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Results of Hall effect measurements of cadmium telluride crystals, doped by silicon (dopant concentration in
the melt was 10% - 10" cm®), allowed to classify the studied samples and the conditions under which probably
the definite crystal and impurity states are realized. We have found the distinction between 3 type of CdTe:Si
crystals: (1) low-resistance p-type crystals with shadlow acceptors, in which Si impurity is localized mainly in the
large inclusions; (2) semi-insulating crystal with deep acceptors and submicron size dopant precipitates that are
source/drain for interstitials Si; - shallow donors; and (3) low-resistance crystals in which the n-type conductivity
is provided by shallow donors: Si; (and/or Sicg). Therefore the silicon is responsible for n-type conductivity of
doped samples, introducing as adonor Si; and provides semi-insul ating state by forming deep acceptor complexes
(Sicg Vo) with (B, + 0.65 V). Besides, the submicron silica precipitates, that have a tend to "dissolution” at
relatively low temperatures, can act as e ectricaly active centers.
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I ntr oduction

In CdTe crystals, grown from the melt in quartz
containers, silicon impurities very likely are present. Its
content sometimes reaches 10%-10" at/cm?®, which is
substantially higher in comparison to other uncontrolled
impurities [1-3]. However, definite conclusions
concerning the electrical activity of thisimpurity in CdTe
crystals are absent. In particular, in [4] it was not
observed dignificant differences in the eectrica
properties of CdTe:Si and undoped CdTe crystals, grown
under similar conditions. At the same time, attention is
drawn to a high yield of n-type materia that is unusual
for undoped crystals. Note, that the photoluminescence
[4] and cathodoluminescence spectra [5] for the undoped
and dlicon doped crystals differed substantially for
samples from different portions of a single crystal. Some
information about CdTeS crystal properties was
published in [6-7], however the results do not match
those of previous works. deals with CdTeS crystals
electrical properties. This discrepancy in the results
requires further investigations of CdTe:Si crystals.
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|. Experiment

CdTe coystals were doped by S (dopant
concentration in the melt C, = 10'® + 10"° cm®) and
grown in graphitized quartz ampoules by the vertical
Bridgman method.

The temperature dependences of the Hall coefficient
Ry and n=1/eRy dectrical conductivity o, and hence
carrier concentration (n) and mobility (u) in samples cut
from different parts of the CdTe ingot were investigated.

The measurements were performed both in low-
temperature (LTM) (T =77 + 420 K) (Fig. 2, 3), and in
high-temperature (HTM) regions (T =520+ 1250 K)
(Fig. 4, 5). At high-temperature the investigation were
performed under Cd-saturated overpressure in 2-zone
furnace [8]. Photoexcitation of the samples was ensured
by monochromator IRS-12. IR images of second phase
were obtained using Leitz microscope with IR camera
Pixelink PL-A741.
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Fig. 1. The common distribution of small and large
inclusionsin CdTe:Si sample.
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Fig. 2. The temperature dependence of the Hall
coefficient in the samples, cut from different parts of
the ingot (g=x/L, where x — axia coordinate, L — the
length of the ingot) with different concentration (C)

of S dopants in the melt: C, = 10'® cm™; 1-g = 0.11;
1-9g=093 C,=240%cm? 2-g=013; 2 - g= 05;
C, =340% cm™®, 3-g = 0.2, 3" - g = 0.6; 3’ with its
intrinsic photo-excitation; C, =10" cm?®; 4-g = 0.3; 4;—
after STT. Near the sample's number their conductivity
type

Il1. Resultsand discussion
The LTM results evidenced that all investigated

samples can be divided into three groups:
1 - low-resistance p-type samples (curves 1*, 2, 2* in
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Fig. 2), in which conductivity is determined by the
acceptors Al (Ey+0.05 eV) or A2 (Ey + 0.12+0.14 eV);

2 - high-resistance samples of p-and n-type (lines 1,
3*, 4), the conductivity of which is determined by the A-
acceptors (Ey+0.65 eV) or the donors D (Ec -
0.6, 0.7¢eV);

3 - low-resistance samples (curves 3, 4,*) with n-
type donors D1 (Ec-0.01 eV). The carrier mobility (Fig.
3) in the samples of groups 1 and 3 is controlled by
traditional scattering mechanisms. on optical lattice
vibrations and on ionized impurities. At the same time
for the samples of group 2 (curves 1 and 3*, 4) the
temperature dependence of the mobility is exponential:

nEmyexp(-ey/kT),

which is typical for crystals with drift barrier height g,
[9]. Heating of such samples during measurement (at
T>373 K) is accompanied by isothermal increasing of
carrier mobility and decreasing of barrier drift height.
Moreover short temperature treatment (STT: T=1073 K;
t=1 min.) and HTM are accompanied by such radical
changes in the defect-impurity system state (DIS), that
the samples “move’ to the group 3 with an eectron
concentration n~10"+10" cm™® When storing these
samples (at room temperature) a dow relaxation of the
carrier density and mobility to state of the group 2
samplesis observed.

At intrinsic photoexcitation (hn~Ey) the samples of
2  group show (T<300K) an electronic
photoconductivity with temperature quenching (curve
3*p, in Fig. 2). At the same time in the spectra
photoconductivity dependence at T=79 K (see inset in
Fig. 2) and hn < 1.2 eV the electron photoconductivity is
replaced by the hole one.

It is known that the electrical parameters of CdTe
ingots, obtained by the Bridgman method and doped by
Ge, Sn impurities during the growth [10], are forecasted,
reproducible and go into the range of 2-3 orders of
magnitude in the carier density. Herewith the
conductivity is controlled by deep centers with levels
located near the middle of the forbidden gap. At the same
time CdTe-Si crystals, grown under similar conditions,
exhibit a wide range of edectrical parameters values:
conductivity type, charge carrier density, mobility and
the nature of their temperature dependence.

The reason for such differences can be found in
different incorporation character of S into the crystal
matrix, on the one hand, and Ge, Sn, on the other hand.
Firg, the Ge and Sn segregation coefficients in cadmium
telluride are substantialy less than unity. Therefore these
impurities (at enough temperature gradient a the
crystallization front) are “pushed” to the top of the ingots
and there the impurity phase division is observed, due to
the limited solubility of these impurities. At the same
time, the segregation coefficient of Si impurity in CdTe
is close to unity (exceeds a little). It means that during
the doped crystal growth the impurity has to be evenly
distributed aong the ingot or to be dightly pushed in the
lower part of theingot.

It is clear that if we used the values C,2 10" cm™ all
the amount of the S impurity can not dissolve in the
solid phase. And o at the crystallization front impurity
inclusions of awide size range are formed [9].
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Fig. 3. Temperature dependence of the e ectron and
hole mobility in the CdTeS samples (curves
corresponds to the numbering in Fig. 2). The arrows
on the curves 1 and 4 indicate the direction of the
temperature change during the measurement.

Secondly, it is believed that Ge(Sn) impurities
introduced into the lattice occupy only nodal positions
Gegy and eventually Gere. At the same time, considering
the silicon atoms small size one must assume aso
intergtitial positions Si; for S impurity besides the nodal
ones (Sicg and Sitg,. The latter defect provides mobility
of defect-dopant system by fast intergtitial or dissociative
diffusion.

We assume that in CdTe crystals, doped by silicon,
are  present, besides uncontrolled  impurities,
imperfections like Sicg, Si;, cadmium vacancies Vg,
associates (SicgVcy), as wel as both massive and/or
microscopic  impurity  inclusions (second phase,
precipitates). In this case, the reactions of the latter with
the isolated impurity atoms are written below:

D

S'+e ® Si(phase)
Si (prec) <> Si+ e (2)
i.e, the phases may grow at the expense of intertitial
atoms, and precipitates can both “dissolve’ and
"condense'. Precipitates dimensons determine the
temperature range where the reaction (2) occurs
intensively: the smaller the precipitates are, the lower are
temperatures of the “dissolution” (if the crystal is heated)
or "condensation" (when cooling) processes.
Consequently, in the 1¥ sample group the Si impurity
is virtually eliminated from the game due to the
dominance of impurity phases. And such samples show a
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temperature dependence of the electrical characteristics
similar to those of the undoped crystal, due to
uncontrolled impurities and intrinsi ¢ defects.

It is clear that at temperatures T ~ 373+423 K small
precipitates "evaporate' or "condense'. However large
inclusions (Fig. 1) are also present in such samples. They
decay at STT or HTM with generation of thermal donors
Si;. This donor behavior (the n-type conductivity) of
CdTe'Si sample one can see in Fig. 4 in the whole range
of investigated temperatures. If we assume that a
complete precipitates breakdown occurs at the HTM,
then the “final” electron density (Fig. 5) can be
considered as the limit of solubility of Si impurities at
high temperatures. [Si]~2 10 om® At low
temperatures the processes of precipitates reforming,
accompanied by a decrease of the electron concentration
and the formation of drift barriers, occur in samples,
subjected to heat treatment with precipitate
decomposition.

The precipitates role is decisive in the group 3
samples and especially in the group 2 ones. In particular,
the drift barriers are formed on space charge regions that
appear due to eectrons depletion of the area around the
precipitates when reaction (2) goes in the reverse
direction. Conversaly, the progress of this reaction in the
forward direction provides attenuation or even
disappearance of the barrier structure.

Impurity phases and precipitates are distributed
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Fig. 4. The temperature dependence of the eectron
mobility of Group 2 sample (high-temperature
measurements).
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Fig. 5. The temperature dependence of the eectron
density of Group 2 sample (high-temperature
measurements. Cd vanor nressure).
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unevenly over the crystal. Therefore no position in the
ingot samples ("g"-value), nor the impurity concentration
in the melt (C,), determine samples belonging to the

selected group.
Samples of 2™ group show the dectrica
characteristics (activation energy of equilibrium

conductivity, eectron intrinsic photoconductivity and
hole-impurity ~ ones, thermal guenching  of
photoconductivity) similar to the crystal CdTe-Ge [11].
Therefore, under certain conditions, the introduction of
S impurity in CdTe crystals alows the introduction of
deep acceptors (possibly, (SicqVed®) associates), which
are dow recombination centers. However, the presence
of interditiad donors Si; in CdTe-S crystals, and as a
conseguence the tendency to precipitation leads to
instability of defect-dopant system unlike of stable CdTe-
Gecrydtals.

Conclusions

The approval of eectrical inactivity of S impurities
in CdTe crystals is erroneoudy. This impurity provides
n-conductivity of doped samples, introducing as a donor

[1]
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[3]
[4]
[5]
[6]
[7]
(8]

Si; and provides semi-insulating state by forming deep
acceptor  complexes (SicqVes”). Finally, submicron
silica precipitates, that have a tend to "evaporation” at
relatively low temperatures, can be seen as eectrically
active. Consequently, the presence of such impurities in
CdTeisundesirable.
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VY pobori HaBeieHI pe3ynbTaTH HOCIHIUKEHb TEMIEPATYPHHX 3aJIe)KHOCTEH eJNeKTPONpOBIIHOCTI Ta
nocriiiHoi Xomna y kpucranax CdTe, jeroBanux KpeMmHieM (KOHILICHTpallisl JOMILIKK y po3iuiaBi Oyna 10" -
10" cm®). Tposemena knacudikaris IOCIIKYBAHHX 3pa3kiB i YMOB, TPH SIKHX MOXYTh peaii3yBaTHCS
KOHKPETHi JOMIIIKOBI CTaHH. 3HANIEHO BIAMIHHICTE MK TphoMa rpynamu kpucranis CdTe:Si: (1) - Hu3bKooMHi
KpHUCTQILy P-THILYy 3 MUIKMMH aKLENTOPaMH, Y SIKMX JOMilIKa Si JOKai30BaHa TOJOBHUM YHHOM Y BEJIMKHX
BKpaIUIeHH:X; (2) - HaIliBi3OJIIOI0YI KPUCTAIM 3 IIMOOKMMHM aKLENTOPaMH 1 HpeuumniraraMu S cyOMiKpOHHOI'O
poO3Mipy, sKi € JDKepeloM MiXBY310BUX MiNKuX MOHOPiB Sij; (3) - HHU3BKOOMHI KpUCTaid, y SKHX N-THII
MPOBiTHOCTI 3a0e3meuyeThesi MiIKUMHU JoHOpaMu Sij (/a60) Sicq. TakuM YMHOM, KpeMHil BiamoBifanbHUI 3a N-
THII NIPOBIJTHOCTI JIETOBAaHUX KPHCTATIB, SIKIO BiH BIPOBADKEHUH K NOHOP Sij i 3a0e3nedye HamiBi30MrOI0UHIT
CTaH IUIAXOM (OPMyBaHHA IJIMOOKMX AaKLENTOPHUX KOMILIEKCIB (SiCd'VCdZ')' 3 EHEepreTHYHHM piBHEM
(Ey + 0,65 ¢B). CyOMikpoHHI TpelMIiTaTd KPEeMHil0, [0 MalTh TCHJACHI[IO 0 PO3YMHEHHS HPH BiJHOCHO
HHU3bKHX TEMIIEpaTypax, MOXYTb AiSTH SIK €IEKTPUYHO aKTUBHI LICHTPH.

KirouoBi ci1oBa: Termypun KaaMiro, CUITILIN, JIEryBaHHS, €IEKTPHYHI BIACTHBOCTI, JOMIIIIKa, IPEIUITITATH.
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