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Here, we demonstrate X-ray fitting through kinematical simulations of the intensity profiles of
symmetric reflections for epitaxial compositionally graded layers of AlGaN grown by molecular
beam epitaxy pseudomorphically on [0001]-oriented GaN substrates. These detailed simulations
depict obvious differences between changes in thickness, maximum concentration, and
concentration profile of the graded layers. Through comparison of these simulations with as-grown
samples, we can reliably determine these parameters, most important of which are the profiles of
the concentration and strain which determine much of the electrical properties of the film. In
addition to learning about these parameters for the characterization of thin film properties, these
fitting techniques create opportunities to calibrate growth rates and control composition profiles of
AlGaN layers with a single growth rather than multiple growths as has been done traditionally.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904083]

I. INTRODUCTION

Group IIl-nitride alloys, Al,Ga;_4N, are finding more
and more practical applications in modern optoelectronic
devices. Recently, increased interest in the study of composi-
tionally graded AlyGa; N layers has surged due to their
unique properties. There have been recent demonstrations of
p-type doping and doping enhancements through the so-
called polarization doping technique resulting from grading
the composition of Il-nitride alloys.'™ In addition to simple
demonstrations of high doping levels, there have been stud-
ies of improved p-type ohmic contacts and tunnel junctions,’
as well as demonstrations of new types of deep-UV (ultra-
violet) light emitters (LEDs and lasers).”™ Moreover, there
have been further demonstrations that compositionally
graded Al,Ga;_,N may also serve as strain transition buffer
layers and dislocation filters for the growth of crack-free
GaN on Si(111) substrates. 12

The depth profile of the aluminum content is the key
factor in modifying the properties of graded Al,Ga; N
layers. Thus, a crucial issue in the growth of these layers is
the precise control of the Al flux so that the composition
changes controllably with depth. Various modes have been
employed to affect the flux of material on a substrate in
molecular beam epitaxy (MBE). In Refs. 1, 2, and 7, the Al
cell temperature (7)) was changed logarithmically in order
to achieve a linear grade of composition. In Ref. 8, both Al
and Ga effusion cells temperatures were ramped logarithmi-
cally to achieve a linear grade while maintaining a stoichio-
metric relationship between the metal and the nitrogen
flux. And, in Ref. 9 a shutter pulsing technique was used to
control the grade of the film. However, there are further com-
plications that must be considered: (a) The effusion cell tem-
perature has a finite settling time after a temperature change
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and consequently the Al flux depends not only the tempera-
ture but the ramping rate as well. (b) The Al flux cannot in
most cases be accurately measured in real-time during
growth. And, (c) effusion cell fluxes have time dependent
instabilities for many reasons,13 including shutter transients,
depletion of source materials, and secondary phase formation
on the surface of the hot metal source material. Therefore,
process control requires rapid and reliable characterization
of depth profiles of chemical composition and strain in
graded Al,Ga;_,N layers.

X-ray diffraction (XRD) is a nondestructive technique
that permits rapid determination of the chemical composi-
tion, strain state, and thickness of epitaxial layers. The chem-
ical composition and strain are extracted from accurate
measurements of the in-plane and out-of-plane lattice param-
eters. Several techniques'*'® have been proposed to mea-
sure the composition and strain in non-graded Al,Ga; N
layers. In this study, we extend the XRD method to the case
of graded Al;Ga,_,N layers. We study a method based on a
laboratory X-ray diffraction experiment, which allows for
differentiation between different Al depth profiles in graded
Al,Ga;_,N layers. Moreover, we compare simulated and
experimental data for graded Al,Ga, (N layers grown by
plasma-assisted MBE. Finally, we show how to use the simu-
lated data for calibration of the Al cell temperature for the
growth of general Al,Ga;_,N layers.

Il. THE SIMULATION PROCEDURE

Because both strain and chemical composition affect the
in-plane and out-of-plane lattice parameters of Al,Ga; N
epitaxial films, the standard approach to determine both
quantities is to measure a symmetric and an asymmetric X-
ray reflection in the 20/w configuration. The interplanar
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spacing, djy, 1is calculated from Bragg’s law, n/
= 2dj sin (0), where n is the diffraction order; 4 is the
wavelength of the incident X-rays; 0 is the scattering angle;
and (&, k, [) are the Miller indices of the diffracted plane.
The a and c lattice parameters are then found from the inter-
planar spacing equation for hexagonal crystals given by

2 2 2

%:4(}1 +h12c+k)+l_2_ W

d 3a c
First, the c lattice parameter is determined from a symmetric
(h=k=0) reflection. Then using that c, the a lattice parame-
ter is determined from an asymmetric (&, k, [) reflection.
After the in-plane and out-of-plane lattice parameters of the
layer are precisely determined, the composition and strain of
the Al,Ga;_,N layer can be determined assuming biaxial

strain and Vegard’s law. The in-plane (g = "(‘(177(;")()()) and

()¢, (x)

out-of-plane (¢, =* ) strain for the wurtzite structure

¢ (x)
are related by the following equation for biaxial strain:
C13 (X)
& =2 g, 2)
L C33(x) Il

where Ci3(x) and Cs3(x) are the elastic constants of the
alloy. All of the constants for fully relaxed Al,Ga; (N,
a,(x), ¢, (x), Ci3(x), and Cs3(x), vary with the composition,
x4. In general, this is assumed to be linear resulting in
Vegard’s law stated as

AAZ,\Gal—xN — xAA/N + (1 _ .X)AGaN, (3)

where AN and A%“N represent each constant in the AIN and
GaN bulk crystal, respectively. Finally, combining Eqgs. (2)
and (3) along with the definitions for in- and out-of-plane
strain, the composition and strain state can be uniquely
determined.
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FIG. 1. Pseudomorphic growth illustration of graded Al,Ga; (N on [0001]-
oriented GaN demonstrating how the diffracted intensity is distributed in
reciprocal space from the different sub-cells. d; is the interplanar spacing as a
function of Al,Ga; (N for sub-cell i; 6, is the Bragg angle for ith sub-cell;
and ¢; are the scattering vectors that correspond to each diffraction condition.
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For graded Al,Ga,_N layers, the situation is a little dif-
ferent. As can be seen from Fig. 1 which depicts graded
Al Ga; 4N coherently strained to a GaN substrate, the Al
composition affects only the out-of-plane lattice parameter.
Thus, for pseudomorphic growth we have a distribution of
only the out-of-plane lattice parameter, ¢ ~ f(xq;,t,a;), where
x4 18 the Al concentration of the Al,Ga, 4N at a depth ¢, and
a, is the in-plane lattice parameter of the substrate. Using
Egs. (2) and (3) again, we can write the lattice parameter, c,,
of the graded Al,Ga, N layers at a depth ¢ as

Ciz(x)as — a,;(x)) .
Cy(x)  ay(x)

¢ = cr(X) (1 -2 4)
Thus, knowing a, and finding the distribution function of ¢,
allow us to calculate the Al concentration x4 and strain
along the graded Al,Ga;_,N layers. This is all predicated on
the fact that the in-plane lattice parameter is coherent with
the substrate, which is confirmed by an asymmetric recipro-
cal space map (RSM). Then, by simulation of the symmetric
XRD reflection, which would be dependent on only the of
out-of-plane lattice parameters, we can determine the com-
position and thus the strain profiles in the graded Al,Ga;_,N
layers.

Since the mosaic crystal model is valid also for graded
Al,Ga;_,N layers, and typical thicknesses of layers are thin,
we use the kinematical theory of X-ray diffraction to simu-
late the symmetric reflections.!”” We divided the Al,Ga; N
film into sub-cells (see Fig. 1), with lattice parameters, c,,
given by Eq. (4) for a varying Al concentration, x,;. Within
the limits of this theory, the scattered amplitude of the whole
Al,Ga; N layer is calculated by summing together the
amplitudes from all the unit cells with their own phase factor

Alg) = ) Fiexp(~2miqt;). 5)

where F; is the structure factor of the cell at depth #;, and
g = k™ — k" is the scattering vector (|k™| = |k°*| = |k]|
= %, where k™ and k°™ are incident and scattered wave vec-
tors). The length of the scattering vector is related to the inci-
dence angle 0 given by

B 2sin(0)

q = |q| = 2|k| sin(0) = PR (6)

Taking into account Bragg’s law and Eq. (1) in Eq. (6), we
can determine that the length of the scattering vector perpen-
dicular to the sample surface (g.) is inversely proportional to
the lattice parameter ¢, and given by

n nl

q: = E = C—[ @)

Since the X-ray diffraction experiments can be simply
understood using the reciprocal space model, Egs. (6) and
(7) connect the coordinate g, of reciprocal space with the
angular coordinate, 0, in direct space measured with respect
to the lattice parameter c,. Schematically, this is presented in
Fig. 1, where we see that for each sub-cell with lattice
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parameter c¢; the Bragg condition is satisfied only at inci-
dence angle 0;. Substituting Eq. (6) in Eq. (5), the angular
distribution of the scattered intensity, representing the prop-
erties of the layer, can be described by its distribution in re-

ciprocal space by
2
in(0
(—4m' Sm)( ) t,-)’ 2L (8)

() IA 272L

where L is the static Debye-Waller factor.

From Egs. (6), (7), and (8), we conclude that for homog-
enous Al,Ga; 4N layer deformation, i.e., Al;Ga,; 4N coher-
ently strained to a substrate with x4; = const along the entire
layer thickness, the scattered intensity in reciprocal space is
shifted proportional to this deformation. The situation is dif-
ferent in the case of inhomogeneous deformation, i.e., graded
AlGa;_(N with x4, =f{(f) coherently strained to a substrate.
In Fig. 2, we show examples of simulated symmetric (0002)
X-ray diffraction curves changing due to different layer
thicknesses, different maximum Al concentration, and differ-
ent monotonically varying profiles of Al concentration.
Here, we assume perfect interfaces between the [0001]-ori-
ented GaN substrate (a,=0.3189nm) and the coherently
strained, graded Al,Ga; N layers. As can be seen, the XRD
profiles show typical features such as the Bragg peak of the
substrate and layer as well as Kiessig fringes characterizing
the sample. Because these fringes are caused by the interfer-
ence of the waves reflected at the layer surface and at
the substrate interface, the period determines the thickness of
the layer and their presence indicates the high quality of the
interfaces. Indeed, the layer thickness influences mainly the
distance between the fringes (Fig. 2(a)), whereas the maxi-
mum Al concentration (Fig. 2(b)) and depth profiles
(Fig. 2(c)) influence not only the position but also the shape
of the diffraction maxima. As a result, the described model-
ling approach allows for the determination of such parame-
ters as thickness, strain, and composition profile in epitaxial
Al Ga;_,N-graded layers by high-resolution x-ray diffrac-
tion (HRXRD).

In what follows, we focus our attention, experimentally
to graded Al,Ga; 4N layers for which coherent growth on
the substrate is the main condition. It should be noted that
the graded layers do not necessarily grow coherently to the
substrate. Moreover, the question about the mechanism of
relaxation and critical thickness of such kind of layers is still
open. Independent of the mechanism of strain relaxation, the
in-plane lattice parameter can be a constant or can vary over
the entire thickness of the film. Nevertheless, the general
simulation procedure described above is applicable also for
both of these cases. However, for relaxed and quasi-relaxed
layers or for layers with varying in-plane lattice parameters,
determining the strain and chemical composition would
require the measurement of multiple, different RSMs to get
precise in-plane lattice parameter information from the film.

lll. EXPERIMENTAL RESULTS

Crystal growth of the Al,Ga; N layers studied in this
work was performed in a Veeco Gen-II plasma-assisted
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FIG. 2. The calculated symmetric (0002) X-ray diffraction profiles for an
Al,Ga; N graded layer coherently strained on GaN: (a) the influence of
layer thickness; (b) the influence of maximum Al concentration; and (c) the
influence of different non-linear Al depth profiles. Insets show the Al depth
profiles used for each simulation.

MBE system. Group III metal was provided by high-purity
Ga and Al effusion cells, and active nitrogen was supplied
using high-purity gas flowing through a Veeco Unibulb RF
plasma source. The samples have been grown on GaN tem-
plate substrates from KYMA Technologies consisting of
~5 um of [0001] oriented GaN grown on AlN/sapphire by
hydride vapor phase epitaxy (HVPE). The substrates were
loaded into ultra-high vacuum and then outgassed at 300 °C
in an isolated vacuum chamber. Subsequently, they were
moved to the growth chamber and heat cleaned at 700 °C for
1 h in order to remove any residual contamination from both
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the surface and the backside titanium coating which is used
for heating. Under gallium rich conditions and a substrate
temperature of 690°C, a 240nm thick Ga-polar, undoped
GaN buffer layer was grown after which the RHEED showed
a sharp streaky pattern. Following the buffer, the Al,Ga;_,N
layers were grown by linearly changing the temperature of
the Al effusion cell over 25 min. For sample S1, the cell tem-
perature range was T3 =957-1005.5 °C and for sample S2 it
was Ta;=957-1026 °C. These ramps should result in layers
with Al concentration changing from ~5% to 20% and 30%,
respectively. The substrate temperature for the growth of the
graded layer was 710 °C, and the Ga flux used maintains the
growth in a metal-rich regime. The nitrogen flow was main-
tained at 0.5 sccm throughout the growth with a plasma
power of 350 W. After growth, all samples were character-
ized by HRXRD using a Philips X’pert MRD system. We
used a standard four-bounce Ge(220) monochromator and
three bounce (022) channel cut Ge analyzer crystal along
with a 1.6 kW X-ray tube with CuKa, radiation and vertical
line focus.

In order to estimate the strain state of the layers with
respect to the substrate and evaluate their in-plane lattice
parameters, first, the asymmetrical (20-25) RSMs were
measured. As seen in Fig. 3, for both samples S1 and S2, the
intensity of coherent scattering from the GaN substrate and
the “tail” from the Al,Ga;_,N layers is distributed in the
scattering plane, vertically aligned with each other in ¢,
direction. This confirms that the growth of the Al,Ga; N
layers is pseudomorphic, i.e., they are fully strained epitaxial
structures with exactly the same in-plane lattice parameter as
the substrate (¢3! ~ 0.3183 nm and a5* = 0.3186 nm). In
addition, from the width of the AlGaN tail in the RSMs,'®"”
which is determined by the mosaic spread and lateral coher-
ence length in the film, we conclude that the thin Al,Ga; N
layers are of high quality. Indeed, the lack of elastic strain
relaxation in the Al,Ga;_ N layers testifies that the main
source of dislocations is the threading dislocations from the

FIG. 3. Asymmetric reciprocal space maps of graded Al,Ga,;_4N layer on
GaN around the (20-25) reflection for samples S1 (a) and S2 (b). q, and qy
are the reciprocal space coordinates, which are perpendicular and parallel to
the surface, respectively.
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substrate. While there is no reason to expect asymmetrical
relaxation in the plane, we measured asymmetrical RSMs
also for the (11-24) reflection (not shown here) in order to
confirm that the AlGaN film was biaxially pseudomorphic in
the plane. The tail from these RSMs was similarly vertically
aligned with the substrate. This confirmed a fully strained
epitaxial structure for both samples. In principle, the analysis
of strain and composition profiles may be based only on the
asymmetrical (20-25) RSMs, which has low sensitivity to
biaxial strain.'> However, it is impossible to analyze a ¢,
scan from the asymmetrical RSM with high precision,
because in addition to the strong superposition, the diffracted
intensity from the thin graded layers only slightly differs
from those of GaN diffuse scattering (see Fig. 3). In view of
the fact that thin graded AlGa,; N layers usually grow
coherently to the GaN substrate, symmetrical scans are more
precise.

Next, we measured the symmetric (0002) RSMs for
samples S1 and S2 (Fig. 4, lower panels). The broadening of
RSMs in ¢, direction (w-scan) is influenced only by the tilt
and finite lateral coherence length of mosaic blocks.'® For
both samples, the full width at half maximum (FWHM) in
the ¢, direction of the AlGaN tail is similar to if not slightly
smaller than the FWHM from GaN including the substrate
(template layer). Taking into account the large thickness ra-
tio of the substrate to the layer, we conclude that the struc-
tural quality of the Al,Ga; N layers is slightly better than
the substrate. The length of the tail extending towards the
AIN reflection in the ¢. direction (20/w-scan) is governed by
the distribution in strain, i.e., the lattice constant, ¢;, along
the c-axis of the Al,Ga; (N layers, which is given by the
distribution of x4; along the growth direction of the graded
Al,Ga,_(N layers using Eq. (4). Thus, the 20/w-scans
(Fig. 4, upper panels) were subsequently fit to the simula-
tions taking into account the in-plane lattice parameters
of the Al,Ga; (N graded layers measured from Fig. 3. A
multilayer model was used in the fitting procedure with the
following layers: (1) GaN substrate; (2) GaN buffer; and (3)
graded Al,Ga; ,N. We divided the Al,Ga; N layer into
175 sub-cells (Fig. 1), with lattice parameters, c¢,, given by
Eq. (4) for a varying Al concentration, x4;, and used the
procedure described in Sec. II. From the simulations, using
Egs. (2)-(4) we calculated the depth profiles of strain and
composition, as well as the thickness of the AlGaN-graded
layer. Despite the high substrate temperature and a thermally
activated exchange mechanism between Al adatoms and Ga
surface atoms,ZO we obviously observe fringes on the XRD
curve, which indicates a quasi-flat interface. This allows for
the precise determination of the thickness of the graded
layers of ~90 = 2 m, which has been confirmed by transmis-
sion electron microscopy. Thus, the deposition rate for both
films was found to be ~3.6nm/min. This is mainly deter-
mined by the active N flux in the metal rich regime. Even
though we consider a high incorporation rate of AL’ the
effect on the layer thickness of the change in alloy concen-
tration is negligible.

The top insets of Figs. 4(a) and 4(b) show the concentra-
tion and strain profiles resulting from fitting the symmetric
XRD curves of samples S1 and S2, respectively. The Al
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FIG. 4. Experimental (gray line) and calculated (red line) X-ray diffraction profiles, as well as their symmetric (0002) RSMs for samples S1 (a) and S2 (b).
The insets present the results of fitting for the concentration and strain distribution as functions of thickness in the graded Al,Ga, N layers for each sample.

concentration is x4 ~ 7% — 22% for sample S1 and x4, ~
7% — 32% for sample S2. Through comparative studies to
be published elsewhere, we estimate these values to be with
~1% of the true values and are in fact very close to the
design parameters for these samples. Moreover, here we see
that the Al concentration is not a linear function of depth.
This is in fact expected, because the dependence of the
Al flux, @y, on the cell temperature, T, is Arrhenius-like
in nature approximately characterized by the activation
energy for evaporating Al from the effusion cell
(<DA1~exp(—Ea/kBTA1)).2’7’8 This dependence is shown in
Fig. 5(a), from which we derive the activation energy of our
Al effusion cell to be ~3.3eV. In order to check for consis-
tency, in addition to samples S1 and S2, we grew four
Al Ga;_4N layers with no grading at different, constant effu-
sion cell temperatures, T (constant Al flux ®,;). Using
HRXRD we determined the Al concentration, xz ;> arriving at
the expected linear dependence between x’;, and @g;. This is
shown in the inset of Fig. 5(a). Finally, knowing ®(T'a;)
and ¥/, (@) we determine the nonlinear function x$4 (T ;)
valid for T4 in the interval from 957 to 1026 °C, which
encompasses the temperatures for the growth of our samples.
This is shown in Fig. 5(b) by the open circles. This resulting
curve is essentially a common calibration of our Al effusion
cell for the growth of Al,Ga;_4N based on the four inde-
pendent growths fixed at different Al concentrations, x{‘,.
However, through fitting the XRD from the AlGaN-graded
layer samples we arrive at the dependences of x4;(fa1Gan)
shown in Figs. 4(a) and 4(b). Subsequently, transforming
Xa/(taigan) 1NtO xj{}””'(TA]) using the linear variation of Ty,

with time and a fixed growth rate, we obtained an independ-
ent calibration of our Al cell for growing Al,Ga,_,N which
can, in principle, be based on a single growth. As seen in
Fig. 5(b), there is a perfect correspondence between samples
S1 and S2 and at the same time an excellent correlation
between these two different approaches. It should be noted
that for both samples S1 and S2, the Al effusion cell temper-
atures were ramped with a very low rate <2.7 °C/min, which
permits us to compare these two calibration procedures.
Because the effusion cell temperature has a finite settling
time, in the case of higher ramp rates (thinner graded layers
for example), the high-resolution x-ray diffraction is more
suitable for calibration. Moreover, application of HRXRD
techniques allows us to measure the strain distribution as a
function of thickness in the graded Al,Ga;_N layers. This is
important because of the strain induced piezoelectric compo-
nent of the polarization in the nitrides. Thus, taking into
account time dependent instability of fluxes and a finite set-
tling time of temperature of the effusion cells, for growing
graded Al,Ga;_.N-based structures with pre-defined param-
eters, the HRXRD can be regarded as a reliable growth
calibration technique.

Finally, we want to discuss the new aspect of polariza-
tion field engineering used as an attractive doping technique
in III-V nitride semiconductors. In previous studies, the
polarization-induced doping of different carrier densities
results from compositional grading of Al from x4, =0 — x4
=10%-30% (Refs. 1-4) or changing the layer thicknesses
while keeping the same compositional grade of Al from
X =0% — x4 = 30%.%! Presented in this work, growth of
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FIG. 5. (a) Experimental @4 vs. T4; and x’:“ vs. @4 for the effusion cell and
MBE used in the present work. The beam equivalent pressure (BEP) of the
atomic beam from the Al effusion cell is used to determine ®4; flux. (b)

Calibrated Al effusion cell temperature for the growth of Al,Ga;_,N with a

given Al concentration, x;(;”"". Open circles represent the results from (a) of

comparing beam flux measurements with independent growths with different
xf/;, values, and the red and grey curves represent the results of the XRD sim-
ulations for samples S1 and S2, respectively.

graded Al;Ga;_,N coherently strained to GaN starting with
an Al concentration, x4; > 0%, can be regarded as an addi-
tional powerful technique for tuning of the carrier volume
density and its confinement in such type of layers.

IV. CONCLUSION

In conclusion, we present a method which allows for the
efficient measurement of composition/strain distribution as
functions of depth in the graded Al,Ga; N layers grown by
MBE pseudomorphically on GaN substrates. The method
based on a laboratory X-ray diffraction experiment makes
use of the asymmetrical RSM covering the full composi-
tional range for epitaxial concentration graded layers of
AlGaN and also fitting through kinematical simulations of
the intensity profiles (20/w-scan) of symmetric reflections.

J. Appl. Phys. 116, 224302 (2014)

Through comparison of these simulations with as-grown
samples, we can reliably determine concentration/strain pro-
files which determine much of the electrical properties of the
film. The compositions measured by this method are in good
agreement with the standard approach using multiple
growth/characterization procedures. Thus, these fitting tech-
niques create opportunities to calibrate growth rates and
compositions with a single growth rather than multiple
growths as has been done traditionally.

In addition, the experimental results demonstrated here
indicate the possibility of growing graded Al,Ga, 4N coher-
ently strained to GaN substrate with starting Al concentra-
tions of x4; >0%. This creates a new way for tuning the
polarization-induced doping carrier densities in graded
Al Ga; 4N layers. This is a topic for our future research.
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