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The substructural characteristics of Zni<MnsTe films deposited by closed space vacuum sublimation
method under various condensation conditions are investigated. Sizes of the coherent scattering domain
size, microdeformation degree, staking fault defects’ concentration in the condensates, the averaged dislo-
cation density at the subgrain boundaries and in their bulk as well as the total dislocation concentration
are determined by the physical broadening of the X-ray lines using the Cauchy and gauss approximations
and the threefold function convolution method. The calculations are compared with data for undoped ZnTe.
It is found out that the Mn-doping causes some degradation of structural characteristics of the condensates

compared with undoped layers.
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1. INTRODUCTION

Semimagnetic semiconductor solid solutions are at-
tract the researchers’ attention due to their unique
photoluminescent, magnetic and magneto-optical prop-
erties of the material suitable for designing devices for
micro(opto)electronics, photovoltaics and spintronics [1,
2]. The effectivity of these devices depends on the
transport properties of the free charge carriers (by the
product of the mobility and the lifetime uz7), which in
turn are determined by recombination centers’ concen-
tration in the material [3, 4]. As the recombination cen-
ters affecting the carrier lifetime in the semiconductor
are the surface, grain boundaries, dislocations, SF de-
fects, point defects of various nature (both native and
impurity-caused ones) and other imperfectness of the
crystalline structure, the optimized structural features
of the films are necessary [4].

However, producing Zni.xMnyTe films with control-
lable Mn content and optimized characteristics is a
challenge while the components’ pressures are consid-
erably different. Thus, these layers are mostly deposit-
ed by laser [5] and flash evaporation [6], high frequency
magnetron scattering [7], MOVPE [8], which are char-
acterized by the high non-equilibrium of the process.
Low quality of the layers with a fine structure does not
allow using them for photodetectors, hard radiatopn
detectors and solar cells.

Authors [5-8] have investigated some structural fea-
tures of Zn1.xMnxTe films. However, their substructural
characteristics (coherent scattering domain (CSD) size, mi-
crodeformation grade (or degree) caused by the disloca-
tion presence) are not studied until recently. There is a
motivation of this work: investigation of influence of
the physical technological conditions of condensation on
substructural characteristics of the layers obtained by
the closed space vacuum sublimation (CSVS). This
technique allows obtaining multi-component films un-
der quasi-equilibrium conditions for growth of struc-
turally perfect layers [9-10]. Experimental results are
compared with those obtained for undoped ZnTe films.
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2. EXPERIMENTAL DETAILS

Thin Zni<MnyTe films were deposited on cleaned
glass substrates under residual gas pressure no more
than 5103 Pa. The detailed description of the growth
setup is done elsewhere [11-12]. The charge of semi-
conductor purity with 10% Mn content was evaporated
under the evaporator temperature 7. = 1073 K. The
substrate temperature was changed in the interval Ts =
(423-823) K, ¢t = 15 min.

The structural investigations of the films were per-
formed by using the diffrctometer DRON 4-07 in Ni-
filtered K. radiation of the copper anode in the angle
range 26 from 100 to 80°, where 20 is the Bragg angle.
The focusing procedure was according to the Bragg-
Brentano mode. The experimental curves were normal-
ized by the intensity of the (111) peak of the cubic phase.
The phase analysis was done by comparison of interplane
distances and arbitrary intensities of the X-ray peaks from
the examined samples and the etalon according to the
JCPDS data [13]. The XRD method was also applied for
determining the arbitrary size L of CSD and the microde-
formation grade ¢ in thin films Zni1.xMnxTe by the broad-
ening of the XRD lines. To resolve the diffraction broad-
ening caused by the physical (f) instrumental (b) effects
we have used Cauchy and Gauss approximations [14-15].
Besides that, the parameters mentioned above were found
by the threefold convolution method [16]. To take into ac-
count the contribution of the instrumental effect in the X-
ray line broadening we have measured the width b of the
corresponding reflexes of the etalon (the etched ZnTe
charge). All procedures of the working-out the X-ray line
profiling (background removing, smoothing, K. doublet
resolution) were performed using the software DIFWIN-1.

It is known that the CSD boundaries are formed by
the dislocations located at their boards, at the same
time, the dislocations in the subgrain bulk lead to mi-
crodeformations in the material. It makes possible to
estimate the arbitrary dislocation density using the
values L and ¢ according to the microdeformation value
¢ and the CSD size L in the films. The averaged through
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the sample density of the dislocations formed the sub-
grain boundaries is [17-18]
3n

pL:E; 1

where n is a number of dislocations on the each face of
the six planes of the block.

If the dislocations are mostly located in the middle
of the subgrains the dislocation density is obtained
from the expression [17-18]

_K(2e)
P _f[?j ) (2)

where 2¢ is a width of the microdeformation distribu-
tion; F'is a constant taking into account the increase of
the dislocation energy under interaction with other
dislocations; b is a modulus of the Burgers vector; K is
a constant depending on the dislocation distribution
function. K=25 for the Cauchy function and K=4 for the
Gauss curve.

Accepting n = F = 1 expressions (1), (2) give an es-
timation the lower limit of pr and the upper limit of p,.

Somewhat other expression for estimation the total
dislocation concentration in the material is given in [19]:

_15
P=al’

Thus, expressions (1) — (3) make it possible to esti-
mate the concentration of dislocations in the CSD bulk,
at their boundaries, and the total concentration.

Supposing the CSD s are of equal axes and the addi-
tional broadening of (111) and (222) X-ray lines compared
with (200) and (400) lines i1s due to the SF presence one
can calculate the total concentration of the deformation
and growth defects in Zn1.xMnxTe films [17-18]

3

1 1

a’:1,5a+,8=3,04[ ]dm ;@

h00 L hhh

where « is the growth defects’ concentration, # stands
for the SF concentration, and dai1) is an interplane
distance.

3. INTERPRETATION OF EXPERIMENTAL RE-
SULTS

As we have shown earlier [20], the grown Zni.
xMnxTe films had the polycrystalline structure of stable
cubic modification with 1.61-3.04 at. % Mn in composi-
tion. Fig. 1 plots the X-ray diffraction patterns from
ZnTe<Mn> films deposited under various substrate
temperatures. Under thickness d ~ 2-4 um they had the
grain size D = 0.50-1.12 pm which has increased at the
substrate temperature elevation and closing condensa-
tion conditions to the equilibrium ones.

As is known, the X-ray line broadening is caused
not only by the instrumental effects but also by small
CSD sizes (L), the microdeformations (¢ = Ad/d) and the
distortions of the crystal lattice, in our case the SF. The
arbitrary CSD size L and the microdeformation grade &
in Znx1MnxTe condensates was made by the physical
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Fig. 1 — X-ray diffraction patterns from Zn.:Mn,Te films de-
posited under various physical technological regimes

broadening of (111)-(222) (200)-(400) X-ray diffraction
peaks of the cubic phase. This procedure has allowed
defining the substructural parameters of the films in
directions normal to these crystallographic planes. Ta-
ble 1 lists the results obtained by the Cauchy and
Gauss approximations as well as the more precise data
from the X-ray line threefold convolution method. Fig.2
shows results of comparison made for the CSD size
and microdeformation grade in ZnTe and Zn.
xMnxTe films calculated using three approximations:
Cauchy, Gauss and threefold convolution.

Table 1 and Fig.2 point out the CSD sizes and mi-
crodeformation values calculated by the threefold con-
volution method are intermediate between the data
produced by the Cauchy and Gauss approximations
having a good correlation. Further we discuss the re-
sults from the threefold convolution method as the
most precise ones [16].

As is seen from the Table 1 and Fig.2, under elevat-
ing Ts the CSD size increases from L~ 97 nm up to
~110 nm, then it decreases down to ~ 75 nm in direc-
tion normal to the (111) planes in ZnixMnxTe films
(Fig.2a). The maximal size exists under optimal tem-
perature region (7s = 600-650 K). At the same time, the
microdeformation grade in this direction decreases un-
der increasing Ts from & ~2.0-10% to ¢ ~1.2-103
(Fig.2b).

These results are in a good agreement with those
obtained earlier for undoped ZnTe films [21-22], where
the functions L-Ts and &7Ts were similar (Fig. 2 a,b,
curve 4). We should note that the optimal deposition
temperatures are the same for preparing the films with
maximum CSD sizes for both undoped and Mn-doped
ZnTe layers. At the same time, ZnixMnsTe films had
the larger CSD size and microdeformation grade com-
pared with ZnTe films (Fig.2, a, b).

Using the known microdeformation values and the
expression o = Eg we have calculated the microstress
grade in the condensates ZnixMnxTe (Table 1). We
have used the Yung modulus value (E =64 GPa) ob-
tained under calculating the mechanical constants for
ZnTe [21-22]. It is shown that the microstress grade in
Zn1xMnxTe films changes in the interval ¢ = 67.5-130.7
MPa. These values are also larger than those in un-
doped ZnTe films (o= 20-83 MPa).
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Table 1 — Substructural characteristics of Zni-xMnxTe thin films
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L, nm & 10°
T, K (hkD) Approximation by From Approximation by From @’
Gauss Cauchy convolution Gauss Cauchy convolution

493 (111)-(222) 82.5 147.0 96.6 2.3 1.7 2.0 0.05
(200)-(400) 97.9 126.0 101.0 0.9 0.4 0.7

593 (111)-(222) 82.6 154.4 99.3 2.5 1.9 2.2 a7
(200)-(400) 43.4 38.4 43.7 1.2 0.9 2.2 ‘

6253 (111)-(222) 92.0 169.3 109.7 2.2 1.6 1.9 078
(200)-(400) 57.6 81.5 61.1 1.9 1.2 1.6 :

793 (111)-(222) 63.8 86.9 66.8 1.9 1.1 15 057
(200)-(400) 86.1 161.3 103.6 2.1 15 1.8
111)-(222 70.0 87.7 71.8 1.4 0.6 1.1

773 (11)-(222) 0.07
(200)-(400) 71.6 98.8 75.4 1.5 0.8 1.2
111)-(222 1. 4. 4. 1. . 1.2

893 (111)-(222) 71.8 94.3 74.5 5 0.8 0.97
(200)-(400) 59.3 82.5 62.5 1.8 1.1 1.5
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Fig. 2 — The effect of the substrate temperature 7s on the
CSD size (a) and the microdeformation grade (b) of the films
Zn1xMnsTe (1-3) and ZnTe (4). The approximation is done
according to Cauchy (1), Gauss (3), and to the method of three-
fold convolution (2)

Three different ways of the CSD size calculation
show a typical feature: the calculated values Lo >
Lgnry. Suppose as in [11-12, 21-22] that the CSD have
equal axes but the SF mainly contribute to the line
broadening responsible for the reflection from the (hhh)
planes. Then it is possible to determine the total con-
centration of deformation and growth defects «’in
Zn1xMnxTe films according to the expression (4). These
results are listed in Table 1.

As is seen, the arbitrary SF concentration in
Zn1xMnxTe films decreases as the substrate tempera-
ture increases from 1.37% (Ts = 523 K) up to 0.27% (Ts
= 823 K). These values are somewhat larger than those
calculated for the undoped ZnTe films: 0.67% (Ts = 323
K) - 0.04 (Ts = 693 K) [21-22].

Table 2 and Fig.3 illustrate results of calculating
concentration of dislocations at the CSD boundaries, in
the CSD bulk and the total dislocation concentration in
Zn1.xMnxTe films made according to the expressions (1)-
(3). As is seen, the data have a good correlation within
order of magnitude. These films are characterized by
considerably low value of the dislocation concentration
pLe= (6.8-9.6)-1014 (see, for example, [23], where for
ZnTe films p=(6.3-16.6)-10'* lin/m?2). As the substrate
temperature elevates, the total dislocation concentra-
tion in the solid solution films defined from the (111-
(222) reflexes is decreasing (Fig.3). However, this val-
ue i1s appeared as the larger one than that in ZnTe
films pre = (7.8-21.4)10°! lin/m2. Thus, the manganese
doping leads to the degradation of the substructure of
ZnTe films: the microdeformations and microstresses
as well as the concentration of the SF and dislocations
are increased.

Table 2 — Microdeformations and dislocation density in Zni.xMnxTe films

T, K (hkl) L, nm 103 g, MPa pr, 1014 lin/m2 | pe, 10 lin/m?2 | pre, 104 lin/m?2
423 (111)-(222) 96.6 2.0 130.7 3.2 4.9 9.0
523 (111)-(222) 99.3 2.2 141.4 3.0 5.7 9.5
623 (111)-(222) 109.7 1.9 123.4 2.5 4.4 7.5
723 (111)-(222) 66.8 1.5 96.1 6.7 2.7 9.6
773 (111)-(222) 71.8 1.1 67.5 5.8 1.3 6.3
823 (111)-(222) 74.5 1.2 76.6 5.4 1.7 6.8
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Fig. 3 — Dependence of the dislocation concentration on
the substrate temperature in Zni<MniTe (1-3) and ZnTe (4)
films: at the subgrain boundaries (1), in their bulk (2) and the
general dependence (3, 4) using the reflexes (111)-(222).

4 CONCLUSIONS

Thin films ZnixMnyTe are prepared by thermal
evaporation in closed space under various conditions of
the condensation. The substructural characteristics of
these layers are examined by means of the XRD meth-
od. The CSD sizes, the microdeformation grade, the
concentration of the SF (stacking faults) in the conden-
sates, the arbitrary dislocation density at the subgrain
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boundaries and in the bulk of the films are determined
by the physical broadening of the diffraction lines using
three different approximations for the line profile. It is
shown that the dependence of the CSD size on the sub-
strate temperature is a non-linear function with a max-
imum at Ts =550-600 K. The largest values of L deter-
mined by the threefold convolution method reach 109.7
nm. The microdeformation grade in the films decreases
as the substrate temperature Ts from £~ 2.0-10 up to
& ~1.2.103. It is found out that the films Zni.x<MnxTe
are characterized by low concentration of dislocations
(oLe= (6.8-9.6)-10 lin/m2) and SF (¢/=0.27%-1.37%)
compared with the layers deposited by other methods.
These results point out the more equilibrium condensa-
tion conditions of the films of the solid solution under
its evaporation in vacuum closed space and the techno-
logical perspectives for preparing condensates with the
highest structural perfectness for practical microelec-
tronic applications. At the same time, the manganese
doping of ZnTe films leads to the degradation of their
substructural characteristics in comparison with the
undoped condensates.
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