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Quasi-chemical equations have been proposed for the formation of point defects (PD)
and complexes thereof in germanium-doped cadmium telluride single crystals. Baric and
temperature dependences of dominant PD and free charge carriers concentrations in
CdTe:Ge have been obtained. Equilibrium constants for quasi-chemical equations of com-
plex (GeCd+VCd2‘)_ formation have been determined as well as those for germanium transi-
tion from cation to anion sublattice of the main matrix. Results of the investigation have
been explained by restricted solubility of the dopant under high temperature equilibrium
of the PD. Dependence of germanium solubility in CdTe upon temperature and partial
pressure of cadmium vapor have been calculated theoretically.

TIpennoxkeHsl KBa3MXMMUUYECKNE PeaKIUU OOPAa3OBaHMA TOYEUHBIX AE(EKTOB U UX KOM-
IJIEKCOB B MOHOKPHCTAJJIAaX TeJJIypHUAA KaIMUA, JEerMPOBAHHOIO repMaHueM. IlosydeHbl
GapuuecKue M TeMIePATYPHbIE 3aBHCHUMOCTH KOHIEHTPAIMU IPeobafaloliunX TOYEUYHBIX -
dexToB m cBoGogHEIX HocuTeneil sapaga B CdTe:Ge. OmperneneHbl KOHCTAHTHI PABHOBECHS
KBasUXUMUUYECKHUX PeakIiuii oOpasoBaHUs KOMILJIEKCOB (GeCd+VCd2‘)‘ U Iepexoja repMaHusd
W3 KAaTHOHHOM B AHHOHHYIO MOAPEIIeTKY OCHOBHOM MATPUILI. Pe3yJbTaThl HCCJIeTOBAHUI
00'bSICHEHBI OIPAHNYEHHOM PACTBOPUMOCTBIO IIPMMECH IIPU YCJIOBUU BLICOKOTEMIIEPATYPHOTO
paBHOBeCHs TOUYeUHBIX He(eKTOB. TeopeTHUeCKM PACCUNTAHLI 3aBHCHMOCTH PACTBOPHUMOCTH
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Ge B CdTe or TemmepaTypbl ¥ MapluajJbHOTO JABJIEHUS IAPOB KaIMUs.

Cadmium telluride investigations are
challenged by its wide application range in-
cluding non-linear optics, optical electron-
ics, and radiation dosimetry [1]. CdTe has a
broad set of physical and chemical proper-
ties, among which a large atomic number
and band gap width, ability to the forma-
tion of n- and p-type semiconductors, broad
range of the specific resistance values, high
transparency in the IR region, etc. The dop-
ing of cadmium telluride with germanium
results in increased temperature and radia-
tion stability of the compound. In this case,
electrical properties of doped samples remain
unchanged after heating to 423 K and do not
tend to change during a long time [2].
CdTe:Ge crystals are photorefractive [3, 4]
and also have the highest light amplifica-
tion coefficient without application of ex-
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ternal electric field among all the semicon-
ductors [5].

Directional change of the material elec-
trical and optical properties requires the
elucidation of the nature and behavior of
the intrinsic and extrinsic (doping-induced)
point defects (PD). There are many studies
devoted to solution of this question [6-9].
In the study of Yatsunyk et al. [6], single
crystals were grown using the vertical
Bridgman method. The crystals were doped
by introducing the calculated amount of
germanium into previously synthesized
CdTe (approximate germanium concentra-
tion in the sample was 2-101% cm™3). Iso-
thermal (873, 973, 1073 K) dependences of
the free charge carrier (FCC) concentrations
at different pressures of cadmium vapor
and isobaric (102, 103, 104 Pa) dependences
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Table. Quasi-chemical reactions of the intrinsic and extrinsic (dopant-induced) point defects forma-
tion in CdTe:Ge crystals annealed in Cd vapor and their equilibrium constants K = Kyexp(—AH /kT)

[11, 12]
# Reaction equation Equilibrium constant Ky (cm™3, Pa) AH (eV)
I |0=e+h" K;=np 5-1039 1.50
N 0 2 - " _ — 52
IT |Cd¥ =Cd2" + 2¢ K"¢q = [CA*IPcyn 8-10%° 2.09
0 - —\/= \4 4 _ — - -10
IV |CdRy + e = Vgy + Cd K’y = [VgglPogn™ 1-10 1.14
0 — — \/2— \4 ™ _ 2— -2 . 11
V. |Cdly+ 2 =VZ,+Cd K"y = [V&glPcqyn 810 2.08
VI |CdTe + e = Te; + CdY K'e = [Tej1Pggn 4107 1.19
VIL | Geg + V&g = Gegy + V3 + 6o 1.10118 1.7
K'ge = [GeglIVEIn[VE I ' [Gere] ™!
VIIL | [Gey,] = [Gegyl + [Gerel
IX | n+[Vggl + 2[VEq] + [Tej] + [GeT.] = p + 2[Cd?*] + 2[VZ{] + [Geggyl.
Index V. — vapor; Cdcy — cadmium atoms in the site; Cd;, Te; — interstitial cadmium and
tellurium atoms; Vg4, V5o, Gegy, Gere — vacancies and dopant atoms in both sublattices,

respectively; e~ — electron; AT — hole;

at different temperatures were determined
by six-probe conventional technique. The
experimental results were compared to
those for undoped CdTe single crystals. As
revealed, at temperatures 873-1173 K and
maximal values of cadmium vapor partial
pressure, FCC concentrations were essen-
tially the same both for samples of Ge-
doped and undoped CdTe. A significant dif-
ference was observed in the isotherm slope.
CdTe:Ge crystals showed significantly less
slope, which decreased at temperature eleva-
tion. The fact was explained by amphoteric
properties of germanium in CdTe. In the
study of Panchuk et al., it has been proposed
a model for germanium introduction into cad-
mium telluride. The model is based on as-
sumption of V%a +Gegy = (Ge&dv%a)’ com-
plex formation. These complexes are re-
ferred to have acceptor level characteristic
of CdTe:Ge. Authors [7] had built approxi-
mated diagrams of high temperature equi-
librium for the defects that describe only
incompletely the crystal sublattice in par-
ticular, at the boundary of approximation
areas. It was concluded that at low concen-
trations, germanium is located mainly in Cd
sublattice, while at concentrations exceed-
ing 5-1018 ¢cm ™3 Ge substitutes equiprobably
both Cd and Te atoms [8]. It should be
noted that CdTe centers are not confirmed
in experiment to date and stay as a model
hypothesis. In [9], different data were ob-
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—, + — charge symbols.

tained which form a basis for the statement
that Ge atoms are located only in cadmium
sublattice of the main matrix.

Despite of above-mentioned results, the
questions regarding germanium nature and
charge in cadmium telluride are today
under discussion. In this work, some new
data are presented on dominant PD and for-
mation mechanisms thereof in CdTe:Ge
crystals.

To analyze the state of defects in
CdTe:Ge, of three models of quasi-chemical
reactions describing formation of PD under
high temperature annealing in cadmium
vapor have been considered. The concentra-
tion of FCC and dominant PD under differ-
ent technological conditions have been cal-
culated theoretically taking into account the
entire electroneutrality equation.

Model of isolated pointed defects. Equi-
librium of the defects in CdTe:Ge crystals
under high temperature annealing in cad-
mium vapor with amphoteric dopant action
could been described in terms of Kroger
theory [10] by quasi-chemical reactions (see
Table). Application of action mass law to
the quasi-chemical reactions (I-VII, see
Table) makes in possible to obtain expres-
sions for concentrations of intrinsic (1) and
extrinsic (2) PD using equilibrium constants
(K) of the reactions, cadmium vapor partial
pressure Pgy, total concentration of the
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dopant [Ge,,,] and electron concentration n:

[Vegl = K'cqn/ Pegs (1)
[V&al = K"can®/ Pegs
[Ter] = K’Tein/PCd,

[CdF*] = K"'cyPey/ 2, (2
[VZ£] = K 'cavPea/ n2s
[Geyet]
(1 + K'geK"cq/ K" cq PEqn?)’
[Geto]
(1 + K"cqvPEan?/K'geK' cq)

[GeTel =

[Geéd] =

Basing on relations for defect concentra-
tions (1, 2) and taking into account the ma-
terial balance (VIII, Table) and electroneu-
trality (IX, Table) conditions, an equation
for determination of electron concentration
can be derived:

AnS + Bn® + Cn? + Dn3 - 3)
—En2-Fn-G=0,

A = 2K"c4K"cq vPEo»
B = K”Cd,VP%d(K,Cd + K,Tei + PCd)’
C = 2K'geK" &g + [Geio] K¢y vPEa»

D = K'geK"cy(K'cq + K'rei + Plcg) —
- K;K"cq vPEgs

E = PA4(2K" g vPE(K cgi + K"cq V) +
+ [GeolK'geK "co)s

F = K;K'geK"c4Pcgs
G = 2K' K" cgPE¢(K cqi + K'ca v)-

Concentration of the current carriers ny is
determined experimentally from Hall effect as

ny=n-p=n-Kpnl 4)

From equations (8) and (4), we have cal-
culated dependence of the Hall current car-
rier concentration on cadmium vapor partial
pressure (Fig. 1, curve I). It has been ob-
served a divergence between experimental
and calculated data: electron concentrations
are lower than those predicted by the
model.
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Fig. 1. Baric dependences of free charge car-
rier concentration in the CdTe:Ge (I, 2, +)
and CdTe (3, 0) crystals at annealing in cad-
mium vapor. Solid lines: calculation: I,
model of isolated defects; 2, model of associa-
tive centers; 3, undoped cadmium telluride.
[Ge = 21018 em™3, T =1073 K. Experi-
mental data are taken from [6].

Model of associative centers. The de-
crease of calculated FCC concentrations at
low partial pressures of cadmium vapour
can be provided by consideration of the ac-
ceptor complexes of germanium dopant with

cadmium vacancy (Ge&dV%‘d)’:

Gegy + VEq = (GegqVEd = 4Ger  (5)

K’p = [Aée][GeJéd]il[v%id]il ’

K, = 6 - 1028exp(1.15/kT). The material bal-
ance equation will take the form:

[Geyoil = [Gegyl + [GeTel + [Agel- (6)
Electroneutrality condition is determined as:

n + [Vgogl + 2[V&g] + [Ter] + [Getel + [AGe] =
=p + 2[Cd?*] + 2[VZL] + [Geggl- (7)

Expressions for the extrinsic defect con-
centrations are as follows:

[Getql = K'geK"colGeyor] *
% (K' oK cq(K K cqn2/ Pog + 1) +
+ K"cq vPEan®) s
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Fig. 2. Baric dependences of free charge car-
rier concentration in the CdTe:Ge (I, ¢) and
CdTe (2, 0) crystals at annealing in cadmium
vapor (model of associative centers). Geg =
6-1018 cm™3, T = 1073 K. Experimental data
are taken from [6].

[GeTel = K"cyv[GerlPéan® »
X (K'geK"cq(K' K "cqn?/ Py + 1) +
+ K¢y vPEan®

[Agel = K'GeK'pK'%d[Getot]n2 x (¢))
x (PCd(K’GeK"Cd(K'pK”Cdn2/PCd +1)+
+ K" cq vPEgn®) L.

Substituting the relations (1) and (8)
into the electroneutrality condition (7)
makes it possible to obtain an equation for
determination of electron concentration as a
function of equilibrium constants (K) for
reactions describing defect formation, cad-
mium vapor partial pressure (Pgq) and the
dopant content [Ge,,,].

The model of defect subsystem which
takes into account the acceptor associates

(Ge&dV%_dr provides a good agreement with

experiment at Pgq~ 102 (Fig. 1, curve 2),
unlike the isolated PD model. Within the
range of cadmium partial pressure 102 Pa <
Pgg4 < 10° Pa, the FCC concentration is ob-
served to increase at initially. This concen-
tration achieves a maximal value at Pgy ~
104 Pa, then it starts to decrease till the
value corresponding to undoped cadmium
telluride. The latter effect is not observed
in experiment. Hence, within the range of
cadmium vapor saturation, the model de-
scribes the experimental results inade-
quately. Perhaps this is connected with that
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Fig. 8. Temperature dependences of free
charge carrier concentration n, in CdTe:Ge at
Pgg, Pa: 102 (1, @), 103 (2, m), 10% (3, o).
®, H, ¢ — experiment [6], solid lines —
calculation according to the restricted dopant
solubility model.

L
1037, K™

the model does not take into account the
restricted solubility of the dopant. Theoreti-
cal analysis indicates that at 1073 K, ger-
manium solubility in cadmium telluride is
Geg - 1017 ecm 3 (Fig. 2) [12].

Model of the restricted dopant solubility.
When developing the model of CdTe:Ge de-
fect structure, it is taken into account that
a fraction of the dopant atoms may form
precipitates Gep. Increase of temperature T
or decrease of cadmium vapor partial pres-
sure Pcy may result in dissolution of pre-
cipitates with subsequent transition of the
dopant into solid solution. The transition
can be described by such reactions:

Ged + V&g = Geggy + 3¢, (9
Gel = Gege + V&g + 31,

In this case, the material balance equa-
tion is:

[Getot] = [Gep] + Ges, (10)

where [Gey] is the dopant total concentra-

tion in CdTe; Geg, germanium solubility in
the compound.

Geg = [Gegyl + [GeTel- (11)

Electroneutrality condition of the mate-
rial is defined as:

n + [Vogl + 2[V&4] + [Tej] + [Ger] = (12)
= p + 2[Cd2*] + 2[VFi] + [Gegql-

Functional materials, 14, 2, 2007
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Fig. 4. Temperature dependences of point de-
fect and free charge carrier concentrations in
CdTe:Ge (the restricted dopant solubility
model): 1, n,; 2, [Vegls 3, V3L 4, [TeT; 5, [V

6, [Cd?*]; 7, [Geg]; 8, [Gegyl. Poy = 102 Pa.

Expressions for the extrinsic defect con-
centrations are as follows:

[Gefe] = Ges/(l + K'GeK”Cd/K”Cd,VP%dn?)’
[Ge&d] = Ges/(l + K”Cd,VP%dnz/K,GeK”Cd)'

(13)
Substituting the relationships for defect
concentration (1, 13) into the electroneutral-
ity condition (12), we can obtain an equation
for calculation of the value of dopant solubility
Geg for every experimental dot (n, Pgy, T)
obtained from high temperature measure-
ments of the Hall effect. That calculated
value of dopant solubility will provide the
specified electron concentration n:

Geg = (14)
(S D.]\K’GeK "cd + K"ca v Peon”
= lJK’GeK”Cd — K" g g \PEqn®

where [D;] — concentrations of intrinsic PD

(reactions (1)); z;, charge of the defects. The
obtained values for germanium solubility
Geg have been approximated by exponential
dependences:

for PCd =
— 102Pa - Geg = 3 - 1023exp(-1.29/kT),
for Poy = 103Pa — Geg = 1022exp(—1.04/kT),

(15)

for Ppy = 10%4Pa - Geg =6 - 102lexp(-0.98/kT).
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Fig. 5. Temperature dependences of free
charge carrier concentration n, (I, ®) and
germanium solubility Geg (2, O) in CdTe:Ge
(the restricted dopant solubility model).
B — experiment [6], O — calculation ac-
cording to (14). Pgy = 102 Pa.

The theoretically calculated FCC concen-
trations agree well with experimental data
for investigated annealing temperature
range (Fig. 3). At cadmium wvapor partial
pressures Pgyq of 102 to 104 Pa and anneal-
ing temperatures of 800 to 1300 K, the
temperature dependences of the FCC concen-
tration are similar to each other. The elec-
tron concentration increases with increasing
annealing temperature till a certain wvalue
and then drops sharply while at low cad-
mium vapor partial pressures (Pgq -~
102 Pa), even the conductivity type inver-
sion of the material takes place and a fur-
ther increase of the hole concentration. Re-
sults of theoretical analysis indicate that
high annealing temperatures (7 = 1100-
1300 K) result in intensification of vacancy
Vegq~ and interstitial tellurium atoms Te;~
generation processes. Those prevail over the
extrinsic defects in that region and account
for the material conductivity p-type within
this temperature range (Fig. 4). The change
of two-charge donor PD concentration of
Cd2* and V-|—e2+ in the material within broad
range of annealing temperatures is insig-
nificant.

The calculated values for germanium
solubility within a certain annealing tem-
perature interval are lower than experimen-
tal values of electron concentration, that is
caused by predominance of intrinsic PD
over extrinsic ones in the material under
above-mentioned conditions (Fig. 5). At in-
creasing cadmium vapor partial pressure,
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this annealing temperature interval in-
creases, while germanium solubility de-
creases.

It should be noted that for all investigated
values of technological annealing factors, ger-
manium concentration in tellurium sublattice

[Get.] is by 8-8 orders lower than that in

cadmium sublattice [Gegy]l. Therefore, the

Hall concentration of charge carriers ny in
crystals is controlled mainly by doping cen-

ters [Gegqyl and intrinsic PD.

To conclude, a model of quasi-chemical
reactions has been proposed for the defect
formation with account of restricted germa-
nium solubility. This model describes ade-
quately the defect subsystem CdTe:Ge at
high temperature annealing in cadmium
vapor. Dependences of free charge carrier
concentrations and dominant point defects
upon technological conditions (annealing
temperature and cadmium wvapor partial
pressure) have been calculated. It has been
established that within the annealing tem-
perature range of 800 to 1250 K, and par-
tial pressure of cadmium vapor Py, of 102
to 10% Pa, germanium is located mainly in
cadmium sublattice, what account for the
electron conductivity of the material. Tem-
perature dependences of Ge solubility in

CdTe at different partial pressures of cad-
mium vapor have been determined.
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Hominyioui ToukoBi gedekTHn
y aderoBanomy Teaypunai kagmiro CdTe:Ge

A.M.Dpeix, Y. M. ITucknruneyo, J.H.Mexcunoécoka

3anpornoHoBaHO KBasiximiumi peakiii yrBopeHHs TOUKOBUX me(eKTiB i iXx KommieKkciB y
MOHOKPHCTAJIAX TEJIYyPULYy KaaMmiio, jerosaHoro repmaniem. Omep:xano GapuuHi Ta Temiepa-
TYPHI 3aJIeKHOCTI KOHI[EHTPAIlill mepeBarkalounx TOYKOBUX AedeKTiB i BirbHUX HOCIIB 3aps-
ny B CdTe:Ge. BusHaueHO KOHCTAHTH PiBHOBarm KBasiximMiuHmx peaxmili yTBOpeHHS KOM-
TJIeKCiB (GeCd+VCd2‘)_ Ta Iepexony repMaHil0 3 KaTioHHOI HiArpaTKU B aHIOHHY OCHOBHOI
matpunii. PesyabraTu ZOCHifKeHHA MOACHEHO OOMEKEeHOI0 POSUMHHICTIO JOMINIKY 3a YMOBU
BUCOKOTEMIIepaTypHOI piBHOBaru TOUKOBUX AedeKTiB. IIpoBemeHO TeOpeTUUHUII PO3PAXYHOK
posunnnocti Ge B CdTe y samesxuocTi Big Temnepatypu i mapiiiaJbHOro TUCKY HMapy KagMiio.
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