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OPTICAL PROPERTIES OF ZnS SINGLE CRYSTALS DOPED

WITH COBALT

ZnS:Co single crystals were obtained by diffusion-related doping with cobalt. An op-
tical density spectra in the region of 4-0.38eV are investigated. It is established, that at
cobalt doping of crystals, the absorption edge is displaced in lower energy region. Analogy
of ZnS:Co and ZnTe:Co crystals optical absorption spectra is established. The investigated
lines of ZnS:Co absorption are caused by electrons optical transitions from Co2+ ion basic
condition level 4À2(F) on the excited states 4T1(P), 4T1(F) and 4T2(F) levels split with spin-
orbit interaction.

1. INTRODUCTION

Zinc chalcogenide crystals doped with cobalt
and chromium are of interest due to the fact that
they can be employed as the active media of la-
sers that emit in the middle infrared (IR) spectral
region. These lasers are used in medicine, biolo-
gy, and other application-oriented fields. Present-
ly the structure of absorption spectra of the
ZnSe crystals doped with cobalt and chromium
is studied in detail [1�3]. Doping of ZnS crystals
with cobalt and chromium is limited by the small
diffusion coefficients of these metals.

We suggested the diffusive-related doping
method of ZnS single crystals with cobalt. The
results of investigation of ZnS:Co crystals opti-
cal absorption spectra in the visible, near and
middle IR-region of spectrum are presented. The
structure of ZnS:Co optical absorption spectrum
is studied and identified in the visible, near and
middle IR-region. It is established that ZnS crys-
tals absorption edge shifts to the lower energy
region at doping by cobalt.

The purpose of this study is to develop the
procedure of diffusion cobalt doping of ZnS crys-
tals and to identify of ZnS:Co optical absorption
spectra.

2. EXPERIMENTAL

ZnS:Co crystals under study were obtained
by diffusion doping of originally undoped ZnS
single crystals with cobalt. The undoped crystals
were obtained by free growth method. This
method was described in detail, along with a
report of primary characteristics for the obtained
crystals, in [4]. The choice of temperature pro-
files and design of growth chamber precluded
any contact between the crystal and chamber
walls. The dislocation density in the crystals
under study was no higher than 104 cm�2.

Doping of ZnS crystals by cobalt was carried
out by the method of impurity thermal diffusion
from the endless source. ZnS crystal, powdered

cobalt and zinc sulfide in the correlation 1:5 was
loaded in a quartz ampoule. Choice of correlation
for powdered ZnS and Co is stipulated by the
fact that there is the intensive etching of crystal
in cobalt powder at large cobalt concentrations.
Annealing of crystals was carried out in the
evacuated quartz cells at temperatures 1223 and
1273Ê during 5h. After annealing, ZnS:Co crys-
tals became turquoise unlike the clear ZnS crys-
tals. Estimation in the highest concentration of
cobalt was determined by comparison of optical
absorption spectra with present data [2]. The
highest cobalt concentration in the obtained
crystals is estimated 1018 ñm�3.

For comparison, the crystals ZnTe:Co were
obtained by the similar method. The tempera-
ture of annealing for these crystals was 1123Ê.
After annealing, ZnTe:Co crystals became um-
ber unlike red-brown color of the undoped ZnTe
crystals.

The spectra of optical density were measured
by SF-46 diffraction spectrophotometer working
within the range 4.1-1.0 eV and MDR-6 mono-
chromator with the diffraction grating 600 gro-
oves/mm and 325 grooves/mm. The first of
them was used to analyze absorption spectra
within energy range 1.2-0.6eV, and second �
within the range 0.6-0.3eV. As the recorder of
light stream in the middle IR-region was used
PbS photoresistor working in the mode of alter-
nating current recording. The optical density
spectra were measured at 77 and 293 K.

3. OPTICAL-DENSITY SPECTRA OF
ZnS:CO CRYSTALS IN THE
ABSORPTION EDGE REGION

Figure 1 shows the absorption spectra of
ZnS and ZnS:Co crystals in the absorption edge
region. The absorption spectra of undoped ZnS
crystals are characterized by absorption edge on
3.58eV (fig. 1, curve 1) at Ò=77Ê. In the range
of the energies 3.58�0.40eV no features are ob-
served for undoped crystals.
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Fig. 1. Absorption spectra of ZnS(1) and ZnS:Co(2)
crystals. Ò = 77 Ê. The fragment of curve 2 in the region
of low absorption energies is shown in the inset

Doping of crystals with cobalt results in shift
of absorption edge to the lower energy region,
and the change of crystals coloring testifies this.
This shift raises with annealing temperature in-
creasing. For ZnS:Co crystals, obtained by an-
nealing at temperature 1223 Ê, the absorption
edge is characterized by the energy 3.03e V
(fig. 1, curve 2). The shift of absorption edge in
the lower energy region at doping with cobalt
was observed in ZnTe:Co crystals and was
0.68eV.

The careful analysis of ZnS:Co crystals ab-
sorption edge showed the presence wildly resolv-
ing absorption lines on 2.73, 2.61 and 2.55eV
(shown by arrows in the inset in Fig.1) at 77 Ê.

The similar spectral lines were observed [3]
on the low energy region of ZnSå:Co crystals
absorption edge on 2,55, 2,43 and 2,36eV. These
lines are shifted in relation to L,M,N-lines, ob-
served in ZnS:Co crystals, on the magnitude of
0,18 ¼ 0,19eV toward the lower energies. This
confirms the suggestion that L,M,N-lines in
ZnS:Ñî crystals, as well as in ZnSe, caused by
the intracenter transitions 4À2(F) →

2T1(H), tak-
ing place within the limits of cobalt ion. Thus
the level 2Ò1 is split on three sublevels due to
spin-orbit interaction.

At the same time L,M,N- lines of absorption
were not observed on the lower energy ranges
for ZnTe:Co spectra. It is caused to those that
the energy of ZnTe absorption edge falls on the

energy that is lower the energy of optical tran-
sitions for L,M,N-lines.

4. OPTICAL DENSITY SPECTRA OF
ZnS:CO CRYSTALS IN IR REGION

In the near-IR spectral region at Ò = 77Ê
there were the characteristic series of the
ZnS:Co absorption lines at 1.86, 1.80 and
1.73eV (Fig. 2, curve 1). In crystals ZnTe:Co,
the similar lines series on 1.53, 1.47 and 1.38eV
is in the lower energy region of absorption edge.

Fig. 2. Optical-density spectra in the near-IR region for
ZnS:Co(1) and ZnTe:Co(2) crystals. T = 77Ê

It is established that intensity of these lines
increases considerably with annealing tempera-
ture raise. At the same time, position of these
lines remains unchanged. The position spectral
lines remain unchanged at increasing of crystals
temperature from 77 to 300 Ê too. The obtained
results allow to assume that observed absorp-
tion lines are caused by intracenter optical tran-
sitions within the limits of cobalt ion. The line
at 1.86eV was observed before [2], and was
bonded with the intracenter transitions
4À2(F) →

4T1(Ð) within the limits of 2
ZnCo +  cobalt

ion. The second and third lines were not ob-
served before in ZnS:Co crystals. Probably, they
are caused by transitions to 4Ò1(Ð)-state of co-
balt ion split as a result of spin-orbit interaction.
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The similar absorption line in the ZnTe:Co crys-
tals on 1.53eV bonds with the intracenter tran-

sitions 4À2(F) →
4T1(Ð) within the limits of 2

ZnCo +

cobalt ion. An absorption lines on 2
ZnCo +  1.47 and

1.38eV caused by transitions to 4Ò1(Ð)-state of
cobalt ion split as a result of spin-orbit interac-
tion.

In middle-IR region characteristic absorption
in two ranges was observed. In higher-energy
region ZnS:Co crystals were characterized by
two broad lines at 0.86 and 0.73eV (Fig. 3,
curve 1). The position of these absorption lines
did not change with crystal temperature change.
In ZnTe:Co crystals, the similar lines are dis-
placed in relation to the lines ZnS:Co toward
the lower energies at 0.09-0.13eV and located at
0.73 and at 0.67eV (Fig. 3, curve 2). The absorp-
tion line was observed earlier [5] at 0.76eV in
ZnS:Co crystals, that corresponds to intracenter
transition from the basic state 4À2(F) in the

excited 4T1(F) state of 2
ZnCo +  ion. Consequently,

the absorption line on 0.67eV in ZnTe:Co is due
to the similar transition 4À2(F) > 4T1(F). The
presence of line at 0.73eV in ZnTe:Co crystals
as well as lines at 0.86eV in ZnS:Co crystals are
obviously caused by the spin-orbit splitting of
excited state 4T1(F) level. The obtained results
evidences that the observed absorption lines of
ZnS:Co and ZnTe:Co crystals are caused by
transitions from the basic state 4À2(F) in the
excited 4T1(F) states that are split due to spin-
orbit interaction.

Fig. 3. Optical-density spectra in the middle-IR region
for ZnS:Co(1) and ZnTe:Co(2) crystals. T = 77Ê

The shift of ZnTe:Co crystal absorption lines
to the lower energy region in comparison with
ZnS:Co crystal absorption lines are explained by
a geometrical factor. This geometrical factor

takes into account the crystalline field change in
radius increase of anion surrounded Co2+ ion.
This factor for the sequence of anion S → Te
must result in shift of spectral lines toward the
lower energies that was observed in the experi-
ment.

In the lower energy range of middle-IR re-
gion in the absorption spectra of the ZnS:Co
and ZnÒå:Co crystals the unique line at 0.43eV
(Fig. 3) is observed. In accordance with [5] in
ZnS:Co crystals this line is caused by the tran-
sitions 4À2(F) →

4T2(F) between basic 4À2(F) and
the nearest excited state 4T1(F). These transi-
tions are resonant and are observed both in
absorption spectra and in emission spectra. The
energy of these transitions does not change de-
pending on the material of explored semiconduc-
tor. The analogy of absorption spectra of the
ZnS:Co and ZnTe:Co crystals allow to consider
that the nature of optical transitions in these
crystals is identical.

5. CONCLUSION

The studies carried out allow us to conclude
the following.

1. A procedure for diffusion doping with Co
of the ZnSe crystals has been developed. The
highest Co impurity concentration in the crys-
tals obtained is estimated as 1018 cm�3.

2. It is shown that doping of ZnS crystals
with cobalt results in shift of absorption edge in
the lower energy region.

3. The analogy of absorption spectra for
ZnS:Co and ZnTe:Co crystals is established.
Shift of absorption spectral lines in ZnTe:Co
crystals in relation to similar lines in ZnS:Co
crystals are caused by the increase in anion (S,
Te) ionic radius.

4. It is shown that observed ZnS:Co crystals
absorption lines are caused by electrons optical
transitions from Co2+ ion basic state 4À2(F) level
to the excited states 4T1(P), 4T1(F) and 4T2(F)
levels split by spin-orbital interaction.
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ÎÏÒÈ×ÅÑÊÈÅ ÑÂÎÉÑÒÂÀ ÌÎÍÎÊÐÈÑÒÀËËÎÂ ZnS, ËÅÃÈÐÎÂÀÍÍÛÕ ÊÎÁÀËÜÒÎÌ

Ìîíîêðèñòàëëû ZnS:Cî ïîëó÷åíû ìåòîäîì äèôôóçèîííîãî ëåãèðîâàíèÿ êîáàëüòîì. Èññëåäîâàíû ñïåêòðû
îïòè÷åñêîé ïëîòíîñòè â îáëàñòè 4-0.38ýÂ. Óñòàíîâëåíî, ÷òî ïðè ëåãèðîâàíèè êðèñòàëëîâ êîáàëüòîì êðàé ïîãëîùåíèÿ
ñìåùàåòñÿ â íèçêîýíåðãåòè÷åñêóþ îáëàñòü. Óñòàíîâëåíà àíàëîãèÿ ñïåêòðîâ îïòè÷åñêîãî ïîãëîùåíèÿ êðèñòàëëîâ
ZnS:Co è ZnTe:Co.

Èññëåäóåìûå ëèíèè ïîãëîùåíèÿ ZnS:Co îáúÿñíÿþòñÿ îïòè÷åñêèìè ïåðåõîäàìè ýëåêòðîíîâ ñ óðîâíÿ îñíîâíîãî
ñîñòîÿíèÿ 4À2(F) èîíà Co2+ íà ðàñùåïëåííûå ñïèí-îðáèòàëüíûì âçàèìîäåéñòâèåì óðîâíè âîçáóæäåííûõ ñîñòîÿíèé
4T1(P), 4T1(F) è 4T2(F).

UDC 546.49

Yu. F.Vaksman, Yu. A. Nitsuk, V. V. Pavlov, Yu. N. Purtov, A. S. Nasibov, P. V. Shapkin

OPTICAL PROPERTIES OF ZnS SINGLE CRYSTALS DOPED WITH COBALT

ZnS:Co single crystals were obtained by diffusion-related doping with cobalt. An optical density spectra in the region
of 4-0.38eV are investigated. It is established, that at cobalt doping of crystals, the absorption edge is displaced in lower
energy region. Analogy of ZnS:Co and ZnTe:Co crystals optical absorption spectra is established.

The investigated lines of ZnS:Co absorption are caused by electrons optical transitions from Co2+ ion basic condition
level 4À2(F) on the excited states 4T1(P), 4T1(F) and 4T2(F) levels split with spin-orbit interaction.

ÓÄÊ 546.49

Þ. Ô. Âàêñìàí, Þ. À. Í³öóê, Â. Â. Ïàâëîâ, Þ. Ì. Ïóðòîâ, À. Ñ. Íàñ³áîâ, Ï. Â. Øàïê³í

ÎÏÒÈ×Í² ÂËÀÑÒÈÂÎÑÒ² ÌÎÍÎÊÐÈÑÒÀË²Â ZnS, ËÅÃÎÂÀÍÈÕ ÊÎÁÀËÜÒÎÌ

Ìîíîêðèñòàëè ZnS:Cî îòðèìàí³ ìåòîäîì äèôóç³éíîãî ëåãóâàííÿ êîáàëüòîì. Äîñë³äæåíî ñïåêòðè îïòè÷íî¿ ãóñòèíè
â îáëàñò³ 4-0.38åÂ. Âñòàíîâëåíî, ùî ïðè ëåãóâàíí³ êðèñòàë³â êîáàëüòîì êðàé ïîãëèíàííÿ çì³ùóºòüñÿ â
íèçüêîåíåðãåòè÷íó îáëàñòü. Âñòàíîâëåíà àíàëîã³ÿ ñïåêòð³â îïòè÷íîãî ïîãëèíàííÿ êðèñòàë³â ZnS:Co ³ ZnTe:Co.

Äîñë³äæåí³ ë³í³¿ ïîãëèíàííÿ ZnS:Co ïîÿñíþþòüñÿ îïòè÷íèìè ïåðåõîäàìè åëåêòðîí³â ç ð³âíÿ îñíîâíîãî ñòàíó
4À2(F) ³îíà Co2+ íà ðîçùåïëåí³ ñï³í-îðá³òàëüíîþ âçàºìîä³ºþ ð³âí³ çáóäæåíèõ ñòàí³â 4T1(P), 4T1(F) è 4T2(F).


