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Abstract

A method has been suggested for determining stoichiometry deviation in cadmium and zinc chalcogenides based on the
temperature dependence of the ratio of components partial pressures during evaporation of solid compounds in a limit-
ed volume. The new method differs from methods implying the collection of excessive component during evaporation
in large volumes. The method includes measuring the partial pressures of vapor phase components during material heat-
ing to above 800 K, solving a set of material balance equations and the electric neutrality equation, and calculating the
stoichiometry deviation in the initial compound at room temperature. Intrinsic point defect concentrations are calculat-
ed using the method of quasichemical reactions. The independent variables in the set of material balance equations are
the sought stoichiometry deviation, the partial pressure of the metal and the concentration of free electrons. We show
that the parameter of the material balance equation which determines the method’s sensitivity to stoichiometry devia-
tion, i.e., the volume ratio of vapor and solid phases, can be considered constant during heating and evaporation if this
parameter does not exceed 50. If the partial pressure is measured based on the optical density of the vapors, then the
sensitivity of the method can be increased to not worse than 10-° at.%.
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1. Introduction

I[I-VI group semiconductors, including cadmium and
zinc chalcogenides, are used for visible and IR range re-
ceivers and emitters [1, 2], ionizing radiation detectors
[2-5], solar cells [6-8] and for a number of other opto-
electronic applications [9].

Intrinsic point defects in [I-VI compounds are electri-
cally active and critically affect the electrical conductivi-
ty and the optical properties of the compounds [2, 10, 11].

For this reason, determination of stoichiometry deviation
& which is caused, primarily, by intrinsic point defects
is important for understanding the intrinsic point defect
formation mechanisms and the assessment of materials
synthesis process quality. There are currently no standard
methods to determine & [12, 13]. Since the homogeneity
region limits are within 10~ at.%, methods of analytical
chemistry are not applicable. Nor is secondary ion mass
spectroscopy (SIMS), because the problem in question
is to determine the content of the main element with an
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accuracy of not worse than 10 at.%. Therefore all the
methods of determining 6 are based on the specific fea-
tures of the evaporation of these compounds.

II-VI compounds decompose completely in the va-
por phase into metal atoms and diatomic (tetra- or
hexa-atomic) chalcogen molecules [10-16]. A descrip-
tion of the evaporation kinetics of II-VI compounds is
based on the account of diatomic chalcogen molecules,
and the concentration of diatomic and tetra-atomic sulfur
and selenium molecules can be calculated on the basis of
well-known thermodynamical data [15]. The component
partial pressures P, and Pg, are correlated by the evapo-
ration constant K 45 [10]:

1
Ap, =Av+532vé K =PAP1¥2: (1)

where the indices S and V denote the solid and the vapor
phases, respectively, 4 denotes cadmium or zinc atoms
and B denotes chalcogen atoms (Te, S, Se).

Despite the relatively small component excess in the
solid state, the thermodynamically equilibrium vapor
phase consists mainly of metal atoms during material
evaporation with an excess of the metal or diatomic chal-
cogen molecules if there is an excess of the chalcogen.
This is illustrated in Fig. 1 showing the ratio of cadmi-
um (Pcq) and tellurium (Pr.,) partial pressures y = Pcg/
Pre, in CdTe at 900 K. In a wide temperature range the
equilibrium partial pressures of the components are sim-
ilar to the equilibrium saturated vapor pressures at each
specific temperature and are set by the respective equa-
tions [17, 18]:
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The partial pressure of the second component can be
calculated based on the evaporation constant (Eq. (1)).

Most of 6 measurement methods imply analysis of
the material condensing at the cold end of the measuring
system [11-14]. In fact, these methods implement evapo-
ration in a large volume during which the excessive com-
ponent is evaporated, and the composition of the solid
compound tends to the so-called congruently evaporat-
ing composition, i.e., the only composition at a specific
temperature for which the number of metal atoms and
the number of chalcogen atoms in the vapor phase are
equal, and the ratio of the partial pressures of the metal
and the diatomic chalcogen molecule is y = 2. This com-
position gives the minimum Gibbs energy of the crystal
and the minimum total pressure of the vapor phase. Thus
the methods employing analysis of the excessive compo-
nent in the vapor phase during evaporation in an unlimit-
ed volume allow one to determine § at the homogeneity

region limits. However, as can be seen from Fig. 1, the
composition of the equilibrium vapor phase is extremely
sensitive to 6 during evaporation of a compound in a va-
por phase volume that is relatively small in comparison
with the solid phase volume. The data shown in Fig. 1
were obtained in the assumption that the volume of the
solid phase did not change during evaporation, i.e., evap-
oration occurred in a small volume.

The aim of this work is to derive a material balance
equation describing the composition of equilibrium vapor
and solid phases at the evaporation temperature 7 and to
assess the limits of & that can be determined using this
method.

2. Theoretical description of
evaporation of II-VI compounds
in closed volume

During evaporation of I[I-VI compounds in a reactor hav-
ing the volume V' = Vs + V;,, the number of atoms in the
reactor does not change, i.e.:

CiVi+CiY, C,
Cy Ve +CpV, TGy

£ = const, (5)

s0

where C, 5 is the concentration of the components 4 and
B in the solid (“s”) and vapor (“g”) phases in the reactor,
respectively, and “0” denotes the system status at room
temperature.

The stoichiometry deviation is § = C4;, — CB, < 104

at.fractions.

Therefore
Cy )
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Figure 1. Ratio of partial pressures as a function of & for CdTe
at 900 K.
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At a vapor pressure of less than 1 atm, gas can be con-
sidered ideal, and therefore
oo
=—— Cp = .
¢ kgT ¢ kgT
where kg is the Boltzmann constant and 7' is the tempera-
ture, K.
Accepting that the solid phase is homogeneous, the
component concentration in the solid phase can be ex-
pressed via the concentration of intrinsic point defects:

C, (7)

CAS = CAA + CAB + CAiS
Cpy=Cpy+Cp,+Cp, (3)

where 4, and By are lattice site atoms, Az and B, are an-
tistructural defects and 4; and B; are interstitial atoms.
All these defect types can be neutral, single- or dou-
ble-charged.

Taking into account Egs. (6)—(8) one can rewrite
Eq. (5) as follows:

o
6—80+kB—T(PA—2PBz):O, 9)
where a. = Vy/V.
Here we take into account that

This is the sought material balance equation which
correlates, via the partial pressures of the components,
the vapor phase composition, having current thermody-
namically equilibrium composition of the evaporating
compound & for the volume ratio of the vapor and sol-
id phases a, with the sought stoichiometry deviation at
room temperature d,. The concentration of intrinsic point
defects will be expressed via the constants of the quasi-
chemical reactions of their formation [10]:

CX; = PA’niKXjf, (10)
where X is the type of intrinsic point defects, i = 0, +1,
+2, —1, -2 for neutral, single- and double-charged accep-
tors and single- and double-charged donors, respectively;
j =1 for chalcogen vacancies and interstitial metal at-
oms (donor centers); j = +2 for metal atoms at chalcogen
sites (antistructural defects in the chalcogen lattice which
are acceptor centers); j = —1 for interstitial chalcogen at-
oms and metal vacancies (acceptor centers); j = —2 for
antistructural defects in the metal lattice (donor centers).
The quasichemical reaction constants have Arrhenius’
form:

(n

Ea
KXZKXOCXP _k T .
B

Taking into account earlier results [1], Eq. (9) con-
tains three independent variables: P, n and 3. One more

equation which contains the independent variables P, and
n is the electrical neutrality equation:

n+V, +2V,  +A; +2A; + B +2B; =

=p+AT+2A +Vy + 2V, + B +2B)". (12)
nxp = n?, n; being the intrinsic concentration of the
semiconductor [19].

If the volume of the vapor phase is sufficiently large,
the parameter a depends on the evaporation temperature
and the parameter §,. Let us determine the conditions un-
der which a can be considered constant.

If the change in the volumes of the solid and vapor
phases is AV = AV, =-AV,, then

V
Vv &0 +1
e _ AV (13)
V. Vo _1
AV
The sought condition is satisfied if
Vs
—= >, 14
Ay 7k (14)
and
g0
——>1 15
v (15)

Let us determine the limits of V,o/AV.
At the metal excess side:

V, kgTC
e B A (16)
AV P,

and at the chalcogen excess side:
V, kgTC
e B 7B (17)
AV 2P, A

Based on the P-T diagram of cadmium and zinc chal-
cogenides [10, 14], the maximum Pg4 for CdTe is about
5 atm at 1250 K, the concentration of Cd and Te atoms is
about 10?2 cm™ and Vg/AV = 500. The maximum pres-
sure is even lower, i.e., ~0.2 atm, and VgO/AV = 10000.
With a decrease in temperature, the Vyo/AV ratio grows
exponentially and hence over the entire solid phase exis-
tence temperature range the condition of Eq. (15) is sat-
isfied.

We will now assess the validity range of the condition
expressed by Eq. (14).

If metal is in excess in the vapor phase, then

V. VikgTCy  kgTC,

= (18)
AV VP,

0P,
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If chalcogen is in excess in the vapor phase, then

vV, VikgTCp

kTCp,
AV V2P

20P,

(19)

The condition of Eq. (14) is satisfied if:
— for metal excess

0.1kgCy
P, ;
— for chalcogen excess
0.1kgCp.

Figure 2 shows the critical values of the parameter o
for the homogeneity range limits at the Cd excess side, at
the Te excess side and for the congruently melting com-
position P,;,.

<o, = (20)
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Figure 2. Temperature dependence of critical ratio of vapor and
solid phase volumes for CdTe: (/) at the Cd excess side, (2) at
the Te excess side and (3) for the congruently evaporating com-
position P ;,.

It can be seen from Fig. 2 that the volume ratio of the
vapor and solid phases required for the parameter o to
be considered independent on evaporation conditions
in Eq. (9) is sufficient for the parameter a to not exceed
50-100 depending on the evaporation temperature. The
smaller the parameter o, the more sensitive the partial
pressure measurement results to the parameter 9.

This is illustrated by Fig. 3 showing the trend of change
in the temperature dependence of y with a change in the
parameter a for the case when the composition P,;, con-
tains an excess of chalcogen (example is the CdTe com-
pound) for three initial &, (/ for the greatest chalcogenide
excess, 3 for the composition P,;, and 2 for a composi-
tion with metal excess).

The solid lines in Fig. 3 for the composition P, are
the temperature dependences for the case when charged
defects are predominant, and the dotted lines show the
dependence of vapor composition at above Tp . for

the case of predominantly electrically neutral defects.
The vapor composition for y=2 corresponds to congruent
evaporation of the compound.

Thus, the sets of Egs. (9) and (12) contain three inde-
pendent variables. If during heating of the reactor with the
material to the temperature 7 one can measure the partial
pressure of at least one of the components, then, given the
evaporation constant and the constants of intrinsic point
defect formation reactions, one can calculate n and dy,.

However there is currently no authentic information
on the composition and formation parameters of intrin-
sic point defects in II-VI compounds. Even for the best
studied material CdTe there are at least 6 defect formation
models suggesting different compositions and formation
reaction parameters [20-25]. Therefore measurements of
the temperature dependence of vapor composition during
evaporation in a limited volume are useful for refining the
model of defect formation in the material.

3. Measurement of component
partial pressures

The optimum implementation of the suggested meth-
od for determining stoichiometry deviation is the par-
tial pressure measurement approach put forward by
R.F. Brebrick, based on the optical density of the vapor
phase at the specific wavelength [26] typical of the atoms
or molecules being studied. The reactor design contains
two interconnected containers. One container is held at

Y
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\
oy < ol

o4 Olp

T Prin 1T

Figure 3. Temperature dependences of y = P,/Pp,: (1, 3) 8, <0;
(2) 89> 0 ({ is composition with maximum excess of chalcogen;
3 is the composition P,;, at the temperature 7,;,; 2 iS composi-
tion with excess metal).
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a relatively low and variable temperature, where the test
material is loaded. The other one is an optical section held
at a higher temperature than that of the test material con-
tainer, for preventing deposition of the material onto the
optical windows. For the design option described [26],
the parameter a does not exceed 50. It is this method that
showed that the vapor phase of I[I-VI compounds at the
homogeneity range limits consists mainly of the exces-
sive component, and that over a wide temperature range
the component partial pressures are equal to the com-
ponent saturated vapor pressures. Thus the method was
only used for studying the homogeneity range limits. The
earlier reported detection limit of 10~* mol.% [13] does
not correspond to the solid state stoichiometry deviation
sensitivity (no such calculations were carried out [26]),
but to the underestimated sensitivity of the method to the
vapor phase composition. However, even with this sensi-
tivity to individual components, the variation range of y
is at least eight orders of magnitude.

Another reactor design option was suggested [27] in
which the optical section and the evaporated compound
container are integrated. This embodiment allows one to
use Eq. (9) for §, calculation over a wide range (up to
1076 at.% of excessive component). This reactor design
option for measurement of equilibrium partial component
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