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OPTICAL ABSORPTION AND DIFFUSION OF COBALT IN ZnS SINGLE 

CRYSTALS

ZnS:Co single crystals obtained by diffusion doping are investi-

gated. The spectra of optical density in the energy range 0.3-3.8  eV 

are investigated. On absorption edge shift of investigated crystals the 

cobalt concentration is calculated. Nature of optical transitions deter-

mining optical properties of ZnS:Co single crystals in the visible and 
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ment of the relative optical density of the crystals in the visible spec-

tral region. The Co diffusivities in the ZnS crystals at 1170-1270 K 

are calculated. The Co diffusivity at 1270 K equals 10-9 cm2/s.

INTRODUCTION

Cobalt-doped ZnS single crystals have found 

a wide application as generating media and 

passive gates of lasers emitting in the IR region. 

In [1,2], the possibility of the use of Co2+:ZnS 

as the efficient passive gate and active media 

for lasers emitting in the region of 1.5-2.1 and 

0.7-0.8 :m is shown. The diffusion doping with 

Co has a number of advantages compared with 

doping during growth, among which we can 

distinguish the main ones, namely, the possibility 

of controlling the impurity concentration and 

1',&(%),#'26$3)

In this study, the procedure of diffusion doping 

is realized, which allows one to obtain ZnS:;< 

+&(%6$)-#=+.86+)>&.5)8)+,$-&2$1)-'(-$(.#8.&'()'*)7')

impurity. The structure of the optical absorption 

spectra in the visible and infrared wavelength 

#$%&'(+)&+)+./1&$1)8(1)&1$(.&2$13)45$)08?&0/0)

concentration of the Co impurity is determined 

by means of the magnitude of the shift of the 

8@+'#,.&'()$1%$3)45$)8(86=+&+)'*).5$),#'26$)'*).5$)

relative optical density allowed us to determine the 

diffusivity of Co in the ZnS crystals.

The goals of this study are development of a 

procedure of diffusion doping of the ZnS crystals 

>&.5)7'A)&1$(.&2-8.&'()'*).5$)',.&-86)8@+'#,.&'()

spectra, and determination of diffusivity of Co in 

ZnS crystals.

EXPERIMENTAL

The samples under study are obtained by 

diffusion doping with Co of starting pure ZnS 

single crystals. Undoped crystals are obtained 

via the free growth on a single crystal ZnS 

BCCCD)+/@+.#8.$3)E)1$.8&6$1)1$+-#&,.&'()'*) .5&+)

growth method and main characteristics of the 

ZnS crystals are presented in [3]. Selection of 

temperature profiles and design of the growth 

chamber excluded the possibility of contact of 

the crystal with chamber walls. The dislocation 

density in obtained crystals was no higher than 

104 cm–2. The crystals were doped via diffusion 

of impurity from metal powderlike Co in He+Ar 

atmosphere. In order to avoid etching of crystals, 

powderlike ZnS in the ratio 1:1 was added to the 

Co powder. Crystals were annealed in evacuated 

quartz cells at temperatures from 1170 to 1270 K 

B+$$)48@6$)CD3)45$)1/#8.&'()'*).5$)1&**/+&'(),#'-$++)

was 10 h. After annealing the ZnS:Co crystals 

acquired a turquoise colour, in contrast to the 

colourless of undoped ZnS crystals. 

Diffusion of Co was performed under 

conditions in which the impurity concentration 
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in the source remained virtually constant. In this 

case, the solution of Fick’s diffusion equation for 

the one-dimensional diffusion has the form
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where C
:
 is the activator concentration at the 

surface and the symbol “718” denotes the error 

*/(-.&'() B.5$)F8/++&8() */(-.&'(D3The optical 

density 9; spectra were measured using a MDR-6 

monochromator with 1200, 600, and 325 grooves/

mm diffraction grates3)45$)2#+.)%#8.$)>8+)/+$1)to 

analyze the absorption spectra in the 3.8-1.6 eV 

photon energy range, the second, in the 1.6-

0.6 eV one, and third, in the 0.6-0.4 eV one. A 

GHI"CJJ),5'.'0/6.&,6&$#)>8+)/+$1)8+)8)6&%5.)K'>)

receiver in the visible spectral region, while FR-1P 

photoresistor working in the alternating current 

mode in the IR region. The optical density 

spectra were measured at 77 and 300 K. 

L5$()0$8+/#&(%).5$)1&**/+&'(),#'26$)'*).5$)G$)

&0,/#&.=A)8).5&(),68.$)'*).5$)-#=+.86)BJ3MNJ3O)00D)

was cleaved in the plane parallel to the direction 

of the diffusion flux. The measurement of the 

,#'26$)'*)',.&-86)1$(+&.=)'*).5$)G$"1',$1)-#=+.86+)

was performed using an MF-2 microphotometer. 

This device allowed us to measure the magnitude 

of optical density with a step of 10 :m in the 

1&#$-.&'()'*).5$)1&**/+&'()K/?3) ().5&+)-8+$A).5$)

integrated optical density was measured in the 

spectral range of 2.8–2.4 eV.

C

ANALYSIS OF OPTICAL DENSITY 

SPECTRA  

The spectra of optical density of undoped ZnS 

-#=+.86+)8.)PPQ)8#$)*$8./#$)8()absorption edge 

with energy of 3.75 eV)BG&%3))CA)-/#9$)CD. In the 

range 0.40-3.6 eV, no features of the absorption 

spectra of undoped crystals are found.

Doping of crystals with cobalt leads in the ab-

sorption edge shift towards lower energies (Fig. 1, 

-/#9$+)M"RD3)45$)+5&*.)986/$)&(-#$8+$+)>&.5)8(-

nealing temperature and is due to the interimpu-

rity Coulomb interaction. The band gap width 

98#&8.&'()SE
<
 (in meVD)8+)8)*/(-.&'()'*)&0,/#&.=)

concentration depending on concentration  of in-

troduced impurities is determined in [4] by the 

relation:
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where = is electron charge, #, impurity concentra-

tion in Tm-3, U
s
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0
,
 

electric constant. The cobalt concentration in the 

studied crystals was calculated from band gap 

>&1.5)-58(%&(%)B+$$)48@6$)CD3)45$)08?&0/0)7')

concentration (3·1019 cm-3D)*'#).5$)-#=+.86+)8(-

nealed at 1270 K.

Table 1. 

Optical characteristics of ZnS:Cr crystals in the 

absorption edge region

Sam-

ple No

Type of 

the crystal

E
<
, eV S>

<
, 

meV

#, 

cm-3

1
ZnS  

starting
2.75 --- ---

2

X(YZ;<A)

annealing 

1170 K

2.74 10 4·1016

3

ZnS:Co, 

annealing 

1220 K

2.68 70 8·1018

4

ZnS:Co, 

annealing 

1270 K

2.64 110 3·1019
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1200, 600, and 

. The first 

to analyze the absorption spectra 

, the 

in the 

100 photomultiplier was 

used as a light flow receiver in the visible 

photoresistor 

in the alternating current mode in 

were 

When measuring the diffusion profile of the 

Fe impurity, a thin plate of the crystal (0.2–

00D)>8+)-6$89$1)&().5$),68($),8#866$6).').5$)

direction of the diffusion flux. The measurement 

doped 

rformed using an MF-2 

microphotometer. This device allowed us to 

measure the magnitude of optical density with a 

m in the direction of the diffusion 

flux. In this case, the integrated optical density 

was measured in the spectral range of 2.8–

Sam- crystal , , , 

(9;
D

2 

E, eV
 3.6

 
3.7

 
3.8

 

10
 

20
 

30
 

40
 

50
 

60
 

70
 

?!

2
!

@!

Fig. 1. Spectra of optical density of ZnS (?D)8(1)

Fig. 1. Spectra of optical density of ZnS (?D) 8(1)

ZnS:Co samples 3 (2D)8(1)O)B@D3
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In the visible spectral region, the spectra of 

the optical density of the ZnS:Co crystals involve 

8)+$#&$+)'*),''#6=)#$+'69$1)6&($+)BG&%3)MD3)45$)

absorption of the light in this region increases 

as the cobalt concentration. In the absorption 

spectrum of the lightly-doped ZnS:Co crystals 

obtained at 1170 K, twelve absorption lines can 

be distinguished, namely, at 2.82, 2.73, 2,61, 2.55, 

2.48, 2.39, 2.32, 2.19, 2.09, 1.86, 1.8, 1.73 eV 

Line 

1. 2.82 2.85 E(9

2. 2.73 2.82 T (9

3. 2.61 2.81 T (P

4. 2.55 2.58 E"#$

5. 2.48 2.42 T "#$

6. 2.39 2.40 T "#$

7. 2.32 !

8. 2.19 2.21 T "#$

9. 2.09 2.06 " (G

10. 1.86 1.81 T (G

11. 1.8 1.78 T (G

12. 1.73 1.72 T (P

13. 8 1.48 E(G

4. 89 !

5. 0.84 0.85 T B+C
6. 0.77 !

17. 0.43  T B+C

9;!

E)!eV
!

!

?!

2
!
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BG&%3)MA)-/#9$)CD3)E+).5$)1',&(%)6$9$6)&(-#$8+$1A)

the location of these lines remained unchanged 

BG&%3)MA)-/#9$)MD3)Y./1&$+)'*)',.&-86)1$(+&.=)&()

the temperature range 77-300 K showed that 

the location of these lines remained unchanged. 

Such conduct is characteristic for the absorption 

lines conditioned by the optical transitions of 

electrons within the impurity ion limits [5]. In 

the Table 2, the energies of optical transitions in 

the limits of the Co2+ &'()8(1).5$&#)&1$(.&2-8.&'()

are given. This table is constructed based on our 

experimental results and our calculations of the 

Co2+ ion energy states in ZnS lattice performed on 

the Tanabe-Sugano diagrams [6]. It is achieved the 

best accordance of experiment and theory at the 

,8#80$.$#+)'*).5$)-#=+.866&($)2$61)'*)SVOJJJ)cm-1 

and FVP[J)-m-13)\86/$+)'*)S)8(1)A parameters 

correspond with the results of the calculations 

performed in [7]. Lines of absorption at 2.73, 

2.61, 2.55 eV was observed before in [8,9]. The 

energy of 4G
2
B+CH4T

?
B0C transition corresponds 

with energy position of 4T
?
B0C level, calculated 

in [10]. 

Table 2. 

Optical transitions in the limits of ;o2+ ion.

Line

no.
E

exp
, eV E

calc
, eV Transition

1. 2.82 2.85 4G
2
B+C 2E(9C

2. 2.73 2.82 4G
2
B+C 2T

2
(9C

3. 2.61 2.81 4G
2
B+C 2T

?
(PC

4. 2.55 2.58 4G
2
B+C 2EBIC

5. 2.48 2.42 4G
2
B+C 2T

?
BIC

6. 2.39 2.40 4G
2
B+C 2T

2
BIC

7. 2.32 DDD DDD

8. 2.19 2.21 4G
2
B+C 2T

?
BIC

9. 2.09 2.06 4G
2
B+C 2"

?
(GC

10. 1.86 1.81 4G
2
B+C 2T

2
(GC

11. 1.8 1.78 4G
2
B+C 2T

?
(GC

12. 1.73 1.72 4G
2
B+C 4T

?
(PC

13. 1.48 1.48 4G
2
B+C 2E(GC

14. 0.89 DDD DDD

15. 0.84 0.85 4G
2
B+C 4T

?
B+C

16. 0.77 DDD DDD

17. 0.43 0.4 4G
2
B+C 4T

2
B+C

Fig. 2. Spectra of optical density of ZnS:Cr crystals in the visible region. Samples (?D)3 and (2D)4
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In the near IR-region the spectra of optical 

density of ZnS:Co crystals are characterized by 

the broad absorption band at 1.48 eV. The optical 

density of the crystals increased with cobalt 

concentration growth. The location of this band 

was unchanged under the temperature varying 

*#'0)PP).')RJJ)Q)8(1)-'@86.).$0,$#8./#$)98#=&(%3)

According to our calculations (see Table MDA)the 

absorption band at 1.48 eV can be explained by 
4G

2
B+CH2E(GC transitions occurring in the limits 

of Co2+ ion.

In the middle IR-region, the spectra of optical 

density of the crystals involve the absorption 

bands at 0.89, 0.84, 0.76 and 0.43 eV (Fig. 3D3)

The optical density of the crystals increased as 

the cobalt concentration increased. The location 

of this band was unchanged as the temperature 

and the cobalt concentration varied. According 

to our calculations (see Table MDA)the absorption 

band at 0.84 eV are related to the 4G
2
B+CH4T

?
(+C 

transitions. Two other bands can be conditioned 

by the presence of the spin-orbit splitting of 4T
?
B+C 

state of Co2+ ion. 

The absorption band at 0.43 eV was observed 

by us before in ZnS:Co, ZnSe:Co and ZnTe:Co 

crystals [11-13]. According to our calculations 

and calculations [10] this absorption band is 

conditioned by 4G
2
B+CH4T

2
B+C transitions between 

4G
2
B+C ground state and 4T

2
B+C)2#+.)$?-&.$1)+.8.$)'*)

Co2+ ion.

It should be noted that, as the doping level 

of the crystals increased, the absorption bands 

broadened. A similar broadening of the structure 

of the lines takes place in the absorption spectra 

in the visible spectral region. This is apparently 

associated with manifestation of the impurity–

impurity interaction of the Co2+ ions.

DETERMINATION OF THE COBALT 

DIFFUSIVITY IN THE ZnS CRYSTALS 

The presence of characteristic cobalt-absorption 

lines in the visible region of the spectrum indicates 

that it is possible to determine the impurity-

1&**/+&'(),#'26$)@=)0$8+/#&(%).5$)#$68.&9$)',.&-86)

density (S*D3)This quantity is a function of the 

coordinate 5!&().5$)1&#$-.&'()'*).5$)1&**/+&'()K/?)

8(1)&+)1$2($1)@=).5$)$?,#$++&'(

                      

* ]B D ]B D

]BJD ]B D

9 5 9

9 9

# ,
* "

# ,
A))))))))))))))))BRD

where 9;B5C!is the crystal’s optical density as a 

function of the coordinate!5, 9;B:C is the optical 

density of the crystal in the surface layer with 

the coordinate 5!V)JA)8(1)9;B^D)&+).5$)',.&-86)

density of the crystal in the region, where the 

cobalt concentration is negligible (the crystal 

&+)('.)1',$1D3)45$)-5'+$()1$2(&.&'()'*)#$68.&9$)

optical density makes it possible to compare the 

dependence S*(xD)>&.5).5$)&0,/#&.=)-'(-$(.#8.&'()

profile C(xD_C
0
)-86-/68.$1)@=) *'#0/68) BCD3)By 

choosing .5$)986/$)'*).5$)1&**/+&9&.=)&()H`3)BCDA)>$)

managed to obtain good agreement between the 

relative optical density and cobalt concentration 

,#'26$+)&().5$)-#=+.86+)BG&%3)OD3)45$)1&**/+&9&.&$+)

of Co in ZnS crystals at temperature 1170-1270 K 

were calculated similarly. The temperature 

dependence of diffusivity 9BJC, presented in inset 

to Fig. 4, is described by Arrhenius equation

                                

))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))))BOD

where the factor 9
:
K2.39 T02/s, while the 

activation energy of diffusion LK2.34 eV. At the 

crystals annealing temperature of 1270 K the 

diffusivities of chromium is 10-9)T02/S. This value 

is a few orders less than cobalt diffusivity in ZnSe 

crystals, which we determined according to the 

procedure described in [12].

CONCLUSIONS

The study allows a number of conclusions. 

These are as follows:

1. The method of cobalt diffusion doping 

of ZnS single crystals was developed. 

The maximum concentration of cobalt 

impurity determined by the shift of the 

absorption edge in ZnS:Co crystals was 

3·1019 cm-3. 

2. The nature of absorption lines of ZnS:Co 

crystals in the visible and IR regions of 

.5$)+,$-.#/0)>8+)&1$(.&2$13
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3. The diffusivities of cobalt in ZnS crys-

tals in the temperature range 1170-

%!&'$($)*+*$ ,-.,/.-0*1$ 23+$ 04*$ 25+60$

time. Analysis of the temperature de-
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Fig. 3. Spectra of optical density of ZnS:Co crystals in the IR-region. Samples (M#$3 and (2#$4.
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the diffusivity of Co is 10-9 cm2/s.
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OPTICAL ABSORPTION AND DIFFUSION OF COBALT IN ZnS SINGLE CRYSTALS

Abstract

ZnS:Co single crystals obtained by diffusion doping are investigated. The spectra of optical density 

in the energy range 0.4-3.8 eV are investigated. On absorption edge shift of investigated crystals the 

cobalt concentration is calculated. Nature of optical transitions determining optical properties of 

t-u43'$+/-w)*$8&D+6,)+$/-$67*$x/+/y)*$,-.$z{M&*w/'-$'0$+2*86&1<$/+$/.*-6/(*."
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v7*$./001+/'-$2&'()*$'0$67*$3'$.'2,-6$/+$.*6*&</-*.$x/,$<*,+1&*<*-6$'0$67*$&*),6/x*$'26/8,)$.*-+/6D$

of the crystals in the visible spectral region. The Co diffusivities  in the ZnS crystals at 1170-1270 K 

are calculated. The Co diffusivity at 1270 K equals 10-9 cm2/s.

Key words:$|/-8$+1)(.*K$./001+/'-$.'2/-wK$8'y,)6$/<21&/6DK$'26/8,)$.*-+/6DK$./001+/x/6D.
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