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A detailed XRD analysis of AIN/GaN multiple quantum well (MQW) struc-
tures grown on AIN(0001) substrates is proposed. The effect of roughness on
the 20—o scans measured in Bragg diffraction for symmetrical reflections is
investigated together with the effect of depth variation of the well and barri-
er thickness. As shown, the magnitude of depth variation of the well and bar-
rier thickness results in an asymmetrical broadening of the satellite peaks of
the 20—0 scans. Roughness causes their symmetrical expansion that allows
separating the influence of both effects. Several reasons of asymmetrical
broadening of satellite peaks are considered: variation of the thickness peri-
od, variation of the average lattice parameter inherent to the period, which
depends on the thickness ratio of the layers in the period, and their combina-
tion. The efficiency of the described method is illustrated in detail by numer-
ical simulations.

Key words: dynamical X-ray diffraction, multiple quantum well structure,
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B poboti npoBereHO IeTaJbHY aHANiI3y CTPYKTYD i3 MHOKMHHUMY KBAaHTOBU-
mu amamu (MKSf) AIN/GaN, Bupomennx Ha migkaaguakax AIN(0001). Byuo
IOCJIiI?KeHO BILJIMB IIIEPCTKOCTY Ta 3MiHM TOBIIWHMU I1apiB cTpykTypu 3 MKS
mo raubuHi Ha 20—n-cKkanu, BUMipaHi B Bperrosiit reomerpii gudpakrimii gasa
cuMeTpuyHUX peduiekciB. IlokazaHo, 1110 3MiHA TOBIIMHN KBAaHTOBUX AM i
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6ap’epiB o rINMOWHI IPUBOAUTE 0 ACUMETPUUYHOI'0 PO3IIUPEHHS CATEJIiITHUX
mikis MKS ma 20-0-ckanax. IllepcTKicTh CIPUUYMHIOE CHMETPUYHE POIIIIH-
PeHH4 IiKiB, 10 YMOXKJIUBJIIOE PO3PiBHUTHU BIIUB Iux edeKTiB. PosrasauyTo
KiJIbKa IPUYMH aCUMETPUUYHOT'O PO3IIMPEHHS CATEJNITHUX MHiKiB: 3MiHY TOB-
IUHYU IIepiony, 3MiHY cepeIHLOTO MapaMeTpa I'PDATHUIIL Iepioxy, AKHi 3aje-
KUThH BiJ CIIiBBifHOIIIEHHA TOBIIMH IIapiB mepioay, Ta ix komb6iHamii. Edex-
TUBHICTH PO3POOJIEHOI METOAM ITOKA3aHO IIIJIAXOM YKCJIOBOTO MOJEJIOBAHHA
PEHTI'€HiBChKUX CIEKTPiB.

KarouoBi caoBa: muHamiuma audpariiia X-TpoMeHiB, MHOKMHHI KBaHTOBIi
AMU, 3MiHA TOBIIWHMY IO INIMOUHI, KOMII IOTepHe MOIeII0BaHHA, HAAT PATHUIIA.

B paboTe nipenio:keH geTa bHBINA PeHTreHOAN(P PAKIIMOHHBIN aHAJINS CTPYKTYP
¢ MHOXecTBeHHBIMU KBaHTOBhIMU aMamu (MKSI) AIN/GaN, BripalieHHBIMU
Ha moamoskkax AIN(0001). Briio mccaemoBaHO BIMAHNE ITEPOXOBATOCTH U
Bapualiy TOJIIUHLI CJIOEB KBAHTOBBIX M U 6aphepOB Ha 20—®-CKaHBI, MOJIY-
YeHHbIe B TeOMETPUY OTPAKEHUS 10 Bparry I/ cMMMeTPUYHBIX PedIeKCcoB.
IToxasano, uro Hamumume Bapuanuu TOJIMUHEL ca106B AIN u GaN mo rayOoume
IPUBOAUT K IIOABJEHHUIO aCHMMETPHUHU caTeIUTHBIX nukoB MK ma 20-0-
ckaHax. Hajguuue 111epoX0oBaTOCTU IPUBOAUT K CUMMETPUUYHOMY PaCIINPEHUIO
CaTeJINTHBIX TIUKOB, UTO IIO3BOJIAET DPa3feUTh BIUAHUE 3TUX d(h(eKToB.
PaccMOTpeHO HECKOJBKO MPUYUH ACHMMETPUYHOTO PACIIMPEHUS CATEJIJIUT-
HBIX MMKOB: M3MEHEHMUe TOJIINHLI [IePUoLa, N3MeHeHre CPeJHEero mapaMerpa
PelIéTKHY IIepruoa, KOTOPLIM 3aBUCUT OT COOTHOIIIEHUSA TOJIIUH CJIOEB B IIePHU-
olle, 1 X KoMOMHAINNNU. IPPeKTUBHOCTL pa3paboTaHHOTO MEeTOoa MOKasaHa C
TIOMOIIIHIO0 YMCJIEHHOT0 MOJEINPOBAHU .

KaroueBsle cjoBa: fuHaMuuecKass Iu(paKiusd PEHTTeHOBCKUX JIydeil, MHO-
JKeCTBeHHBbIE KBAHTOBBLIE SIMBI, U3MEHEHHWE TOJIIUHBI 10 TJIyOWHEe, KOMIIBIO-
TepHOe MO/IeJINPOBaHNE, CBEPXPEIIETKA.

(Received April 6,2018)

1. INTRODUCTION

Multiple quantum well (MQW) structures and superlattices based on
III-nitrides are extensively used in light emitting diodes with high lu-
minescent efficiency (LEDs) and laser diodes for various applications
in photonic devices operating in a wide optical range [1-6]. Specifical-
ly, AIN/GaN MQW structures are used for LEDs emitting in the visi-
ble-ultraviolet spectral range [1, 7] and solid-state THz optoelectronics
[8, 9]. Investigation and development of these materials and devices
requires advanced materials’ characterization techniques examining
structural, optical, and electronic properties. Optical characteristics
of devices based on MQW structures essentially depend on structural
parameters such as the thickness of barrier/quantum well layers [2, 3,
6, 10]. Any variation in the well or barrier width with the depth or in
plane during growth can therefore modify the electronic characteris-
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tics. In addition, because of the small thickness of recent QW (few na-
nometres), variations in the thickness of only one monolayer are suffi-
cient to lead to large changes in the interband and intersubband transi-
tions energies [11-13].

Therefore, a comprehensive structural characterization of the MQW
structures is needed to optimize the growth process and device perfor-
mance. The laboratory high-resolution X-ray diffraction (HRXRD)is a
rapid, non-destructive and low-cost technique widely used for charac-
terization of III-nitrides [14—22]. In the theoretical description of X-
ray diffraction in MQW structures, thin and ion-implanted layers,
both dynamical and kinematical approaches were used [21, 23]. The
main approaches to model X-ray diffraction patterns from MQW
structures are layer-by-layer simulation [24] and the period-by-period
simulation [21]. For both approaches, it is often assumed that all peri-
ods in MQWs are equal. However, only the layer-by-layer modelling
approach can also be used to study vertical structure inhomogeneities.
The analysis of HRXRD data is often based on the Takagi—Taupin
equations [25-27] or their derivatives [23, 28]. The Takagi—Taupin
equations are based on the dynamical theory of X-ray diffraction,
which assumes that the structures are crystallographically perfect (or
almost perfect) with very small fluctuations of lattice displacements
and suits well for high-quality epitaxial structures study.

In recent experimental studies of MQW structures, especially struc-
tures based on III-nitrides, an asymmetry of the peaks and a much
larger peak broadening in X-ray diffraction spectra are observed in
comparison with theoretically calculated spectra based on convention-
al diffraction models [3, 29]. Several different features cause these ef-
fects: variation of the in-plane lattice parameter [30], dislocations [18,
31], roughness [19, 32, 33], interface grading, changes in the thick-
ness of layers from the substrate to the surface and on the area of the
sample.

Previous studies were focused on the investigation of the effect of
interface grading and lateral thickness variation [32], MQW structure
lateral lattice parameter variation [19, 32], but the effect of the verti-
cal variation of the layers thickness is poorly explored from the view-
point of modern methods of HRXRD [33] and requires further investi-
gations. Commercial programs allow simulating spectra by using con-
ventional models of the diffraction, taking into account the effect of
interface grading, while the simulation of X-ray spectra, which con-
sider the effects of lattice parameter variation or variation in the layer
thickness, is often complicated or impossible.

Therefore, in this paper, the effect of thickness variation with depth
and interface roughness from MQW structures on the 26—® scans in
the symmetrical Bragg case is investigated using dynamical diffrac-
tion simulation.
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2. EXPERIMENTAL

The samples investigated in this paper were grown by plasma-assisted
MBE on a template that consists of a 600 nm AIN layer on an Al,O,4
(0001) substrate. The GaN/AIN MQW structures were grown at the
substrate temperature of about 690°C. First, a 100 nm undoped GaN
buffer layer was grown on the template, followed by the deposition of a
10 and 20 periods MQW structure, samples S10 and S20, respectively.
Finally, the samples were capped by 10 nm of GaN. The nominal thick-
ness of the AIN barriers and GaN QW layers was 3 nm and 5 nm, re-
spectively.

High-resolution X-ray diffraction (HRXRD) was performed using a
PANalytical X’Pert Pro MRD XL diffractometer (delivering CuK
radiation with A = 0.154056 nm) equipped with the fourfold (220) Ge
monochromator and threefold (022) Ge analyser in front of a propor-
tional point detector.

3. THEORY

The XRD spectra for the multiple quantum well structures were simu-
lated using the dynamical theory of X-ray diffraction described by the
Takagi—Taupin equation [23, 25—28]. A complete description of the
dynamical theory used in this paper can be found in Ref. [28]. The solu-
tion of the Takagi—Taupin equation is used to calculate the X-ray com-
plex scattering amplitude X:
_ldX _
dT

T is the normalized coordinate perpendicular to the crystal surface:

Ct./ -

A |70YH| ,

X? -2nX +1. (1)

and n is the deviation parameter:

1
Yol + EXo(]- -b)

n - ’
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where C is the polarization factor, which is equal to unity for o polari-
zation and cos(20) for & polarization, y, and y are electric susceptibili-
ties, which are related to the structure factor of the crystal unit cell, v,
and v, are the direction cosines of the incident and reflected beams
with respect to the crystal-surface normal, b is the asymmetry factor,

3)
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t—the layer thickness, A—the X-rays’ wavelength, and oo—the devia-
tion parameter.

The conventional deviation parameter was shown to fail at the angu-
lar distances far from the Bragg position, thus an improved function
for oo introduced by Zaus [28] was used:

sin(26,) N l(AO)Z cos(20;) sin®(0, — ¢)
sin(0, +¢) 2 sin(@, +¢) sin®*O, +¢) )

o = (AB) 4)

Here, 65 is the Bragg angle of the layer, ¢—the inclination of the layer
lattice planes relative to the surface, A6 = 6 — 0;—the deviation from
the exact Bragg position, 6—the angle between the reflecting planes
and the incident wave.

The direction cosines y, and v, in the case of the improved deviation
parameter o are given as follow [28]:

Yo =sin(0,; —¢), v5 = —sin(0, + ¢), (5)

where the angle of exit 8, + ¢ of the diffracted wave in vacuum is given
in Ref. [28]:

cos(0,, +¢) = cos(0 — ¢) — 2sin(6,) sin(¢P). (6)

Assuming that the layers are laterally uniform and all variations occur
along the axis z normal to the sample surface, the amplitude ratio X, at the
top of the layer is related to the amplitude ratio X, ; at the bottom by [28]:

S, + S,
S1_S2,

S,=X,_,-nt an - 1)exp($iT\/r|2 -1). (8)

The reflected amplitude from multilayered structure was calculated
starting from the bottom layer and assuming that below the bottom
layer the complex scattering amplitude is equal to zero; or using com-
plex scattering amplitude from the substrate and adding layers one-by-
one, using the recursion formula Eq. (7), until reaching the surface of
the uppermost layer. Finally, Ref. [28] gives the reflectivity:

X, =n+ n° -1 (7

Xu
La

R =

2
’

[ X

9

where X is the complex scattering amplitude of the upper layer.
The main advantage of this diffraction model is its simplicity and,
consequently, a high computing speed. The disadvantage of the model
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is a large number of simplifications, which lead to deterioration in the
quality of physical description of the diffraction phenomenon. For
even more accelerated computations, we developed a program for XRD
spectra simulation by using the C++ programming language and
NVIDIA CUDA parallel computing technology.

Within the framework of the above discussion, the MQW structure was
considered as a stack of N layers. Investigating the effect of thickness
variation was carried out by substitution of the thickness value in Eq. (2)
in the form ¢ = ¢, + At, where ¢, is a given constant thickness for each layer
in the MQW period (averaged constant value), and At is the additive part
of the thickness, which can vary by arbitrary law from substrate to sur-
face of the investigated MQW structure (depending on the structure
depth). We used the exponential form of At, which is given by

At = K, exp(—K,N), (10)

where N is the period number (the periods are counted from the sub-
strate to the top of the layer stack), K; and K, are parameters that spec-
ify variation of the thickness.

In Equation (4), the angles 6 and 05 are incidence and Bragg angles
for the respective layer. If the Bragg plane of the substrate is chosen as
a common plane of reference, then for these layers, Ref. [28] gives the
deviation 05:

AO=0-0, +36, (11)

where Og, is the Bragg angle for the substrate, and the change of the
Bragg angle is [28, 34]

30 =
(AdL o Adl j [Adl Ad "j o (12)
=| — cos”(¢) + —| sin“(¢) |tan(O,,) +| —| ——| |cos(9)sin(9),
d d d d
A Ll
where = are the in- and out-of-plane mismatches of interplanar

spacing between the layer and the substrate.

4. RESULTS AND DISCUSSION

Theoretical simulations of symmetrical 20—® scans were performed for
the tested sample consisting of a 20 period AIN/GaN MQW structure
(5 nm /5 nm) (layers A and B) on the AIN/GaN (600 nm/100 nm) buffer
grown on an Al,04(0001) substrate.



SIMULATION OF X-RAY DIFFRACTION SPECTRA FOR AIN/GaN STRUCTURES 765

GaN | AIN/GaN MQW structure
AIN J 20 periods

100 nm GaN buffer layer
600 nm AIN buffer layer
Sapphire (0001)

Fig. 1. Schematic sketch of MQW structure.

To investigate the influence of different kinds of thickness varia-
tions theoretically, we assume here that the GaN buffer layer and the
GaN layers in the MQW are fully strained to the AIN buffer layer and
that the AIN layers are fully relaxed. Figure 1 shows a sketch of the
MQW structure used for the 26—w-scan simulation. The lattice param-
eters of bulk GaN and AIN were taken from Ref. [35]. For strained GaN
layers, the lattice parameter ¢ was recalculated from a according to
Refs. [16, 35]. The electric susceptibilities were taken from Stepanov’s
X-ray server [36]. The instrumental function is approximated by the
Gaussian profile with the full width at half maximum (FWHM) 12
arcsec that corresponds to FWHM of the rocking curve of analyser
crystal.

4.1. Influence of Thickness Variation

Various cases of the thickness variation At for the barrier (layer A) and
QW (layer B) layers in the MQW structure were investigated according
to Eq. (10).

First, using Eq. (10), we explore the variation of the MQW period
thickness with increasing distance from the substrate (to the sample
surface). For this purpose, we simultaneously change the thickness of
both layers A and B. The thickness ratio between the layers A and B
does not change with depth; whereas, the addition to the thickness of
both layers At have the same sign and magnitude. As the average lat-
tice parameter of the period (Eq. (13)) depends on the lattice parame-
ters of both layers and their thickness ratio [16, 18, 37], it does not
change with depth:

_ Caty +Cply

13
t, +t, (13)

av

where c, 3 and ¢, p are the lattice parameters and thickness of layers A
and B in the MQW structures.

Figure 2 shows the simulated 26— scans of the symmetrical (0002)
reflection (a), and the thickness profile of each period used for the
simulation (b). Two cases were considered: 1) a thickness change with
larger magnitude on the side of the substrate with a positive value of
At; 2) a thickness change with larger magnitude on the surface side
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Fig. 2. The 20—o scans of (0002) reflection for different cases of period thick-
ness variation (I and 2) and calculated using the conventional model (a);
depth profiles of variation in the period thickness (b).

with a negative value of At (Fig. 2, b). It was observed that, when the
thickness of the periods in the MQW structure varies, the shape of one
satellite peak (here, the zero-order peak) does not change. Subsequent-
ly, we will call this peak as unchanged shape satellite. For other satel-
lite peaks, an asymmetry of the peak shape is observed, which depends
on the sign and magnitude of At.

First, we discuss the influence of a positive value of At. In this case
for the satellite peaks lying at lower angles than the unchanged shape
satellite (indicated on the spectra as -1, -2, —3), the asymmetry is more
pronounced on the higher-angle side of each peak. Satellite peaks at
larger angles than the unchanged shape satellite (1, 2, 3) have a clearly
visible anisotropy on their low angle shoulder. If the value of At is neg-
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ative, the asymmetric broadening of the peak shape is on the opposite
shoulder than in case of a positive At. In other words, for positive At,
the asymmetry of the satellite peaks arises from the side of the un-
changed shape satellite, and where the addition At is negative, asym-
metry emerges on peak shoulders pointing away from the unchanged
shape satellite.

The asymmetry effect is more pronounced for distant satellites rela-
tive to the unchanged shape one. In addition, there is a small angular
displacement of the satellite peaks, accompanied by an increase of the
peak width and a decrease of the intensity on direction of the asymmet-
ric broadening. At the same time, satellites, which were not observed
due to attenuation conditions [18], like the missing satellite of —38"-
order in Fig. 2, a, may become clearly visible. It should be noted that
the XRD spectra weakly vary in dependence of the period change direc-
tion (from the substrate or from the surface). The differences are bet-
ter visible for low intense satellite peaks that are more distant from the
unchanged shape satellites. The main differences between positive and
negative At are manifested in high-frequency intensity oscillations,
which are poorly visible for this test sample due to the superposition
with high-frequency thickness oscillations from the buffer layers.

However, determining the side of a greater thickness change may be
possible for spectra with a clearly visible thin satellite structure. In
this case, the reason for the asymmetry is the variation of the period
thickness according to a certain law. The average lattice parameter of
the period, which depends on the layers thickness ratio, does not
change.

Different changes of the diffraction pattern can be observed (Fig. 3)
when the thickness of the layers A and B varies with the opposite sign
but the same magnitude of At (in antiphase). In this case, the thickness
of all GaN/AIN periods is constant, and according to Eq. (13), the av-
erage lattice parameter of the period changes with depth in dependence
on the thickness ratio between the layers A and B. Figure 3 shows the
20— scans of the symmetrical (0002), (0004), (0006) reflections (a—
c—black), which correspond to the thickness variation shown in Fig. 3,
d and are compared with the 20—® scans (grey) of GaN/AIN layers of
constant thickness through the whole sample. In the case of thickness
variations as described above, the unchanged shape satellite vanishes,
and all reflections and satellite peaks of this MQW structure have
asymmetry. The peak asymmetry depends on the sign and magnitude
of At, and for the thickness profiles in Fig. 3, d, the peaks are broad-
ened asymmetrical toward the higher angles. When the thickness vari-
ation At of the AIN and GaN layers has opposite signs, the satellites
peaks are broadened toward the lower angles on the 20 axis (not
shown). From the spectra of different symmetrical reflections in Figs.
3, a—c, it is clear that with increasing diffraction order the satellite
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Fig. 3. The 20— scans of (0002) (a), (0004) (b) and (0006) (c) reflections corre-
sponding to depth profiles for AIN and GaN layers thickness (d) calculated
with thickness variation (black) and using the conventional model (grey).

peak asymmetry also increases. Other features of the satellites asym-
metry behave as in the previous case. In this case, the reason for the
asymmetry of all satellites is the change of the average lattice parame-
ter of each period, which is caused by simultaneous change in the
thickness of layers.

Next, we consider the interstitial case when the thickness of only
one layer in the period (A or B) changes. This results in change of the
period thickness and a change of the average lattice constant of each
period with increasing distance from the buffer layer. In addition, the
magnitude of the thickness change per period is two-times lower than
in the case when the thickness changes simultaneously for both layers.
Obviously, the change in the average lattice parameter of the period is
also smaller. The mutual influence of changes in the thickness and av-
erage lattice parameter leads to a MQW structure satellite’s asym-
metry, which depends on the sign of At and the law of its change. Fur-
thermore, the unchanged shape satellite has a slightly different angu-
lar position than in the previous case of period’s thickness change.
When the thickness of the GaN layers in the MQW structure changes,
the angular position of the unchanged shape satellite is close to the re-
flection of a single GaN layer with the same lattice parameters (and
state of relaxation) as in the GaN layers in the MQW structure. For
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different-order reflections, the peak position of the GaN buffer layer is
close to the angular position of the unchanged shape satellite, whose
order also depends on the reflection order. For the case of thickness
variation of GaN layers in the MQW considered in this section, the un-
changed shape satellite has —1**-order for (0002) reflection, —2"*-order
for (0004) reflection, and —8"-order for (0006) reflection. Similarly,
when only the thickness of AIN layers in MQW varies, the angular po-
sition of the unchanged shape satellite is close to the peak position of a
AIN buffer layer whose lattice parameters is the same as in the AIN
layers in the MQW. Applying this to our test structure, this means
that, when the thickness of GaN layers changes with depth, the angu-
lar position of the unchanged shape satellite is close to the angular po-
sition of the GaN buffer layer of the investigated symmetrical reflec-
tions. It should be noted that this arrangement of the unchanged shape
satellite peaks relative to the peak of the buffer layers is preserved on-
ly for fully strained or relaxed the AIN (GaN) MQW layers and AIN
(GaN) buffer layer, respectively. Other features of the satellites
asymmetry are the same as in the previous case but less pronounced
because the addition At has a lower magnitude. Thus, the mutual influ-
ence of period thickness variation and the change of the average lattice
parameter of the period lead to the appearance of satellites with un-
changing shape and with displaced angular positions relative to the
zero-order satellite and asymmetry of other satellites.

Our simulations have shown that, when the thickness of layers in
the MQW structure changes with depth, the thickness ratio of quan-
tum well/barrier layers and the average lattice parameter over the pe-
riods in the MQW structure vary as well. This leads to different asym-
metry of the satellite peak. Therefore, thickness variation in the MQW
structure layers is one of the reasons for asymmetry of the satellite
peaks in 26— scans.

4.2. Influence of Random Thickness Fluctuation

During the growth of MQW structures, interface roughness can lead to
local fluctuations in the thickness of each layer. To consider the inter-
face roughness, the following model similar to that described in Ref.
[32] was developed.

We split the sample into a large number of crystallites with random
thickness values of At for each layer in each crystallite. The resulting
spectrum was obtained as the averaged sum of the reflected intensities
from the crystallites. We considered the case of normal distribution of
random values of At. The generation of random numbers was done us-
ing the mt19937 random Number generator from the free library in
C++. Figure 4 shows the effect of roughness on the 26—» scans of our
MQW test structure. The increase of roughness leads to a broadening
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Fig. 4. The 26—w scans of (0002) reflection for different magnitudes of thick-
ness fluctuation.

of the satellite peaks with simultaneous reducing the amplitude of the
thickness oscillations. The amplitude is even more reduced for distant
satellites as compared with central satellites (-1, 0, 1-orders). Figure 5
shows the effect of thickness fluctuation on the spectra of various
symmetrical reflections. The decrease of the oscillation amplitude is
also observed with the increase of the reflection order.

Therefore, roughness can be one of the reasons for a significant ex-
pansion of satellites in the 26—® scan of the highest order reflections.

4.3. Comparing the Theory and Experimental Data

The theoretical framework described in the previous section has been
applied for the investigation of GaN/AIN MQW structures grown on
the AIN/GaN buffer layer. In contrast to the theoretical calculations
demonstrated in the previous sections, the relaxation state of real
MQW should be considered for accurate simulation.

Therefore, the in-plane lattice parameters of the MQW (ag;) and AIN
buffer layer (a) of samples S10 and S20 were determined from the re-
ciprocal space map (RSM) of the asymmetric (1233) reflection [16].
For both samples, the measured parameters are ag;, = 0.31283 nm and
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Fig. 5. The 26—o scans of (0002) (a), (0004) (b) and (0006) (c) reflections with
the same thickness fluctuation 1 nm (black) and 26— scans obtained using the
conventional model (grey).

a= 0.31007 nm. Consequently, the AIN buffer layer is slightly com-
pressed along the a-axis. The MQW lattice parameter ag; is closer to
that of bulk AIN (a = 0.31113 nm) than to the a-parameter of GaN
(0.31893 nm). It indicates that GaN layers are in a compression state
(mismatch =1.9%), which has much larger magnitude than the tensile
stress of AIN layers. The out-of-plane lattice parameter ¢ was recalcu-
lated from a according to Refs. [16, 35].

The 26—® scans of (0002) reflection (samples S10 and S20) are shown
in Figs. 6, a, c, respectively. The figures show also the best fits using
the developed model considering a variation in the thickness and the
conventional model with a nominal thickness of the layers. The depth
profiles of thickness variation for both layers in the MQW structures
of the samples S10 and S20 are shown in Figs. 6, b and d. Since the peak
from the GaN buffer layer is almost invisible, it is not taken into ac-
count for the simulation. The simulation using the conventional model
showed a significant asymmetric broadening of satellite peaks, reveal-
ing thickness values of 4 nm and 5.5 nm for AIN and GaN layers, re-
spectively. Simulation of the spectra by using the developed model
showed significant variation of the thickness. The roughness deter-
mined by simulation was 1-2 atomic layers (= 0.3 nm to 0.5 nm). In the
investigated spectra, roughness mainly influences the intensity of the
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—2"order satellite.
The minimization methods and fitting procedure are described in

details in our previous work [38] for the case of implanted layers. We

used the Hooke—dJeeves direct search algorithm for fitting the spectra.
The error function is given by

N k

Err = ) |\I?® - I

=1

(14)

b

where I®® and I®° are experimental and calculated intensity values
over all experimental points, & is the power index (we use £ =0.1-0.8),
by which one can set the part of the spectrum that should be fitted bet-
ter. At lower values of &, the ‘tails’ of the spectrum are better fitted,
while the larger k promotes a better fit of the peaks.

The average relative error calculated for all points of the experi-
mental and fitted spectra (Eq. (15)) was 30—40% that is caused by the
noise, background, and high-frequency oscillation through the thick-

ness of buffer layers in the spectrum:

N I;Xp _ I;:alc

1
Errre] ZEZT. (15)
7

=1

1 — measured 1 11 — measured 1

- = 42 — calculation 0 AIN = :x 12 — calculation 0 AIN
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Fig. 6. Comparison of the measured (1) and simulated 26—» scans of S20 (a)
and S10 (¢) samples using the developed (2) and conventional (3) models. The
figures b and d show the depth profiles of thickness variation in the GaN QW
and AIN barrier layers for the samples S20 and S10, respectively.



SIMULATION OF X-RAY DIFFRACTION SPECTRA FOR AIN/GaN STRUCTURES 773

4.4. Discussion

In general, it can be difficult to separate the influence of different
MQW features (such as lateral thickness variation, lattice parameter
variation, dislocations) on the XRD spectra. The peak width and
shapes are commonly interpreted to be caused by a single dominant
feature. Because of the integrity of XRD methods, spectra from MQW
structures are sensitive to variations of the averaged lattice parame-
ter, strains and any kind of thickness variations on significant area of
the sample. As our examples showed, there is a significant asymmetry
of satellites in the investigated samples. As shown above, thickness
variation is the reason for this. Dislocations and lateral thickness vari-
ations cause only symmetrical broadening of satellites, like to that
caused by roughness. Simulating the experimental spectra by using
conventional model demonstrates the significant asymmetric peak
broadening, especially in the sample S20. For real structures, many
different features (listed above) are present simultaneously, but, in
the investigated samples S10 and S20, the asymmetrical peak broaden-
ing is predominant.

The modelling of 20—® scans including thickness variation and the
roughness shows a good coincidence with the experiment data, but oth-
er effects may exist, which can cause the peaks asymmetry or both the
symmetrical and asymmetrical broadening. Simultaneous considera-
tion of these effects together with considered above thickness varia-
tion and roughness goes beyond a scope of this work. The resulting
depth profiles of the thickness can be explained by interpretation of
the spectra, if taking into account only effects of thickness variation
and roughness. It explains the significant values of thickness variation
obtained using simulation.

It is also important to choose the type of A¢ function. The fitting
procedure can be carried out for any form of At, but it is necessary to
take into account the physical possibility of existence of this thickness
variation. It is better to perform studies by using additional depth pro-
filing methods such as secondary ion mass spectrometry or transmis-
sion electron microscopy, and then to use these data in XRD spectrum
simulation. This approach can help to separate the influence of various
effects on the spectrum and to investigate better their nature.

5. SUMMARY AND CONCLUSIONS

In this paper, a detailed X-ray diffraction analysis of the influence of
layer thickness variation and thickness fluctuations for MQW struc-
tures was carried out. It was ascertained that variation of the thick-
ness is one of the reasons for an asymmetry of satellite peaks. Varia-
tion of the period thickness with a constant ratio of A and B layer
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thickness leads to existence of the unchanged shape satellite and a dif-
ferent degree of the asymmetry for other satellites. If there is varia-
tion of thickness in both A and B layers in MQW structure, and here-
with the period is kept constant, there is the asymmetry of all satel-
lites. In the general case, there are both the asymmetry and the un-
changed-shape satellite with angular position shifted relatively to the
previous one. The size and side of the satellite asymmetry depends on
the magnitude and sign of the layer thickness change. This asymmetry
is clearer pronounced in distant-order satellites, and it increases for
higher-order reflections. A random thickness fluctuation leads to
smoothness and broadening of the satellites. These effects are also
more pronounced for high-order satellites and significantly increase in
higher-order reflections. Simulating of experimental spectra showed
the necessity of using other independent methods for separating the
investigated effects from others such as lateral thickness variation,
lattice parameter variation, etc. Further studies should be performed
to separate the listed above effects using other analytical methods in
combination with XRD-methods.
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