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Nonradiative recombination processes in nickel- and iron-doped Zns and ZnSe
studied by photoinduced electron-spin resonance
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The results of electron-spin resonance experiments on nickel- and/or iron-doped ZnS and ZnSe are
presented. The position of the Ni'+ + energy level in the band gap of ZnS and ZnSe is determined. A
good agreement with some of the previous estimations is found. The role of nickel and iron impurities in
nonradiative recombination processes in ZnS and ZnSe is discussed. The present results indicate that
the three-center Auger recombination process limits the efficiency of a radiative decay of donor-acceptor
pairs in both ZnS and ZnSe.

INTRODUCTION EXPERIMENTAL PROCEDURE

Transition-metal (TM) impurities such as iron and
chromium are known to be very effective deactivators
(killers) of the visible photoluminescence (PL) coming
from the radiative recombination of donor-acceptor pairs
(DAP's) in ZnS (Refs. 1 and 2) and ZnSe compounds.
Their role in nonradiative recombination transitions was
related to the bypassing process (free electrons and holes
recombine via a TM impurity level instead of populating
DAP's); the formation of complex centers composed of
an activator and a deactivator of the emission, e.g.,
copper-iron pairs; ' and energy-transfer processes from
donor-acceptor pairs to nearby TM ions. We have shown
recently that for the iron impurity in ZnS the energy-
transfer process is of an Auger type [three-center Auger
recombination ' (TCAR)], i.e., that iron is ionized in the
process of energy transfer from DAP's.

The efficiency of the different nonradiative recombina-
tion processes depends on the relative concentrations of
PL activators and deactivators, on their carrier trapping
rates and, for the TCAR process, on the ionization cross
section of the TM ion. Thus it may differ for each TM
ion and also from sample to sample. ' The latter ex-
plains the slow progress in the understanding of nonradi-
ative recombination processes in semiconductor phos-
phors. Our previous studies of iron- and chromium-
doped ZnS indicated that the bypassing mechanism is
dominant, with some contribution of the TCAR pro-
cess. ' lt was also shown that the bypassing process can
be important for complex centers, consisting of a PL ac-
tivator and PL deactivator.

In this paper we present results of photoinduced
electron-spin resonance (photo-ESR) studies of nickel-
and iron-doped ZnS and ZnSe bulk samples. The pho-
toexcitation and photoquenching spectra of the ESR sig-
nals were measured. Based on the results, the dominant
channels of nonradiative recombination via these two TM
ions in ZnS and ZnSe are discussed. Electron and hole
capture rates for nickel and iron impurities are com-
pared. Previous estimations of the position of Ni'+ en-
ergy level i.n the band gap of ZnS and ZnSe are verified.

ZnSe and ZnS crystals were grown by the Bridgrnan
technique. They were intentionally doped with nickel to
the level between 5 X 10' and 1 X 10' cm . Iron,
chromium, copper, and manganese were found to be
common contarninants of all the crystals studied. Their
ESR signals were also observed in undoped crystals.
Some of the crystals studied were codoped with alumi-
num. Iron- and chromium-doped or codoped crystals
were also studied for comparison.

The ESR and photo-ESR experiments were performed
on a conventional X-band ESR spectrometer (Bruker
418s). High-pressure mercury and halogen lamps with
Carl-Zeiss Jena interference filters were used for selective
optical excitation. The samples were mounted in a heli-
um gas flow cryostat working in the temperature range of
4—300 K with a temperature stability of about 0.5 K.

RESULTS

The ESR signal of manganese Mn + was observed be-
fore, after, and under illumination of all ZnS and ZnSe
samples studied. This signal was not photosensitive.
Furthermore four other ESR signals were found in
different ZnS crystals studied. These signals were ob-
served only under illumination in a particular spectral
range. Three of the signals were isotropic and had g fac-
tors of 1.4, 1.999, and 2.003, respectively. The latter two
(g =1.999 and 2.003) are assigned to Cr+ and Fe + ions
in ZnS, based on previous ESR and photo-ESR measure-
rnents. ' The magnetic resonance with a g factor of
about 1.4 is related to Ni+. This signal was found only
in nickel-doped crystals. The fourth signal, with a g fac-
tor of 2.248, was slightly anisotropic and was observed in
some of the ZnS crystals studied. This ESR signal may
be tentatively attributed to the previously observed ESR
signal of Fe+.'

No nickel-related ESR signal was observed in ZnSe, ir-
respective of the sample, energy of illumination, and tem-
perature of the measurement. The only ESR signal
detected upon photoexcitation was due to Fe +
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(g=2.045). The photoexcited signal of Fe + decayed
slowly after the light was turned off at low temperature
(e.g. , 20 s at 5 K), which allowed us to perform photo-
quenching measurements in addition to photoexcitation
studies.

The spectral dependence of the photoexcitation of the
ESR signals was measured in the following way. After
the saturation value of the signal amplitude was mea-
sured, the light was turned off and the ESR signal was
quenched to zero, either by applying a second illumina-
tion of an appropriate energy or by raising the tempera-
ture. This procedure was repeated for each of the excita-
tion energies selected in order to keep the same initial
conditions. " The spectral resolution of that experiment
was determined by the bandwidths of the high transmit-
tance interference filters used. The spectral dependencies
of the saturation amplitudes of Ni'+ and Fe + ESR sig-
nals in ZnS are presented in Fig. l. In a similar manner,
the spectral dependencies of the rise and decay rates of
the ESR signal upon the illumination" were measured.
The results for the Fe + ESR signal in ZnSe are shown in
Fig. 2.

Spectral dependencies, similar to those shown in Figs.
1 and 2, were observed for all iron- and nickel-doped ZnS
and ZnSe samples investigated. Only some changes in
the intensities of different bands from sample to sample
were found, which could be related to the doping level.

The results for Cr only and Cr- and Fe-doped samples
were in agreement with those reported previously, '
and thus will not be discussed here. We underline, how-
ever, that without detailed ESR studies performed for
differently doped ZnS and ZnSe samples, an unambiguous
identification all the photo-ESR bands shown in Figs. 1

and 2 would be impossible.

DISCUSSION

The ground state of Fe + is a spin singlet and does not
give rise to any ESR signal. The Fe + resonance was ob-
served only upon illumination. A light-induced popula-
tion of the Fe + state can be achieved only if Fe + is
directly ionized or if it changes its charge state by trap-
ping a free hole (Fe ++hvn —)Fe +, where hvB is the
hole in the valence band). Simultaneously, direct neutral-
ization of the Fe + state and free-electron trapping
(Fe ++ecn —)Fe +, where ecB is the electron in the
conduction band) have to be considered. In the carrier
trapping process the change of the Fe + ESR signal in-
tensity rejects the ionization processes of other centers.
For this reason we could study the ionization transitions
of the nickel impurity in ZnSe even though the Ni-related
signal was not directly observed. One should also bear in
mind that there is a fundamental difference between an
optical absorption and a photo-ESR study. To observe
the light-induced change in the intensity of a given ESR
signal, the change of the center concentration must be
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FIG. 1. Spectral dependencies of the photoexcitation of (a)
Ni and (b) Fe'+ ESR signals in ZnS. The solid line in (a)
represents the theoretical fit to the experimental results with the
formula, which takes into account the lattice relaxation accom-
panying the change of the charge state of the ion.
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greater than the ESR detection limit. A simple estima-
tion shows that the lifetime of the photoexcited state
should be longer than approximately 1 ms, " which
means that fast retrapping of ionized carriers can prevent
detection of the signal photosensitivity. A nearly meta-
stable change of the center charge state is necessary in
the photo-ESR study. "

The lifetime of the photoexcited state is determined by
the competition of two processes: (a) retrapping of the
free carriers by the ionized center, and (b) capturing of
the photogenerated carriers by other trap centers. A
long lifetime of the photoexcited ESR signal thus means
that the retrapping is not efficient. The efficiency of the
second process depends not only on the concentration of
competing trap centers but also on their carrier capture
cross sections. This is why the photo-ESR experiment
also yields information on carrier capture processes.
Moreover, trapping of free carriers by TM ions reduces
the number of electron-hole pairs populating donor and
acceptor centers, and thus deactivates the visible PL of
DAP's in ZnS and ZnSe. Consequently, a photo-ESR
study yields information on the role of a given TM ion in
the deactivation processes of the DAP PL.

ZnS

Photosensitive ESR signals of Fe + and Ni'+ were ob-
served in ZnS samples doped with nickel and iron. In the
spectral dependence of the photoexcitation of the Ni'+
ESR signal, shown in Fig. 1(a), a single band starting at
about 2.4 eV is visible. As discussed above, one of the
processes which can populate the Ni'+ energy level is the
capture of photogenerated free electrons by Ni + ions.
The second is the direct or indirect (e.g. , due to the
TCAR process) photoionization of nickel, i.e.,
Ni ++hv —+Ni'++hvar. There is no chance to distin-
guish which of the two alternative mechanisms is respon-
sible for the creation of the Ni'+ charge state based on
results of one ESR study only. However, it becomes pos-
sible when the ionization transitions of other deep centers
residing in the investigated material are known. Ioniza-
tion transitions of Cr, Fe, and common acceptors were
resolved in previous ESR studies of chromium-, iron-,
and copper-doped ZnS. ' ' They occur at energies
slightly different from the transition observed in the Ni-
doped sample. For this reason we assign the observed
photo-ESR band to the direct ionization transition of Ni
(Ni ++hv —& Ni'++hvB). At energies higher than 2.6
eV, deep acceptor centers of ZnS are also ionized. If the
photogenerated free electrons are trapped by Ni, it
may increase the amplitude of the photoexcited Ni'+
ESR. The photoexcitation of the Ni'+ ESR signal can,
thus, be explained as follows: (a) At excitation energies in
the range of 2.4—2.6 eV, the direct ionization of nickel is
.observed. (b) At energies higher than 2.6 eV; Ni' may
also be generated due to capture of electrons ionized to
the CB from deep acceptors (Cu-D, A centers) of ZnS.
Consequently, we can locate the 1+/2+ energy level of
nickel at about 2.4 eV above the VB in the band gap of
ZnS, which is in good agreement with some previous es-
timations. ' The energy value of 2.4 eV corresponds to

the thermal ionization energy (E,„). 2.6 eV (optical ion-
ization energy E, ,) was obtained by fitting the experi-
mental results with a formula:

+ 00 2

o = — o,&(E, „hv+I /z)(1+I /z) 'e ' dz,
m' P—

hv —E, ,OPt

I = 2(E, , —E,i, )ficoocoth

1/2

o„(E,„hv)=(hv) Qhv —E. . .
where E, „E,I„and I are the ionization parameters of
the center, and coo and m,„, are frequencies of phonons
coupled to the ground and charge-excited states of the
ion. The above formula takes into account coupling to
the lattice vibrations, since the spectrum observed is a
convolution of both electronic and vibronic transitions.

Further details on the fitting procedure used can be
found elsewhere. "' In the fit we have assumed that the
direct ionization transition dominates over the indirect
processes in the whole spectral range, which is rather ar-
bitrary. However, it is supported by the fact that the
photo-ESR spectrum clearly has a one-band character,
which indicates that the indirect process is not efficient in
the Ni'+ photoexcitation. The same fit also yields the
value of the lattice relaxation energy (E, , —E,z, about
0.2 eV), which results from an increase of the ion-ligand
distance induced by the change of the nickel charge
state. ""

In Fig. 3 we compare the light-induced amplitudes of
the Fe + ESR signal measured for iron- (lower curve) and
nickel- (upper curve) doped ZnS samples. The higher-

energy part of the Fe + photoexcitation spectrum in
ZnS:Fe was explained by the TCAR processes. ' The in-

itial step in the TCAR process is the ionization of a deep
acceptor, which is followed by trapping of the photogen-
erated electrons by shallow donors. The populated
donor-acceptor pairs recombines and the energy is
transferred to the nearby TM ion. ' A similar process is
observed in the excitation spectrum of the Fe + ESR sig-
nal in Ni codoped samples for photon energies larger
than 2.6 eV. In addition, a distinct band occurs starting
at 2.4 eV (see Fig. 3). Its spectral position coincides with
the Ni ionization band and thus we attribute the excita-
tion band to an indirect process in which the free holes
generated in the photoionization transition of Ni + are
captured by iron ions. The energy-level position of the
nickel 1+ /2+ state in the band gap of ZnS can thus also
be derived from the behavior of the photosensitive Fe +

ESR signal.
In the TCAR process, the Fe + ESR signa1 is excited

due to nonradiative decay of a photoexcited donor accep-
tor pair (the DAP decays nonradiatively and its recom-
bination energy is transferred to a nearby Fe + center,
which is ionized). The importance of such a process was
first proven for the Fe ions in ZnS crystals. ' It remained
an open question if the TCAR process can be also
efficient for other TM ions and in lattices other than ZnS.
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both of these TM ions the bypassing process (free-carrier
recombination via the TM center) should be efficient.

nS: Fe
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FIG. 3. Spectral dependencies of the photoexcitation of the
Fe + ESR signal in nickel- (upper curve) and iron- (lower curve)
doped ZnS.

The main difhculty in identifying the TCAR transition
stems from the fact that the ionization transition of a TM
ion is usually followed by the appearance of its intrashell
PL emission only. Free carriers ionized from the TM ion
are retrapped via one of the excited intrashell states of
the ion, as was observed for, e.g., Fe ions in ZnS and
ZnSe. ' The intrashell PL emission of the ion is then
observed.

In previously reported ESR experiments, the TCAR
process was observed for ZnSe:Fe crystals codoped with
chromium. Chromium in ZnS is an efBcient electron trap
center and traps some of the electrons ionized from the
Fe centers. In this way the process could be detected in
the ESR study. Figure 1 shows strong TCAR photoexci-
tation bands of the Fe + ESR in Ni-doped ZnS samples.
We can conclude, hence, that nickel can e%ciently trap
free electrons ionized from Fe centers to the CB, i.e., the
bypassing process can be eKcient for the nickel ion in
ZnS, which agrees with previous estimations.

The low-energy band in the Fe + excitation spectrum
(Fig. l) can be attributed to the direct ionization transi-
tion of nickel. A fraction of the photogenerated holes in
the Ni ionization transition can be trapped by iron Fe
centers, leading to an appearance of the Fe + ESR signal.
The hole trapping by Fe ions is most probably responsible
for the lack of the Ni + resonance in our ESR study, and
indicates that Fe + ions can compete with Ni + ions in
the trapping of free holes. Since the Ni concentration
was larger than that of iron, we conclude that the capture
cross sections are larger for Fe than for Ni. However, for

ZnSe

Only the Mn + ESR was observed prior to illumina-

tion in the nickel-doped ZnSe. A relatively weak ESR
signal of Fe + was created upon illumination with
1.9—3.0-eV photon energies. The spectral dependence of
the ESR signal is presented in Fig. 2(a). The photo-ESR
spectrum differs from that observed by us for ZnSe inten-
tionally doped with iron. The dominant excitation band
visible for photon energies above 2.1 eV was not observed
in the Fe-doped sample. It must be related to some in-

direct excitation process, and we attribute the band to the
ionization transitions of deep acceptor centers of ZnSe,
identified in previous optically detected magnetic reso-
nance (ODMR) studies. After comparing the results
obtained for diFerent ZnSe samples we can conclude that
in Ni-doped ZnSe an eEcient excitation of the Fe + ESR
occurs only when ZnSe acceptors are ionized. As in such
ionization transitions, free electrons are photogenerated,
and their trapping by Fe + should lead to a photo-
quenching of the ESR signal instead of the observed pho-
toexcitation. As discussed above, the photoexcitation
spectrum of the Fe + ion in ZnS:Ni was dominated by
the TCAR processes; i.e., it reflected the excitation spec-
trum of DAP PL, which is related to the ionization of
deep acceptor centers of ZnS. By analogy, we propose
that the TCAR process leads to Fe + photoexcitation for
photon energies larger than 2.1 eV. Some of the free elec-
trons are trapped by shallow donors and nickel ions rath-
er than by Fe centers. The first process populates DAP's
and promotes their radiative and nonradiative (the
TCAR process) recombination. Even though the above
interpretation is still ambiguous, this is an indication that
TCAR processes might be efficient in the ZnSe 1attice.
We can also conclude that the electron-capture rate by
nickel in ZnSe must be quite large. Otherwise, as ex-

plained above, we should not observe the TCAR process
via an excitation of the Fe + ESR signal.

The photoquenching of the Fe + ESR signal starts at
about 1.1 eV, which was not observed for iron-doped
ZnSe. Also, a weak band visible in the low-energy part of
the photoexcitation spectrum for nickel-doped samples
was not observed in other samples. We attribute these
two bands to two complementary nickel ionization transi-
tions: Ni'+ +h v~Ni ++ecii (photoquenching) and
Ni ++hv~Ni'++hvB (photoexcitation). From the
theoretical Gt to the ESR results we estimate the energy
level of Ni'+ to be positioned 1.1 eV below the con-
duction band of ZnSe. This location agrees well with the
one determined from some previous optical investiga-
tions.

CONCI USIQNS

Photo-ESR measurements allow us to verify the previ-
ous estimations of the position of the Ni' + energy lev-
el in the band gap of ZnS and ZnSe crystals. The ESR
study shows that in both these materials nickel is a very
efficient electron trap center, which indicates its destruc-
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tive role in nonradiative recombination of electron-hole
pairs. This is due to the so-called bypassing process, ex-
pected by us to be very efficient. The important observa-
tion reported in the present study is the observation of
the three-center Auger processes for the iron ion in the
ZnSe lattice. We show that, similar to the cases for iron

and chromium in Zns, iron in ZnSe deactivates the visi-
ble DAP emission due to the Auger-type three-center
energy-transfer transitions. Such a process, together with
the bypassing process, accounts for the high efficiency of
the nonradiative processes in iron- and/or nickel-doped
(contamined) ZnS and ZnSe crystals.
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