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Abstract. The investigations of multilayer nano-scale systems contained one or two quantum
wells are carried out by double-crystal X-ray diffractometry. Processes of interdiffusion of In,
Ga atoms and their influence on properties of such systems are considered. The content of nitrogen in
quantum wells and buffer layers are defined. It is determined that InyGa;_yAs|_yNy system has
perfect crystalline structure, and interface between layers is coherent.
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1. Introduction

Multilayer semiconductor AMTBIY compounds are pers-
pective for the development of the next generation of so-
lar cells with expected efficiency higher than ~40 %. The
quaternary system In,Ga;_,As;_N,/GaAs is the most sui-
table for such devices [1]. It is known [1-7], that adding
In atoms in GaAs increases both lattice constant a and
band gap E,, while incorporation atoms of nitrogen (N)
into GaAs decreases both a and E,. By doping Inand N
in GaAs we can simulate areas of necessary band gaps
and lattice constant with the purpose of obtaining desir-
able photovoltaic properties. For example, system
In,Ga; xAs;_yNy can be lattice matched to GaAs with
E,O1¢€V, at the x = 3y and y = 3%. However, prepara-
tion of In,Ga_,As;_yN,/GaAs compounds with desired
good quality has still some technical problems at present
time. The crystal quality deteriorates rapidly with in-
creasing N content, because the local strain and cluster-
ing in layers increases [4-8].

The most available tool for structural diagnostics of
semiconductor nano-scale multilayer compounds is the
X-ray double-crystal diffractometry [9]. On its basis the
high-efficiency experimental and theoretical researches
of interdiffusion processes and strain relaxations in ultra
thin epitaxial layers of layered structures is performed
[9,10].
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The main purpose of this work was to is investigate
interdiffusion processes of In and Ga atoms in multilayer
systems on GaAs substrate which contain InyGa;_xAs;_yNy
quantum wells (QW) using the high-resolution X-ray dou-
ble-crystal diffractometry.

2. Theoretical basis

For structures with one layer the typical parameters as
lattice mismatch, chemical composition and layer thick-
ness can be easy determined by non-destructive X-ray
methods [8,9,11,12]. However for multilayer systems the
interference of X-rays scattered by different layers, re-
sults in the complex diffraction curves that cannot be un-
ambiguously interpreted by traditional techniques.

Now kinematical and dynamical theories is used for
simulation of X-ray diffraction processes in multilayer
nano-scale systems. In the kinematical theory the multi-
ple scattering is neglected calculating the Bragg rocking
curves for layers with a thickness less then that of extinc-
tion. The dynamical scattering theory takes into account
these effects, and thus it is not limited by the thickness of
a crystal layer. It is efficiently used for the analysis of
rocking curves (RCs) from heterostructures with matched
or closed matched lattices [12,13].

According to Takagi-Taupin theory, the differential
equation for amplitude relation Dy ,/D,, of scattered Dy,
and incident D, waves can be given by [8,12]:
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where X =Dy, /(ﬁllzDO) , Dy, Dy, are the scattering am-
plitudes of transient and diffracted waves, respectively,

B=Iw/vil. A=(Pm| xh|2)/A|yoyn M2, Als the X-ray
wavelength, z is the layer thickness, P is the polarization

coefficient, g = (1+ B) X6 /(2P | xh | BY?) ., k= X} I Xh.-
Yo, ¥, are cosines of incident and reflection angle accor-

dingly, y =[(L+ B)Xb — Ban] (2P| X}y | BY?), &= ~26x
xsin26g — d,, a;= C&(z), ABis the angular deviation of
incident beam from the Bragg angle 8p, &(2) is the one-
dimensional strain, C = cos2¢ tgfg * singcos@, where +
is corresponded to grazing incident angle (63— ¢) con-
cerning the sample surface, — to the (6g + ¢) angles; @ is
the angle between reflecting plane and the sample sur-
face, xo, X5 are the Fourier coefficients of the crystal
polarizability.

Rocking curves represent the dependence of X-rays
reflectivity R on Af, R = X(AO)X*(AH) (* signifies com-
plex conjugation).

At present, the numerical integration of the equation
(1) is carried out by the Runge-Kutt method of the fourth
and fifth orders. Less rigorous methods used for near kine-
matical approximations [2,14,15] are also known.

The basic difficulty of numerical solution (1) is ambi-
guity of definition of S parameter at different values A
and €. The scattering amplitude should approach to zero
at Af@ - oo, and dependence X(A6) —to be the continuous
[13]. Ordinate of each point of RC is function of all strain
profile &z) determined by solution of inverse problem of
X-ray diffraction on known RC. In this method minimi-
zation of nonnegative discrepancy between the experi-
mental and theoretical RCs is used [3,14-16]. To increase
the contribution of side regions and satellite maxima of
RC, we used the functional in the following form

® = g@n)(Ry*"Y - RYP)’ . @

where g(8,) = 1 - (1 + (6,— 6))*W) ! is the weighted func-
tion, 6, is the abscissa of n-th point on RC, §, is the ab-
scissa of the basic maximum corresponded to scattering
from substrate, W is the inverse value of RC half-width
for ideal crystal.

3. Investigation object

Investigated samples were grown on GaAs (001) substra-
tes by molecular-beam epitaxy (MBE) in Optoelectronics
Research Center of Tampere Technology University (Fin-
land). Layers thickness was defined by reflectivity oscil-
lations of high-energy electron diffraction.

Firstly nitrogen concentration in layer was evaluated
by angular misorientation between reflection maxima
from substrate and from relevant layers. Then it was de-
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fined more precisely by fitting the calculated RCs to ex-
perimental.

Measurements of RCs were carried out by double-
crystal X-ray diffractometer “Bede” with copper tube
(A = 0.15405 nm). The collimated monochromatic X-ray
beam was formed by using symmetrical monochromator
GaAs (001) in (004) reflection. The reflected beam was
detected by the scintillation counter with a narrow slit
during the 8- 26 scanning nearby the symmetric (004)
reflection over 16 hours.

In many researches shown were [15] that the most of
N atoms occupies sites of As sublattice. It is noted that
appearance of isolated interstitial N in GaNAs is ener-
getically unprofitable. Formation of As-N or N-N com-
plexes is possible in interstitial positions of lattice, but
first is more energy advantageous [17]. N-As complexes
caused compressive strains in the epilayer whereas N-N
complexes constricted it in comparison with substitutional
atom N ;. Interlinking these unsubstituted N atoms re-
sults in deviation from Vegard’s law [17] and additional
angular misorientation of RC.

To simulate X-ray RCs by using Takagi-Taupin for-
malism, the strains caused by lattices mismatch between
thin QW and thick barrier layer have been taken into
account. In our case, QW is pseudomorphous and lattice
constant is uniform throughout the whole structure [18].
The mismatch creates tetragonal deformation in the lat-
tice and manifests as the strain perpendicular to the
heterointerface. If the growth direction Oz is along
<001>, the GaInNAs well layer is subjected to biaxial
compression in-plane strains parallel to the Ox direction
along <100> and Oy direction along <010>. The biax-
ial in-plane strains and uniaxial shear strains after
interdiffusion are given by

(3a)
(3b)

Exx= &y = Emis(X),
&2, = —2[c1a(x)/e11(x)]Emis(x),

where &,;(x) is the mismatch factor between well and the
barrier which is negative for compression strains, ¢y5(x)
and cq1(x) are the elastic stiffness constants. The generali-
zed parameter a for quaternary compounds A,B;_CyDy_y
[19]is defined from parameters of four binary compounds
AB, AD, BC,CD:

a(x, y) = (1 —x)yaBC + xyaAC +
+x(1 = p)aap + (1 - x)(1 - y)agp. (3¢)

If x, y << 1 the Eq. (3¢c) shows, that a parameter of
layer almost linearly depends on values of y and x. Ap-
parently, the same dependence should be observed for
mismatch between lattice parameters of layer and sub-
strate.

However, strains around quantum dots [20] and in
layers interfaces are too complicated for description
within the framework of simple analytical expressions
(3a,b). The average strain value can be estimated via:

500, 6(4), 2003



I.M. Fodchuk et al.: Structural changes in the multilayer systems containing ...

El}_:aﬂL—aOS’ Eﬁzah‘ag’
a5 a5

where index L is referred to heteroepitaxial layer, S — to

substrate, [J—to growth direction and 0 — to case of strain

absence. For the thin coherently growth film on thick
substrate a1'|' = a(? , then £|||‘ =0 and alj is calculated as

ak = C1q +2¢p) (alo_ B
C11

According to X-ray topography, misfit dislocations

in studied samples were rarely observed. The critical strain
MD

Q)

a§)+a§- )

magnitude of misfit dislocation formation &gy~ is esti-
mated by [14]
b -2 2h 1
MD _ Hin 2" - 15, ©)

8n(l-vhgl-vm b 20

and its value is equal Eg/rlD = 6.170073 at the layer thick-

ness 7 = 6.8 nm, the Burgers vector » = 0.4 nm (b =
= a/2<110>), Poisson’s ratio v = 0.352. Obviously, for

most of the samples £5" > &mis.-
4. Results

Interdiffusion is a thermal process that assists the move-
ment of atoms near heterointerface. Such movement will
changes both band structure and properties of QW [1-7,
19]. It is shown that short-time annealing of GaInNAs
improves photoluminescent and other photoelectric prop-
erties, but the complete explanation of this phenomenon
not exists yet [21]. Complex investigations of influence
of technology factors on degree of material structural
perfection can give understanding of structural changes
at annealing and its correlations with electronic proper-
ties [5,6,22].

During annealing, the following structural modifica-
tions can happen. Nitrogen, linked with In atom, relaxed
in a direction to the Ga atoms, reducing strain and in-
creasing frequency Ga-N bond in NGajslIn cluster regard
to GayN cluster. It explains displacement of photolumi-
nescent maximum in “blue” spectral range [19]. After
growth nitrogen atoms are situated in lattice sites and
surrounded by four atoms of gallium. At annealing, the
local strain is decreased by formation of In-N bonds. It
caused probably by nitrogen transition, but the possibil-
ity of indium movement is not excluded. Except forma-
tion of In-N pairs, another structural modification,
namely formation of new Ga-N bands also takes place.
After annealing most of the nitrogen atoms are located in
NGajsln clusters. Formation of this cluster that contains
In-N band reduces strains in the system [16].
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4.1. Multilayer structure with QW
of In,Gaj..As type

The scheme of multilayer structure with such QW is shown
on insert of Fig. 1. Well width is 6.8 nm (12 atomic lay-
ers), x = 0.37. Layer thickness is less than critical thick-
ness necessary for the formation of misfit dislocations.
The experimental and calculated RCs of multilayer sys-
tem are shown in Fig. 1.

The maximum of QW reflection intensity on the ex-
perimental RCs (Fig. 1a) is displaced from the main maxi-
mum (corresponding to GaAs substrate) on Afqw =
= 5920%10 arc.sec. Some magnification of ABgw, (~ on
50 arc.sec) is observed for annealed structure in com-
parison with unannealed one. The interface becomes more
roughened due to interlayer interdiffusion In ~ Ga or the
relaxation of elastic strains between layers or appear-
ance of quantum dots and dislocations.
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Fig. 1. Experimental (a) and calculated (b) RCs for multilayer
system with In()_37Ga()_53AS QW
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Fig. 2. Scheme of distribution of misfit strains due to redistribu-
tion In in and outside of QW at smearing. Width of QW is 6.8 nm
(12 monolayers Ing 37Gag 63As), at d,,=0 nm QW is not smeared,
at d,,= 0.5 nm we have 1-st variant of smearing, d,,= 1.2 nm —
2-nd variant.

From carried out researches follows, that the quanti-
tative and qualitative agreement between calculated and
experimental RCs is possible taking into account the QW
smearing (Fig. 2) only. Local disorder in spaces between
neighbour heterolayers can cause various microstructural
fluctuations in In,Ga.As;_yNy films. Due to this, inter-
faces between thin In,Ga; (As;_yNy layers and GaAs
have smear shape, with average interphase roughness
within the range 5-20A [7,18]. Fig. 1b shows RC calcu-
lated taking into the consideration process of interlayer
interdiffusion in QW. Increasing x by 0.01 increases an-
gular misorientation between maxima from QW and
substrate by 180 arc.sec. The best coincidence of calcu-
lated and experimental RCs is observed at 2-nd variant
of QW smearing (Fig. 2).

Aslocations of QW reflection maxima before and af-
ter annealing had changed insignificantly, we shall as-
sume that main process of QW smearing have happened
during growth yet. It should be noted that considerable
In-Ga intermixing on interface happened even in as-
growth QW of In,Ga;_,As/GaAs type [18]. By inter-
diffusion of elements of IT1I-group during QW growth, In
atoms diffused to barrier GaAs layer, and Ga atoms to
QW 19]. The results of research shown that the thin and
graded interface was generated with thickness 2d,,
(Fig. 2). For as-growth In,Ga;_ As/GaAs sample, the
best agreement between the experimental and simulated
RCsis achieved at QW smearing on depth of 1.2 nm (two
atomic layers at both sides of QW center) and general
decreasing In content on 19 %. During fast thermal an-
nealing the ordering of In-Ga atoms can happen in pro-
duced interlayer region that also caused reduction of
strains in structure.
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Efficient thickness d,, of layers smearing (it can be
compared to the length of In-Ga interdiffusion) also can
increase at increasing the substrate temperature. Accord-
ingly, thickness d of In,Ga|_As|_yNy layers decreases.
However, d,, + d does not changes during heightening
process of the following layers [20].

The possible variants of QW smearing (Fig. 2) are
taken into account at calculation of RC for the given
multilayer structure. Various concentrations of nitrogen
in QW and buffer layers as well as their influence on
shaping of RC structure were considered. The distribu-
tion of In and Ga atoms in QW (Fig. 2) is described by
distribution function [23]

X2 =2 @fE—ZZ% E—% ™

where L, is the QW width, x¢ is the In content in QW, z is
the coordinate, z = 0 corresponds to QW center. As and
N concentration profiles do not vary. Ga concentration
does not change in central region of QW, and the diffu-
sion length increases from 0 to 1.1 nm (Fig. 2).

From the analysis of the experimental RCs, the diffu-
sion of In atoms in the barrier layer reduces lattices mis-
match in the heterojunction. It causes strain relaxation
in layers near QW. For as-grown layer with QW the mis-
fit deformation is 1.3 % at center of QW. Interdiffusion
reduces a compressive strain up to 0.98 % on interface
between layer and QW. In barrier area the compressive
strains increase, because In content increases near the
surface. Compressive strains achieve 0.25 % at the diffu-
sion length L;= 0.565 nm.

4.2. Multilayer structure with QW
of In,Ga;_As;_,N, type

The investigation results of series of samples with vari-
ous QW width and N contents are considered in this part.
According to technological conditions it is known that
x = 0.37. The special experimental RCs for some sample
are shown in Fig. 3.

Presence of nitrogen in QW reduces angular misorien-
tation Afgw and lattice mismatch parameters correspond-
ingly [18]. Angular misorientation between layer and
substrate decreases by 500 arc.sec at N concentration in-
creasing by 1%. The analysis of calculated RCs without
smearing and with smearing of QW (Fig. 2) enables to
estimate N content in QW with accuracy of 0.05 %.

The dynamical theory of X-ray scattering was used
for the more complete agreement between theoretical and
the experimental RCs. The best coincidence of these RCs
was obtained by taking into account instrumental factors
as well as parameters of atomic roughness of interlayer
interfaces.

In comparison with InGaAs QW (Fig. 1), the angular
misorientation between InGaAsN QW and substrate
maxima strongly decreases by 1070 arc.sec (Fig. 3).

As in the previous case, distribution of In and Ga at-
oms in QW is described by Eq. (7) because the concentra-
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Fig. 3. Experimental (a) and calculated (2-nd variant of smear-
ing) (b) RCs from multilayer system with Ing 37Gag g3As;_yNy, QW,
y 03.1%; PL spectrum (c).
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tion profile of As and N does not change. Ga atoms near
interface diffuse to QWs, and In atoms — to the barrier.
Ga concentration in central region of QW does not vary,
and the diffusion length increases from 0 to 1.1 nm.

From the analysis of the experimental RCs, it follows
that the diffusion of In atoms in the barrier layer reduces
lattice mismatch in the heterojunction, and causes strain
relaxation in the next QW layers. For as-grown QW layer
the mismatch strain is equal to 1.3 % at the center of QW.
Interdiffusion reduces the compressive strain up to 0.98 %
on the interfaces with QW. In the barrier layer, compres-
sion strains increase, since concentration of In atoms near
the surface increase. At the diffusion length L; = 0.565 nm
the compression strains are equal to 0.25 %.

For annealed samples, some reduction of angular
misorientation of QW in comparison with unannealed
samples is observed. A reason of it can be strain reduc-
tion on interfaces between layers owing to interlinking
atoms In by atoms N.

Theoretical simulation of RCs for various N concen-
trations in QW have shown that y increasing on 1 % have
reduced angular misorientation between QW and GaAs
substrate by 505 arc.sec. independently of the smearing
degree of QW. At increase of the nitrogen concentration,
the first intensity oscillations on both sides of the main
maximum disappear, and QW reflection has more ex-
pressed asymmetric shape.

Let’s mark, that after short-time annealing (~10 sec)
of the given system the location of reflection maximum
for substrate was not almost varied. For annealed sam-
ples the slight decreasing of angular misorientation (by
30-40 arc.sec) of layer with respect to substrate is ob-
served in comparison with unannealed samples.

4.3. Multilayer structure with buffer GaAs; N,
layers and QW of In,Ga;_As; N, type

Difference of the given structure and previous one con-
sists in amount of subsidiary layers and presence of buffer
GaAs|_yNy layers on each side of QW (see insertion in
Fig. 4).

To improve GaInNAs/GaAs quality N content in QW
was reduced, though it caused increasing of strains in
quantum wells. Due to compensating barrier in that sys-
tem GalnNAs QWs is characterized by high structural
perfection, without mismatch strains [22]. It enables to
increase the number of QWs in a laser structure (Fig. 5).

Let’s consider a new system with GaInNAs QW, which
contains the strain-compensating barrier GaAs layers
grown by MBE from gas origin. A series of samples with
different temperature conditions of QW formation are
studied. QW width for most of the samples was 6.8 nm
(12 atomic layers).

The typical experimental RCs before and after an-
nealing of multilayer system are shown in Fig. 4. RCs
for other samples have the same shapes and differed only
by displacements of intensity maxima from QWs and
buffer layers.
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Fig. 4. Experimental (a) and calculated (b), RCs for system of
Ing 37Gag ¢3As1_yNy QW with GaAs;_yNy buffer layers, x = 0.37
(In), d = 6.8 nm (12 monolayers), 68— 20 scanning step is 5 arc.sec.
PL spectrum before and after annealing (c). N content in QW
and buffer layers is 2,1 % and 1 % respectively.
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In contrast to the previous case of multilayer struc-
ture, the system of intensity maxima are observed on the
experimental RCs. They are caused by reflections from
GaAs substrate, from GaAs;_yNy buffer layers at right
side of RC corresponding to the main peak, and from
QW at left-hand part of RC. Besides, the fine oscillation
structure is observed on peaks from buffer layers, which
indicates high coherence of layers. For the given struc-
ture above-mentioned variants of possible QW smearing
(Fig. 2) are used when analyzing the experimental RCs.
Different variants of nitrogen contents in QW and buffer
layers, as well as their influence on formation of RC struc-
ture are considered.

Obviously, luminescent intensity for the structure with
compensated strain is higher than for structure with GaAs
barrier. It indicates better quality of material (Fig. 4).
Photoluminescent (PL) maxima from as-grown GalnNAs/
GaAs quantum well are insignificant due to defects linked
with N and damages caused by N ions in GaInNAs layer.
At smaller temperatures, a lot of point defects penetrates
in GaInNAs due to decreasing of cations migration. To
improve quality of material, the annealing of samples
were carried out at different temperatures and time. For
GalnNAs/GaAs structures the intensity of PL was con-
siderably increased. In Fig. 4c PL intensity increased
with increasing of annealing temperature up to 650°C
over 10 s and then reduced. At increasing of speed of ther-
mal annealing PL-peaks were displaced in “blue” region
for all QWs, that probably, predetermined by diffusion
of In, Ga, N.

The analysis of calculated RCs without and with tak-
ing into account QW smearing, enables to estimate con-
centration of nitrogen in buffer layers and in QW. Con-
siderable decreasing of Afqy is observed in contrast to
the system without nitrogen.

4.4. Multilayer system with two
Ing 37Gag 53451 N, quantum wells

Let’s consider a new multilayer system with two
GalnNAs QW, which contains the strain-compensating
GaAs barrier layers grown by MBE from gas origin (in-
sertion in Fig. 5).

Heteroboundary morphology plays an active role in
forming of physical properties in this multilayer struc-
ture. Thus inspite of the fact that addition of N in InGaAs
reduces a lattice mismatch between InGaAs and GaAs,
the so-called 3D-growth (island-like) of InGaAsN layer
is possible [4].

The well-defined oscillation structure of intensity in
the experimental RCs (Fig. 5) at left-hand of QW indi-
cates high coherence and perfection of this multilayer
system. In contrast to the previous case of multilayer struc-
ture in the experimental RCs, the whole system of inten-
sity maxima, caused by consecutive reflections of X-rays
from QW (intensity oscillations system is the interfer-
ence interaction of diffracted waves from two QWs), from
GaAs substrate at the center, and from buffer layers
GaAs|_yNy in right-hand of RC are observed. The fine
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Fig. 5. Multilayer system contained two Ing3;Gag 63As|_yNy quan-
tum wells d = 6.8 nm. Experimental (a) and calculated (b) RCs.
y=24%in QW and 1 % in buffer layers.

oscillation structure of reflection from QW indicates high
coherence of these layers.

The interface of given structure as result of interdif-
fusion of atoms, changes from sharp to smearing profile
(Fig. 2) as it was supposed in previous cases. For satis-
factory agreement of theoretical and the experimental
RCs all possible variants of QW smearing are taken into
account. The best quantitative and qualitative correspond-
ence between calculated and the experimental RCs takes
placeat y = 2.4% (N)in both QWs and y = 1 % in buffer
layers.

For the complete agreement of calculated and the
experimental RCs, it should be taking into account non-
linearity of relaxation of elastic strains between layers,
appearance of quantum dots and dislocations that result
to considerable roughness of interface [18].
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5. Conclusions

The double X-ray diffractometry is the efficient non-de-
structive tool to examination of ultrathin heterophase
multilayer systems.

1. The multilayer semiconductor systems containing
quantum wells were investigated by high-resolution X-
ray diffractometry. The degree of interlayer interdiffusion
before and after annealing was defined by fitting the cal-
culated and experimental RCs.

Changes of nitrogen content in QW are determined in
dependence on growth conditions.

2. In as-grown multilayer structures with QW, the
processes of interdiffusion revealed by smearing of QW,
i.e. diffusion In to buffer or cap layers and Ga to QW
take place. Short-time temperature annealing slowly re-
duces angular misorientation between QW and substrate.

3. Experimentally obtained and theoretically designed
RCs indicates the perfection of crystalline structure of
multilayer structure on GaAs substrate and coherence of
interfaces between cap, buffer layers and QW in system
of GaAs/GaNAs;_/In,Ga_4As;_yN;/GaNAs;_,/GaAs
type.

4. The nitrogen content in QW and buffer layers de-
pends on various technology factors, for example, tem-
perature of substrate. Thus, the arbitrary distribution of
In and N impurities in such systems can determine either
increasing or reducing of degree of local disordering and
strains.
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