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Abstract

The sulfur vacancies in ZnS crystals are introduced by firing in zinc vapor
or liquid and then the 2.3eV optical absorption band appears. The relative
concentration of the sulfur vacancies is estimated by the optical absorption
coefficient of the 2.3eV band. The activation energies for the introduction
of the vacancy are obtained from the dependence of relative concentration of
sulfur vacancies upon firing temperatures, which are 2.8eV for zinc liquid and
0.4eV for zinc vapor, These values are qualitatively discussed and the
formation energy in zinc vapor is tentatively estimated to be about 1.6eV,

1. Introduction

With firing ZnS in zinc vapor or liquid an optical absorption band appears with a
peak at 2.3eV, which is proposed to be due to the F*center,"” ¥ that is, a sulfur
vacancy with a trapped electron, This defect is one of the simplest intrinsic
defects and it is very important to clarify the formation process of the center for
understanding the behavior of the lattice defects in the [[-VI compounds. However,
the formation energy of the sulfur vacancy in ZnS has not been known.

The 2.3eV bhand produced by firing zinc vapor or liquid is enhanced by uv ex-
citation. Matsuura ef a/.* have suggested that the enhancement of the 2.3¢V band by
uv excitation is caused by the conversion of F*" centers to F'centers and that the
absorption coefficient of the 2.3eV band after uv excitation is proportional to the
concentration of the sulfur vacancies.

The reactions for the vacancy formation by firing in zinc liquid of vapor may
be expressed by the following equations,

ZnSyy +0Zngy — Zng+5HSey +90Vs (liquid) €5
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ZnS¢) +8Zngy —> Zng.-5Se) +8Vs (vapor) (2)

with 6L 1,
where (s), (1) and (g) represent solid, liquid and gas phase respectively and V.
the sulfur vacancies.

Application of the law of mass action to these reactions leads to,

[{Zng S} ) 1[6Vs ]
Ke [ ZnSe 1 [6Znw ] 3

Il

_ [{Znu+9S) ) 1[8Vs ]
Ko = [ ZnSe | [ 8Zny ] @

where K and Kg are the equilibrium constant and the bracket represents the activity
of the substance indicated in the bracket. These activities are expressed approximate-
ly as follows,

PZn
Vsl =on [6Zne]= P [ZnS¢)] = [{Znu+»S} ] = [Znw] = 1,
Zn
where v represents the activity coefficient, » the concentration of vacancies, Pgnthe
saturated vapor pressure of pure zinc, and P, the pressure of the zinc vapor during
firing.
Thus, egs. (3) and (4) are reduced to

K. = n (5)

7P
Ko= —— ng (6)
PZn

The equilibrium constant K. and K¢ also are expressed as follows,

Ki = exp =551 )
Kc = exp ( — AkG]? ), (8)

where AGe represents the change of the Gibbs free energy in these reactions of egs.
(1) and (2) respectively. Using egs. (5), (6), (7) and (8), the concentration of
vacancies is expressed as follows,
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n, = AL exp ( AkSL ) exp( —_ i[;L ) )

ng = Ac Pz, eXp ( AkSG ) exp (»«——ﬁ—TIi&) (o
ith AL = v, Ac = —%

wi L= v, Ac P ’

where AS. and AS; represent the entropies of these reactions, AH; and AHe the
enthalpies. According to simple thermodynamical consideration,

AHg — AH, = — Hf , a1

where Hf' is the heat of vaporization of zinc metal under the vapor pressure of
pure zinc metal at a heating temperature.

In this paper, ZnS specimens are fired in zinc vapor or liquid at temperature of
1100-1250°C and the relative concentrations of the sulfur vacancies produced by the
heat treatments are estimated by the optical absorption coefficient at 2.3eV photon
energy. Using egs. (9) and (10), the formation energy of the sulfur vacancy is
discussed.

2. Experimental

Undoped zinc sulfide crystals (Grade HP) obtained from Eagle-Picher Co.* were
used in this work. The specimens were polished mechanically, and this typical size
was 6 X 3 X 1 mms3. Zn heat-treatment in zinc vapor or liquid was carried out
in the quartz tube. After baking for a few hours at 1100°C, the zinc metal and the
specimens were charged. These tubes were sealed in vaccum (1 x 10~ Torr) and
heated at the range from 1100°C to 1250°C for about 25 minutes, and then quenched
in the water.

The temperature distribution of the electric furnace used in firing is shown in
Fig. 1. On firing the specimens in zinc liquid, the specimens were immersed in
the melted zinc metal. The specimens, then, were put out of the melt and quenched.
On firing in zinc vapor, the specimens were kept apart from zinc metal source
during firing. The pressure of zinc vapor was controlled by the lowest temperature
in quartz tube during firing. In this work, the pressure of zinc vapor was adjusted
at 3.5 atm.

* Address ; Oklahoma 74354, Miami.
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Optical absorption spectra were meas-
ured by a double beam monochromator
from 350 to 2500 nm before and after
the excitation with uv light from an
Hg-lamp with appropriate glass filters.
The concentration of vacancies was
estimated by the optical absorption
coefficient at 540nm after uv excitation.
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Fig. 1. The distribution of temperature in
the furnace.

Since the oscillator strength of the 2.3
eV absorption band has not been known,
the relative concentration of the sulfur

vacancy can be obtained by the above method.

3.

Results and Discussion

Fig. 2 shows the optical absorption spectra of specimens fired in zinc vapor at

1200°C for 20 minutes.

Fig. 3 shows the difference spectra between the absorption

coefficients before and after uv excitation in the specimens fired in zinc vapor or

liquid. As shown in Figs. 2 and 3, the zinc-liquid treatments produce optical
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Fig. 2. The optical absorption coefficients in the specimens fired in a 3.5 atm
zinc vapor at 1200°C for 20 min measured at 77 K. A chain line, a broken
line and a solid line represent the absorption spectra before and after uv
excitation and the difference curves between them, respectively.
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absorption bands with peaks at 3.5, 3.2, 2.9 and 2.3 eV, and the vapor treatments
produce an optical absorption band with a peak at 1.75eV in addition to them. These
behaviors are consistent with the
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Fig. 4. The 2.3eV band absorption coefficients Fig. 5. The 2.3eV band absorption coefficients
as a function of heating time in a2 3.5 atm as a function of heating time in zinc

zinc vapor at 1100, 1150, 1200 and 1250°C. liquid at 1100, 1150 and 1200°C.
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The relations between the saturated value of the 2.3eV absorption coefficient «
and firing temperature T are shown in Fig. 6. From these results, the activation
energy for the introduction of the F*centers is estimated to be about 2.8eV for the

firing in zinc liquid and about 0.4eV in zinc vapor.
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Fig 6. 2.3eV band absorption coefficients as a

function of heating temperature.
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As the concentration of the F* cen-
ters is assumed to be equal to that
of the sulfur vacancies introduced by
firing, the activation energies obtained
from the results shown in Fig. 6. may
be the enthalpies of the reactions
expressed by egs. (1) and (2). If it
is the case, the enthalpies of the re-
actions in zinc liquid and zinc vapor
are estimated to be 2.8eV and 0.4eV
respectively. Since the change of vol-
ume on the firing is negligibly
small, the enthalpy is nearly equal to
the formation energy of the vacancy.

As shown by eq.(11), the enthalpy
in zinc liquid is different from one
in zinc vapor by Hfl . Here, if Hf' is
assumed to be equal to the heat of
vaporization H; at the boiling point

B 13)
of zinc metal, H, is about 1.2eV. However, the difference in the enthalpies obtained

from the experimental results is 2.4
eV and is larger than H; by a factor
of two. Moreover, the formation
energy in firing in zinc vapor is
much smaller than the vacancy for-
mation energies reported previously in
other Il -~ VI compounds as shown
in the Table 1. These facts may make
one suppose that the quenching rate
in the additive coloration in zinc va-
por was not fast enough to preclude
the annealing of the vacancies into
complex centers, since the thermal
conductivity of zinc vapor is lower

Formation Energy

EtleV) defect
ZnSyl 2.8 F+
ZnSg)| 0.4 F+
CdSe’[1.9£0.2 Vsé R Cdinf'
CdTe® I.7 Vet | Cdim®™
ZnSe”| 1.620.2 |Zn excess defect
CdTe¥|1.65+ 015 |Cd excess defect
CdS®| 2.5 |Cd-Frenkel pair
CdSe”| 2.10 interstitial
ZnTe””| 395 Vzntt

Table 1. The formation energies of defects in
II-VI compounds.
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than one of zinc liquid. These effects reduce the apparent formation energy. The
appearance of the 1.75eV absorption band by firing in zinc vapor may be due to
such associations. Therefore, it may be more reasonable to suppose that the value
of the activation energy determined from the additive coloration in zinc vapor is a
lower limit of the formation energy of sulfur vacancies in firing in zinc vapor and
this energy should rather be estimated from the results of the additive coloration
experiment in zinc liquid.

Consequently, the formation energy is tentatively estimated to be about 1.6eV by
subtracting the heat of vaporization of zinc metal from the activation energy deduced
from the firing experiments in zinc liquid.

As seen in Fig. 6, the concentration of the F+centers in the specimens f{firing in
zinc vapor seems lower than one in the specimens fired in zinc liquid at high tem-
perature, while higher at low temperature. These may be due to the fact that the
entropy and enthalpy of the reaction in zinc vapor are smaller than those in zinc
liquid.

Some alternative explanations, of course, can not be ruled out, and it may be
important to ensure rapid cooling of the specimens after firing in zinc wvapor for
further investigations.
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