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Exper iment al studies of X -ray photo electro n and C o L ˜ X -ray emission
spectra of the Zn S:Co semiconductor w ere carried out . I t w as established

that C o ions are in a Co2 + conÙguration and that the C o 3d impurity states
are locali zed above the top of the valence band by 1: 0 Ï 0: 2 eV .

PACS numb ers: 71.55.Gs, 78.70.En, 79.60. {i

1. I n t rod uct io n

Interest in the study of the electro nic structure of wi de-gap I I{ VI semim ag-
neti c semiconducto rs (ZnS, ZnSe, Cd T e, etc. ) increased substa nti al ly in recent
years, m oti vated both by the constructi on of ZnSe-based semiconducto r lasers op-
erati ng in the bl ue-green region of the spectrum and due to ferromagneti sm wi th
hi gh Curi e tem perature. D oping wi th 3 elements changes the opti cal pro perti es
of these compounds and gives rise to m agneti c ẽ ects depending on the energeti c
positi on of the 3 ion states and thei r intera cti on wi th the host bands (see, for
exam ple, R ef. [1]). Theref ore, i t is very importa nt to kno w the positi ons of the 3

im puri ty levels.
The positi ons of the 3 im puri ty levels relati ve to the valence band or the con-

ducti on band in the I I{ VI semiconducto rs have been establ ished by opti cal absorp-
ti on m easurem ents [2]. For Mn- doped I I{ VI semiconducto rs (ZnS :Mn, ZnSe:Mn,
CdT e:Mn) the energy positi ons of Mn 3 im puri ty states have been deduced both
by m eans of photo electro n spectroscopy [3{ 6] and using a com binati on of X- ray
emission Mn ˜ spectra and the Mn 2 bi ndi ng energies determ ined from X- ray
photo electron spectroscopy (XPS) experim ents [7, 8]. It was found tha t Mn 3
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im puri ty states are local ized at 2{ 3 eV under the v alence-band edge [5, 6, 8]. Ac-
cordi ng to opti cal data , Co 3 d im puri ty levels should be local ized in the forbi dden
band [2]. Ko walski et al . [9] have carri ed out measurements of 3 p À 3 d resonant
photo emission spectra for a Zn 0 :9 Co0 :1 S semiconducto r and found tha t the Co 3 d

contri buti on to the valence band has a wi de structure wi th two maxi m a: at the
edge of the valence band and about 4 eV below the edge. In our work [10] we have
presented X- ray photo electron core- level and valence-band spectra of a ZnS:Co
semiconducto r. W e have found tha t cobal t ions are in a 3 d 7 ground- state conÙg-
ura ti on and tha t the degree of covalency of a Co { S bond in ZnS:Co is som ewhat
lower tha n for CoS.

In thi s work we carri ed out a di rect observati on of the Co 3 d impuri t y lev-
els in ZnS:Co using X-ray emission spectroscopy (X ES). The com bina ti on of the
X- ray emission and X- ray photo electron spectroscopi es allowed us to determ ine
the positi on of the Co 3 states rela ti ve to the valence-band edges.

Single-crysta l sam ples of ZnS and Zn x Cox S ( 0 0 5 ) were grown by
a chemical tra nsp ort metho d. X- ray photo electron spectra were m easured using
an ESCA spectrom eter from Physi cal Electro nics (P HI 5600 ci) wi th monochro -
m ati c Al ˜ radiati on. The energy resoluti on was appro xi matel y 0.4 eV. The pres-
sure in the v acuum chamber duri ng the m easurements was below 5 1 0 mbar.
The spectrom eter was cal ibra ted usi ng the Au 4 = signal from an Au- foi l
[ (4 = ) = 8 4 0 eV] . The bi ndi ng energies were m easured relati ve to the Fermi
level of the spectro meter. Sing le-crysta l specim ens of ZnS and ZnS:Co were in-
vesti gated after being broken in vacuum . Because the sampl es are insul ato rs, a
charg ing e˜ect occurred. The spectra were corrected for the charg ing e˜ect using
the carb on 1 l ine of hydro carb ons [ (1 ) = 2 8 5 0 eV] deposited onto the sampl e
surf ace duri ng the measurements.

An X-ray emission experim ent wa s perf orm ed on the sam e sam ple at the
bul k branch l ine of beam l ine I5 11 at MAX I I (MAX- lab Na ti onal Laborato ry,
Sweden). The Co ˜ X-ray emission spectrum wa s obta ined usi ng a high-resoluti on
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R owl and-mo unt grazi ng- inci dence grati ng spectro meter wi th a tw o-dimensional
detecto r [11] at an exci ti ng photo n energy of 815 eV. The m easurements were
done at room tem perature.

For the cal ibrati on of Co L ˜ spectra , we have used the Co L ‘ l ine
(3 s ! 2 p 3 = 2 tra nsi ti on) of Co m etal (m axi mum at 677.8 eV [12]). An energy
of the Co L ˜ m axi mum for pure cobal t was compared wi th the 3 d À 2 p 3 = energy
di stance m easured by m eans of X-ray photo electro n spectroscopy. The Co ‘ m ax-
im a of pure cobal t and ZnS:Co are equal in energy. The energy positi on of the Co

˜ peak of ZnS:Co is shifted by 0.8 eV towa rd higher energies as com pared wi th
tha t of Co meta l . Al l the values used for the cal ibrati on are given in Table.

The X- ray photo electron Co 2 spectrum of the doped semiconducto rs
ZnS:Co is shown in Fi g. 1. The Co 2 X- ray photo electron spectrum shows satel -
l i tes labeled as and . The com plex structure of the Co 2 spectrum is m ainly
attri buted to the charge-tra nsfer processes. The well -screened 2 3 states cor-
respond to main m axim a ( and ), and the poorl y screened 2 3 states corre-
spond to the satel li tes ( and ). Here denotes a hole on a l igand. The energy
di stances between the satel l ites and the m ain l ines in the Co 2 spectra of ZnS:Co
are appro xi matel y the sam eas for Co S and CoO (see [10]). Thus, one can concl ude
tha t the cobal t ions in ZnS:Co have the ground- state conÙgurati on 3 . It corre-
lates wi th the opti cal and EPR data whi ch have been done previ ousl y on these
sam ples [13].

T o determ ine the energy positi ons of the Co 3 im puri t y states of ZnS:Co
relati ve to the valence-band edge, we have used a combi natio n of Co ˜ X- ray
emission and Co 2 X- ray photo electro n spectra . The Co ˜ spectra reveal 3

parti al sta tes in the valence band. The Co 2 = bindi ng energy (peak in Fi g. 1)
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Fig. 2. X -ray photo electron spectrum of the valence band of ZnS and Co L ˜ X -ray

emission spectrum of ZnS:C o. The inset presents the positio n of the C o 3d (optical tran-

sition d 7
! d6 ) energy level in resp ect of the valence band and conduction band edges

through the w hole comp ositio n range of the C dSe{ZnSe{Zn S solid solutio ns obtained

using the internal reference rule [17]. T he data are ta ken from the pap er of Surko va et

al. [14, 15] for T = 300 K .

i s equal to 7 7 9 : 4 Ï 0 : 1 eV. W i th thi s resul t we can convert the Co L ˜ spectrum of
ZnS:Co into the bi ndi ng-energy scale, as i l lustra ted in Fi g. 2.

The Co L ˜ spectrum of the ZnS:Co semiconducto r is com pared wi th the
X- ray photo electron valence-band spectrum of ZnS. D oping wi th Co ato m s leads
to som e broadening of the core-level l ines as wel l as of the valence-band spectrum .
Thi s occurs due to a distorti on of the crysta l latti ce of the doped crysta ls and di f-
ferent charge e˜ects for the surface and the volum e of the crysta ls [13]. Thi s e˜ect
m akes it di£ cul t to determ ine an exact positi on of the energy top of the valence
band. Tha t is why we have chosen for com parison the spectrum of the undo ped
crysta l . It is necessary to point out tha t the positi ons of the X- ray photo electron
peaks do not depend on the Co -impuri t y concentra ti on [10].

The energy to p of the valence band (in the bindi ng-energy scale) is deter-
m ined by l inear extra polati on of the steep edges of the valence-band spectrum to
the base l ine. The to p of the valence band, determ ined in tha t way, has a bi nding
energy of 2 0 0 0 0 5 eV. By using these data we found tha t the Co 3 im puri t y
states are local ized above the to p of the valence band by 1 0 0 2 eV.

Thi s result correlates well wi th the one obta ined from opti cal m easurem ents
[14, 15] (see also inset in Fi g. 2) where the Co 3 im puri t y level in ZnS:Co is found
to be local ized at 0.93 eV above the valence-band edge.
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It is very interesti ng to com pare our resul ts wi th tho se obta ined by Kowal ski
et al . [9]. The autho rs of Ref. [9] have carri ed out a resonant photo emission study
of Zn 0 :9 Co0 : 1 S. A Co 3 d contri buti on to the valence band spectra shows a wi de
structure wi th m axi m a at the edge of the valence band and about 4 eV below the
edge. One can see tha t the Co 3 d positi on found using the com pl im enta ry metho d
corresponds well to the Ùrst m axi mum of the resonant photo emission spectrum .
It fol lows from the com pari son of the di stance between thi s m axi mum and the
Zn 3 d peak. On the other hand, no extend structure is seen in the Co L ˜ X- ray
emission spectrum . It should be noted tha t the L ˜ spectra are not di rectl y related
to photo electron spectra.

The d structure near the edge of the valence band in the resonant photo emis-
sion spectrum presented in [9] reveals m ainly the 3 d 7 Ùnal states, and the area at
about 4 eV should be described m ainly to the 3 Ùnal states. It fol lows from the
compari son of constant- ini ti al -sta te (CIS) spectra presented in Ref. [9 ]. In the CIS
spectra, Fano- l ike resonances are expected from 3 n states, whereas anti resonant
pro Ùles should be observed from the 3 n states associated wi th l igand- to-metal
charge tra nsfer [16]. The spectrum m easured at the bindi ng energy of 1.0 eV has
an anti resonant pro Ùle, and hence these states shoul d be assigned mainl y to the
3 Ùnal states. Simi lari ty, the feature at { 4 eV show both anti resonant and res-
onant behavi or, suggesting tha t 3 and 3 Ùnal states overl ap in thi s energy
range.

The Co ˜ spectrum shows only one peak whi ch should be attri buted to the
tra nsiti on from the well screened states 2 3 to 3 . A 3 contri buti on to the
Co ˜ spectrum is pro babl y very smal l and is resulti ng in a satel l i te structure. The
di ˜erence between the photo emission and X- ray emission data can be expl ained as
a resul t of pro bing system s wi th di ˜erent Ùnal states in com parison to the ground
state.

In concl usion, we have determ ined the positi on of Co 3 states wi th respect
to the valence band edges by combina ti on of X- ray emission and X- ray pho to-
electron spectroscopies and found good agreement wi th the relevant opti cal data
obta ined using the concept of the interna l reference rul e [17]. Co 3 im puri ty states
are local ized above the to p of the valence band by 1 0 0 2 eV. Our X- ray emis-
sion and X- ray photo electron m easurements show tha t the Co ions are in a Co
conÙgurati on.
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