes to ensure an efficient strain release [19],
which might explain the discrepancies between theory and
experimental values. Thus one should expect kinetics to have
a large effect on the critical thickness.

In this study we investigate the impact of growth temp-
erature and threading dislocation density (TDD) on the plastic
relaxation of c-plane GaN layers grown on AIN. The critical
thickness depends on the temperature and is as low as 3 MLs
for near-equilibrium growth conditions. This value was
obtained on AIN/sapphire template and AIN single crystal
substrates, thus independent of the TDD. On the other hand,
decreasing the temperature has a profound impact on the
critical thickness, which increases up to 30 MLs when GaN is
deposited on AIN single crystal. This exemplifies the quite
inefficient relaxation scheme in GaN epilayers when grown
along the c-axis.

The growth was performed in a Riber 21 MBE growth
chamber using ammonia as nitrogen source. Conventional
effusion cells were used for the evaporation of Ga and Al. For
all growths NH; was kept at a constant flow of 200 standard
cubic centimeters per minute (sccm) in order to insure N-rich
growth conditions and therefore a layer by layer growth mode
of GaN on AIN [10]. We used two different types of sub-
strates: (i) commercial (Dowa) 1 pm thick AIN/sapphire
templates with TDD of ~10° cm ™2 and negligible residual
strain' and (i) commercial (HexaTech Inc.) AIN single
crystals with TDD of ~10° cm™2. The substrate temperature
was assessed using a pyrometer which measures the emission
of a Mo layer evaporated on the backside of the AIN/sapphire
templates. For AIN single crystals, free-carrier absorption,
due to a high residual doping level was enough to heat the
substrate to temperatures higher than 1000 °C. The surface
temperature was then calibrated from the thermal evaporation
of GaN under vacuum [20]. The growth rate was determined
in situ either by reflection high-energy electron diffraction
(RHEED) or by laser reflectometry. It varies between 0.4 and
0.5 ML s~ ' depending on the substrate temperature (750 °C—
900 °C). Prior to the growth of GaN, the substrates were
outgassed at 600 °C for 60 min. Then 100 nm of AIN was
grown at 1150 °C to prepare the surface. The strain relaxation
and growth mode were monitored in situ by RHEED with an
electron gun operating at 15kV. The RHEED pattern was
recorded by a PCO Pixelfly CCD camera and a commercial
software. The GaN epilayers were further characterized

L Negligible residual compressive strain (e, = —0.04%) was found in the
AIN/sapphire templates as determined by Raman spectroscopy. The
measured energies for the E2High mode of AIN single crystal and AIN/
sapphire template are 656.0 and 656.7 cm ™', respectively.

s

AIN/sapphire AIN/AIN single crystal

GaN/AIN/sapphire

GaN /AIN/AIN single crystal

Figure 1. RHEED pattern of (a) initial AIN/sapphire and (b) AIN/
AIN single crystal. After deposition of ~100 MLs of GaN at 800 °C
on (c) AIN/sapphire and (d) AIN/AIN single crystal.

ex situ by high resolution x-ray diffraction (HR-XRD) using a
Bruker Discovery D8 instrument system for the determination
of thickness and strain by performing symmetric 26—w scans
along the (0002) direction. Reciprocal space mapping (RSM)
was performed in some cases in order to get a deeper insight
into the strain relaxation. The surface morphology was mea-
sured by atomic force microscopy (AFM).

The strain relaxation of GaN grown on AIN was mea-
sured in real-time by looking at the spacing between the (10)
and (10) reflection of the RHEED pattern in the (1120) azi-
muth direction (figure 1). The spacing was accurately deter-
mined using a peak fitting procedure. The starting surface of
AIN exhibits a streaky RHEED pattern for both substrates
(figures 1(a) and (b)). Interestingly the specular beam inten-
sity of the AIN single crystal is far more pronounced with a
circular shape, indicating a very smooth surface. The RHEED
pattern remains streaky during GaN growth (figures 1(c) and
(d)), while the in-plane lattice parameter increases above a
certain thickness. This is typical of plastic strain relaxation in
contrast to elastic relaxation for which 3D islands form
leading to a spotty RHEED pattern [10].

Figure 2 displays the evolution of the lattice-mismatch of
GaN relative to AIN (Aa/a = (agaN — daiN)/aain), as deduced
from the RHEED streak spacing, during the growth of GaN
on AIN /sapphire templates for different temperatures ranging
from 750 °C to 900 °C. It can be seen that the strain relaxation
process strongly depends on temperature. Before further
discussing the data displayed in figure 2, one should recall
that the RHEED technique only probes the surface of the
growing layer. Thus in order to check whether RHEED
provides reliable information about the strain state within the
layer, we performed ex situ HR-XRD measurements on sev-
eral GaN layers with different thicknesses that were grown at
different temperatures. The results are included in figure 2
(diamonds). A fairly good agreement is found between HR-
XRD and RHEED data’.

2 The thermal expansion coefficients of GaN, AIN, and sapphire are similar
so the cooling does not affect the strain in the GaN layer.
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Figure 2. Evolution of the lattice-mismatch as a function of GaN
layer thickness deposited on AIN/sapphire templates for substrate
temperatures ranging from 750 °C to 900 °C (doted lines). Diamonds
correspond to the lattice-mismatch deduced from ex situ HR-XRD
measurements.
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Figure 3. Critical thickness of GaN layers grown on AIN /sapphire
template and AIN single crystal as a function of substrate
temperature. Dashed lines are fits assuming an exponential
temperature dependence (Arrhenius’s law).

The main features standing out in figure 2 are the
temperature dependence of the critical thickness, the strain
relaxation rate, and the residual strain. This confirms the key
role played by kinetics in this materials system. The
dependence of the critical thickness on temperature, which is
determined from the first inflection of the relaxation curves3,
is presented for AIN/sapphire template and AIN single crystal
substrate in figure 3. At high temperature, 900 °C, the critical
thickness is 3 MLs for both substrates, which is in agreement
with theoretical models developed for near-equilibrium

3 The strain relaxation curves are linearly fitted (at a fixed y-scale) and
interpolated to the zero lattice-mismatch line. The critical thickness for plastic
relaxation is defined as the crossing of these two lines. The uncertainty in the
linear fitting of the curve leads to an error in the determination of the critical
thickness, hence the error bars (in figure 3).

10 T T

—— AIN single crystal 900 °C
----- AlN/sapphire

Lattice-mismatch (%)
o
(6]

0.0

1 10 100
Thickness (MLs)

Figure 4. Comparison of strain relaxation of GaN on AIN/sapphire
and AIN single crystal as a function of thickness for 750 °C and
900 °C growth temperature. The critical thickness is defined as the
onset of strain relaxation.

conditions [17]. The dislocation density does not influence the
critical thickness. In contrast, the critical thickness dramati-
cally increases when decreasing the temperature. This is even
more pronounced for GaN layers grown on AIN single crystal
substrate for which the critical thickness reaches ~30 MLs for
growth at 750 °C. This result is in good agreement with data
reported on AIN/GaN/AIN quantum well structures on AIN
single crystal grown by PA-MBE, which show a GaN pseu-
domorphic layer thickness of 39 MLs [8]. The lower growth
temperature for GaN by PA-MBE (660 °C) likely gives rise to
higher critical thickness. Note that in our case we discarded
experiments performed at lower growth temperatures
(<750 °C) because the RHEED pattern became spotty, likely
due to growth kinetic roughening which takes place in
NH;-MBE.

Such a strong temperature dependence of the critical
thickness has been previously observed in other material
systems like Ge/Si [21], InGaAs/GaAs [22-24], MgO/Fe
[25] and GaAsSb/GaAs [26]. It was shown that layers grown
at low temperature are in a metastable state and fully strained,
well above the calculated critical thicknesses that correspond
to near-equilibrium conditions. This metastable behavior was
theoretically tackled by Fischer et al [18] and Dodson et al
[27] by moving away from pioneer models, which were based
on force balance [17] or energy minimization [16]. Those
refined models introduce kinetics by considering the interac-
tion between dislocations. The critical thickness of GaN on
AIN in the framework of the Fischer model is 20 MLs. This
value should be taken with care considering that the model
was proposed for Ge/Si, which has a cubic crystal structure.
For wurtzite phase epilayers it has been shown using sym-
metry arguments that only particular slip-planes
(1/3(1123) {1122} and 1/3(1123){1101}) are favorable for
dislocation motion [28]. This would thus lead to smaller
critical thicknesses in case of Ill-nitrides grown along the
c-axis.

The temperature dependence of the critical thickness and
relaxation rate, versus the substrate type, i.e. the TDD, is
exemplified in figure 4 for 750 °C and 900 °C. While the
critical thickness is 3 MLs for both substrates at 900 °C, the
early strain relaxation rate is lower in the case of the AIN
single crystal. For larger thicknesses, the relaxation rates are
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similar. This behavior can be understood as follows: the lack
of dislocations in AIN single crystal first hinders plastic
relaxation, but as the thickness increases, dislocations multi-
ply, and eventually their density becomes high enough to
allow for efficient plastic relaxation, as it does on AIN/sap-
phire substrate. A similar behavior is observed at 750 °C, but
in this case the critical thickness is markedly different, 30
MLs and 16 MLs, for AIN single crystal and AIN/sapphire
template substrate, respectively.

To get a better insight into the evolution of strain
relaxation, the semi-empirical model of metastable layers
proposed by Dodson and Tsao [27] was compared to our
results. Within this model the driving force for strain
relaxation is given by the effective stress in the layer. The
relaxation process can be divided into four distinct regimes. In
the first regime the growing layer accumulates elastic strain
and remains pseudomorphic to the underlying substrate until
the critical thickness is reached. In the second regime strain
relaxation occurs via pre-existing threading dislocations
(TDs) originating from the substrate. This well accounts for
the different initial relaxation rates we observe right after the
critical thickness is reached. In the third regime the multi-
plication of dislocations leads to a rapid relaxation of the
strain. The mobility of such dislocations is thermally activated
and is proportional to the effective stress field in the layer.
This proposed mechanism well accounts for the data in
figure 2 which shows different slopes as a function of
temperature. Finally, in the fourth regime, when increasing
further the layer thickness, the strain progressively relaxes
which reduces the effective stress felt by the dislocations,
therefore reducing their mobility and leading to a relaxation
saturation. This explains the residual strain observed in
figure 2.

The temperature dependence of the critical thickness and
the strain relaxation rate should be governed by a character-
istic activation energy [27, 29]. By fitting our data (dashed
lines in figure 3), assuming a thermal activation (Arrhenius’s
law)4, we determine a value of 1.1 =2 0.2 and 1.6 = 0.2eV
for GaN on AIN/sapphire and AIN single crystal substrates,
respectively. Sugiura estimated the activation energy for
dislocation motion in GaN to be about 2.1 eV by looking at
the empirical relation between the activation energy and the
band gap energy in various material groups [30]. Yonenaga
et al experimentally determined the activation energy to be
2-2.7eV by performing mechanical yield stress measure-
ments [31]. Theoretical calculations performed by Holec et al
incorporate the dislocation core into the energy minimization
model and predict core energies of 1.6 eV and 3.12 eV for a-
type (edge, b = 1/3 ( 11 2 0)) and (a + c¢)-type (mixed,
b=1/3{112 3)) TDs, respectively [32]. These energies are
related to the kinetic barriers created by the Peierls force that
hinder the glide of dislocations [33]. The magnitude of this
resistive force is large for slip systems with large Burgers
vectors as for c-type (screw) and (a + ¢)-type TDs, whereas a

4 The mobility of dislocations is known to be thermally activated. Therefore
it seems reasonable to assume as a first approximation an exponential
temperature dependence of the critical thickness.

comparably small force for a-type TDs is expected, leading to
a smaller activation energy. These results combined with our
measurements suggest that the activation energies we deter-
mined could be possibly connected to the creation of specific
types of dislocations. Further studies by transmission electron
microscopy are clearly needed to clarify the actual relaxation
processes.

Finally, we deposited 30 MLs of GaN at 750 °C on AIN
single crystal. The HR-XRD RSM exhibits lattice matching
conditions (figure 5(a)). This confirms that a rather thick (~8
nm) pseudomorphic GaN layer can be grown on AIN well
above the near-equilibrium critical thickness of 3 MLs. The
AFM image presented in figure 5(b) shows a smooth surface
with a root mean square (rms) roughness of 0.4 nm over a
1 x 1 um?* scan. The roughness increases however slightly
(0.8 nm) when looking at a larger scan (10 x 10 ,umz) as,
shown in figure 5(c). One can remark that the surface
morphology is characteristic of growth in the transition
regime between step-meandering and hillocks due to Ehrlich—
Schwobel barrier effects, which is typical of II-nitride layers
grown at low temperatures [34]. This indicates that further
work is needed to improve the surface morphology. This
could be done by modifying the V/III ratio, growth rate or
using In as a surfactant.

We would like to clarify that the V/III ratio does not
influence the plastic strain relaxation, and thus the critical
thickness, as long as the surface is smooth, i.e. large terraces
of 2 MLs in height at most, which is typical for GaN grown
by NH;3-MBE using N-rich conditions. On the other hand,
Ga-rich conditions lead to 3D islanding which allows for
elastic relaxation before dislocations are created at the island
coalescence areas. This has been observed long time ago in
the highly-strained InGaAs/GaAs system [35]. A similar
behavior has been reported in PA-MBE for which growth
may produce platelets of several MLs in height due to the low
adatom mobility inherited from the strong reactivity of the
nitrogen active species. Then misfit dislocations are intro-
duced at the platelet coalescence [19]. In this case, the size
and height of the platelets strongly depend on the V /1II ratio,
which in turn impacts the strain relaxation and thereby the
critical thickness [36]. Our results are therefore valid as long
as the surface morphology remains smooth, i.e. made of large
terraces. This is the case for NH;-MBE and PA-MBE for
N-rich and Ga-rich conditions, respectively.

In conclusion, we studied by RHEED the strain relaxa-
tion of GaN layers grown on AIN as a function of temperature
and substrates, i.e. on AIN/sapphire template and AIN single
crystal. While the critical thickness is 3 MLs at 900 °C for
both substrates, it increases up to 30 MLs at 750 °C when
GaN is deposited on AIN single crystal. This is confirmed by
performing ex situ HR-XRD RSM on a 30 ML thick GaN
layer. The GaN layer is indeed perfectly lattice-matched.
Therefore growth of GaN at low temperature on AIN single
crystal enables the design of pseudomorphic AIN/GaN/AIN
HEMTs with GaN channels much thicker than 3 MLs [9],
which is otherwise the expected critical thickness at near-
equilibrium conditions.
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Figure 5. (a) HR-XRD RSM showing pseudomorphic GaN (30 MLs) on AIN single crystal grown at 750 °C. AFM ima%es showing the
corresponding surface morphology with RMS roughness of (b) 0.4 nm over 1 x 1 pm?® and (c) 0.8 nm over 10 x 10 pm”.
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