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Experimental studies of X-ray photoelectron and Co L, X-ray emission
spectra of the ZnS:Co semiconductor were carried out. It was established
that Co ions are in a Co®t configuration and that the Co 3d impurity states
are localized above the top of the valence band by 1.0 £ 0.2 V.
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1. Introduction

Interest in the study of the electronic structure of wide-gap II-VI semimag-
netic semiconductors (ZnS, ZnSe, CdTe, etc.) increased substantially in recent
years, motivated both by the construction of ZnSe-based semiconductor lasers op-
erating in the blue-green region of the spectrum and due to ferromagnetism with
high Curie temperature. Doping with 3d elements changes the optical properties
of these compounds and gives rise to magnetic effects depending on the energetic
position of the 3d ion states and their interaction with the host bands (see, for
example, Ref. [1]). Therefore, it is very important to know the positions of the 3d
impurity levels.

The positions of the 3d impurity levels relative to the valence band or the con-
duction band in the II-VI semiconductors have been established by optical absorp-
tion measurements [2]. For Mn-doped TI-VI semiconductors (ZnS:Mn, ZnSe:Mn,
CdTe:Mn) the energy positions of Mn 3d impurity states have been deduced both
by means of photoelectron spectroscopy [3—6] and using a combination of X-ray
emission Mn L, spectra and the Mn 2p binding energies determined from X-ray
photoelectron spectroscopy (XPS) experiments [7, 8]. It was found that Mn 3d
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impurity states are localized at 2—-3 eV under the valence-band edge [5, 6, 8]. Ac-
cording to optical data, Co 3d impurity levels should be localized in the forbidden
band [2]. Kowalski et al. [9] have carried out measurements of 3p—3d resonant
photoemission spectra for a Zng 9Cog.1S semiconductor and found that the Co 3d
contribution to the valence band has a wide structure with two maxima: at the
edge of the valence band and about 4 eV below the edge. In our work [10] we have
presented X-ray photoelectron core-level and valence-band spectra of a ZnS:Co
semiconductor. We have found that cobalt ions are in a 3d” ground-state config-
uration and that the degree of covalency of a Co—S bond in ZnS:Co is somewhat
lower than for CoS.

In this work we carried out a direct observation of the Co 3d impurity lev-
els in ZnS:Co using X-ray emission spectroscopy (XES). The combination of the
X-ray emission and X-ray photoelectron spectroscopies allowed us to determine
the position of the Co 3d states relative to the valence-band edges.

2. Experiment

Single-crystal samples of ZnS and Zni_;Co,S (z & 0.05) were grown by
a chemical transport method. X-ray photoelectron spectra were measured using
an ESCA spectrometer from Physical Electronics (PHI 5600 ci) with monochro-
matic Al K, radiation. The energy resolution was approximately 0.4 eV. The pres-
sure in the vacuum chamber during the measurements was below 5 x 10~ mbar.
The spectrometer was calibrated using the Au 4f7/> signal from an Au-foil
[EB(4f7/2) = 84.0 eV]. The binding energies were measured relative to the Fermi
level of the spectrometer. Single-crystal specimens of ZnS and ZnS:Co were in-
vestigated after being broken in vacuum. Because the samples are insulators, a
charging effect occurred. The spectra were corrected for the charging effect using
the carbon 1s line of hydrocarbons [Eg(1s) = 285.0 eV] deposited onto the sample
surface during the measurements.

An X-ray emission experiment was performed on the same sample at the
bulk branch line of beam line 1511 at MAX II (MAX-lab National Laboratory,
Sweden). The Co L, X-ray emission spectrum was obtained using a high-resolution

TABLE
Co 2p binding energies and energies of maxima Co L, and Co L; emission
spectra of Co metal and Zng.gs Cop.osS (eV). Co 3d (XPS) denotes an
X-ray photoelectron valence band maximum of pure cobalt. Co 3d (XES)
energy positions were obtained by subtraction of the Co L, energies from
the Co 2ps/; energies.

Compound Co 2p35 | Co Ly | Co Lo | Co 3d (XPS) | Co 3d (XES)
Co 778.3 677.8% | TT7.5 1.1 0.8

Zmg .95 Co0.055 779.4 677.8% | 778.3 — 1.1
*Taken from Ref. [12].
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Rowland-mount grazing-incidence grating spectrometer with a two-dimensional
detector [11] at an exciting photon energy of 815 eV. The measurements were
done at room temperature.

For the calibration of Co L, spectra, we have used the Co L, line
(35 — 2ps/» transition) of Co metal (maximum at 677.8 eV [12]). An energy
of the Co L, maximum for pure cobalt was compared with the 3d—2ps/> energy
distance measured by means of X-ray photoelectron spectroscopy. The Co L, max-
ima of pure cobalt and ZnS:Co are equal in energy. The energy position of the Co
L, peak of ZnS:Co is shifted by 0.8 eV toward higher energies as compared with
that of Co metal. All the values used for the calibration are given in Table.

3. Results and discussion

The X-ray photoelectron Co 2p spectrum of the doped semiconductors
ZnS:Co is shown in Fig. 1. The Co 2p X-ray photoelectron spectrum shows satel-
lites labeled as B and D. The complex structure of the Co 2p spectrum is mainly
attributed to the charge-transfer processes. The well-screened 2p®3d®L states cor-
respond to main maxima (A4 and '), and the poorly screened 2p®3d” states corre-
spond to the satellites (B and D). Here L denotes a hole on a ligand. The energy
distances between the satellites and the main lines in the Co 2p spectra of ZnS:Co
are approximately the same as for CoS and CoO (see [10]). Thus, one can conclude
that the cobalt ions in ZnS:Co have the ground-state configuration 3d”. It corre-
lates with the optical and EPR data which have been done previously on these
samples [13].

To determine the energy positions of the Co 3d impurity states of ZnS:Co
relative to the valence-band edge, we have used a combination of Co L, X-ray
emission and Co 2p X-ray photoelectron spectra. The Co L, spectra reveal 3d
partial states in the valence band. The Co 2p3/> binding energy (peak A in Fig. 1)
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Fig. 1. X-ray photoelectron Co 2p spectrum of ZnS:Co.
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Fig. 2. X-ray photoelectron spectrum of the valence band of ZnS and Co L. X-ray
emission spectrum of ZnS:Co. The inset presents the position of the Co 3d (optical tran-
sition d” — d°) energy level in respect of the valence band and conduction band edges
through the whole composition range of the CdSe-ZnSe—ZnS solid solutions obtained
using the internal reference rule [17]. The data are taken from the paper of Surkova et
al. [14, 15] for T'= 300 K.

is equal to 779.44 0.1 eV. With this result we can convert the Co L, spectrum of
ZnS:Co into the binding-energy scale, as illustrated in Fig. 2.

The Co L, spectrum of the ZnS:Co semiconductor is compared with the
X-ray photoelectron valence-band spectrum of ZnS. Doping with Co atoms leads
to some broadening of the core-level lines as well as of the valence-band spectrum.
This occurs due to a distortion of the crystal lattice of the doped crystals and dif-
ferent charge effects for the surface and the volume of the crystals [13]. This effect
makes it difficult to determine an exact position of the energy top of the valence
band. That is why we have chosen for comparison the spectrum of the undoped
crystal. It is necessary to point out that the positions of the X-ray photoelectron
peaks do not depend on the Co-impurity concentration [10].

The energy top of the valence band (in the binding-energy scale) is deter-
mined by linear extrapolation of the steep edges of the valence-band spectrum to
the base line. The top of the valence band, determined in that way, has a binding
energy of 2.00 + 0.05 eV. By using these data we found that the Co 3d impurity
states are localized above the top of the valence band by 1.0 £ 0.2 eV.

This result correlates well with the one obtained from optical measurements
[14, 15] (see also inset in Fig. 2) where the Co 3d impurity level in ZnS:Co is found
to be localized at 0.93 eV above the valence-band edge.
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It is very interesting to compare our results with those obtained by Kowalski
et al. [9]. The authors of Ref. [9] have carried out a resonant photoemission study
of Zng 9Cop.1S. A Co 3d contribution to the valence band spectra shows a wide
structure with maxima at the edge of the valence band and about 4 eV below the
edge. One can see that the Co 3d position found using the complimentary method
corresponds well to the first maximum of the resonant photoemission spectrum.
It follows from the comparison of the distance between this maximum and the
Zn 3d peak. On the other hand, no extend structure is seen in the Co L, X-ray
emission spectrum. It should be noted that the L, spectra are not directly related
to photoelectron spectra.

The d structure near the edge of the valence band in the resonant photoemis-
sion spectrum presented in [9] reveals mainly the 3d”L final states, and the area at
about 4 eV should be described mainly to the 3d® final states. It follows from the
comparison of constant-initial-state (CIS) spectra presented in Ref. [9]. In the CIS
spectra, Fano-like resonances are expected from 3d” ! states, whereas antiresonant
profiles should be observed from the 3d"L states associated with ligand-to-metal
charge transfer [16]. The spectrum measured at the binding energy of 1.0 eV has
an antiresonant profile, and hence these states should be assigned mainly to the
3dS final states. Similarity, the feature at —4 eV show both antiresonant and res-
onant behavior, suggesting that 3d° and 3d"L final states overlap in this energy
range.

The Co L, spectrum shows only one peak which should be attributed to the
transition from the well screened states 2p°3dSL to 3d° L. A 3d® contribution to the
Co L, spectrum is probably very small and is resulting in a satellite structure. The
difference between the photoemission and X-ray emission data can be explained as
a result of probing systems with different final states in comparison to the ground
state.

4. Conclusion

In conclusion, we have determined the position of Co 3d states with respect
to the valence band edges by combination of X-ray emission and X-ray photo-
electron spectroscopies and found good agreement with the relevant optical data
obtained using the concept of the internal reference rule [17]. Co 3d impurity states
are localized above the top of the valence band by 1.0 £ 0.2 eV. Our X-ray emis-
sion and X-ray photoelectron measurements show that the Co ions are in a Co?*
configuration.
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