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Technological conditions effect on structural
perfection of Cd,_,Mn,Te crystals
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Dependence of Cd,_ Mn,Te crystals’ quality (0.02<x<0.55) on synthesis duration and
growing conditions, using the complementary X-ray diffraction methods, has been investi-
gated. The obtained experimental results about the structural perfection and types of
defects, their distribution and reasons of formation, allowed us to optimize the technologi-
cal parameters of the perfect crystals’ synthesis and growth.
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HccnegoBana 3aBUCHMOCTh CTPYKTYPHOI'O COBEPIIEHCTBA KPHUCTAJIIOB TBEPABLIX PACTBODOB
Cd,_Mn,Te (0,02<x<0,55) or HIpOJOJKUTEIHHOCTH CHHTE3a M YCJOBHI BBIPAIUBAHHUA C
WCIIOJIL30BAHNEM B3aMMOJOMOIHAIONINX PEHTTeHOBCKUX ANMPPAKIIMONHLIX METOLOB. JKCIIePH-
MEHTAJLHO IOJYUYeHHbIe Pe3yALTAThI O CTPYKTYPHOM COBEPINEeHCTBe KPUCTAJIIOB M THUIAX
neeKTOB, UX paclpefeleHUd U OPUUYNHAX BO3HUKHOBEHUS IO3BOJWIN ONTUMH3HPOBATL
TEXHOJOTUYECKNE YCJIOBUA CUHTE3a M BLIPAIMBAHUNSA COBEPIIEHHLIX KPUCTAJJIOR.

Bnome TeXHONOTiYHMX pPeKHMIB HA CTPYKTYpPHY mockoHaxicts kpucraxis Cd,  Mn, Te.
B.I1.HTagpaniok, C.I' Ipematoncenrxo, C.B.Conodin, I1.M.Douyk.

Hocmifxeno saMe K HICTs CTPYKTYPHOI JOCKOHAIOCTI KpHCTaIiB TRepaux posunHis Cd,_ Mn, Te
(0,02<x<0,55) Big TpUBAJOCTI CUHTE3Y, & TAKOK BiJl YMOB BUPOIIYBAHHS 3 BUKOPUCTAHHAM
B3AaEMO/IONOBHIOIOUNX PEHTIeHIBCbKUX IuPpaKIiiiHux MeToxiB. ExcmepuMeHTaJIbHO oOgep-
JKaHI pesyJabTaTd HPO CTPYKTYPHY MTOCKOHAJICTh KpHCTAXiB i Tunm mederTis, ix posmomia Ta
NPUYNHY BUHUKHEHHS [TaJIM MOMKJIMBICTh OITHMIi3yBaTH TEXHOJOTIYHI yMOBU cuUHTE3y Ta
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BUPOIIYBAaHHA AOCKOHAJIUX KPUCTAJIB.

1. Introduction

Cadmium telluride and solid solutions,
based on it, for example, Cd, Mn,Te
(CMT), have a great perspective in pho-
toelectronics, in particular, for y-ray detec-
tors manufacturing [1, 2]. One of the main
reasons that limit their applications is a
difficulty to obtain large and structurally
perfect single crystals with reproducible
and stable characteristics. The ensuring of
these requirements is impossible without
understanding the relationships between
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perfection of the crystal structure and
growth conditions.

Cd,;_Mn,Te crystals with x from 0.02 to
~0.55 are usually investigated (the most
common content x = 0.05). The crystals
with variable content (from this range) are
used for different applications. For in-
stance, for y-ray detectors manufacturing
the crystals with x = 0.05-0.1 are usually
used [3]; for optical isolators — x=0.42-
0.45 [4, 5]; for optical filters — the whole
range of content.

649



V.Shafranyuk et al. / Technological conditions effect ...

It is known [6-10], nowadays that the
Cd;Mn,Te (x = 0.05; 0.1; 0.2) ingots with dia-
meter of 25-30 mm and length of 8-13 em
are obtained. Solid crystalline materials
have a real structure, which differs from an
ideal (strictly ordered) by a presence of
various defects. In CMT crystals, grown
nowadays, it is observed rather high density
of dislocations and inclusions of the second
phase. In addition, there are significant
amounts of twins and subgrains in these
ingots. These defects especially reveal them-
selves in the crystals, grown by the Bridg-
man method [2, 7, 10-13], and to a lesser
extent one can find them in the crystals,
grown by the travelling heater method
(THM) [12]. Typically, the Debye-Scherrer
and Laue methods [11, 14] are used for
structure studies, however information
about direct X-ray methods is insufficient
[6, 10]. However, such information would
enable to improve the technology of perfect
large CMT crystals growth with required
parameters. Therefore, in this paper we pre-
sent the CMT crystal structure researches
by the following comprehensive and comple-
mentary methods: X-ray diffraction topog-
raphy in the transmission mode (the Lang’s
method) [15] and in the reflection mode (the
Berg-Barrett’s method) to wvisualize the
"growth™ defects (twins, subgrains, disloca-
tions, inclusions of the second phase); X-ray
diffractometry (the Bond’s method) to deter-
mine the lattice parameter; double-crystal
spectrometry (DCS) [16] to determine the dis-
orientation between grains. It should be noted
that these methods not only make it possible to
obtain the most complete information about
the crystalline perfection of the material but
also are expressive and nondestructive.

2. Experimental

CMT crystals (0.02<x<0.55) were pre-
pared from synthesized raw materials
(BN purity) in stoichiometric ratios. To pre-
vent the interaction between Mn and walls
of the a quartz ampoule, a synthesis of solid
solutions was performed in a glassy-carbon
container, placed in a vacuum container.

The synthesis was performed according
to the existed phase diagram of CdTe-MnTe
system. The melt maximum temperature
during the synthesis was about 1400 K,
which was sufficient to melt the high-tem-
perature solid phases in the melt. After the
synthesis, the crystals were grown by the
vertical Bridgman technique (temperature
gradient at the solid-melt interface was

10+15 K/ecm, growth rate — 2 mm/h). In
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our experiments we used both a conven-
tional and modified setup described else-
where [17]. After finish of the melt solidifi-
cation the ingot was in situ annealed at
~1173 K for 48 h and finally cooled down
to the room temperature at the rate of
20 K/h. As we know a disturbance of mono-
tonic container movement with the melt has
a negative influence on as-grown crystal
structure, therefore in the modified setup
the disturbance was eliminated due to a
movement of a large heater along the sta-
tionary container (ampoule). To stabilize the
movement of the heater its weight was bal-
anced by two counterpoises. In addition, the
heater was connected with a fixed system of
damping rollers. It was found that crystals,
grown by the movable heater usage, had more
perfect structure comparing with the ones,
grown by the conventional Bridgman setup.
The grown CMT ingots were oriented in
(111) and (110) planes. The ingots were cut
into plates with 1 mm thickness, mechani-
cally grinded and polished on both sides.
The final treatment of the samples was
chemical etching in 5 % Br—-CH3;OH solution
for 1 min to remove the damage layer. To
reveal the grain structure, twins and sur-
face defects it was applied the Berg-Bar-
rett’s method using symmetric (111), (220)
and asymmetric reflections from ecrystal-
lographic planes (113), (331), (400), (511). In
this method it was used a fine-focus X-ray
tube BSM-1 with the focus dimensions of
~50 pum, that made it possible to obtain a

high-resolution of ~0.5 um. Topograms in the
transmission mode were obtained by using the
Lang’s method with MoK -radiation at X-ray
machine URT-1. The integral evaluation of
the crystal perfection and disorientation be-
tween grains were carried out by DCS
method; the lattice parameter distribution
along ingot’s axial and radial directions was
determined by the Bond’s method with the
high-resolution (x0.00002 nm).

3. Results and discussion

A typical topogram from a perfect crystal in
the Berg-Barrett’s method is depicted on positive
as two parallel near light stripes, which are the
areas of the Cossel’s cone Ko; and Koy-lines of
characteristic radiation of K,-series.

In Fig. 1 there are represented the series
of X-ray topograms, obtained by the Berg-
Barrett’s method for CdggsMnggsTe crys-
tals, grown in a conventional Bridgman

setup (synthesis duration was varied from
10 h to 70 h).
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Fig. 1. X-ray topograms of Cd;gsMn; o5Te crys-
tals grown from the charge, that had been syn-
thesized at duration t: a) t =10 h, b) T = 30 h,
c) t=40 h, d) 1="70 h. (CuK, radiation, re-
flection from crystallographic planes (333) .

Analysis of the topograms indicated, that
the crystals, grown from the synthesized
mixture during 10 h and 30 h, possessed an
ideal structure warping resulting in pres-
ence of the grains structure and lattice pa-
rameter gradient. Distortion and shift of
the Cossel’s lines can be explained by irregu-
larity of crystallization and Mn impurity dis-
tribution along the ingot’s axial and radial
directions during the growth process leading
to the crystal’s deformation. The distortion of
the crystal structure was represented in the
topograms as reflections’ overlap from differ-
ent parts of the sample as well as a splitting
of certain lines of doublet in several lines,
that often formed closed circuits.

Besides, the grown crystals contained
twins, which were reflected in the
topograms as the displaced Cossel’s lines
(Fig. 1c). The pronounced twinning was ob-
served in the CMT crystals with 0.2<x<0.35
composition similarly to the results in paper
[7]. It should be noted that the tendency to
twinning was much weaker at 0.35<x<0.55.

The CMT solid solutions crystals with
x<0.05, that were synthesized during 70 h,
possessed a more perfect structure, as evi-
denced by separation of the topograms dou-
blet in the topogram (Fig. 1d).

Obtaining the large single crystals de-
pends on the ampoule shape. The highest
yield of ones was observed after the ingots’
growing in the double wall quartz ampoule
(diameter 50—-60 mm) with flat bottom and
heat sink in the center of the ampoule bot-
tom [18]. At the ampoule movement in the
furnace cold part a nucleation was occurred
at the point, where the heat sink was at-
tached. The further growth continued in the
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Fig. 2. X-ray topograms of Cdj gsMn ysTe crys-
tals, grown in the optimal conditions. CuK -ra-
diation, a, b — reflection from crystallographic
planes (333) and (111), respectively.

melt that surrounded the nucleation point.
Thus influence of the ampoule walls on the
crystal, that stressed it, was eliminated, and
thereby the crystal structure was improved.
In Fig. 2 there are shown the topograms,
which were typical for CdygsMngosTe crys-
tals, grown in such ampoules at optimal
growth conditions. These topograms showed
that crystals have the high structural perfec-
tion since there was observed a clear separa-
tion of doublets Ko, and Koy for different
reflections, confirming the absence of macro-
stresses, grains, twins and other defects.

For these crystals there were determined
the full width of half maximum (FWHM)
values of the rocking curves for (111) crys-
tallographic plane reflection by applying the
DCS method (n, —m) — Si(220). Quantita-
tive structural perfection degree estimation
for investigated crystals was performed by
comparing the experimentally obtained
FWHM values of the rocking curves 0.,
with the theoretically calculated ones 6,;,,,-
The latter was defined by FWHM lines of a
monochromator (Si) 6;, and a sample 0, as
well as a dispersion of the instrument
D2A)2:

Ot hoor= (021 + 025 + D2AN2)1/2, (1)

theor

Contribution of the FWHM rocking
curve for the perfect crystal is determined
by the formula:

B 2.-C- X, (2)
r gin20 7
where C =1, for o-polarization; C = cos20,

for m-polarization, X; — the Fourier crystal
component.
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Fig. 3. Dependence of dislocations density on MnTe
content in Cd, ,MnTe solid solutions crystals
grown in modified facility by the vertical Bridgman
technique with synthesis duration ~70 h.

For reflections from crystallographic
planes (111), (220), (422), (400), (311) of the
perfect CdTe crystal the theoretical value of
FWHM rocking curve respectively was equal
to ~ 25, 17.5, 16.3, 12.8 and 13.6 seconds. For
real crystals the FWHM was 0,,, > 6, due
to the presence of structural defects and
micro-stresses. For broadening of the rocking
curves AO the density of dislocation N; was
calculated, which was a quantitative assess-
ment of the crystal perfection:

Ng=1A02/9.42 - b2, 3

where AQ = (0%,,, — 02,,,,)!/%, b — the Bur-
gers vector.

Resulting from the calculation the aver-
age dislocations density in CMT crystals
was lying within 5-103+10° cm~2 (Fig. 3).
The rocking curve (Fig.4) for monocrys-
talline sample CdggsMnggsTe, which pre-
pared from the middle of the ingot, was
obtained using (220) reflection. This ingot
was grown using modified facility by the
Bridgman technique. The small difference
(~1.5 seconds) between the theoretical value
of the rocking curve for the reflection from
crystallographic plane (220) of the ideal
CdTe crystal and the result obtained for
Cdg gsMng g5 Te indicates a sufficiently high
structural perfection of the crystal. The dis-
location density estimated from the rocking
curve is in within 5+6-103 em~2.

It was established that amount of the
different structural defects depended on Mn
content and initially was reduced at
x = 0.01+0.05, and in the sequel increased
at x > 0.15. It can be concluded that small
Mn addition within a few percents lead to a
the more perfect structure comparing with
CdTe, as evidenced by a clear separation of
Koy o-doublet and the absence of the low-
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Fig. 4. X-ray diffraction rocking curve for
Cdj gsMng o5sTe single crystal obtained using
(220) reflection, CuK -radiation.

angle grains boundaries and twins on the
topograms. The improving of the crystal
structural perfection confirms the known
fact that under formation of ternary solid
solutions a configuration of homogenous re-
gion undergoes the significant changes
(compared to the binary compounds that
form them) and it is a function of the solid
solutions composition. Therefore, one of the
effective way to reduce concentration of the
point defects in the crystal is an incorpora-
tion of isovalent Mn impurity in small quan-
tities (x < 0.1).

To better understanding the dislocation
structure of the most perfect CMT crystals
we applied the Lang’s method for thin
(120-220 um) samples, where ut < 1, where
W — linear absorption coefficient, ¢ —
thickness of the crystal (120-220 pum). Ex-
perimental topograms were obtained by the
Lang’s method, using the reflection from
planes (Z20) and (20Z) at scanning along
diffraction vectors g (Fig.3). In the
topograms the dislocations manifest them-
selves as lines with the high intensity and
regions with the low intensity correspond to
twins. There was also clearly visible the dis-
location network and the high intensity
lines of certain orientations which corre-
spond to slip bands. On the crystal edges
the pendulum fringes were observed, it is
due to wedge-shaped crystal’s edge, result-
ing in the etching effect.

Presence of the pendulum fringes evi-
denced the high quality of the crystal, in
which the dislocations density did not ex-
ceed 104 cm™2.

The most dislocations have the Burgers
vector b = a/2 in [110] direction which are
located in {111} planes or dislocation with
b=a/2 in [101] direction. As a result of
the studies it was found that basic struec-

Functional materials, 24, 4, 2017



V.Shafranyuk et al. / Technological conditions effect ...

]mm ! _‘
Fig. 5. X-ray topograms of CdjgsMnjgsTe
crystals obtained by the Lang’s method, a —
(220) reflection, b — (202) reflection.

tural defects in CdjgsMngy5Te single crys-
tals were the low-angle boundaries, twin la-
mellae and dislocations with the Burgers
vector of type a/2 [110] and /2 [101].

To better understanding how Mn atoms
affect on the structure of the CMT solid
solutions at fixed "x", in this paper the
dependence of a lattice parameter along the
ingot’s axial and radial directions was de-
termined by the Bond’s method. It was re-
vealed that the lattice parameter in the ra-
dial direction almost didn’t change in the
CMT crystals, grown by using the optimized
technique. Along the axis it was revealed the
slight lattice constant gradient. For instance,
for Cdgg75Mng go5Te ingot it was equal to
~0.00042 nm/cm (Table) or 0.04 %, that is
uniformity of Mn distribution along the ingot
is lying within x = 0.025%0.001.

Thus, the long-term synthesis (=70 h)
ensures not only the improving the crystal
structure (Fig. 2), but also even distribution
of the Mn impurity inside an ingot.

4. Conclusions

It was established, that quality of the ob-
tained crystalline grains depended on the syn-
thesis duration of Cd;_Mn,Te solid solutions,
and accordingly the uniformity of Mn distribu-
tion in the solid solution. The results showed
that after long-term synthesis (1t 270 h) the
manganese was almost uniformly distributed
in the bulk. The obtained results about struc-
tural perfection of the crystals and type of the
defects, their distribution and reasons of for-
mation, obtained by the X-ray methods, made
it possible to optimize the synthesis and
growth conditions of the perfect Cd,_Mn,Te
crystals. CdggsMnggsTe ingots grown in the
optimal conditions using the modified growth
facility and the double wall quartz ampoule
with flat bottom and heat sink in the center of
the ampoule bottom were the most perfect.
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Table. Lattice parameter a dependence
along with Cd¢,5Mn; opo5Te ingot’s length
[, mm a, nm
10 0.64774
20 0.64770
25 0.64768
30 0.64766
35 0.64765
40 0.64763
45 0.64760
50 0.64758
55 0.64755
60 0.64750
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