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In this paper an assessment of the quality of a solid solution of CdSeTe, 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 solid solution CdSeTey, (x =0.25) which were determined from the first
principles using the projector augmented waves as implemented in the ABINIT code. The scattering processes
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 €l ements were obtained by integration over the unit cell using three-
dimensiona B-spline interpolation. For crystals with impurity concentration 5.6° 10®°- 5 10 cm?® the
temperature dependences of eectron mobility and Hdl factor in the range 15 - 1200 K are calculated. The
theoretica curves obtained in the short-range approach differ qualitatively and quantitatively from those
obtained within the long-range models in relaxation time approximation.
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I ntr oduction

At present the main method for increasng the
efficiency of solar cells based on cadmium telluride isthe
using an additiona absorbent layer created on the base of
triple compounds of cadmium chalcogenides, in
particular the solid solution CdSe,Tey« [1-4]. This solid
solution has the unique photovoltaic parameters
necessary for the production of solar cdls [5-14].
Therefore, the study of the quality of these absorbing
layersisan actud application problem.

In this paper for the first time within the framework
of ab initio approach we proposed the description of
kinetic properties of solid solution (in particular
CdSeysTey75) using the short-range principle. The
description of the kinetic propertiesis carried on the base
of the wave function and self-consistent potentia for
solid solution CdSeTex (Xx=0.25) which were
determined from the first principles using the projector
augmented waves as implemented in the ABINIT code
[15]. The description of the electron interaction with
different types of the point crystal defects is made using
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the short-range scattering model s [16-20].

|. Theory

Firgt we put that the lattice constant corresponding to
the composition x=0.25 of the solid solution equal to

ag = 6.38 A. This value was used to calculate the wave

functions and sdlf-consistent potentials in CdTe and
CdSe crystals. These wave functions and self-consistent
potentials were determined from the first principles on
the base of projector augmented waves (PAW) [21]. The
PAW basis functions have been generated by means of
the AtomPAW ?? code for the following valence states:
{55°5p°4d™®} for Cd, {4s?55%4p?5p* } for Te and { 45°4p”}
for Se, respectively. The exchange-correlation potential
was selected in the form of PBEO [23-26] obtained from
the functional of the exchange-correlation energy.

To obtain the wave function of the solid solution
CdSeTe,« the following consideration was used — on the
base of the obtained wave functions of CdTe and CdSe
crystals the wave function of the solid solution was
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defined:

b (r)cC,SeTJ2 =xy (r)CdSeIZ +(1- x)}y (r)CdTEJ2 :x=0.25. (1)

According to the short-range scattering models the
carrier trandtion probability from state k to state k-~
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caused by the interaction with polar optica (PO),
nonpolar optica (NPO), acoustic (AC), piezooptic (PAC)
and piezoacoustic (POP) phonons, static strain (SS)
potential and ionized (I1) impurity looks like [16-20]:
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where M, =xMg +(1- X))Mpo; Mgy, Mg ,Mye—
atomic masses; N o and Nyo denote the number of
longitudina (LO) and transverse (TO) phonons with a
frequency wio and wro respectively; G— the number of
unit cells in a cystal volume; ¢, and c.— the
longitudina and transverse sound velocity respectively;
e, the non-vanishing component of the piezoelectric
tensor of zinc blende structure; j — electron wave
function; N,, — the concentration of ionized impurities;
Z;—themultiplicity ionization of impurity; integration in
(8) is carried out over the elementary cell and the value
A is equd to: A, =0483 10°m*?

C»0.1;q=|k¢ k|;Ng — concentration of the static

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

In equation (2) thevalue Aeo is defined as follows:
v Y p2 2/ .
App =d (R™-r /3)] dr;R:\/C_aaO/Z, (9)
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—~d(E¢ E) (7)

q°

(8)

integration is carried out over the part of the elementary
cell volume, where two atoms of different sort are
located, using three-dimensional B-spline interpolation
[27]. The size of this volume is determined by the
condition:

TUo(r. R)/Tx = U, (r, R)/fly = U (r, R)/z=0
where Uy(r,R) — the self-consistent electron potential

energy Uo(r,R); r and R — electron and atom coordinates
respectively. Method of calculation and error estimation

of magnitude Apgis described in detail in [19]. Then
one can obtain Asy =8.32° 10 m?.
In (3)«4) dy and E,. arethe optical and acoustic

deformation potential constants, which are expressed
through the integrals over the volume of elementary cell
[19]. The region of integration is the same as in the case
of PO scattering. As a result we have d, =-18.3€eV,

Exc =-2.166V.
In (5 - (6) the value Ay, = Ay because the

coordinate dependence of the potential energy is the
same as in the case of PO scattering therefore the
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integration over the unit cell is carried out by the method
mentioned above.

The electron scattering on the neutral impurity was
described on the base of Erginsoy model [28]. Using the
short-range principle yields to the next formula for the
transition probability [19]:
_100p2agh® Ny,

v m 2 k(E)
where Ny, — the neutral impurity concentration;
m =h?k(E)d k(E)/dE ; ag—Bohr radius.

wik.k) d (E¢ E), (10)

II. Temperature dependences of electron
mobility and Hall factor

For the composition values x<0.5 the CdSeTe;
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 CdTethere exist theintrinsic donor defects with
ionizetion energy Ep » 10meV  which compensate the

intrinsic  acceptor defects [29]. Following such
assumption the eectroneutrality equation for calculation
the Fermi level was considered:

n- p=Np/{1+2exp|(F - Eo)/(keT)}- Na,  (1D)
whereNp, N, — the donors and acceptors concentration
respectively.

Searching of the Fermi energy was made for certain

levels of defect concentration the numerica values of
which are presented in Table 1. The parameters of the

s0lid solution CdSe, Te;« (x = 0.25) used in calculations

are presented in Table 2.

To calculate the theoretical temperature dependences
of the electron mobility two approaches were used: @) the
description of the electron scattering on the base of short-
range models and exact solution of the stationary kinetic
Boltzmann equation [45]; b) the description of the
electron scattering on the base of long-range models and
relaxation time approximation for the solution of kinetic
equation. The theoretical curves corresponding to the
first approach are presented in figure 1(a)-(d). The
presented curves are related to the different values of the

dtatic strain  centers concentration Nss The possible
values of these concentrations were chosen similar to
CdTe samples [29] with corresponding concentrations of
the intrinsic point defects — donors and acceptors (see
Table I). Comparison of two abovementioned theoretical
approaches (short-range and long-range scattering
models) are depicted in figure 2 (a)-(d). Solid curves 1
were obtained using the short-range scattering models
within the framework of the exact solution of the
Boltzmann’s kinetic equation. Dashed curves 2 and 3
were obtained within the framework of the long-range
scattering models and using the reaxation time
approximation: curve 2 relates to the case of low
temperature region hw >> kT whereas curve 3 relates

to the case of high temperature region hw <<kgT . The

determining of the temperature dependence of eectron
mobility is presented elsewhere (see Appendix B in
[19]). As it can be seen, these curves demonstrate the
significant qualitative and quantitative difference
between the temperature dependences of the charge
carrier’s mobility (calculated by two approaches) over
the investigated range of defect concentrations and

Tablel
Parameters of the defect structure of the CdSe; 5T ey 75 Samples
Sample Np (cm™®) Na (cm™) Np+ Na (cm™®) Nss (cm™)

A 3.2 10" 2.4 10" 5.6" 10" (2, 4 10"

B 3.0°10' 2.0°10' 5.0° 10'° (1, 2) 10"

C 3.0 10" 2.0° 10" 5.0" 10" (4, 5) 10"

D 3.0 10" 2.0° 10" 5.0° 10" (6, 8) 10%
Table?2

Parameters of CdSe,Tey. (x=0.25) used in calculations

Material parameter

Vaue

L attice constant, ag (m)

Energy gap, Eq (eV)

Energy equivalent of the matrix element, E, (eV)
Density, r (kg m?)

Spin-orbit splitting, D (eV)

Optical deformation potential, dy (eV)

Acoustic deformation potential, Eac (V)
Transverse optical phonon frequency, wo (rad s%)
Lattice dielectric constant, e

High frequency dielectric constant, ey

Elastic constants (x10 °, N m?): C

Piezoelectric tensor component, ey, (C m?)

6.38"10 7

Ey=X Egcaset (1-X) Egeare—0.9 X (1-x) 2
21— x ©

5.75x10°-95x

0.92-0.51x°¢

-183 "

216 "

263 10® +48 102"

105-1.1x "k

7.4-13x X

6.32+ 1.04x "mn

1.538-0.188 x "™"

(1-x) 0.03457 —1.39x10 > T + 0.347 x >P

2130]. P[31]. ©[32]. 9 [33]. ®[34]. "[35]. 9 [36]. " Present article. ' [37]. ) [38]. ¥[39]. ' [40]. ™[41]. " [42]. ° [43].P [44].
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temperatures. one source, which presents experimental data on the

However, only an experiment must determine which study of transport phenomena in CdSeTe, [46].
of the theoreticd models can describe better the  Analysis of these data shows that the investigated
experimental data. From the literature authors know only
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Fig. 1. Temperature dependence of the el ectron mobility in CdSe,Tey (X = 0.25) crystals
with different defect concentration.
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Fig. 2. Dependences m(T) corresponding to different theoretical approaches.
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Fig. 3. Contribution of different scattering modes into Fig. 4. Temperature dependence of

electron mobility. Solid line — mixed scattering mode;
1,2 3 4,5 6,7 8- AC-, Il-, NPO-, PAC-, PO-,
POP-, SS-, NI- scattering mode respectively.

samples are polycrystalline (the grain sze ~566,
755 A). Therefore, they have anomalously low values of
the electron’s mobility which indicates the low quality of
the crystals.

It should be noted that the authors assert that an
approach based on the short-range principle more
accurately describes the kinetic properties of CdSeTe;.«
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 [19]. Since the solid solution
CdSeTerx (X < 0.5) has a similar crystalline structure,
one should expect asimilar situation for this case.

On figure 3 for the sample with minimum defects
concentration the description of the role of different
scattering mechanismsis presented by dashed lines. Asit
seen the dtatic strain scattering (curve 7) dominate at low
temperatures (T < 180 K). At 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) play the
significant role too. Other scattering mechanisms give
weak contribution to the e ectron mobility.

Such digtribution of the influence of various
scattering  mechanisms  causes the temperature
dependences of the electron’s Hall factor for the samples
with different defects concentration (see figure 4). These
temperature dependences demonstrate the minimums in
the temperature region where the transtion from one
scattering mechanism to another occurs. It is seen that

1,6
A-
B
14 | -
S ¢
12 | -
D
1,0 b -

PR S AT | PR S A |
10 100 1000

T,K
electron’s
Hall-factor in CdSeTey.« (X = 0.25) crydtals.

the higher defects concentration corresponds to the
higher temperature where the minimum of dependence

'y (T) is observed.

Conclusion

In the present paper the problem of quality
evaluation of crystals of a CdSeTe,« (x = 0.25) solid
solution is considered. Theidea of the proposed approach
consists in analyze of the temperature dependence of the
charge carrier mobility which, in turn, is determined by
the point defects structure of the crystal. To calculate the
abovementioned characteristic of the solid solution
CdSeTer 4 (x = 0.25) two approximations were used: @)
short-range scattering models on the base of calculated
wave function and self-consistent potential energy within
the framework of exact solution of Boltzmann eguation;
b) long-range scattering model s within the framework of
relaxation time approximation. It was established that
both approximations give substantially different
theoretical curves. The question which approximation is
preferred should be solved by experiment.

Malyk O.P. - Doctor of Physica and Mathematical
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Syrotyuk SV. — PhD (Physical and Mathematical
Sciences), Associate Professor, Associate Professor.
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O.I1. Manuk, C.B. CupoTtrok

PyxuimBicTh eJieKTPOHiB y TBepaomy po3uuni CdSeTe, (X = 0,25):
ab initio po3paxyHok

Hayionanvnuil ynieepcumem "Jlvgiecoka nonimexuixa”, Jlvsie, 19013Vrpaina. omal yk@ukr.net, svsnpe@gmail.com

Y wifi poboTi NPOBOAMTHCS OIHKA SKOCTI TBepaoro po3uuny CdSeysT€y7s IIIIXOM
JIOCITIJPKEHHST Horo BiacTUBOCTEl mepeHeceHHs. Onuc KiHETHYHHX SIBHI MMPOBOAUTHCS HA OCHOBI
XBHJILOBOI (DYHKIIIi Ta CaMOy3rOKEHOTO MOTEHIiany TBepaoro posunny CdSeTe., (X = 0,2), sxi
BU3HAYAIMCSA 3 TEpUIMX NPUHIMIIB, 3 BUKOPUCTAHHAM IMPOCKUIHHUX INPHEAHAHUX XBWIIb, IO
peanizoBano B nporpami ABINIT. TIporecu po3cisHHs Oy pO3IIISSHYTI B paMKaxX OJU3BKOMIFOYMX
MoJIeJIell pO3CisSiHHS, JIeé BpaxoBYBajach B3a€EMOJiSl EJIEKTPOHIB 3 MOSIPHUMHU Ta HEMOJISIPHUMH
ONTHYHUMHU (OHOHAMH, IT €30€JEKTPUYHUMH Ta aKyCTUYHUMH (OHOHAMH, EHTPAMHM CTaTHYHOL
nedopmariii, HEHTpaJbHUMHM Ta 10OHI30BaHMMHU JOMIlIKaMH. EjeMeHTH MaTpulli mnepexomy Oyiau
OTpUMaHi [UIIXOM IHTETPYBAaHHS IO €JEMEHTapHI KOMipli 3 BHKOPUCTAaHHSAM TpPUBHMIipHOiI B-
crutaiin inTepronsmii. st KpUCTAIB i3 KOHIEHTpaieio gomimok 5.6 10| 5 10% cm™® pospaxosano
TEMIICpaTypHI 3aJICKHOCTI PYXJIMBOCTI eJIeKTpoHiB Ta ¢(akTopa Xomra B miamasoni 15 + 1200 K.
TeopernuHi KpuBi, OTpUMaHi B OJIN3BKOIIIOUOMY MIIXO/I, SKICHO 1 KUTBKICHO BiIPI3HSIOTHCS BiJl THX,
0 OTPUMaHi B paMKax JAJIEKOAIF0YMX MOJIeNied B HAOJIMKEHH] Jacy peakcarii.

Ka1040Bi csi0Ba: TIEPEHECEHHSI IEKTPOHIB, TOUKOBI aedektH, TBepauii posunn CAdSeTe, ab initio

PO3paxyHOK.
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