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The procedure of growth of CdTe single crystals from the gas
phase by means of the sublimation in vacuum with the use
of the vertical configuration of a growth system is described.
The low temperature photoluminescence (PL) spectra for the
nominally undoped and chlorine-doped single crystals, grown by
this method, are investigated and compared with the spectra for
the corresponding crystals, obtained by the Bridgman growth
method. It is shown that the crystals grown from the gas phase
have a sufficiently high degree of structural perfection, though
they contain a larger quantity of uncontrolled impurities . This
conclusion is based on the fact that the PL spectra contain the
clearly pronounced lines of the free exciton transitions.

1. Introduction

Cadmium telluride CdTe displays the properties which
make this material suitable for the fabrication of
detectors of high-energy radiation. In particular, the
great atomic weight (nearly 50) and the density
(5.68 g/ cm?) allow the achievement of high values
of the quantum efficiency coefficient for the X-ray
and v-radiation. Although the transport parameters of
cadmium telluride are worse than those characteristic
of the widely used silicon and germanium detectors,
the high values of resistivity achievable in CdTe
(up to 10'°Q x cm) make it possible to reduce
a leakage current to a minimum, especially at
room temperature. This allows a utilization of the
detectors made from this material without an additional
cooling, which is important from the viewpoint of
a simplification and miniaturization of measurement
circuits. To date, the substantial progress has been
achieved in the production of the detectors of ionizing
radiation on the basis of cadmium telluride and its
solid solution CdZnTe [1], and not least this is
connected with the improvement of growth methods
for the single crystals of the compounds under
consideration.

692

Since CdTe has the lowest melting temperature
(1092 °C) among all A'BY! compounds, it is grown
predominantly from the liquid phase: by a vertical or
horizontal modification of the Bridgman method [2, 3],
by the methods of gradient crystallization [4] or moving
heater (floating zone recrystallization) [5, 6]. As regards
the last method, the growth is most often carried out
from a solution that is enriched with tellurium (the Te
weight fraction in a zone achieves 70 %), which enables
one to reduce the growth temperature. The necessary
semiinsulating state is usually achieved by means of a
doping with elements of the III and VI groups of the
Periodic table, mostly by chlorine.

The use of the liquid phase methods for the growth
of cadmium telluride makes it possible to obtain the
single crystals of this compound which are large in size
and suitable for the creation of the radioactive radiation
sensors of the spectrometric quality. However, the high
temperatures necessary for the process of growth from a
melt lead to the creation of a great deal of structural
imperfections — dislocations, twins, low-angle block
boundaries, cracks, and blisters [7, §]. It is making
use of a solution that brings about an increase in the
concentration and the total area of precipitations and
tellurium inclusions [9]. A contact of the liquid phase
with the walls of a growth container leads to a rise in
the level of background impurities. The disadvantages
described lead to a reduction in the yield of the material
with the necessary parameters.

The gas phase methods of the crystal growth can be
more promising from this point of view. That is why,
the quantity of publications devoted to the growth of
the CdTe single crystals by means of the sublimation in
closed and semiclosed growth systems [10—12], as well
as by the solid phase recrystallization method [13], has
been greatly increased in recent years. When halogens
are added to cadmium telluride, the phenomenon of self-
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compensation [14] occurs and the equilibrium between
the concentrations of the donor and acceptor levels is
achieved. What is more, as a result of the high chemical
activity of chlorine, the deep self-purification of a crystal
occurs [15] by means of the deactivation of electrically
active centers in the process of their association with
Cl in electrically non-active complexes. To date, a few
models of the self-compensation mechanism in CdTe
have been known [16], but neither of them is able
to completely explain the whole body of experimental
data. It is this fact that makes it especially urgent to
study the impurity-defect structure of cadmium telluride
single crystals depending on the conditions of their
fabrication, which will show a way to correctly adjust
the growth parameters. Thanks to the high values of
sensitivity and resolving power, the method of low-
temperature PL makes it possible to investigate the
specific features of exciton transitions, the parameters
of donor and acceptor centers, as well as structural
defects in CdTe which participate in the radiative
recombination processes.

The aim of the given paper is the detailed
investigation of the low temperature PL for both the
nominally undoped and chlorine doped single crystals
of cadmium telluride grown by a method which can be
considered as a gas-phase analogy of the floating zone
method. By means of a comparison of the PL spectra
for these specimens (in what follows, we will refer to
the specimens obtained by the sublimation method as S-
specimens) with the spectra of the crystals grown by the
Bridgman method (B-specimens), a conclusion is drawn
about an influence of a growth method on the impurity
content and the degree of structure perfection of CdTe
single crystals.

2. Methods of Crystal Growth

The method of crystal growth that we developed makes
it possible to obtain the single crystals of CdTe [17]
and its solid solution Cd;j_,Zn,Te [18]. The essence
of the method is the following. The first stage of
the technological process consists in the synthesis of a
corresponding chemical compound in quartz ampoules
pumped out to p = 107°Torr. Extra pure (6N
grade) Cd and Te are used as starting materials. To
obtain chlorine-doped crystals, CdClsy salt preliminary
dehydrated in a vacuum is added to the basic material.
The corresponding weights are calculated proceeding
from the assumption that, in the CdTe matrix, chlorine
atoms occupy the places of tellurium ones. A sealed off
ampoule is placed in a horizontal two-section furnace
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Fig. 1. Growth ampoule and the temperature profile for the furnace
for the growth of cadmium telluride single crystals: I — a charge,
2 — a CdTe crystal

and smoothly heated to ~ 1100 °C in a non-gradient
mode. Under these conditions, the ampoule is kept for 12
hours with a simultaneous rotation with a velocity of 10
min~! to ensure the complete synthesis of the compound
and the homogenization of the mixture.

The second stage of the CdTe growth consists in
the immediate formation of a single crystal from the
mixture, preliminary ground into powder, by means of
its sublimation in a quartz ampoule which is pumped
out to p = 10~®Torr. The shape of the ampoule and
the temperature profile for a vertical growth furnace are
shown in Fig. 1. During the whole growth process, the
mixture is sublimated at a constant temperature, and a
CdTe crystal grows in the top part of the ampoule. Such
a configuration enables one to avoid the utilization of a
pedestal or a glass which would be necessary if a crystal
was formed in the bottom part of the growth container.
During its vertical motion upwards, the ampoule with
the material goes through a temperature maximum
which divides the isothermal zone from the source zone
having a substantial temperature gradient. Thus, the
method proposed can be considered as a gas phase
analogy of the floating zone method. In the given case,
the movement velocity presets a growth rate and equals
0.5mm/h, which is the optimal value for the temperature
conditions used.

The reference specimens used for the comparison of
the PL study results were obtained by the widely used
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Fig. 2. PL spectra for the B- (a) and S-crystals (b) of the undoped
CdTe

Bridgman method. It is worth noting that the
resistivities of the CdTe:Cl specimens under study
grown either by the Bridgman method or by the
sublimation one (with an equal concentration of the
chlorine impurity) are almost the same and equal to
108 — 1092 x cm.

3. Photoluminescence Studies

The PL spectra were studied at 77 = 5 K on the
split areas of as-prepared single crystals with the
(110) orientation with the use of an Ar™ laser (the
excitation power density is approximately equal to 100
mW/ cm?), a MDR-23 monochromator, and a FEU-
62 cooled photomultiplier. For all the experiments, the
energy resolution was not worse than 0.5 m eV.

Figures 2—4 show the PL spectra for the undoped
(Fig. 2) and chlorine-doped CdTe single crystals. The
concentrations of the introduced chlorine were Ng =
10*" em=2 (Fig. 3) and N¢p = 5 x 10Y ecm=? (Fig.
4). Tt is worth noting that these values refer to
the concentrations of Cl in the starting mixture, not
in the grown crystal. To make a comparison more
demonstrative, the top PL spectra in all the figures
concern the B-specimens, while the bottom ones refer
to the S-specimens.
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CdTe:C1 (10" em™)
T=5K
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Fig. 3. The same as in Fig. 2, for the chlorine-doped CdTe crystals
(NCI =107 cm*3)

1.589 1.596 1.603

First, consider the PL spectra for the undoped CdTe.
For the B-crystal (see Fig. 2,a), the most intense line
in the exciton spectra region (1.585 — 1.600 V) is
the (A%, X) one with the energy maximum Ea0, xy =
(1.589 + 1.590) eV. In a vicinity of the energy values
E ~ 1.593 eV, the weakly intense lines (DY, X) from
the excitons localized on neutral donors become evident
at the signal amplification by 10. On the contrary, the
PL lines from the free excitons in the region (1.596 =+
1.597) eV are hardly visible.

According to the literature data, the (A%, X) band
dominates in the spectra of the undoped CdTe crystals
and is present even in the purest material, where all
other PL lines are absent [19, 20]. Upon studying the
influence of the annealing in vacuum on the shape and
the intensity of this line, as well as on the electrical
properties of crystals, the authors of [21] concluded that
it is the complex containing both a cadmium vacancy
and a donor that is responsible for the appearance of
this line. Such an origin of the band under consideration
is also confirmed by the results of work [22], where
the studies of the polarized PL were carried out in the
epitaxial layers of CdTe. The relation of this band to the
impurity-defect complex of (Vg —2D) kind, where D is
a non-identified donor, was founded in a more recent
paper [23]. On the other hand, it is stated in the
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fundamental paper on the investigation of the PL
associated with the acceptor states in CdTe [24] that
the line with a maximum at 1.5896 eV is a result of
the radiative recombination of the excitons localized on
neutral copper atoms, with the copper being a usual
uncontrolled impurity in the compounds of such a kind.
The recent studies of the PL and reflection spectra
carried out on the ultrapure CdTe single crystals [25,
26] enabled the authors to refine the complex structure
of the luminescence spectra in the vicinity of 1.590 eV
and to associate it with the presence of Vg and Cucyq.
Returning to our case, it is the presence of an inflection
on the short-wave side of the line under consideration
that confirms its complex character (see Fig. 2,a).

The exciton PL spectrum for the S-crystal of CdTe
contains the strongly pronounced bands (D°,X), W, and
J, in addition to the (A% X) one (see Fig. 2,b). The
authors of [27] carried out a detailed analysis of the PL
spectra of CdTe crystals and revealed that, in a narrow
spectral range (1.5928 — 1.5934 eV), there are 6 lines
of the (DY X) type, and that they are associated with
the hydrogen-like donor impurity centers. It was also
shown that it is the elements of the III group located
at Cd sites and the elements of the VII group, located
at Te sites, that serve as donors. The G (= 1.586 eV)
and W (= 1.591 V) bands are characteristic of the
spectra of the exciton luminescence of cadmium telluride
doped with chlorine [28, 29]. With an increase in the
Cl concentration, the intensity of these lines increases,
along with a simultaneous increase in both the intensity
of the (D% X) band and the material resistivity [29].
Basing on these facts and the data on the results of the
annealing in a cadmium atmosphere, the G and W bands
were identified as those resulting from the radiative
recombination of the excitons which are bound with the
(Vea — 2C1) and (Veq—Cl) complexes, respectively. The
exciton band of (Vog — 2D) type also is manifested at
the doping of CdTe with the elements of the III group.
But in this case, its maximum is placed at approximately
1.584 eV [30, 31].

The F'E free exciton lines from the upper and lower
polariton branches of the PL spectra are much more
intense for the S-crystal of the undoped CdTe, than
for the B-one. The maximum of the ground state of a
free exciton is observed at 1.5955 eV. After adding the
free exciton bonding energy (10.5 meV) to this value, we
obtain a value of the band gap for this material. It equals
1.606 eV, which coincides with the data of the majority
of recent papers [32]. A maximum of the band which
corresponds to the upper polariton branch is pronounced
weaker and placed at approximately 1.597 eV.
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Fig. 4. The same as in Fig. 3, for the chlorine concentration
Ncp =5 x 101 ¢cm—3

In the region 1.50 — 1.57 eV, the PL spectrum of the
undoped CdTe contains a series of the lines of the edge
luminescence which consists of the main line and its two
phonon replications (see Fig. 2). Even in early works,
it was established that these lines are associated with
two types of transitions: the high-energy component
(e — A) corresponds to the electron transitions from the
conductivity band to shallow acceptor centers, and the
low-energy one does to the donor-acceptor transitions
(D — A) [33, 34]. A comparison of the spectra of the
edge PL for B- and S-specimens of the undoped CdTe
shows that, in the latter case, the relative acceptor
concentration is far greater.

Almost all researchers agree that the shallow
hydrogen-like centers, which are responsible for the
(D% X) line in the exciton region of the spectrum,
manifest themselves also in the edge luminescence. The
complicated complexes of the (Voq — 2D) type, with
which excitons are also bound, are thought to serve
as acceptor centers [23]. The edge radiation transitions
become clearly apparent upon the doping of CdTe with
chlorine, aluminum, indium [29, 31, 35].

For both kinds of cadmium telluride crystals, in the
PL spectral region (1.3 — 1.5) eV, the highly structured
band, brought about by the radiative recombination of
donor-acceptor pairs (DAP) with the participation of
longitudinal optical phonons, is evident (see Fig. 2). In
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this case, the radiation intensity is far greater for the
S-crystals (see Fig. 2,b).

The luminescence in the vicinity of 1.4 eV is typical
of the CdTe compound, and it can contain a few
constituents. Most pronounced is the band with the
zero-phonon line at 1.455eV. As was shown in paper
[36], where the single crystalline CdTe:Cl specimens
were studied by the method of optically detected
magnetic resonance, the above band is associated with
the transitions from shallow donors (isolated chlorine
atoms) to the so-called A-center containing a cadmium
vacancy and the nearest substitution atom Clp,. These
acceptor centers are induced upon the doping of the
material by halogens [37] or the elements of the IIT
group [30, 31]. The latter substitute for cadmium at the
corresponding lattice sites, and a donor at the second
nearest site forms a part of the (Voq — D) complex
[38]. As the ionization energy for the acceptor centers
of copper is 145 meV [24], it is clear that the phononless
line for the corresponding donor-acceptor transition is
also located at approximately 1.455 eV.

The third band Y with the phononless transition
at 1.477 eV is usually accompanied by weakly intense
phonon replications. This band is also observed in
the PL spectra of the S-crystals of the purest CdTe,
the characteristic of which is the absence of other
constituents within this spectral region [19, 39]. It
is shown that there exists a correlation between the
density of dislocations and the line intensity and that
the irradiation by vy-quanta, the action of non-axial
stress [40], or high-power laser irradiation [41] lead
to a line intensification. All these facts allow us to
make conclusion that the Y-band is associated with the
radiative recombination of the excitons trapped by the
field of extensive defects. It is seen from Fig. 2 that
the line under consideration is observed only in the S-
specimens of CdTe.

Let us compare the PL spectra for the S- and
B-specimens of the chlorine-doped CdTe (N¢ =
107 ¢cm™3). As is seen from Fig. 3, the exciton spectra
for the cases a and b are qualitatively similar. However,
the line W in the case b is much more intense. This
result correlates with a high intensity of the edge PL in
the case b: a greater concentration of the (Voq — 2D)
acceptor centers, which form both the line W and the
edge PL, makes the intensity of the corresponding PL
bands increase. In the region 1.50 — 1.57 eV, the PL
intensity is far less in the B-specimens, which is a result
of a lower concentration of donor-acceptor pairs. For
these crystals, as also for the case of the undoped CdTe,
the Y-band is absent (see Fig. 3,a).
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A peculiarity of the PL spectra for the specimens
with a chlorine concentration of N¢i = 107 cm™3 is
the clear splitting of the (DY, X) band into two peaks
with the maxima shifted by about 0.5 meV. These
peaks are brought about by the recombination of the
excitons, which, being bound with the donors, are either
in the ground or excited state. In the spectra of other
specimens, only the peak with a longer wavelength is
visible. However, such facts as a considerable width of
the corresponding bands and the presence of a short-
wave kink provide a foundation for the claim that the
visible peak consists of two constituents.

For both the chlorine-doped CdTe specimens with
Nai = 5 x 10" cm™3, the spectra are almost the
same (see Fig. 4). Within the regions 1.3 — 1.5 eV and
1.50 — 1.57 eV, the PL bands are identical: in both the
cases, the Y—band is evident, and the intensity of the
edge PL is far weaker than that of the donor-acceptor
pairs and the exciton PL. Contrary to the undoped and
weakly doped crystals, the zero-phonon line and the first
replication of the edge luminescence don’t split into the
(e — A) and (D — A) components. What is more, the
maximum of their phononless bands is shifted to the
short-wave side by about 10 meV. The latter fact is often
noted in the literature and explained by a growth of the
Coulomb interaction between the donors and acceptors,
as the distance between them decreases [42, 43]. For the
B- and S-specimens, small differences in the spectra can
only concern the exciton PL: the relative intensity of the
exciton PL is noticeably greater in the case b compared
to the case a.

It is known [44] that, for the series of lines which
appear as a result of the electron interaction with the
longitudinal optical phonons, the energy distribution of
the line intensities can be presented as a sum of the
Gauss functions:

e [; <h(’w0 —p;vLo — w)>2]7 (1)

where fiwq presets the energy location of the phononless
line, I' determines the width of a corresponding line, and
S is a Huang—Rhys factor, which serves as a measure
of the value of the electron-phonon interaction and is
equal to the average number of the phonons radiated in
the transition. The sum is taken over all possible phonon
transitions (p =0, 1, ...).
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Fig. 5. Decomposition (see Eq. (1)) of the edge PL spectra into
two bands — (D — A) and (e — A), for the B- (a) and S-crystals
(b) of CdTe:Cl (N¢gy = 1017 cm™3)

Let us apply this formula to the decomposition
of the edge luminescence bands for the crystals
with Neg = 107 cm™3. In our case, the PL
spectrum measured experimentally is described by a
sum of two series: I(w)/Imax = alp_a(w) + (1 —
a)l._a(w), where a and (1 — «) are the weight
coefficients which determine the relative contributions
of either the donor-acceptor luminescence Ip_4(w) or
that corresponding to the conductivity band-acceptor
transition I._4(w), respectively. The best agreement
between the experimental and theoretically calculated
curves was achieved for the following values of the
parameters: fiwr,o = 21.6 meV, Sp_4 = 0.26, hwP 4 =
1.547 ¢V, Tp_4 = 24 meV, Se_4 = 0.38, iwt 4 =
1.555 eV, I'c_a =4 meV, a = 0.64 for the B-specimens
(Fig. 5,17), and tho = 21.6 meV, SD—A = 029,
hiwP=4 = 1543 eV, T'p_4 = 1.6 meV, S._4 = 0.25,
hwe™4 = 1.548 eV, T'._4 = 5.6 meV, a = 0.21 for
the B-specimens. It is seen that, for the latter case,
the contribution responsible for the transition from the
conductivity band to an acceptor is dominant.

Similar calculations were carried out for the PL
spectra in the 1.3 — 1.5 eV region. In this case, for the
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Fig. 6. The same as in Fig. 5, for the energy region near 1.4 eV

B-specimens of CdTe:Cl, the calculations were carried
out for the DAP band with its LO-phonon replications
(Fig. 6,a), whereas the PL band for the S-specimens
was decomposed into two constituents: DAP and Y
with their phonon replications (Fig. 6,a). A value of
the Huang—Rhys factor is greater for the former case
(Spap = 1.9) than for the latter one (Spap = 1.6), see
Fig. 6.

4. Discussion of Results

The analysis of the PL spectra for the cadmium telluride
crystals grown by the method developed by us and the
comparison of them with the spectra for the analogous
crystals grown by the Bridgman method has revealed
the following principal differences:

1. For the undoped and weakly doped (N¢ =
107 em—3) crystals, the intensities of the edge PL
bands (1.50 — 1.57 eV) and PL in the vicinity of
1.4 eV are noticeably higher in the S-specimens. For
these specimens, the lines originated from the excitons
located on a shallow donor (the (D°X) line) and on
the acceptor complexes of (Vog — 2D) and (Vog — D)
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types (the G and W lines) are much more pronounced
too.

2. For the crystals grown from a gas phase
both nominally undoped and doped with chlorine,
the free exciton bands are clearly pronounced. The
total luminescence intensity in the exciton region of
the spectrum is also slightly greater in these crystals
compared to the B-counterparts.

3. For the PL spectra of the undoped and weakly
doped crystals, the Y band in the vicinity 1.4 eV
is present in the S-specimens and absent in the B-
specimens.

The first difference can apparently be explained
by a higher level of uncontrolled impurities in the S-
specimens, namely the shallow substitutional donors
which can also form the complexes with anion vacancies.
What also testifies in favour of this argument is the
smaller value of the Huang-Rhys factor in the S-
specimens, which can be a result the influence of the
shielding effect of the uncontrolled impurities on the
processes of electron-phonon interaction and the greater
concentration of donor-acceptor pairs. Since the energy
position of the (DY, X), G, and W peaks is the same for
all the specimens under study, both the undoped and the
chlorine doped ones, it is likely that it is chlorine that is
the main impurity in the nominally undoped crystal.

In our opinion, this fact results not only from the
insufficient purity of the starting materials, but also from
the technological peculiarities of the process of CdTe
crystal growth from the gas phase. The direct analyses
carried out by other researchers [45, 46] revealed a high
enough content of uncontrolled impurities in 6N Cd
and in the CdTe crystals grown from it. In particular,
the chlorine concentration reached 10'7 cm™3. When
the growth method described above is used, a single-
stage sublimation of CdTe occurs. In consequence, the
content of background impurities in a material should
decrease as a result of the purification by means of the
vacuum distillation method. However, this purification
method is not efficient at a reduction of the content
of volatile elements with a high vapour pressure, to
which Cl belongs as well. On the contrary, the use of
the liquid-phase methods results in the displacement
of chlorine into the ingot end, which is unusable in
practice [9, 47]. This occurs owing to the fact that the
segregation coefficient for chlorine is far less than 1
(0.37, or even 0.005, according to various data [48]). The
results presented in [49] confirm this fact by showing
that the Cl content is more than one order higher
in the material grown by the method of transport
through the gase phase, than in that obtained by the

698

Bridgman method, when the same starting components
are used.

We consider that, basing on the above facts, it is
reasonable to claim that the content of Cl and other
non-identified shallow donors in the nominally undoped
and weakly doped specimens obtained by the method
proposed by us are almost the same. It is this fact
that makes it possible to explain the similarity of their
luminescence spectra, contrary to the case of the crystals
grown by the Bridgman method.

Another feature of the S-crystals of CdTe consists
in the sufficiently high degree of their perfection,
the evidence of which is the presence of the clearly
pronounced PL lines originated from free excitons, with
the line intensity being slightly higher than that in
the corresponding B-specimens. On the other hand,
however, the presence of the Y band in the PL spectra
of these crystals implies that they contain a number of
extensive defects. The preliminary investigations showed
that, in the crystals grown from the gas phase, the
concentration of dislocations doesn’t exceed 10° cm™2,
but there is sufficiently high quantity of twins and low-
angle grain boundaries. The reason for their creation
is supposed to be the stresses which appear in a
crystal after its passing through the considerable axial
temperature gradient in the outgoing zone of the growth
furnace. At present, we are carrying out the detailed
studies of both the degree of structural perfection of
the material obtained and its correlation with the
conditions of the material growth within the growth
method proposed by us.
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OCOBJIMBOCTI ®OTOJIIOMIHECIIEHIITT
MOHOKPUCTAJIIB CdTe, BUPOIIIEHNX
METOJIOM CYBJIIMAIIIT

.B. Kopbymasax, C.I. Kpuaox, H./[. Baxnax, B./[. Ilonosuu,
/1.1 [Touropa

Peszowme

Omnucano crioci6 Buponrysanusi MoHoKpucrajis CdTe 3 razosol da-
31 nUIAXOM cy6uimanil y BakyyMi 3 BUKOPUCTAHHSIM BEPTUKAIBHOT
KOH®Irypariil poctopol cucremu. JLoC/IiI?KEHO CIIEKTPU HUBBKOTEM-
nepaTypHOl (hOTOTOMIHECIIeHIIT HOMIHAIBHO HEJIETOBAHUX 1 JIEro-
BAHUX XJIOPOM MOHOKPHUCTAJIIB, OTPUMAHHUX IIMM METOOM, i IIPO-
BeJIeHO X nopiBHsAHHSA 31 cuekTpamu PJI BignosingHoro marepiasy,
ozeprkaHoro MetosoM Bpimkmena. BeranosiieHo, 110 BupoieHi i3
ra3oBol a3y KPUCTAJIHM MICTATH GBIy KIJIBKICTH HEKOHTPOJIHO-
BaHUX JOMIIIOK, IIPOTE MAIOTh JIOCTATHBO BIUCOKY CTPYKTYPHY J10C-
KOHAJIICTh, PO II0 CBiIYUTH HadABHICTH B cuekTpax PJI giTko BH-
parkeHux JIiHii BIIbHUX €KCUTOHIB.
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