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High-temperature Hall effect measurements on indium-doped cadmium sulfide in cadmium and sulfur vapor,
combined with the results of similar measurements on undoped CdS lead to the parameters of the equilibrium

constant of Schottky disorder

K3 = 410exp (—4.09 eV/kT) site fr?

vacancy formation,

Kl = 3.56 x 10°exp (—2.34 eV/kT)sitefr,

and pairing of Feq with Ingg

Kp = 6.7(x/:) 25exp (0.47 £ 0.3eV/kT)sitefr.

Introduction

Recent studies of CdS indicate that the high-
temperature conductivity of undoped crystals under
both reducing (I-3) and sulfurizing (4-6) conditions
is controlled by the presence of a doubly ionized
native donor defect. This evidence along with Cd and
S self-diffusion data (2, 7) indicate that the dominant
defect 1s a doubly charged sulfur vacancy; singly
ionized Cd interstitials are also present but at
smaller concentrations. Previous work on donor-
doped crystals indicated that doubly charged ac-
ceptor defects, probably V(,, are present under
sulfurizing conditions (7, 8). The present study of
the high-temperature Hall effect as a function of
Pcq and P, for indium-doped samples was under-
taken to verify the above defect models and to check
the reported parameters of thermodynamic equi-
librium constants involved. Comparison with results
reported in (7) is particularly meaningful since the
experiments were carried out on samples cut from
the same single-crystal boule.

* This work was supported by the National Science
Foundation under Grant GK-4056.

1 Presently at Philips Research Laboratories, Eindhoven,
the Netherlands.

1 Visiting Professor from the Department of Inorganic
Chemistry, Moscow University, U.S.S.R.

401

Experimental

Measurements of the Hall effect of indium-doped
cadmium sulfide crystals in equilibrium with cad-
mium or sulfur vapor at high temperatures were
made in an apparatus described previously (1).
Square plate-shaped samples (5 x 5 x 1 mm) were
cut from high-purity single crystals obtained from
Clevite and Eagle Picher corporations. Lightly
doped samples containing <10'® Infcm? were pre-
pared by evaporating a layer of indium onto the
surface of the sample prior to a diffusion anneal.
Heavily doped samples were prepared by pressing
a piece of indium of the proper weight onto the
sample surface. To effect in-diffusion, the samples
were annealed in quartz ampouies for 4 to 7 days
at 950°C under a sulfur pressure of 3 atm. After the
diffusion anneal, the samples were lapped and
etched with 509, HCI to remove any excess of
indium sulfide from the sample surface. The samples
were then notched in a cloverieaf shape for electrical
measurements using the van der Pauw technique
9.

For measurements under Cd vapor, ohmic con-
tacts were made by pressing four graphite electrodes
against the sample with 0.010-in. diameter tungsten
wires. This arrangement serves to keep the crystal
in place and provides lead wires at the same time
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TABLE 1

QuasI-CHEMICAL DEFECT REACTIONS AND THE CORRESPONDING MaASS ACTION RELATION
ForR INnDIUM-DorPeD CdS

Cd(g) = Cdgy + Vs + 2¢
Cd¥y + e <= Vi + Cd(g)
Cdg, + 2¢’ 2 V&g + Cd(g)
0= Vs + Ve

Via + Ingg 2= (VegIngy)’
CdS 2 Cd(g) + 18,(g)
O+ 1

N A Wb

[eP[Vs]= KS”VPCd 0)]
[Véal/le’] = Kéay Ped )]
[Veallle'V = Kéav Ped (3)
Vs TVal = K €
[(Vea InCd)/]/[V(’J'd] [Incq] = Kp ®
PCdPSl-‘P = Kcas (©6)
[e1[r]=K; (7

(I). Under sulfur vapor, the samples were pressed
against four stationary graphite electrodes by quartz
springs. Platinum wires, 0.020 in. diameter, were
used for lead wires and were found to hold up quite
well under sulfur vapor up to temperatures as high
as 900°C. Electron concentrations are calculated
from the Hall constant R using R=f(1/[¢']q9), q
being the unit of charge, and f a constant which is
taken equal to 3/8 for nondegenerate samples and
1 for degenerate samples (i.e., samples with [¢'] > N,
the density of states in the conduction band.
N, = 2Q2am*kT|h?)*? = 4.85 x 10 T32(m*|m)>/2,
which for m* ~ 0.2 mis 15 x 10'% cm~? at 800°C and
1.74 x 10'? cm™3 at 900°C.

Results and Discussion

The equilibrium between indium-doped CdS and
Cd or S, vapor can be formulated with the aid of
quasi-chemical reactions, see, e.g., (8, 10). The
pertinent reaction equations and the corresponding
mass action relations are summarized in Table I. It
has been assumed that the indium occupies Cd
lattice sites and that all the Inc, are ionized at the
temperatures of measurement. Consideration of the
possibility of association of indium and metal
vacancies is necessary since some of the samples
were quite heavily doped. For easier comparison of

data from samples annealed under S, or Cd vapor,
all equations have been written in terms of Pg4. Since
the S vapor consists almost entirely of S, molecules
under the conditions of the experiment, the corre-
sponding S, pressure for a given Cd pressure can
be calculated from Eq. (6) where, according to (11),

10] 0g Kegs = —17 029/T + 10.302.

Asymptotic solutions for the various defect con-
centrations can be obtained from Eq. (1)-(7) by
making appropriate approximations to the neutrality
condition. Table II summarizes the expressions for
the electron concentration obtained for five different
neutrality approximations. The Cd vapor pressure
dependence of the electron concentration given by
these expressions can be compared to the experi-
mental data and the dominant electrically active
defects can then be determined. For an exact
interpretation, use of the complete neutrality is
necessary, however.

Figure 1 presents the electron concentration as a
function of P4 at constant sample temperatures of
800 and 900°C for several samples containing differ-
ent amounts of indium. In all cases, data are given
for the same sample heated in cadmium and sulfur
vapor, respectively. The range of pressures where
measurements can be made is limited due to sample
sublimation at medium S, or Cd pressures. It can

TABLE 1I

ASYMPTOTIC SOLUTIONS FOR THE ELECTRON CONCENTRATION

Neutrality condition

Electron concentration

I [e'l=2[Vs]

II. [e'] = [Ingqe] = [In]iowar
1ML 2[Véal = [Inga] = [In]orm
Iv. [Véal = [Inge] 2 [In]iorar

V. [(VeaInga)'} = [Inga] 2 $HIn)iotar

fe'] = QK3 P )
[e'] = [In)iotas 10)
[e'] = (4[] eorar/ Kiav} /2 PEE an
[e'] = [In]otai Kéar™ Pea 12)
[e'] = {Kéav K} V2 P2 (13)
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FiGg. 1. Electron concentration in indium-doped CdS
determined by Hall effect measurements on crystals in
equilibrium with Cd or S, rich vapors at 800 and 900°C. Thin
lines indicate asymptotes, heavy lines give calculated iso-
therms for samples with 6.5 x 10'°, 8.3 x 10'® and 3.2 x 10'®
In cm™. Arrows mark (Pca)i:.

be seen from Fig. 1 that the isotherm for a given
sample can be approximated by two straight line
segments with different slopes. At high Cd activity,
the electron concentration is independent of both
temperature and P, and is determined only by the
indium concentration in the sample. This region
corresponds to a condition of impurity controlled
conductivity with [e'] = [Ing4], neutrality condition
II. Under sulfurizing conditions, the electron con-
centration is found to be proportional to PZ;. The
exponent y varies from approximately 0.5 for the
two heaviest doped samples, containing 6.5 and
3.2 x 10'? In ¢cm™3 respectively, to approximately
0.2 for a dopant concentration of 1.55 x 10'8 cm™3.
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FIG. 2. (Pcy)y as a function of the indium concentration
at 800 and 900°C. Dashed lines give the variations expected
on the basis of Eq. (14) and (15).
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The value of y = 0.5 as found for the strongly doped
samples can be explained by a compensation
mechanism of the form of either [Ingg] =2 ([Vi4] or
[Ings] = [(VégInga)'], see Table II. The reason for
the smaller slopes found in the weakly doped samples
is to be found in the closeness of the range boundary.
Differentiation between the various compensation
models mentioned above can be made by studying
the variation with dopant concentration of the
Cd opressure (Pcq),,, marking the intersection
of the two asymptotic solutions for [e'] valid,
respectively, for high and low Cd activity. Expres-
sions for (Pcq),; can be derived by equating the
expressions for [e'] valid under neutrality approxi-
mations IT and 11T or Il and V.

(Pea)eens, m = 2[Ingy] KC"dV (14)
(PCd)trIl,V = [Inéd]z KC”dV Ky (15)

(Pca)., for each sample at 800 and 900°C, was
determined graphically by drawing lines with the
asymptotic slope of 0.5 through the low P4 data.
The placement of these lines for the three lightly
doped samples is somewhat arbitrary. It is based on
the view that the proximity of a range boundary
tends to lower the points below the asymptotes
determined by the approximation of the neutrality
condition characterizing the range. Figure 2 shows
values for (Pcq)r as a function of the indium
concentration for 800 and 900°C. Transition pres-
sures determined from Cd self-diffusion data
(Kumar (7)) are included in Fig. 2 for comparison.

It is seen that although the 900°C data are in
reasonably good agreement with Eq. (14), the 800°C
data show a concentration dependence somewhat
between that expected on the basis of (14) and (15).
This indicates that pairing is important, at least at
the higher concentrations.

The temperature dependence of the electron con-
centration of the various samples at a sulfur pressure
of one atmospherz is given in Fig. 3. Note that a
constant sulfur pressure means a varying cadmium
pressure. The decrease in slope with decreasing
indium concentration from 0.775 to 0.324 eV is to
be attributed to the same effect that was the cause
of the decrease in y, viz., the approach of the
boundary with range II where [¢'] = [Ing4], indepen-
dent of both temperature and cadmium pressure.
Only the most heavily doped samples are sufficiently
far from the boundary to make an approximate
solution for the appropriate low P¢, valid. However,
in this case pairing will come into the picture. A
simple interpretation of the observed slopes is
therefore not possible.
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FiG. 3. Temperature dependence of the electron con-
centrations of samples with different indium content at
Py , = 1 atm.

We shall analyze the data on the basis of the
assumption that pairing is negligible for the samples
doped with 1.6 x 10'® cm™? indium, but has to be
taken into account to explain the results for the
more highly doped samples.

The neutrality condition and indium balance

[Inca] = [InJiorar = [€'] + 2[Vesls (16)
together with Eq. (1) leads to a quadratic equation
in [e’] from which, for given [¢'] and Pcy, K¢y can
be found. Low indium concentration data for 800
and 900°C lead to

Klyy = 3.56 x 10%exp(-2.335eV/kT) site fr.  (17)
The data for [In], = 6.5 x 10!° cm™ now are
interpreted with the neutrality condition and indium
balance:

[Incg] = [€'] + 2[Vea] + [(Inca Ve)'],  (18)

[Ince] + [(Inca Viea)'] = [In}eotars (19)
combined with (3) and (5). For high electron con-
centrations, [¢'] in (3), but not in (18), is to be
replaced by a,, the activity of electrons; a, may be
taken from Rosenberg (12) who lists a, as f([¢']/N,).
This leads to

[In]iota1 = 2[(Inca Vea)'] + [€'] + 2[V 4]
= [e'] + 2a.” K¢y Pos +
2KP KC”dV[In]total aezPE(‘l
1 + Kp Keap a.? Py
For Kp =0 and a, = [¢’], this equation goes back to
the simpler one used above. Application of (20) to

(20)

the data for the sample with 6.5 + 10'° cm™3 indium,
using K, arrived at earlier leads to

Kp=6.7(x/:)25exp(0.47+0.3eV/kT)sitefr. (21)

These parameters of K, though not very accurate
because of the narrow temperature range, are quite -
acceptable. The pre-exponential is close to 12, the
number of nearest metal sites round a given metal
site, the value to be expected if the change in vibra-
tional entropy upon pairing is negligible. The
median pairing enthalpy Hp =—0.47 eV is some-
what smaller than the coulombic energy Hp=
—2¢%/er, which for an average dielectric constant
€ =9 and a nearest metal-metal neighbor distance
r=4.14 A, gives H, =—0.77 eV. A smaller value
is to be expected because the sulfur atoms, present
between the two attracting defects, have a polar-
izability considerably larger than that of Cd. As
previously shown for the alkali halides (13), in such
cases, the use of an effective e > the average ¢ is
justified. Note, however, that the coulombic value is
inside the indicated margin of error.

Using (21) and (17), we now can calculate from
(20) expected values for [e'] as f(Pcq,T) for all
concentrations. Figure 4 shows a complete set of
defect isotherms for [In]; = 6.5 x 10'? ¢cm™3 at
800°C. The solid curves in Fig. 1 are arrived at in
the same way. It is seen that the agreement between
theory and experiment is satisfactory. It is therefore
concluded that our data support the model used,
including considerable pairing between Incy and
V¢4 at the higher indium concentrations, Combina-
tion of K&,y as given by (17) and Kg, according to
Ref. (1),

Kgy =114 x 1077 exp(—1.75eV/kT) site fratm™!,
(22)
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gives the Schottky constant

K= Kgy Kqy = 410exp (—4.09 eV/kT)site fr.?
(23)

In the light of Kumar’s work, we must interpret
results previously attributed to Frenkel disorder as
being due to Schottky disorder. We then have to
compare the enthalpy of (23) with the value of
2.5 eV reported for Ky ¢4 (I14). The much larger
Hg =4.09 eV found by us leads to a situation with
the intrinsic electron-hole product K;> Kg, and
therewith, for pure CdS, to a central range governed
by [¢']~ 4] rather than [V&] = [V ] (19).
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