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In this paper, an assessment of the quality of a solid solution of CdSeo2Teos is done by study of its
transport properties. The description of the kinetic phenomena is carried on the base of the wave function
and self-consistent potential for CdSexTe1-x (x =0.2) solid solution which were determined from the first
principles using the projector augmented waves as implemented in the ABINIT code. The scattering pro-
cesses were considered in the framework of short-range scattering models where the electron interaction
with polar and nonpolar optical phonons, piezoelectric and acoustic phonons, static strain centers, neutral
and ionized impurities was taken into account. The transition matrix elements were obtained by integra-
tion over the unit cell using three-dimensional B-spline interpolation. For crystals with impurity concen-
tration of 5.6 x 1015 + 5 x 1018 cm -3, the temperature dependences of electron mobility and Hall factor in
the range 15+ 1200 K are calculated. The theoretical curves obtained in the short-range approach differ
qualitatively and quantitatively from those obtained within the long-range models in relaxation time ap-

proximation.
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1. INTRODUCTION

At present, the main method for increasing the effi-
ciency of solar cells based on cadmium telluride is the
using an additional absorbent layer created on the base
of triple compounds of cadmium chalcogenides, in par-
ticular the CdSe:Te1-» solid solution [1-4]. This solid
solution has the unique photovoltaic parameters neces-
sary for the production of solar cells [5-9]. Therefore,
the study of the quality of these absorbing layers is an
actual application problem.

In this paper, it is proposed to make an assessment
of the quality of CdSe;Te1-x (x=0.2) crystals by ana-
lyzing their kinetic properties. The description of the
kinetic properties is carried out on the base of the wave
function and self-consistent potential for CdSexTei-«
(x = 0.2) solid solution which were determined from the
first principles using the projector augmented waves as
implemented in the ABINIT code [10]. The description
of the electron interaction with different types of the
point crystal defects is made using the short-range
scattering models [11-14].

2. THEORY

Initially it was assumed that the lattice constant
corresponding to the composition x=0.2 of the solid
solution is equal to ao= 6.4 A. This value was used to
calculate the wave functions and self-consistent poten-
tials in CdTe and CdSe crystals. These wave functions
and self-consistent potentials were determined from
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the first principles on the base of projector augmented
waves (PAW) [15]. The PAW basis functions have been
generated by means of the AtomPAW [16] code for the
following valence states: {5s25p%4d10} for Cd,
{4s25s24p25p4} for Te and {4s24p4} for Se, respectively.
The exchange-correlation potential was selected in the
form of PBEO [17-19] obtained from the functional of
the exchange-correlation energy

EPPP p= EPPF[ p]+ 1/4(E5F [Yea ] EfBE[P4d]) » (1)

where PBE corresponds to the exchange-correlation
energy functional and ¥,,, pis are the wave function

and the electron density of the selected Cd electrons,
respectively.

To obtain the wave function of the CdSexTe1 -« solid
solution, the following consideration was used: on the
basis of the obtained wave functions of CdTe and CdSe
crystals the wave function of the solid solution was de-
fined:
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According to the short-range scattering models, the
carrier transition probability from state k to state &’
caused by the interaction with polar optical (PO), non-
polar optical (NPO), acoustic (AC), piezooptic (PAC)
and piezoacoustic (POP) phonons, static strain (SS)
potential and ionized (II) impurity looks like [11-14]:
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where M, =x Mg, +(1-x) My,; Moy, Mg,, My, are the

atomic masses; Nro and N7o denote the number of lon-
gitudinal (LLO) and transverse (TO) phonons with a fre-
quency wro and wro respectively; G is the number of
unit cells in a crystal volume; ¢|| and ¢, are the LA

and TA sound velocities respectively; ei4 is the non-
vanishing component of the piezoelectric tensor of zinc
blende structure; ¢ is the electron wave function; N is
the concentration of ionized impurities; Z; is the multi-
plicity ionization of impurity. Integration in (9) is car-
ried out over the elementary cell and the value A is
equal to A, =0.492x10%m; C=~0.1; ¢=|k'-K|;

Ngs is the concentration of the static strain centers, the

method of calculation of which at present is unknown.
Therefore, this material characteristic was used as an
adjustable parameter for agreement between theory
and experiment.

In equation (3), the value of App is defined as fol-
lows:

Apo =[¢"(R® —r%/3) pdr; R=Al3 aO/Z, (10)
integration is carried out over the part of the elemen-
tary cell volume, where two atoms of different sorts are
located, using three-dimensional B-spline interpola-
tion. The size of this volume is determined by the con-

dition 9U, (r,R)/éx =oU,(r,R)/ay =0U, (r,R)/6z=0,

where Uo(r, R) is the self-consistent electron potential
energy; r and R are the electron and atom coordinates
respectively. Method of calculation and error estima-
tion of magnitude App is described in detail in [13].

Then one can obtain Ap, = 8.45x107%m? .
In (4)-(5), do and Eac are the optical and acoustic

deformation potential constants, which are expressed
through the integrals over the volume of elementary

cell [13]. The region of integration is the same as in the
case of PO scattering. As a result, we have
do=—18.4 eV, Eac=-2.16 V.

In (6)-(7), Apz = App because the coordinate depend-
ence of the potential energy is the same as in the case
of PO scattering; therefore the integration over the unit
cell is carried out by the method mentioned above.

The electron scattering by neutral impurity was de-
scribed on the base of Erginsoy model. Using the short-
range principle, we obtain the next formula for the
transition probability [13]:
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where Nnr is the neutral impurity concentration;
m' = hzk(E)dk(E)/dE ; ag 1s the Bohr radius.

3. TEMPERATURE DEPENDENCES OF
ELECTRON MOBILITY AND HALL FACTOR

For the composition values x < 0.5, the CdSexTe1-x
solid solution has the sphalerite structure. Therefore
its point defect structure must be similar to the point
defect structure of cadmium telluride. It is well known
that in undoped CdTe there exist the intrinsic donor
defects with ionization energy E,~10 meV which

compensate the intrinsic acceptor defects. Following
this assumption, the electroneutrality equation for cal-
culation of the Fermi level was considered:

n—-p= ND/{1+2exp[(F—ED)/(kBT)]}—NA , (15)

where Np, Na are the donor and acceptor concentra-
tions respectively.

Search for the Fermi energy was made for certain
levels of defect concentration, the numerical values of
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which are presented in Table 1. The parameters of the
CdSe:Te1-x (x = 0.2) solid solution used in calculations
are presented in Table 2.

To calculate the theoretical temperature depend-
ences of the electron mobility, two approaches were
used: a) the description of the electron scattering on
the base of short-range models and exact solution of
the stationary kinetic Boltzmann equation; b) the de-
scription of the electron scattering on the basis of long-
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range models and relaxation time approximation for
the solution of kinetic equation. The theoretical curves
corresponding to the first approach are presented in
Fig. 1. The presented curves are related to the different
values of the static strain center concentration Ngg. The
possible values of these concentrations were chosen
similar to CdTe samples with corresponding concentra-
tions of the intrinsic point defects — donors and accep-
tors (see Table 1). Comparison of two abovementioned

Table 1 — Parameters of the defects structure of the CdSeo 2Teo.s samples

Sample Np (cm -3) Na(em-3) |Np+ Na (cm-3) Nss (cm —3)

A 3.2 x 1015 2.4 x 1015 5.6 x 1015 (2 +4) x 1015

B 3.0 x 1016 2.0 x 1016 5.0 x 1016 (1+2)x 1016

C 3.0 x 1017 2.0 x 1017 5.0 x 1017 (4 + 5) x 1016

D 3.0 x 1018 2.0 x 1018 5.0 x 1018 (6 + 8) x 1016

Table 2 — Parameters of the CdSeo2Teos used in calculations
Material parameter Value
Lattice constant, ao (m) 6.4 x10-10
Energy gap, Eg (eV) E;=x Egcase + (1 — x) Egcare — 0.9 x (1 — x)
Energy equivalent of the matrix element, FE, (eV) 21 —x
Density, po (kg-m —3) 5.75x 103 - 95 x
Spin-orbit splitting, A (eV) 0.92-0.51 x
Optical deformation potential, do (eV) —18.4
Acoustic deformation potential, Eac (eV) —2.16
Transverse optical phonon frequency, w;, (rad-s-1) 2.63x1013+4.8x 10 12x
Lattice dielectric constant, & 10.5-1.1x
High frequency dielectric constant, &, 7.4-13«x
Elastic constants (x 1010, N-m -2): C 6.32+1.04 x
Ct 1.538 —0.188 x

Piezoelectric tensor component, e14 (C-m ~2) (1 -x) 0.03457—-1.39x 10-5T + 0.347 x
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Fig. 1 - Temperature dependence of the electron mobility in CdSe.Te:1-x (x = 0.2) crystals with different defect concentrations
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Fig. 2 — Dependences u(7T) corresponding to different theoretical approaches
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Fig. 3 — Contribution of different scattering modes into
electron mobility. Solid line — mixed scattering mode; 1, 2,
3, 4, 5,6, 7, 8 —AC-, II, NPO-, PAC-, PO-, POP-, SS-, NI-
scattering mode respectively

theoretical approaches (short-range and long-range
scattering models) is depicted in Fig. 2. Solid curves 1
were obtained using the short-range scattering models
within the framework of the exact solution of the
Boltzmann kinetic equation. Dashed curves 2 and 3
were obtained within the framework of the long-range
scattering models and using the relaxation time approx-
imation: curve 2 relates to the case of low temperature
region %iw>>kgT , whereas curve 3 relates to the case

of high temperature region iw<<kgT . The determin-

ing of the temperature dependence of electron mobility
is presented elsewhere (see Appendix B in [13]). As can
be seen, these curves demonstrate the significant quali-
tative and quantitative difference between the tempera-
ture dependences of the charge carrier mobility (calcu-
lated by two approaches) over the investigated range of
defect concentrations and temperatures. However, only
an experiment must determine which of the theoretical
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Fig. 4 - Temperature dependence of electron’s Hall-
factor in CdSe.Te:1-x (x = 0.2) crystals

models can describe better the experimental data. From the
literature, authors know only one source, which presents
experimental data on the study of transport phenomena in
CdSexTe1-x [20]. Analysis of these data shows that the in-
vestigated samples are polycrystalline (the grain size
~ 566+755 A). Therefore, they have anomalously low values
of the electron mobility which indicates the low quality of
the crystals.

It should be noted that the authors assert that an ap-
proach based on the short-range principle more accurate-
ly describes the kinetic properties of CdSe:Tei-x solid
solution compared with the long-range approach. This
statement is based on the fact that for cadmium telluride
the short-range models give better agreement with the
experiment [13]. Since the CdSexTe1 -« (x < 0.5) solid solu-
tion has a similar crystalline structure, one should expect
a similar situation for this case.

In Fig. 3, for the sample with minimum defect concen-
tration the description of the role of different scattering
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mechanisms is presented by dashed lines. As seen, the
static strain scattering (curve 7) dominates at low
temperatures (7'< 180 K). In the temperature interval
T'> 180 K, the polar optical phonon scattering becomes
predominant (curve 5). In this temperature interval
the piezoacoustic phonon scattering (curve 4) plays a
significant role too. Other scattering mechanisms give
weak contribution to the electron mobility.

Such distribution of the influence of various scat-
tering mechanisms causes the temperature depend-
ences of the electron Hall factor for the samples with
different defect concentrations (see Fig.4). These
temperature dependences demonstrate the minima
in the temperature region, where the transition from
one scattering mechanism to another occurs. It is
seen that the higher defect concentration corresponds
to the higher temperature, where the minimum of
dependence ru(T) is observed.
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JloxasibHa B3aeMO/Iisa €JIEKTPOHIB 3 KpucTaTidyHUMHU HedpeKTaMu B TEEPAOMY PO3YHHI
CdSeo.2Teos: ab initio migxin

O.I1. Masuk, 1.B. ITerpoBuy, I'.B. Keubo

Hauionanvruii ynisepcumem “Jlvsiscoka nonimexnirka”, gyn. C. banodepu, 12, 79013 Jlveis, Ykpaina

V 1iit po6oTi IpoBOAUTHCA OIIHKA AKocTi TBepmoro posumHy CdSeosTeos MIIsSXoM mOCTimsKeHHS HOro
TPAHCIIOPTHHUX ByiacTuBocTeil. Omuc KiHeTHYHUX SBUII IIPOBOANUTHLCA HA OCHOBI XBHJIBLOBOI (DYHKIIIT Ta caMmo-
y3ropreHoro moreHiiamy teepaoro posdnry CdSe Te:—» (x = 0,2), siki BUsHaUaIuCs 3 MEPIINUX IPUHIINIIIB, 3
BHUKOPHUCTAHHAM IIPOCKI[INHUX IPUETHAHUX XBUJIb, 110 peatidoBano B mporpami ABINIT. IIpomecn posciau-
HsI OyJIM PO3TJIAHYTI B paMKaxX OJIM3bKOIIIOUUX MOJEJeH PO3CITHHS, JIe BpaxOByBaJIach B3a€MOJIsS €JIEKTPO-
HIB 3 HOJAPHUMU Ta HENOJIAPHUMU ONTUIHUMU (POHOHAMH, IT€30€JIeKTPUUHUMHU Ta AKyCTUUHUMU (DOHOHA-
MU, IIeHTPaM{ CTATUYHOI gedopmariii, HeATpaJIbHUMH TA 10HI30BAHWMHU IOMIIIKaMu. EjoemMeHTH MaTpHUIli
mepexoy Oy OTpUMAaHI IIJIAXOM 1HTeIPYBAHHS 10 eJIeMEeHTAPHINA KOMIPI[l 3 BUKOPUCTAHHAM TPUBUMIPHOI
B-crunaitn imrepnostarii. {iist kpucTaiB 13 KOHIIEHTPAIIE JOMIMIOK 5.6 x 1015 + 5 x 1018 cm~3 po3paxoBaHO
TeMIIepaTypHI 3aJIesKHOCTI PYXJIUBOCTI eJIEKTPOHIB Ta darTopa XoJsuwia B giamas3oni 15 + 1200 K. Teoperuuni
KpPHBi, OTPUMAaHI B OJIM3BKOIII0YOMY ITi/IXO0/T1, SIKICHO 1 KIJIBKICHO BiIPI3HSIOTHCS Bl THX, II[0 OTPHUMAaHI B pa-
MKax JaJIeKOIII0YNX MoJesel y HaOJIuKeHH] yacy pesakcarrii.

Kirouogi ciiosa: Enexrponnuit tparcnopr, Tourosi gedexru, Trepauit posuna CdSeTe, Ab initio pospaxyHOK.
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