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In order to eliminate the Te inclusions in Cdjg¢Zn, (Te crystals grown with the tellu-
rium excess, a hot zone method was used, similar to the traveling heater method, but
without additionally weighted tellurium. After such heat treatment, a significant decrease
of the density of secondary-phase inclusions was observed. Based on the studies of the Hall
constant temperature dependence, a decrease in the concentration of shallow A; (g, =
0.03 eV) and deeper A, acceptors (¢, = 0.15 eV) was found; as well, a decrease in the
magnitude of the absorption coefficient in the visible and infrared regions of the spectrum
was noticed. The concentration of ionized centers was reduced by almost an order of
magnitude; this indicates a significant increase of the material purity.

Keywords: Crystals, purification technology, tellurium inclusions, impurity concentra-
tion, acceptors.

Ounmenns kpucraxis Cd,  Zn,Te Bix Bekpamrens Te meromom rapsdoi 30HH.
C.B.Conodin, C.I'[pemawmnenxo, M.I'Konicnurx, A..Kanax, I'.I.Papeunrxo, 3.I.3axapyk,
I1.M.Douyr

IIna ycyHeHHs BKpAIJIEHb 1€ y KPHCTAJax Cd0,92n0,1Te, BUPOIIEHUX i3 HAJJINIIKOM
TEJIyPY, 3ACTOCOBAHO METOJ rapsuoi 30HU, CXOMKUH 10 METOLYy PyXOoMOr'o Harpisaua, aje 06ea
nomarkoBol HaBayKKM €. Ilicaa rtakoi TepMooOpoOKu 3ad)iKcoBaHO 3HAUHE 3MEHIIEHHS Tyc-
TUHU BKpanjaenb apyroi dasu. Ha ocHOBI pmocnmifikeHb TeMUIepaTypHOI BajJeKHOCTI KO-
edpinienTa XoJyna BUABIEHO 3MeHIIeHHA KOHIeHTpamii minkux A; (¢, = 0,03 eB) ta rau6-
mux axmenropis Ay (€4 = 0,15 eB), a Takox 3MeHINEHHA BeIWYHMHHU KoedilieHTa IOTIMHAH-
HA y BuAuMil Ta indpauepBonili obimacTtax cuexTpa. KoHmenrpaiiis ioHizoBaHuMX IeHTpPiB
SMEHIIWJIacAd MaliyKe HA IIOPSAIOK, I[0 BKA3ye HA CYTTEBE HiABUIIEHHS YUCTOTU MaTepiaray.

Insi yerpaHeHUWs BKPATUIEHWN |€ B KPUCTALIAX CdoygznOJTe, BBIPAIIIEHHBIX ¢ U30BITKOM
TeIypa, IPUMeHeH METOJ ropsueil 30HbI, MOXOMKUN HA METOJ MOABIKHOTO HATPEBATEJNA, HO
0es momoHUTE bHON HaBecKu |e€. Ilocie Takoil TepMooOpaboTKM 3aPUKCUPOBAHO 3HAUUTEIb-
HO€ yMeHLIIeHNe IJOTHOCTH BKpPaIlieHuil BTopoil (¢asni. Ha ocHoBe mcceiemoBaHmil TeMmIiepa-
TypHO# s3aBucUMOCTU Kodpdurmenta XoJia BHIABICHO YMEHBIIEHNE KOHIEHTPAIUY MeJIKUX
Ay (¢4 = 0,03 5B) u Gosee TIy0OKUX aKIenTopoB A, (€4, = 0,15 oB), a Taxe yMeHbIIEHHA
BeJINYMHBI KO(PUIMEHTa MOTJIONeHNUs B BUAWUMON W WHMPaAKPacHOU o00JacTAX CHeKTpAa.
Konmeurpamnus HOHU3UPOBAHHLIX IIEHTPOB YMEHLIINIAChL IOUTH HA MOPALOK, UTO YKAa3LIBAET
Ha CYIeCTBeHHOe IMOBLINIeHNe YACTOTE MaTepuasa.

1. Introduction for the production of X- and gamma-ray
detectors. Despite the well-developed tech-
nology for growing CZT crystals [1-5], ob-
one of the leading semiconductor materials taining a semiconductor material with a

The Cd,_Zn,Te (CZT) solid solution is
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minimal amount of defects remains the ac-
tual theme for researches. One of the most
widespread defects during the growth of
CZT crystals is Te inclusions, caused by the
retrograde solubility of tellurium and cap-
ture of melt drops, enriched by Te, during
the solid phase crystallization [6]. The pres-
ence of Te inclusions affects the optical and
electrical characteristics of the material, re-
ducing the performance of detectors, dimin-
ishing the mobility of carriers and charge
collection efficiency [7—9]. For complete
elimination or reduction of the size and the
number of secondary-phase inclusions in the
CZT matrix, a post-growth heat treatment
(annealing) of crystals is used [10—-12]. Such
treatment is usually carried out in the at-
mosphere of both Cd and Te vapors [13,
14]. However, the elimination of bulk Te
inclusions by such methods results in the
appearance of interstitial atoms and anti-
structural defects, as well as a possible
change in stoichiometry, which complicates
the use of these crystals as detectors [15].
In papers [16, 17], it is shown, that in the
CdTe and Cd,;_,Mn,Te crystals it is possible
to eliminate the Te inclusions, avoiding
these disadvantages, if a modified traveling
heater method is used, but without an addi-
tionally weighted tellurium (hereinafter —
method of purification by the hot zone
(MPHZ)). The hot zone temperature must be
higher than the Te melting temperature,
but lower than the matrix one. The rate of
zone movement along the crystal is very
slow (0.6 mm/day). Molten Te inclusions
travel together with the zone and, at the
end of the process, they were brought to the
surface of the ingot. Herewith, the
stoichiometry of the material does not
change and its electro-physical parameters
are improved. The advantage of the MPHZ
is that Te inclusions enriched by uncon-
trolled impurities simultaneously move to
the surface of the ingot, thus the crystal is
purified from these impurities.

In this paper, we evaluated the MPHZ
efficiency to eliminate the Te inclusions in
CZT crystals.

2. Experimental

For the research, two CdygZng(Te crys-
tals were grown by the Bridgman method.
High purity (6N) elemental Cd, Zn, and Te
components were used. To provide a signifi-
cant amount of Te inclusions, a Te excess (~
5-1018 em™3) was added specially to the
stoichiometric composition of the solid solu-
tion. Wafers of ~15 mm were cut from
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both ends of as-grown crystals for the
preparation of control samples. Further, the
crystals in the evacuated quartz container
were inserted into the setup, in which a
narrow zone heater was slowly moved along
the container. The heater movement rate
was 0.6 mm/day, and the temperature of
hot zone was: T = 780 K (crystal No. 1) and
T =870 K (crystal No. 2).

Changes in the amount and morphology
of Te inclusions before and after the MPHZ
application were evaluated using infrared
(IR) transmission microscopy. Since the ma-
trix of CdggZng4Te crystals is transparent
for IR-wavelengths and Te inclusions are
opaque, the IR-images show the shape, size
and location of inclusions, as well as their
distribution within the crystal. Images of
crystal’s bulk were obtained using a Leitz
microscope, equipped with an infrared cam-
era Pixelink PL-A741.

Electro-physical measurements were car-
ried out on rectangular single-crystal sam-
ples (12x2x1.5 mm3) with two pairs of po-
tential contacts in DC-mode and magnetic
field of B = 0.5 T. Current contacts and
two pairs of Hall contacts were created by
the chemical deposition of copper from
CuS0O, solution followed by soldering of
copper wires with In—-Sn alloy. Signals were
measured by an electrometer with input re-
sistance of 1012 Ohm and sensitivity of
0.1 mV. Temperature dependences (TD) of
specific conductivity ¢ and the Hall con-
stant Ry, as well as the Hall mobility of
current carriers U= O6Ry were investigated
in the temperature range of 90+400 K.

The transmission spectra of the samples
before and after MPHZ were studied on an
infrared spectrophotometer IRS-29 (wave-
length range of 2.4+25 um) and on an auto-
mated setup based on the diffraction-lattice
monochromator MDR-2 (wavelength range of
0.40+0.95 um).

3. Results and discussion

Comparison of IR-images of CdggZng4Te
samples before and after MPHZ (Fig. 1)
shows the high efficiency of this method for
these crystals: the density of inelusions in
crystals was ~ 105 cm ™3 before MPHZ, and
1+10 cm™3 after MPHZ.

Samples of CdygZng Te crystals before
and after MPHZ are characterized by hole
conductivity, and their resistivity before
and after MPHZ was, respectively: 1.4 and
5.6 Ohm-cm (crystal No. 1), 25.4 and 27.4
Ohm-cm (crystal No. 2). Fig. 2 shows the
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Fig. 1. Typical IR-images of Cdj4Zn, (Te crystal samples: before (a) and after (b) MPHZ

Hall constant TD of the samples. Based on
these data, within the framework of a model
of compensated acceptors [18—20], the type of
acceptors controlling the p-conductivity was
determined and their concentration was esti-
mated. For calculations based on the experi-
mental curves (Fig. 2), the following values
were used: effective mass of holes m, =
0.63m, [21], a statistical factor = 4 for ac-
ceptors A; and P = 2 for acceptors A, [18]. It
was determined that in sample 1 (curve I),
there are shallow acceptors A; (E4 = 0.038 eV)
at T<160 K and deeper acceptors Ay
(E4=0.15 eV) at higher temperatures. In
other samples, only the acceptors A, exist,
while the acceptors A; are fully compensated.

More complete information on the state
of defect-impurity system in the studied
samples was obtained from the TD analysis
of hole mobility u (Fig. 38). The influence of
three mechanisms of current carrier scatter-
ing was taken into account: on crystal lat-
tice vibrations (on optical phonons), on iso-
lated ionized centers with concentration N,
and on space-charge regions (SCRs) [22].

I9(R,, (cm®C),)

12

10%/(T, K)

Fig. 2. Temperature dependences of the Hall
constant Ry for Cdjg¢Zng,Te samples: 1, 2
— crystal No. 1, before and after MPHZ; 3,
4 — crystal No. 2, before and after MPHZ,
respectively.

acter of mobility TD at low temperatures
(sample No. 1 in Fig. 8a and sample No. 2
in Fig. 3b).

The value of mobility u,, caused by scat-
tering on the SCR was calculated by the

Table 1. Electro-physical characteristics of Cdy¢Zn, 4Te crystal samples before and after MPHZ

No. of |  State of T =300 K N, em™3 | [4;], em™® | [4,], em™3 | [D], em™3
crystal sample Ry, em3/C W, em?/(V-s)
1 before MPHZ 1.0-102 73 3_0.10171.8cdotB;’)/(i;’/oA”pB 5.5.1016 1.6-1017
1
after MPHZ 2.8.102 50 4.5-101‘1)-gcdotB‘Vtig/oA”pBL.G-lolﬁ 2.3.1016
10

The involvement of the third scattering
mechanism is caused by the need to coordi-
nate anomalous low wvalues of mobility at
high temperatures (at 300 K) with the char-

Functional materials, 27, 3, 2020

formula pug ~ (p)1/3775/6, where p; is the
value of the screening charge (for low tem-

peratures: p; = p,).
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Fig. 8. Temperature dependences of hole mobility in Cd,4Zn;,Te samples of crystal No. 1 (a),
crystal No. 2 (b): 1 — before MPHZ, 2 — after MPHZ; 3 — calculated for sample after MPHZ by

the exception of scattering on the SCR; y, is limited by scattering on the lattice vibrations [18].

The u, was removed from the experimen-
tal values l,,, by the Yamada rule [18]:

and TD of the mobility u limited only by the
first two scattering mechanisms was calcu-
lated (curve 3 in Fig. 3).

The overall purity of the crystals can be
estimated by the total concentration of ion-
ized scattering centers N;. The N; value was
determined using the carrier mobility TD
and the Brooks-Hering formula [18] for cal-
culation of the mobility limited by scatter-
ing on ionized impurities. The concentration
of shallow acceptors A; and compensating
donors D was also evaluated (Table 1).

The effect of MPHZ is obvious: it provides
a decrease in the order of concentration of
ionizing centers in both crystals. This de-
crease was mainly due to the decrease in the
concentration of shallow acceptors A; (and
compensating donors), the concentration of
deeper acceptors Ay changed slightly.

In the absorption spectra obtained in the
photon energy region of (0.05+0.5) eV
(Fig. 4), two regions can be noted: A — impu-
rity absorption and B — absorption by free

o,cm

hv, eV

Fig. 4. Infrared absorption spectra (o; in
Table 2) of Cdy4Zn, ,Te samples: I, 2 — crys-
tal No. 1 (before and after the MPHZ, respec-
tively), 3. 4 — crystal No. 2 (before and after
MPHZ, respectively).

carriers. It is difficult to separate these re-
gions reliably, but it can be argued that the
transition from region A to region B corre-
lates well with the ionization energy of ac-
ceptors A,. The absorption of photons by these
acceptors can be described by the reaction:

AY + (hv); > A5 + ht. (2)

Table 2. Coefficients of impurity absorption and concentration of the corresponding acceptors in

Cdy Zng 1 Te crystal samples

No. of crystal |State of sample [A,], ecm 3 oy, em 1 0.15 e\/:)3 (4,1, 0y, em 1
cm (1.55 eV)

1 before MPHZ ~ 5.5.1016 6.61 1.8-1017 —

after MPHZ 4.6-1016 5.30 0.9.-1016 —

2 before MPHZ 1.6-1016 1.51 3.3-1016 42

after MPHZ 1.2.1016 1.08 0.3-1016 30
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Table 8. Comparison of the electro-physical characteristics of CdTe [16], Cdj gsMnj g5Te [17] and
Cdg ¢Zng 1 Te crystals before and after MPHZ

Crystal before MPHZ after MPHZ
N, em™3 Conductivity N,, em™3 [4:] em™3 [45], em™3 [D], ecm™3
type
CdTe ~ 81017 n 1.0-1016 0.5-1016 0.5-1016
Cdg g5Mng g5Te ~ 3.1017 p 9.DcdotB°/(ig/oATMpB 2.8.1016 2.7.1016 4.5.1016
' ' 10
In this regard, the results of optical and %0 ;
electrical measurements can be compared:
the value of impurity absorption coefficient 40+
oy with the calculated concentrations of ac- 2
ceptors A3 in samples before and after g
MPHZ (Table 2). It can be seen that an in- =
crease of heater temperature in the MPHZ 20
process from 780 K to 870 K did not affect
the purification quality. 104
As to shallow acceptors A, they are also
involved in the light absorption processes,
but no gqod correlatign between the optical %50 152 154 156
and electrical data, as in the case of acceptors Y

Ay, has been found for them. The spectral
dependences in an intrinsic absorption region
(Fig. b) confirm the improvement in the opti-
cal transmission in crystals after MPHZ.

MPHZ was previously used for the puri-
fication of undoped CdTe crystals [16] and
for Cdg gsMng g5Te crystals [17], so it will be
useful to compare the results, obtained in
this paper for CdggZny 4Te with the results
presented in the mentioned works. Analysis
of the data, summarized in Table 3, shows
that MPHZ has the greatest influence on
the purification of undoped CdTe crystals:
tellurium inclusions was practically absent,
the crystals conductivity changed from p- to
n-type, and the concentration of ionized
centers decreased by more than an order of
magnitude, the carrier mobility increased
from 61 ecm?2/(V-s) to 920 cm?2/(V-s), and
conductivity began to be controlled by the
shallow donors (Ep < 0.02 eV) [16]. The Te
inclusions were also effectively eliminated
in the case for Cdgg5Mng g5Te crystals, how-
ever, the p-type conductivity remained, and
concentration of ionized centers was re-
duced only by ~ 8.5 times [17]. Cdg gZng 4Te
crystals occupy an intermediate position in
the MPHZ efficiency, although the conduc-
tivity type of the crystals has not changed,
but concentration of ionized centers de-
creased by ~ 6.5 times.

Since the technological parameters in the
purification process of all three crystals re-
mained the same, it is very probably that

Functional materials, 27, 3, 2020

Fig. 5. Spectral dependences of the absorp-
tion coefficient in Cdy¢Zny  Te samples of
crystal No. 2: 1, 2 — before and after MPHZ,
respectively.

the presence of additional impurities in Mn
or Zn components is affected the MPHZ ef-
ficiency. Because Mn is more dirty (4N-5N)
than Zn, it can be the source of a large
amount of uncontrolled impurities in the
crystal, the concentration of which is diffi-
cult to significantly reduce using MPHZ.

4. Conclusions

The application of the hot zone purifica-
tion method (zone temperatures of 780 K,
870 K, the zone speed 0.6 mm/day) to the
Cdy gZng 1Te crystals effectively eliminates
the Te inclusions; this improves the crystal-
line quality and optical transparency. It is
ensured that the crystal is free from uncon-
trolled impurities that dissolve in molten
tellurium, namely:

— the concentration of shallow acceptors
A; reduces by an order of magnitude (g4 =
0.03 eV), which leads to the reduction of
light absorption coefficient near the edge of
the fundamental band;

— the concentration of acceptors A,
(¢4 = 0.15 eV) reduces, which leads to the
reduction of light absorption coefficient in
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the infrared the

(0.15+0.35) eV.

Taken together, these effects lead to the
reduction in the concentration of ionized cen-
ters by almost an order of magnitude, that is,
to an increase of the material purity.

region of spectrum
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