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The concentration of chlorine and copper, the Hall effect, and the photoluminescence of CdS : Cl : Cu 
annealed in cadmium and sulphur vapors were measured. The results were analyzed using quasichemi- 
cal approximations. The structure of predominating copper and chlorine defects is proposed and their 
role in the formation of electrical and luminescent characteristics of cadmium sulfide is studied. 

1. Introduction 

The characteristics of semiconductor ma- 
terials necessary for optoelectronics, par- 
ticularly those of the A1lBV1 type, are ob- 
tained by doping with impurities and 
deviating from stoichiometry. For A”BV1 
compounds the most common impurities 
used are chlorine as a donor and copper as 
an acceptor (I, 2). Deviations from stoichi- 
ometry are achieved by annealing the com- 
pound in vapors of the host component (3- 
5). The presence of oxygen (6-8) and the 
cooling conditions of the material after high 
temperature treatment (4, 9) also play an 
essential role in the formation of semicon- 
ductor characteristics. The effect of halo- 
gen donors and metal acceptors on the 
characteristics of A1’BV1 compounds was 
studied with regard to establishing photo- 
sensitivity and luminescence (I, 10-13) as 
well as the formation of high-temperature 
(HT) point defects (3, 4, 14, 15). 

This paper reports on studies of the char- 
acteristics of A”B”’ compounds and their 
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dependence on the chemical composition 
and thermal treatment conditions (16-19) 
with the aim to establish the structure of 
chlorine and copper defects in cadmium 
sulfide. 

2. Experiment and Results 

The cadmium sulfide powder was doped 
(in the liquid phase of CdClJ with chlorine 
during the recrystallization process in a 
two-zone quartz ampoule (20). The opti- 
mum concentration for obtaining finely dis- 
persed monocrystalline powder was about 
10 mole% CdC12 (2Z). For the Hall mea- 
surements, undoped CdS monocrystals 
were added to the powder suspension. Cop- 
per was added to cadmium sulfide from an 
aqueous solution of CuClz by diffusion an- 
nealing (19). The high-temperature thermo- 
dynamic equilibrium was achieved by firing 
the material in a two-zone ampoule at 973 K 
for 4 hr under an excess pressure of Cd or 
of SZ. This was followed by rapid cooling, 
to freeze in the high-temperature atomic de- 
fects, by dropping the ampoule into ice wa- 
ter. The chlorine and copper content was 
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determined by potentiometric titration and 
by atomic-absorption analysis, respec- 
tively. The concentration of free electrons 
was calculated from Hall measurements. 
Photoluminescence was excited with a LG- 
70 (440 nm) laser. The photoluminescence 
(PL) spectra were measured at 77 and 293 
K using standard apparatus (17, 18). The 
PL bands were differentiated by a Gaussian 
analysis (4) using a computer. The solubil- 
ity of chlorine in CdS as a function of tem- 
perature and pressure of cadmium vapors is 
shown in Figs. 1 and 2, respectively, from 
which we conclude that 

where 

[CU - Pz?i’, (1) 

and 

YCI = 0, (2) 

[Cl] = 4 x 102O exp(-0.32 eV/kT), cmp3. 
(3) 

Thus, the solubility of chlorine in cadmium 
sulfide does not depend on the component 
vapor pressure. The value of solubility en- 
thalpy is 0.32 eV. The copper content 
added into CdS : Cl (below the solubility 
limit, see (16)), does not depend on pcd , as 
is seen from Fig. 2. When the Cu concen- 
tration exceeds the solubility of chlorine, 
the solubility of Cl rises (Fig. 3a). The Cu 
concentration does not depend on pcd in the 
region of simultaneous solubility of Cl and 
Cu (see Fig. 2). Hence 

Ku1 - P&‘, (4) 

08 0.9 1.0 11 12 
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FIG. 1. Temperature dependence of chlorine solubil- 
ity in cadmium sulfide. 

FIG. 2. Cadmium vapor pressure dependence of 
chlorine and copper concentration in cadmium sulfide. 
Numbers correspond to the samples (materials) listed 
in Table I. 

where 

ycu = 0 (5) 

With the rise of [Cu] the low-temperature 
(LT) concentration of free electrons nLr 
measured at 293 K remains at a high level 
as long as [Cu] < [Cl]; it falls steeply when 
[Cu] 2 [Cl]. With oxygen present, the de- 
crease in concentration of free electrons 
shifts toward smaller copper concentra- 
tions (Fig. 3b). Similarly, when the material 
is cooled slowly the decrease in nLr shifts 
toward smaller Cu concentrations (Fig. 3b). 
In the region [Cu] = [Cl] photoconductivity 
was detected; (this is not shown in Fig. 3b). 
The low-temperature free electron concen- 
tration (see Fig. 4) does not depend on pcd 
at pcd < pmin where Pmin iS the IIinimUm 

CdS vapor pressure at the annealing tem- 
perature. This was established by annealing 
in sulfur vapor. However, ,rLr rises as the f 
power of pcd when pcd > Pmin, and steeply 
increases in region pcd = p,,,jn, i.e., 

nLT - Pa (6) 

where 

y* = 0 PCd < Pmin (region I) (7) 

= a PCd > bin (region II). (8) 

The intensity of PL emission band +i (i is 
the band index) varies with the ratio of [Cl] 
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FIG. 3. Chlorine solubility in cadmium sulfide (a) 
and LT concentration of free electrons (b) as a func- 
tion of copper content in cadmium sulfide: (1) rapid 
cooling in vacuum, (2) rapid cooling in oxygen atmo- 
sphere, (3) slow cooling in vacuum. 

and [Cu], and when [Cu] = [Cl] 

4i - P?!!d 

where 

(9) 

yi = 07 (10) 

over the whole range of pcd values. If [Cu] 
< [Cl], a steep decrease in +i is detected 
near pcd = Pmin (Fig. 5). 

Thus, one can obtain numerical values of 
yci , ycu , y?, and yi, see Table I, as well as 
the variation of the Cl solubility in CdS with 
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FIG. 4. The LT free electron concentration depen- 
dence of cadmium vapor pressure; the numbers corre- 
spond to the samples (materials) listed in Table I. (Al- 
A4) intersection points of the straight line nLT (pcI) 
continuation with Pmin line in region II; (Bl-B4) nLT 
concentrations in region I (pcI approximately equal to 
lo+ atm) 

I, 
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FIG. 5. PL emission band intensity dependence of 
the cadmium vapor pressure: (1) A,,, = 730 nm; (2-4) 
A = 1030 nm. The numbers represent the samples 
liszd in Table I. 

Cu, see Fig. 3a and Eqs. (ll), (12). These 
serve as initial data for the defect analysis 
of CdS : Cl and CdS : Cu : Cl. 

[Cl] - [cu]” 

[Cl] - [Cu]’ 

at [Cu] < [Cl] (11) 

at [Cu] = [Cl] (12) 

3. Discussion 

3.1. Defect Concentration Slopes 

Quasichemical reactions and correspond- 
ing mass action relations for the system un- 
der study are given in Table II (the activity 
of CdCl* is taken as I). Reaction 1 is analo- 
gous to the reaction of Cd12 solubility in 
CdS (14). Solving the system of equations 
in Table II with respect to pcd and n (n rep- 
resents the equilibrium concentrations of 
free electrons at high temperature, T = 973 
K), we obtain for [X] (X is the defect sym- 
bol) the following power functions (26): 

[xl - &dn” (13) 

Using (3, 4, 16) 

n-P&, (14) 

and substituting Eq. (14) into Eq. (13), we 
get an explicit dependence of [Xl upon pcd , 
namely 

[xl - &d, (15) 

where 

Y = 6 + Yn77. (16) 
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The high-temperature concentrations of 
electrons were not measured in our experi- 
ment; instead, we used the values of -yE (Ta- 
ble I) for finding y,, . 

Due to the ionization of uncompensated 
chlorine donors the high conductivity and, 
consequently, the high concentration of 
free electrons in region II approaches the 
[Cl] value at pcd > 1 atm; see Fig. 4. Thus, 
the electroneutrality equation (ENE) may 
be written as 

n = [Cls] (17) 

A similar situation is encountered in 
CdS: I, where the negative charge of the 
free electrons is compensated for by the 
positive charge of Is (14). After rapid cool- 
ing, proceeding on the assumption that the 
high-temperature atomic defects were fro- 
zen in (3, 4), the low-temperature concen- 
tration Of free electrons nLr differs from Eq. 
(17) only by constant multiplier; see Sec- 
tion 3.5. Therefore, 

yn = y* = f (region II). (18) 

With a reduction of Pcd, the steep decline 
in &J sets in at the point of exact compen- 
sation of the chlorine donors by the native 
acceptors. When [Cu] < [Cl,] the effect is 
due to self-compensation; when [Cu] > 
[Cl,] the effect arises from “copper” ac- 
ceptors. This leads to the substitution of the 
ENE in region II, Eq. (17), by a new one for 
region I, namely 

[acceptor] = [Cl,] (region I). (19) 

The defect concentration in the sulfur 
sublattice cannot decrease with an increase 
of pcd (in the wide range of Pcd), and Cannot 

increase in the cadmium sublattice (4). 
Thus, to prevent hole conductivity (CdS is 
a typical electron semiconductor (ZO)), we 
have to assume that the acceptor and Cls 
concentrations do not depend on Pcd in re- 
gion II; i.e., for these defects y = 0. Substi- 
tuting in Eq. (16) the values of 6 = 4 and 7) 
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TABLE II 

QUASICHEMICAL REACTIONS FOR Cd : SCu : Cl AND RELATED EQUILIBRIUM CONSTANTS 

No. Reaction Mass action relation 

1 CdC&(l) + Cd(g) = 2Cdcd + 2Cl’s + 2e’ + HI 
2 CdS(s) = Cd(g) + 1/2S&); H2 
3 0 = Vi + 2e’ + 1/2S2(g) + Hj 
4 0 = VL, f  Vs’ i- H4 
5 V”,, = V& + h. + Es 
6 V&, = V;, + h. + E6 
I Vl, = Vi + e’ + ET 
8 VQ = Vi + e’ + Es 
9 Cl; = Cls + e’ + Es 

10 Cls = Cl; + Vi + H,o 
11 Cl; = Cl; + h’ + E,, 
12 0 = e’ + h. + El2 

[Cl#n2/p,, = K, 

PC~P~: = K2 

[V&z2p;; = K, 

WLilW,l = & 
W&ilp4V&I = KS 
WL1lp4VLil = & 
[V&l[V”s] = K, 
[V&/[Vs] = KS 
[Cl$l[Cl”s] = KS 
[Cl;][V,]/[Cls] = K,,, 
[Cl;]pl[Clfl = K,, 

np = KU 
13 C&, = Cubd + h. + & 
14 c&d = v&j + CU; + H,4 
15 Cuf = Cu; + e’ + El5 
16 c,& + CU; = ‘h&,cu; + H,6 
17 cu& + c& = cd&l~ + H,, 
18 vedc& = vbdckS + e’ + El8 

tcUhlp~[cUx,dl = K13 

[~dl[CU;l/[CU&dl = KM 

[Cu;]nl[Cufl = K,s 
[c~~dc~;]/[c~~d][c~~] = K,G 
[cu~dcl~]/[cu~d][c1~] = K,, 
[v~dcl&d[&cl”s] = K,s 

= - 1 for Clg , see Table III, we obtain the 
condition 0 = 4 - y,, , where 

yn = 4 (region I). WV 

Substituting Eqs. (18) and (20) into Eq. 
(16), we calculate y for point defects. y for 
the complex defects is obtained by sum- 
ming up y of monodefects that form the 
complex defect ( 16). The values of 6, r), 
and y and for monodefects, as well as those 
of some complex defects of CdS: Cl: Cu, 
are specified in Table III. 

To establish the structure of the main de- 
fects CdS : Cl and CdS : Cl : Cu, responsible 
for (i) the solubility of chlorine and copper, 
(ii) electroneutrality, and (iii) photolumi- 
nescence, one must establish defects hav- 
ing y values that coincide with ycl , ycU , y,, , 
and yi, respectively. 

3.2. Predominant Chlorine and Copper 
Defects 

In the equation of material balance 
(EMB) for chlorine the total concentration 

of chlorine in the Brouwer approximation 
(3, 4) is equated with the concentration of 
the predominant chlorine defect. There- 
fore, y of this defect is identified with ~CI, 
see Eq. (2); 

y = YCI = 0 (21) 

over the whole range of I)cd, see Fig. 2. 
Monodefects (Table III) do not satisfy this 
condition. Among the bidefects, ClsCll and 
Cl”sClf do satisfy the condition. Neverthe- 
less, since the chlorine ion cannot easily be 
accommodated in the relatively tight inter- 
stitial space of the wurtzite type lattice of 
AIIBV1 compounds (4), due to its large ionic 
radius, then the above-mentioned defect as- 
sociations cannot occur in significant con- 
centrations in CdS. Among the triple de- 
fects the neutral complex &(Cls)Z satisfies 
Eq. (21). From the physical viewpoint this 
defect can exist: (Cl& can be covalent in 
analogy to those complexes which form 
two-atomic molecules in gases (3). The 
binding between (Cl& and v’&j (+ and - 
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TABLE III 

VALUES OF (T, q, AND y FOR DEFECTS IN 
CdS:Cu:Cl 

No. Defect CT 11 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

FL 
v&,cl~ 
V” CIX Cd S 

v&&l; 

v&,ctS 

Kid(w2 

%d(ck)Z 

c&d 

c&d 

CUi 
CUf 
cd&u; 

cu&cuf 

c”&,cu; 

c”&,cu; 

cl&as 

cu&,,clx, 

c”&,cli 

c,&cli’s 

okzd~ 

(ckd); 

(CUCdx 

1 -2 
1 -1 
1 0 

-1 2 
-1 1 
-1 0 

t -A 

1; ; 

0 1 
-1 

-: 1 

1: 
2 

-1 :, 
0 0 

-1 
-: 1 
-4 0 

t -: 
0 0 
0 1 
0 -1 
0 0 
0 0 
0 1 
0 -1 
0 0 

-1 2 
-1 1 
-1 0 

Y 

t 

-L 
-a 
-1 

I 

1; 

-i 
-4 

-i 
-4 

-9 

1; 

1 
0 

-t 
0 
0 

-: 

-i 
-4 
-1 

charged particles) is Couloumbic; there- 
fore, the EMB for chlorine is written as 

Cl = 2[V&j(Cl&]. (22) 

The high concentration of V&(Cl+& was 
detected in CdTe: Cl at [Cl] > lOi cmm3; 
this also testifies to the validity of Eq. (22). 
It was shown that the processes of forming 
multiparticle impurity and native defect ag- 

gregates with a structure similar to the 
chemical compound (CdC12) predominates 
at high impurity concentrations and high 
annealing temperatures (3, 22). A similar 
complex VW&)2 for CdSe : Cl was pro- 
posed in (23). At high temperatures in 
A**BV’ compounds with no coactivators 
(donors), copper occupies the sites of the 
metal sublattice (C&d, the acceptor), as 
well as interstitials (Cu;, the donor) in ap- 
proximately equal concentrations (16, 22, 
25). In the presence of a high concentration 
of chlorine the charge on CL&~ is obviously 
compensated for by the charge on Cls (4). 
Since in our case the defect concentrations 
in cadmium sulfide are high, we should an- 
ticipate the formation of associates Cu&Cls 
(3, 4, 19) at high temperatures. The EMB 
of copper is given by 

[Cu] = [Cu&Cl,]. (23) 

From Eqs. (23) and (5) it follows that 

%,i-dc~s = YCU = 0. (24) 

Equation (24) is used in calculating 6, 7, 
and y of copper defects in Table III. 

Let us note that the formation of huge 
chlorine and copper clusters near extended 
defects of the crystal lattice (dislocations, 
intercrystal faces, etc.) also leads to Eqs. 
(21) and (24). Such formations were de- 
fected in the crystals of Phi-,Sn,Te, for ex- 
ample, doped with Ga, Cd, and Zn (26). 
Nevertheless, in our case, the predominant 
formation of chlorine and copper precipi- 
tates as a separate phase inside the CdS 
crystals is excluded. It is seen in Fig. 3a 
that a simultaneous impurity (Cu and Cl) 
solubility is encountered which is closely 
connected with point defects (3, 4, 27). 

3.3. Predominant Charge Defects 

In the Brouwer approximation to the 
ENE the concentrations of predominant 
negatively and positively charged defects 
are equated. In our study the problem is 
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reduced to finding - and + defect pairs 
with the same value of y: 

y- = y+ * (25) 

In region II, e’ (y = 4) and Cls (y = 4) 
satisfy Eq. (25), see Table III; thereby, the 
validity of the ENE Eq. (17) is confirmed. 
In region I the + charge of Clg (y = 0) must 
be compensated by - charge of the accep- 
tor, so that again one has a value of y = 0; 
see Section 3.1. This condition is satisfied 
by Cl: , V&&1X,, V&J, V&Kls , and CL& ; see 
Table III. The Cl/ concentration diminishes 
because of its small probability; see Section 
3.2. V&&1X, represents an example of an in- 
verse population-the upper level (ClX,) is 
occupied, the lower (V&J is vacant-and 
cannot be realized under equilibrium condi- 
tions. Due to the high degree of association 
of V& with Cls one finds that [V&Q] > 
[V&J. If [Cu] < [Cl,+], then V&J& plays the 
role of acceptor. If [Cu] > [Cl,] then Cu& 
acts as an acceptor. Consequently, the 
ENE in region I is expressed as 

[v;Jl,] = [Cl,] at [Cu] < [Cls] (26) 

[C&d] = [cl,] at [Cu] > [Cls] (27) 

We conclude that the predominant charged 
defects in CdS : Cl and CdS : Cl : Cu appear 
to be VEdCls (region I), e’ (region II), and 
Cls (region I, II); and Cu& (region I), e’ 
(region II), and Cls (region I, II), respec- 
tively . 

3.4. Photoluminescence Centers 

To establish the defect structures that are 
responsible for the PL emission bands dis- 
played in Fig. 5 it is necessary to correlate 
the integral intensity of i-PL emission 
bands with the concentration of the centers 
corresponding to the band. In (17, 28) it 
was shown that in the case of stationary 
excitation $i is proportional to the product 
of free electrons concentration and to the 
concentration of unoccupied emission cen- 
ters responsible for the i-emission band. 

According to (29) the electron capture on a 
luminescent center is a radiative process. It 
is easy to show that for n s p, as is the case 
here, +i - [Xi]. Therefore, y of the defect 
responsible for the i-Pl-emission band is 
equal to yi (see Eq. (10)). 

y = yi = 0. (28) 

From Table III it appears that in region I 
and II the condition expressed in Eq. (28) is 
satisfied by Cu&Cls and &(Cls)z. There- 
fore, the PL emission band of CdS : Cu : Cl, 
([Cu] = [Cl]) at h,,, = 1030 nm (Fig. 5) may 
be associated with the marked defects. 
Similarly, according to ( 17, 29) the PL cen- 
ter at -ymax = 1030 nm is identified with 
Cu&Cls. The PL-emission bands at A,,, = 
730 nm of CdS: Cu: Cl, [Cl] % [Cu] (see 
Fig. 5) can be connected with V&jCls which 
is the center of self-activated (SA) emission 
(I, 30, 32). The concentration of this center 
decreases with increasing pcd in region II 
(see Table III), which roughly coincides 
with the variation of the band intensity at 
A max = 730 nm as a function of pcd (Fig. 5). 

3.5. Defect Concentrations at pCd = Pmin 
and Brouwer Diagrams 

For plotting the Brouwer diagrams it is 
necessary to know the slopes of the sepa- 
rate types of defects and the concentration 
values of those defects for at least one point 
on the scale pcd. The slopes were deter- 
mined in Section 3.1. It is convenient to 
calculate the defect concentration in the 
Brouwer approximation at the boundary of 
regions I and II, i.e., at pcd = pmin. First n, 
[Cls], and [Cu&Cls] should be determined. 
In the Brouwer approximation at the point 
PCd = Pmin, the electron concentration is 
given by n = [Cls] = [Cu&Cls]. In region II 
free electrons are produced by reaction 9; 
see Table II. Taking into consideration Eq. 
(17) and the EMB for Cls 

[Cl,] = [Cls] + [Clx,] (29) 
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we get from the mass action law for reac- 
tion 9 (Table II): 

K%J = iKs (Jl + F - I), (30) 

where Cls represents the total concentra- 
tion of chlorine substitutional defects; Kw, 
the preexponential factor; Es = Ed, the ion- 
ization energy of the Cls donor, ES = 0.03 
eV (32); N,, the statistical factor for the 
conduction band; m,* the effective mass of 
the free electrons rn: = 0.2 m, (33, 34). For 
the chosen values of ES and m,*: 

Iy9LT = K9(293 K) = 6 x 10” cm-) (33) 

K~HT 3 K4973 K) = 8.4 X 1Or8 cmm3. (34) 

Using the low-temperature value of nLT at 
the point &,j = pmin where nLT (Pmin) is 
equal to [Cl&T (see Table IV) we find 
[CIJSILT from the mass action law for reac- 
tion 9 as 

[GILT = [CMZLT J&!T (35) 

Substituting the values of [Cl& and 
[Cl&r into Eq. (29), one obtains [Cls]LT. 
To find the corresponding concentrations at 
high temperatures we proceed on the as- 
sumption that under rapid cooling the HT 
atomic defects are frozen in (3, 4): 

IC~SILT = [QIHT = [W. (36) 

on substituting Eqs. (35) and (33) into Eq. 
(29) we can determine [Cl&n (PA, and, 
consequently, ~HTbnin) as well as 
[C&&ls]nT (p,.). By substituting the 
value of KyHT for KILT in Eq. (35) we obtain 
[Cl&r. The results of these calculations 
are presented in Table IV. 

The concentration of free holes is estab- 
lished from the mass action law for reaction 
12 (Table II): 
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p = K&z, (37) 

Ei 
K12 E Ki = N,N, exp - kT , ( ) (38) 

where N, is the statistical factor of the va- 
lence band and Ei, the width of the forbid- 
den band. The values of p are calculated 
with Ei (973 K) z 2.2 eV (I), mh* = 0.7 m, 
(33). N, (973 K) = 8 x 1019 cme3 and N, 
(973 K) = 1.2 x lOI cme3, given in Table 
IV. Cu& is established from the mass 
action law for reaction 13 (Table II) 

[CU:dl = K;:[cUbdlP, (39) 

K13 = N, exp - !$ ( 1 (40) 

where El3 = E, is the acceptor ionization 
energy; E, = 0.5 eV (Z0). The total concen- 
tration of substitutional copper is 

[CUCdl = [CUbdl + [C&d]. (41) 

Using an analogous procedure, [V&&I is 
found, taking the ionization energies for do- 
nor and acceptor levels as eqUa1 to Ed = 

0.03 eV and E, = 0.5 eV, respectively; see 
Table IV. 

The concentrations of the predominant 
copper defect CucdCls ([Cu] < [Cl]) is es- 
tablished from the EMB for copper: 

[cul = [CUCdclSl + [CUCdl. (42) 

To find [Cu&Cls] and [Cu&Cl”s], a rela- 
tion analogous to Eq. (35) was used, with Ed 
= 0.03 eV, and the EMB for CucdCls 

[cu,&lS] = [cu&,cl~] + [cu&cli]. (43) 

[Cu&Cls] and [Ct$dCl5] are neglected be- 
cause of their low values. The concentra- 
tion of the predominant chlorine defect 
Vcd(Cls)* ([Cu] < [Cl]) is established from 
the EMB for chlorine: 

[cl] = 2[vCd(ck)21 

+ [CUCdclSl + [%I. (44) 

The predominant charge defects are taken 
as Cls and Cu& or e’, the charged complex 

FIG. 6. The Brouwer diagram for CdS : Cu : Cl (sam- 
ple 4). 

defects such as Vcd(Cls)2 should be present 
in considerably smaller concentration than 
[CbJ, [c&j] or n; hence they are also con- 
siderably smaller than the concentration of 
the neutral complex VEd(Cl& . Therefore, 

[vCd(clS),l = [V:d(Ck)21. (45) 

The calculated concentration values of the 
predominant copper and chlorine defects 
are given in Table IV. 

On the basis of the data in Table IV the 
Brouwer diagram for CdS : Cl : Cu is plotted 
in Fig. 6. 

4. Summary 

We conclude that chlorine in cadmium 
sulfide occupies the sites on the sulfur sub- 
lattice by forming donor Cls . To neutralize 
these sites, corresponding acceptors V& 
are produced (through the self-compensa- 
tion effect), if [Cl] % [Cu]. The interaction 
of Cls and V&d determines the high level of 
association of these defects, with the pre- 
dominant formation of V&j(Cls)z which is 
the principal chlorine defect in CdS : Cl : Cu 
at [Cl] * [Cu]. If chlorine is present in cad- 
mium sulfide, copper mainly occupies the 
sites of the cadmium sublattice as C&d, 
thereby compensating for the charge of 
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chlorine donors Cli. With increasing cop- 
per concentration the degree of association 
of CL& with Clb also increases. At [Cu] = 
[Cl] the association of these defects be- 
comes the predominating copper and chlo- 
rine defect in cadmium sulfide, which leads 
to the simultaneous solubility of donors and 
acceptors. 
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