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Abstract—The lattice constants of Al,Ga; _,As epitaxial alloyswith variousAlAs (X) contents are determined
for Al,Gg; _,As/GaAS(100) heterostructures grown by MOC-hydride epitaxy using X-ray diffractometry and
an X-ray back-reflection method. An ordered AlGaAs, (superstructural) phaseisfound in epitaxial heterostruc-
tures with x = 0.50. The lattice constant of this phase is smaller than the lattice constants of an Al 50Gag50AS
alloy and GaAs single-crystal substrate. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The main tendency in the development of modern
electronics is the use of submicron- and nanometer-
sized functional objects (components). The unique
properties of these objects (nanostructures) are deter-
mined by the atomic and el ectron processes both in the
bulk and at the boundaries of heterostructures [1]. In
this context, researchersare currently intensively devel-
oping both the theory of the phenomena in small
objects, the so-called low-dimensional systems, and
new precision methods for their study [2]. It is well
known that isomorphic compounds, including AlAs
and GaAs, form continuous solid solutions[3]. For epi-
taxia growth, the lattice matching of afilm and a sub-
strate possessing different chemical compositionsis of
great importance. The Al,Ga, _,A9GaAs heterostruc-
ture possesses this property. This structure, whose lat-
tice mismatch is <0.15%, is widely used in various
structures and devices [4].

Gallium arsenide is the best-studied and most
widely used I11-V material. In contrast, AIAsis one of
the least known compounds, which can be explained by
its very high melting point (1700°C) and its instability,
which is due to its decomposition in air. Gallium ars-
enide and AlAs both have sphalerite crystal lattices
with almost equal values for the lattice constants and
ionicity; asaresult, the growth of Al,Ga, _,Aslayerson
GaAs substratesis quite straightforward and the crystal
quality of the obtained alloys is relatively high. A spe-
cific feature of this systemisan increasein the crystal-
lattice constants of the aloy in conjunction with an
increase in the content of the Al atoms, which replace
the Gaatomsin the metal sublattice, owing to the larger
size of an Al atom.

When growing thin heteroepitaxial layers on a bulk
substrate, the lattice mismatch, in some cases, does not
cause the generation of misfit dislocations. However,
the epitaxial layer is uniformly elasticaly strained in
the plane parallel to the heterointerface [5]. Under these
circumstances, in order to find the lattice constant of the
aloy a, taking into account the elastic strain in the het-
eroepitaxial layer, the normal and parallel components
of the lattice constant, a” and all, should be determined
from the results of an X-ray diffraction analysis.
According to the theory of elasticity, this constant can
be calculated as [ 6]

v _ .ol=v  _j2v
a'=ai tarTy 1

where v are the Poisson ratios for the epitaxial layers.

The expressions for the lattice constants of the AlAs
and AlGaAs epitaxial layers are written as [6]

. =gl 1—Vaas , v 2V pjps )
AlAs AIAsl + VAIAs GaAsl + VAIAs
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where

Vaica_as = XVaiast (1 =X)Vaas
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and relation (3) can be rewritten as

a 1—(XVaias— (1= X)Vgas)
AIXGal,XAS:L + (XVAIAS + (1 - X)VGaAS)

(4)

\Y O

aal Ga,_,As —

al 2(XVaias ¥ (1 =X)Vians)
1+ (XVaias + (1= X)Vgans)

To calculate the lattice constants of the aloys, we
used Poisson ratios taken from previously published
data, namely v as = 0.255 [6, 7] and vgaas = 0.312 [§].
However, we experimentally determined only the a”
components of the lattice constant for the heteroepitax-
ial structures, which correspond to measured values of
the interplanar spacings d”.

It is generally assumed that the dependence of the
lattice constant on the Al content in the Al,Ga, _,As
alloysfollowsVegard'slaw [9]. However, the published
data on the linearity or nonlinearity of the dependence
of the lattice constants of alloysin the AIAs-GaAs sys-
tem are contradictory [10, 11].

The purpose of this study isto determine the depen-
dence of these lattice constants on the composition of
Al.Ga, _,As epitaxial layers grown on a single-crystal
GaAs (100) substrate by MOC-hydride epitaxy.

2. RESULTS AND DISCUSSION

2.1. Characterigtics of the Epitaxial Structures
under Sudy

The heterostructures under study were grown at the
|offe Physicotechnical Ingtitute. The epitaxia AlLGa, _,AS
single-crystal films were grown on single-crysta
GaAs (100) substrates by MOC-hydride epitaxy. The
data on the Al content in the Al,Ga, _,Asaloysand the
film thicknesses are listed in Table 1.

Since the thickness of the AlLGa, _,As films was
rather large, it was possible to use an X-ray structure
analysis to determine their lattice constants. The layer
of half-absorptance for CuKa, , radiation, which pri-
marily diffractsthe X-ray beam, was about 15 um thick
for the Al,Ga, _,A9GaAs(100) system under study.
Consequently, we could expect, at least for large
angles, two independent reflections of different intensi-
ties, one from the film and the other from the substrate,
which are caused by a lattice mismatch between the
epitaxial film of the Al,Ga, _,As aloy and the GaAs
(100) substrate. We determined the interplanar spacings
and lattice constants of the Al,Ga, _,As epitaxia films
and the GaAs (100) substrates for the samples under
study using two methods of X-ray structure anaysis,
namely, X-ray diffractometry and, for the planar sam-
ple, the X-ray back-reflection method.

2.2. Results of Measurements of the Lattice Constants
Using X-Ray Diffractometry

We carried out all the X-ray diffraction measure-
ments using DRON-4-07 and DRON-3 diffractometers
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Table 1. Characteristics of the studied samples

Sgg Heterostructures ng@giguﬁ-
EM28 |Aly 1,GageAYGaAS 1

EM29 |Aly1:Gay s AYGaAS 1
EM135| Al 5,Gay 5,ASGaAs 1

EM49 |Alg5.Gag0ATGaAS 1

EM77 |AlsggGacoaASAlgsGan0AY |  ~0.5/0.2/0.1

Al gg0Gac0ATGaAS
EM72 |AlAS/GalnP/AIAS/GaAs ~0.5/0.2/1

(CuKa, , radiation). A specific feature of an X-ray dif-
fraction analysis of single-crystal samples of a certain
orientation isthe fact that we can record very few X-ray
diffraction lines; indeed, only one or two, but rarely
three, are possible. The set of diffraction lines depends
on the orientation of the single crystal during its
growth. For example, for the Al,Ga, _,A5GaAs(100)
samples under study, there are only two diffraction
lines, namely, the (200) linein the range from 31.10° to
31.80° and the (400) line in the range from 65.40° to
66.40°. Figure 1 shows the so-called full-range X-ray
diffraction pattern of sample EM135, which was
recorded over the entire angle range 20 using the
DRON-4-07 diffractometer. To determine the lattice
constants of the epitaxial films, we selected the (400)
line. The interplanar spacings and lattice constants at
thisstagAe of study were determined with an accuracy of
~0.001 A.

When investigating the profiles of diffraction lines
for multicomponent samples, the X-ray diffraction
lines of various phases can overlap, which, in fact,
occurs for Al,Ga, _,As films grown on a GaAs (100)

1,103 s7!
101

(400)

(200)

0 L L/ L
20 40 60 80

120
20, deg

100

Fig. 1. The survey X-ray diffraction pattern of the
Al 50Gag 50ASGaAS(100) epitaxial heterostructure.
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Fig. 2. Diffraction lines (400) from the

Alg 16Gag g4AS/GaAS(100) heterostructure. Curve 1 corre-
sponds to the experiment, and curves 2—4 correspond to the
approximation. Thediffraction linescorrespondto (1, 2) thehet-
erogructure, (3) GaAs (substrate), and (4) the Al 16Gag gsAS
aloy.

substrate. Since the atomic radii of Ga and Al do not
significantly differ from each other, this overlap also
occurs for the constants of the sphalerite lattices of
GaAsand Al,Ga, _,Asalloys.

Figure 2 shows the (400) diffraction line of the
AlLGa, _,AsGaAs heterostructure with arelatively low
Al content (x = 0.16). It can be seen from thisfigure that
the diffraction line of the Al,Ga, _,As epitaxial layer
with low x practically merges with the diffraction line
of the GaAs (100) substrate and appears as a single
Ka, , doublet with distorted lines. The shape of this
doublet differs from the dispersion lines of the Ka, ,
doublet for the single-crystal substrate due to the fact
that the former doublet is the result of a superposition
of two Ka, , doublets. This circumstance introduces
additional difficulties when attempting an exact deter-

Table 2. Lattice constants of the A,Gg; _,As epitaxial films
in the Al,Ga, _ ,A5/GaA s(100) heterostructure

Sampleno. Value Experiment [11]

of x a” A a’, A a’, A
GaAs(100) 0 5.654 5.654 5.653
EM 28 0.12 5.655 5.655 5.654
EM 29 0.16 5.655 5.655 5.655
EM 135 0.50 5.661 5.658 5.657
EM 49 0.54 5.661 5.658 5.658
EM 77 >0.80 5.665 5.660 5.660
EM 72 1.00 5.667 5.661 5.661

Note: Valuesof a” aredetermined towithinan accuracy of £0.001A.
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Fig. 3. Diffraction  lines  (400) for the

AIASGalnP/AIAS/GaASs(100) heterostructure. The solid
line corresponds to the experiment, and the dash-and-dot
lines correspond to AlAs (approximation).

mination of the lattice constants of epitaxial films. The
results of the splitting of the (400) line into two Ka, ,
doublets show (Table 2) that the alloy and the substrate
are amost completely lattice-matched at low x. At the
highest values of x (samples EM72 and EM77), the
angular distance between the Ka, , doublets of the film
and the substrate is at its largest. Since the thickness of
the film of the Al,Ga, _,As dloy is considerably larger
than the thicknesses of the intermediate layers (GalnP
in sample EM72 and Al 30Gay 6AS in sample EM77),
the diffraction lines of the intermediate layers do not
make much contribution to the (400) diffraction pat-
tern. Thiscircumstance allows usto cal culate thelattice
constants for these samples without resolving the lines
into components (Fig. 3).

The solid linein Fig. 4 represents the (400) diffraction
line of sample EM 135, i.e,, the Al 50G&y50AYGaAS(100)
heterostructure. The profile of the (400) line for this
sampleincludesfive featuresin theform of peaksor so-
called shoulders. It can be seen from theline profile that
the diffraction line of the epitaxial filmis superimposed
onto the doublet from the substrate. To single out the
diffraction line of thefilm, it is necessary to subtract the
doublet of the (400) line of the GaAs (100) substrate
from the integrated profile of the experimental line of
the heterostructure. The reason for this subtraction is
that the epitaxial film insignificantly weakens the
Bragg reflection from the substrate by virtue of its small
thickness ~1 um [12].

After the subtraction of the experimental line corre-
sponding to the Ka; , doublet for the GaAs (100) sub-
strate, threelines, lines (1), (2), and (3) (Fig. 4, curve 4),
remained instead of the expected single doublet from
No. 3
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the Al 50Gay s5AS aloy. Judging from the ratio of the
intensities of the three remaining diffraction compo-
nents for the epitaxial film, these lines are, in turn, the
result of a superposition of two Ka; , doublets. The
firstisthe doublet from the alloy with x=0.50 (lines (1)
and (2)), which has a larger lattice constant than the

substrate (a,.s > Agms). The second doublet is

assigned to an unknown phase (un. ph.) in the same
film, which has a smaller lattice constant than the sub-

strate (agmpn < 8cms) (lines (2) and (3)). Using the
Sigma Plot-8 software package to perform aregression
analysis, we find that line (2) is indeed a superposition
of two components:. Ka,, from the Al,Ga, _,As aloy
with alarger a”, and Ka,, from the unknown phase in

which a” is smaller than ag,.. The difference between

the experimental (curve 1) and simulated (curve 2) pro-
filesisabout 10%. Thus, the studied profile of the (400)
diffraction line of sample EM135 is the superposition
of three Ka, , doublets from different phases with

almost equal lattice constants, namely, agas = 5.654 A

(substrate), a, - o50 = 5.661A (film), and ag,,, =5.646 A

(film). Table 3 lists the results from the decomposition
of the (400) line of the Al,5,Ga,5,ASGaAS(100) het-
erostructure, specifically, the interplanar spacings d,
|l attice congtant a”, and | attice constant &’ calculated using
formula (4). A similar result was obtained by resolving
the (400) line into components for sample EM49,
where x = 0.54.

From the results of the decomposition into compo-
nents, we determined the lattice constants of the
AlLGa, _,As dloys, which are given in Table 2 along
with the | attice constants expected according to the lin-
ear Vegard's law given on the site of the loffe Physi-
cotechnical Institute, Russian Academy of Sciences
[11]. The lattice constants a” for the single-crystal
GaAs (100) substrates, which are given in the first row
of Table 2, have the same value both for all the studied
heterostructures and for the GaAs (100) single-crystal
wafer of corresponding thickness. Therefore, we used

this value in formulas (2)—(4), assuming that ag.as =

Agans, iN Order to calculate @ for the AlAs and AlGaAs
epitaxial films.

2.3. Results of Measurements of the Lattice Constants
by the X-ray Back-Reflection Method

It has been shown in previous experiments with a
KROS-1 camera that the X-ray photographic back-
reflection method can be used at large diffraction angles
to accurately measure the interplanar spacings and lat-
tice constants of plane single-crystal samples. This
measurement is achieved by rotating both the sample
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\ Ka, (un. ph.)

66.0
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Fig. 4. Resolution of the (400) diffraction line of the
Al 50Gag 50A5/GaAS(100) heterostructure. Curve 1 corre-
sponds to the experiment, and curves 2—6 correspond to the
approximation. The diffraction lines of (curves 1 and 2) the
heterostructure, (curve 3) GaAs, (curve 4) the heterostruc-
ture diffraction minus the diffraction from the substrate,
(curve 5) AlgsGagsAs, and (curve 6) an unknown phase
(un. ph.) are shown; (1), (2), and (3) are the components of
curve 4.

and the cassette with the X-ray film relative to the axis
normal to the sample surface so that the planes with
smallest interplanar spacings can occupy the reflecting
position [12]. These planes cannot be recorded using a
diffractometer because of the limitations of the goni-
ometer.

In order to study samples EM28, EM29, EM49, and
EM 135, the camera was tuned to record the line (711)
GaAs with the interplanar spacing d = 0.7916 A [13].
The recording conditions were as follows: the anode
voltage of the X-ray tube was 30 kV; the current,
15 mA,; the distance between the sample and the cassette
with film, 104 mm; the distance between the cassette and
adiaphragm, 26.3 mm; and the exposuretime, 1 h.

An anaysis of the X-ray diffraction patterns
obtained for samples EM28, EM29, and EM40 by the

Table 3. Results of resolving the (400) diffraction line of the
Al50G80 50AFGaAS(100) heterostructure (sample EM 135)

O

Components of the 0 a..,| @,
heterostructure d”, A | I(Kag/Kay) ‘}*\p‘ A
GaAs(100) (substrate) | 1.414 | 057 |5.654|5.654
Algs50Gags0As (film) | 1.415 0.54 5.661 | 5.658
Anunknown Al-Ga-As| 1.412 0.54 5.646 | 5.650

phase (in the film)

Note: Values of d', aD, and &’ are determined to within an accu-

racy of £0.001 A; a

oxpt &€ the experimental values.
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Fig. 5. (a) The Bragg reflection from the (711) planes of
the Alg50Gag 50AS/GaAs(100) heterostructure recorded
on X-ray film using the back-reflection method, and (b) the
result of the digitization of this diffraction pattern. Curve 1
corresponds to the experiment, and the diffraction lines of
(curve 2) the GaAs substrate, (curve 4) Alp5GagsAS, and
(curve 5) an unknown phase (un. ph.) are shown. Curve 3
corresponds to the lines Kay(x = 0.5) + Kaj(un. ph);
(1), (2), and (3) represent the heterostructure diffraction
minus the substrate diffraction.

back-reflection method using the KROS-1 camera
without the rotation of the sample and the cassette with
the X-ray film showed a dlight deviation of the sample
surface orientation from the (100) plane. Therefore,
only the Ka, line of the GaAs (100) substrate in the
X-ray diffraction patterns of these samples satisfied the
conditions for the Bragg diffraction. As aresult, it was
impossible to obtain data on the crystal structure of the

Table 4. Interplanar spacings and lattice constants deter-
mined from the (711) line for the AlpsGaysAYGaAS(100)
heterostructure

a’, A
[7]

0.7916|5.6532|5.6532|5.6533

Sample | Componentsofthe| g~

)
v | Bexpt s \4
no. heterostructure e Apt a’, A

EM 135|GaAs (substrate)

Al 50689 50AS 0.7927|5.6612|5.6582|5.6572
(film)
An unknown 0.7906|5.6465|5.6495

phase (in thefilm)

Note: Vaues of d”, a”, and a are determined to within an accu-
racy of 0.0001 A.
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epitaxial films of these samples using the photographic
method. However, we managed to obtain compl ete dif-
fraction by the back-reflection method for sample
EM135. Two doublets are present in the X-ray diffrac-
tion pattern obtained for this sample, namely, a more
intense doublet from the GaAs (100) substrate and a
doublet related to the Al 50Gay sAS film (Fig. 5).

The results of the diffraction onto the X-ray film at
the (711) plane of this sample were processed using a
procedure involving adigital representation of the data
[12]. The result of this digitization is shown in Fig. 5.
After resolving the (711) diffraction line into compo-
nents, we obtained aresult similar to the splitting of the
(400) X-ray diffraction line for the same sample. Fig-
ure 5b shows that the (711) diffraction line is a super-
position of three doublets. The first doublet is the most
intense Ka, , doublet for the substrate, the second dou-
blet isthe Ka; , doublet for the AlysGaysAs aloy with

the interplanar spacing d, - g5 > dawac, and the third
doublet isthe doublet from the unknown phase (un. ph.)
with the smaller interplanar spacing din g < deas-

Table 4 lists the results from calculations of the interpla-
nar spacings for the (711) planes and lattice constants.

3. DISCUSSION

According to the data obtained by the diffractomet-
ric and photographic methods of X-ray structure analy-
sis, the lattice constant of the GaAs (100) substrate, for
all the samples, practically coincides with the value
given on the site of the | offe Physicotechnical Institute
[11] when the experimental error is taken into account.
The exact determination of the lattice constant for
GaAs is of great importance, since this parameter is a
reference point for further cal culations, and the fact that
the measured parameter remains constant for all the
samples indicates that the reproducibility of the exper-
imental results is high. The most accurate measure-
ments of the lattice constant for GaAs (100) were
obtained using the X -ray back-reflection method for the
(711) line, and gave the value 5.6532 + 0.0001 A. This
value coincides with that givenin [11].

For Vegard's law in relation to the Al,Ga, _,As epi-
taxial layers, the lattice constant a’ calculated taking
into account the elastic stresses for alloys of various
compositions depends linearly on the alloy composi-
tionintheAlAs-GaAs system givenin [11] (seeFig. 6)
for all the heterostructures (see Table 2). We alsoillus-
trated Vegard's law with line 1 in Fig. 6, which shows

the quantities ag(pt determined from the experimentally
measured dogy -

In addition, the diffraction lines of an unknown
phase with a lattice constant smaller than that of GaAs
are found by resolving the (400) diffraction line for
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Lattice constant a, A
5.668}

5.666

T T
: A
N\

5.664

5.662

T

Mo
.

N\

5.660

5.658

]
0 0.2 0.4 0.6 0.8 1.0
AlAs

Fig. 6. Composition dependences of the lattice constants
(Vegard's law) for the AlAs-GaAs system. Curve 1 corre-

sponds to agxpt ; curve 2, to @’; and curve 3, to a” [7].

samples EM49 and EM 135. Thisisalso the case for the
(711) diffraction line for sample EM 135.

The possible formation of superlatticesin AlLGa, _,AS
films at x = 0.25-0.75 has already been discussed in a
number of publications [14-17]. Its formed ordered
structure can have atetragonal symmetry similar to the
structure of an CuAu | aloy and consist of alternating
AlAsand GaAslayers[14, 15]. However, an analysis of
our results allows us to conclude that the unknown
phase found during this investigation is an AlGaAs,
chemical compound. This phase is a superstructure
related to the sphalerite lattice, which is characteristic
of GaAs, AlAs, and Al,Ga, _,As dloys. The lattice of
the AlGaAs, phase that we identified can be described
by a structure of the InGaAs, type (layered tetragonal)
[18] with a[100] ordering direction. In this structure,
the unit cell correspondsto the sphalerite-type cell dou-
bled along the c axis. Theratio c¢/2a, observed in phases
with this structure, can be both larger and smaller than
unity [19].

The decreasein the lattice constant for the identified
AlGaAs, superstructure is explained by the fact that the
distribution of the Al and Ga atoms in the metal sublat-
tice of an idea Al,Ga, _,Asdloy is statistical, and the
lattice constant of the alloy is the average value of the
lattice constants for the multitude of cells. In contrast,
the AlGaAs, chemica compound isformed for a super-
structure, and a so-called tetragonal compression of the
layersfilled with various Gaor Al atomstakesplace. As
aresult, owing to the layered ordering of the sites of the
Al and Ga atoms in the |11 sublattice, the lattice con-

stant ¢ = 2ay 6, = 11.292 A <28, _ o5 = 11.322 A.
In this case, the lattice constant c” is oriented along the
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normal to the (100) plane, i.e., the unit cell is tetrago-
nally compressed in the growth direction of the epitax-
ial film, and the magnitude of this compression is

CE|GaA52/ZaE= o5 = 0.997 < 1in the ordering region.

Theratio for the intensities of the Ka, , doublets of
the AlGaAs, superstructural phase and the aloy for the
(400) and (711) reflectionsisindicative of the consider-
able volume (~15%) of regions in the Aly5,Gays0AS
ordered alloy accompanied by the AlGaAs, superstruc-
tural phase in the epitaxia heterostructures in which
x = 0.50.

4. CONCLUSIONS
Based on the studies carried out, we can put forward
the following conclusions.
(i) Vegard's law is valid for Al,Ga, _,ASGaAs(100)
heterostructures grown by MOC-hydride epitaxy.

(ii) A superstructural phase is found in the
Al,Ga, _,AsGaAs (100) heterostructures with x = 0.5.
This phaseisan AlGaAs, chemical compound with the
|attice constant ¢” = 2a,6,s, = 11.292 A. The magni-
tude of tetragonal distortion in the direction of the epi-

taxial Qrowth is augans,/ 28y < 05 = 0.997.
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