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DIFFUSION OF TRANSITION-METAL IONS (Fe, Ni) IN ZINC

CHALKOGENIDES

The ZnS, ZnSe, ZnTe single crystals doped with iron and nickel are investigated. The diffusion
doping is carried out from metallic nickel and powderlike iron in helium and argon atmosphere. The
optical density spectra are investigated in the wavelength range of 2—3.8 ¢V. From the value of the
absorption edge shift, the nickel and iron concentrations in crystals under investigation is determined.
It is shown that nickel and iron doping results in appearance of absorption lines in the visible spectral

region.

The nickel and iron impurity diffusion profile is determined by measuring the relative optical
density of crystals in the visible spectral region. The diffusivities of nickel and iron in ZnS, ZnSe, ZnTe
crystals are calculated at temperatures of 1020—1320 K.

The last years wide interest was paid to zinc-chal-
cogenides (ZnS, ZnSe, ZnTe) due to their new appli-
cation fields. The ZnS and ZnSe crystals doped with
transitional metals have been used as active media and
gates in lasers of medium infrared (IR) radiation range
[1,2]. The ZnTe crystals doped with iron and nickel are
perspective materials for a photorefraction [3]. There-
fore the fabrication of zinc chalcogenides crystals
doped with transition-metal ions is actual problem.

There are two basic methods of zinc-chalcogenides
doping with transition-metal ions. The first one is dop-
ing during the growing process from vapor phase and
the second one is diffusive doping. In [4] the ZnSe:Fe
and ZnSe:Ni single crystals were obtained from a va-
por phase by free growth on a single crystal substrate
with the use of chemical transport in hydrogen.

The advantage of the diffusion doping is the ex-
act adjusting of profile and level of doping. In [2] the
ZnSe:Fe crystals are obtained by the doping from a
solid phase metallic source (a metallic layer). The dif-
fusion doping in the iron vapor is carried out in [5].
Duration of diffusion process and small iron impurity
concentrations in the obtained crystals are the lacks of
these diffusion doping methods.

In this study we describe the diffusion technique of
doping which allows to obtaining zinc-chalcogenides
single crystals with predicted iron and nickel-impurity
concentration. The structure of optical absorption
spectra has been studied and identified in the visible
region. Basing on the optical absorption edge shift, the
nickel and iron concentration has been determined.
The analysis of the relative optical density profile in
the visible region enabled us to calculate the diffusivity
of nickel and iron in ZnS, ZnSe, ZnTe crystals.

The purpose of this study is the development of
the diffusion technique of zinc-chalkogenides crystals
doping with iron and nickel and the determination of
the diffusivity.

1 EXPERIMENTAL

The samples for the study were prepared by nickel
and iron diffusion doping of pure ZnS, ZnSe and ZnTe
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single crystals. The undoped crystals were obtained by
free growth on a ZnSe single crystal substrate with the
(111) growth plane. The method and the main char-
acteristics of the ZnS, ZnSe and ZnTe crystals were
described in details in [6]. 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 10* cm=2.

The ZnS:Ni, ZnSe:Ni and ZnTe:Ni crystals
were doped by diffusion of impurity from the metal-
lic nickel layer deposited on the crystal surface in the
He + Ar atmosphere. The crystals were annealed at
the temperatures 7 = 1020—1270 K. The diffusion
process time was about 5 hours. After annealing the
crystals changed the color: the crystals ZnS:Ni got a
yellow color, ZnSe:Ni was light-brown, and ZnTe:Ni
was dark-brown.

The first experiments with Fe diffusion were car-
ried out according to a procedure similar for Ni diffu-
sion. The crystals were doped via impurity diffusion
from a metal Ni layer deposited on the crystal surface
in an evacuated quartz cell. It was found that at 1220
K, the metal Nilayer ~10 mkm dissolved completely in
the crystals in the span of no longer than 30 min. The
optical absorption spectra showed that the obtained
crystals were lightly doped. However, these crystals
were found to be convenient objects for studying the
optical absorption spectra.

To obtain heavily doped crystals the diffusion by
impurity from metal powderlike Fe in He + Ar atmo-
sphere was carried out. In order to avoid etching of
crystals, powderlike ZnSe in the ratio 1:2 was added
to the Fe powder. Crystals were annealed in evacu-
ated quartz cells at temperatures from 1120 to 1320
K. The duration of the diffusion process was 10—30
hours. After annealing the ZnS:Fe crystals acquired a
yellow-brown color, ZnSe:Fe was red-brown, and the
ZnTe:Fe crystals were dark-brown.

The diffusion of nickel and iron was carried out
under conditions, where the impurity concentration in
the source (the metallic nickel layer) remained almost
constant. In this case, the solution of the Fick diffusion
equation for the one dimensional diffusion has the form
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where C, is the activator concentration near the sur-
face, the symbol “erf” designates the error function
(the Gauss function), D is the diffusivity, x is the coor-
dinate, and ¢ is the time.

The optical density spectra in the visible region were
measured by means of an MDR-6 monochromator
with diffraction gratings 1200 lines/mm. A FEU-100
photomultiplier was used as a light flow receiver. The
optical density spectra were measured at 77 and 300 K.

To measure the diffusion profile of the impurities,
a thin (0.2—0.4 mm) plate of the crystal was cleaved
in the plane parallel to the direction of the diffusion
flow. The measurements of the optical density profile
of the Ni and Fe-doped crystals were carried out us-
ing an MF-2 microphotometer. This device provides
the optical density measurement with the step 10 mkm
in the direction of the diffusion flow. In this case, the

integrated optical density in the spectral range 2.0—2.8
eV was measured.

2. OPTICAL DENSITY SPECTRA IN THE
VISIBLE REGION

The optical density spectra (D* — optical densi-
ty) of the ZnS:(Fe,Ni), ZnSe:(Fe,Ni), ZnTe:(Fe,Ni)
crystals have been measured. The iron and nickel
doping of crystals results in the absorption edge shift
toward lower energies. The shift value increases with
annealing temperature. The band gap varies due to the
Coulomb interaction between impurity states. Thus
correlation between AEg (in meV) and impurity con-
centration N (in sm™) is determined by the relation:
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Table 1

Results of calculation of doping impurities concentrations in crystals under investigation.

Impurity concentration, cm

Annealing Ni-doped crystals

Fe-doped crystals

temperature, 7, K ?
P “ ZnSe:Ni

ZnTe:Ni

ZnS:Fe ZnSe:Fe ZnTe:Fe

1020 —

3. 1 017 _— _— -

1070 -—- 2-107

41018 . —— 2:107

1120 2-10"

6-10" 310"

1170 4-10"

4107

1220 8-10"

810"

1270 102

1320

where e, electron charge, ¢ is the static permittivity of
ZnS, ZnSe or ZnTe. Using the shift of the band gap,
we calculated the nickel and iron concentration in the
studied crystals (see Table 1).

Inthe visible spectral region the crystals doped with
nickel feature had series of absorption lines, caused by
the intrastate transitions from the lower *T (F)-state to
the excited G-states in the limit of the Ni** ion.

The crystals doped with iron in the visible region
are characterized by the series of absorption lines,
which are due to intrastate transitions from the basic
state "E(F) on the high-power excited states of Fe?*
ion.: The absorption spectra of undoped ZnSe crystals
and ZnSe:Fe and ZnSe:Ni crystals, doped at tempera-
ture 1170 K presented in Fig. 1 as an example. The in-
vestigation of optical properties of zinc chalkogenides
doped with Fe and Ni were described in details in
[7,8].

3. DETERMINATION OF NICKEL AND IRON
DIFFUSIVITY IN THE ZNS, ZNSE, ZNTE
CRYSTALS

The presence of the absorption bands in the visible
range (Fig. 1) indicates the possibility of determin-
ing the diffusion profile of the impurity by measuring
the relative optical density (A). This magnitude is the
function of the coordinate x in the direction of the dif-
fusion flux; it is determined by the relation

E, eV

Fig. 1. Spectra of the optical-density D* in the visible region
of (1) ZnSe, (2) ZnSe:Fe and (3) ZnSe:Ni crystals.

Ao D*@)-D*()
D*(0)—D*(»)’

where D*(x) isthe optical density of the crystal as a func-
tion of the coordinate x, D*(0) is the optical density of
the crystal in the near surface layer with the coordinate
x =0, and D*(o0) is the optical density of the crystal in
the region where the impurity concentration is negli-
gibly low (crystal is undoped). The selected definition
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of the relative optical density allows us to compare the
dependence A(x) with the concentration profile of the
impurity C(x)/C, calculated by formula (1).
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Fig. 2. Profiles of relative optical density (points in the curves)
and diffusion profiles (solid lines) of Ni impurity in the ZnTe:Ni
crystals (a) and Fe impurity in the ZnTe:Fe crystals. The diffusion
temperature is 1070 (1), 1120 (2), 1170 K(3).

In Fig. 2. we show relative optical density pro-
files (points on curves) and diffusive profiles (solid
lines) of nickel impurities in the ZnTe:Ni crystals
and iron in the ZnTe:Fe crystals. By means of selec-
tion of diffusivity in (1), we obtained good agree-
ment between profiles of the relative optical den-
sity and impurities concentration in investigated
crystals. The diffusivities of Ni and Fe in the ZnS,
ZnSe, ZnTe crystals at temperatures T =1020—1320
K were calculated similarly. In the Table 2 presented
the nickel and iron diffusivities in the investigated
crystals at the temperature T =1220 K. It is estab-
lished that nickel diffusivities are two orders of mag-
nitude higher than iron diffusivities in all types of
the investigated crystals.

The temperature dependence of the difusivities
(fig. 3) is described by the Arrhenius equation

D(T)=D, exp(— ij @)
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Fig. 3. The temperature dependences of iron diffusivities in
ZnS:Fe crystals (1) and nickel diffusivities in ZnS:Ni (2) crystals.

Thus, from temperature dependences of nickel
and iron diffusivities the diffusion process activation
energies £ and the preexponential factor D, in the Ar-
rhenius equation were calculated for the proper crys-
tals (see Table 2). Comparing obtained the diffusion
process activation energies, it was established that in
the ZnSe crystals both for nickel impurity and for the
iron impurity the diffusion process activation energy
has maximal value.

Table 2
The results of diffusion process investigations
Type = Ni-doping = Fe-doping
of the ) D, ) D E
cm?/s at 9. | E,eV|cm?sat 9 o
estal | oog Kk | SMY/s | | a0 K | CmY/s | eV
ZnS 4-10~7 10° 2.6 8-10! 0.16 2.2
ZnSe 7-107 | 8.8:10°| 3.5 1-10-1° | 3.3-10° | 2.9
ZnTe 8107 0.03 1.5 4107 |5.6:103| 1.6

It evidences that in crystals ZnSe diffusion of tran-
sitional metal ions is due to dissociative mechanism.
High activation energies of 4.45 eV and 3.8 eV were
obtained for a diffusive process in the ZnSe:Cr and
ZnSe:Co crystals [9,10].

4. CONCLUSION

The investigations enable us to draw the following
conclusions.

The diffusion nickel and iron doping technique is
developed for ZnS, ZnSe, ZnTe single crystals. Con-
centrations of doping impurities in the investigated
crystals are determined.

It is shown that the diffusion profile of a nickel
and iron impurities can be determined by measuring
the relative optical density of crystals in the visible
region.

The nickel and iron diffusivities in ZnS, ZnSe,
ZnTe crystals are calculated in the temperature range
of 1020—1320 K. The analysis of the temperature de-
pendences D(T)) enables us to determine the activa-
tion energies E_of diffusion processes in the proper
crystals and the factors D, from the Arrhenius equa-
tion.
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Abstract

The ZnS, ZnSe, ZnTe single crystals doped with iron and nickel are investigated. The diffusion doping is carried out from metal-
lic nickel and powderlike iron in helium and argon atmosphere. The optical density spectra are investigated in the wavelength range of
2—3.8 eV. From the value of the absorption edge shift, the nickel and iron concentrations in crystals under investigation is determined.
It is shown that nickel and iron doping results in appearance of absorption lines in the visible spectral region.

The nickel and iron impurity diffusion profile is determined by measuring the relative optical density of crystals in the visible spec-
tral region. The diffusivities of nickel and iron in ZnS, ZnSe, ZnTe crystals are calculated at temperatures of 1020—1320 K.

Key words: zink chalkogenides, diffusion doping, optical-density, diffusivity.
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ANOPOY3UA NOHOB INIEPEXO/IHBIX METAJIJIOB (FE, NI) B XAJIbKOTEHUJIAX IIMHKA

Pesiome

WccnenoBansl MoHOKpUCTALIBL ZnS, ZnSe, ZnTe, terupoBaHHbIe XKeae30M 1 HUKeneM. Anuddy3noHHoe TernpoBaHue OCYyIIeCT-
BJISUIACh U3 METAJUIMYECKOTO HUKEJIS M MOPOLIKOOOpa3HOro xeJje3a B atMocdepe reyivst 1 aproHa. KMccienoBaHbl CrieKTpbl ONTHYE-
CKOW TJIOTHOCTH B 00sacTu aHepruit 2—3.8 aB. [1o BenmunrHe cMeleHust Kpasi TOJIOIIEHUsT ONpeaAeeHbl KOHLIEHTPALMY HUKES U
KeJiesa B McclielyeMbIX Kpucrajuiax. [lokazaHo, 4To JierupoBaHUE HUKEIEM U XeJIe30M MPUBOAUT K MOSIBJICHUIO [10JIOC MOTIOIIEHUS
B BUIMMOI 00J1aCTH CIIeKTpa.

uddy3rnoHHBII TPpOoGUIIL TPUMECH HUKEIIS U XKeJle3a OIpeesIieH IyTeM U3MEPEHUST OTHOCUTEbHOM ONTUYECKON TNIOTHOCTH
KPHCTAJUIOB B BUAMMOI 00J1acTu criekTpa. PaccunTanbl koadduimeHTs! nuddy3nn HUKeIIs 1 Xejie3a B Kpuctauiax ZnS, ZnSe, ZnTe
nipu temrnepatypax 1020—1320K.

KioueBble ci10Ba: xaapKoreHUABI IMHKA, AMDGY3MOHHOE JIeTUpOBaHUE, ONITUYECKas TJIOTHOCTh, KoadduuneHTs! nuddysuu.

VK 621.315.592
10. @. Bakcman, 1O. A. Hiuyk, B. B. Auyn, F0. M. ITypmos
JAU®Y3IA IOHIB ITIEPEXI/IHUX METAJIIB (FE, NI) B XAJIbKOI'EHIJIAX IIMHKY

Pe3siome

HocnimkeHo MoHOKpucTanu ZnS, ZnSe, ZnTe, jgeroBaHi 3aizoM Ta HikejaeM. JudysiitHe JeryBaHHSI BAKOHYBAJIOCh 3 MeTalle-
BOTO HiKeJIo Ta MOPOIIKOIIOAIOHOTr0 3aj1i3a B atMocdepi reio ta aprony. JocaimkeHo CIIeKTpY ONTUYHOL TYCTUHHU B 00J1aCTi eHepriid
2—3.8 eB. 3a Be1MuMHOI0 3CyBY Kpalo MOIMHAHHS BU3HAYeHi KOHILIEHTpallii HiKeJIIo i 3aj1i3a B TOCTiKyBaHUX KpucTaiax. [lokazaHo,
110 JIETYBaHHSI HiKeJIeM i 3aJ1i30M TIPU3BOAUTD 10 BUHUKHEHHS CMYT TTOTJIMHAHHS B BUAMMIM 00JIACTi CIIEKTpY.

dudysiitnuii mpodiss QOMIlIOK HiKeso i 3aji3a BUZHAYEHO LUISIXOM BUMIPIOBaHHS BiTHOCHOI OMTUYHOI I'YyCTUHU KPUCTaNiB
B BUAMMIlt obnacti criekTpy. Po3paxoBani koedinienTn audysii Hikento i 3amiza B kpuctanax ZnS, ZnSe, ZnTe ipu TemrepaTtypax
1020—1320K.

Kiouosi ciioBa: XaJIlbKOTeHiAU IMHKY, OU(Yy3iliHe JIeTyBaHHSI, ONITUYHA TYCTUHA, KoedilieHTn audys3ii.
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