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Iron and chromium impurities in ZnSe as centers of nonradiative recombination
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A detailed light-induced electron-spin-resonance study of iron and chromium impurities in ZnSe is
presented. The position of the Fe 2+ /3+ energy level in the band gap of ZnSe is determined. The role
of iron and chromium impurities in nonradiative recombination processes in ZnSe is discussed.

I. INTRODUCTION

Iron, chromium, and other transition-metal (TM) im-
purities are some of the most common contaminants in
wide-band-gap II-VI compounds. Their role in radiative
and nonradiative recombination processes in these ma-
terials has been discussed for more than 50 years.! In
ZnS, iron is known to be one of the most effective deac-
tivators of visible luminescence.? Several processes ac-
count for this role of iron in ZnS.? These include the so-
called bypassing process (free-carrier trapping) via a deep
impurity level of TM,? energy-transfer processes from
donor-acceptor pairs to iron,* including the three-center
Auger process’ and formation of iron-copper pairs. ¢

In this paper we analyze the role of iron and chromium
in nonradiative recombination processes in ZnSe. First,
the position of the 2+ /3 + energy level of iron in the for-
bidden gap of ZnSe is determined. There is a large
scatter of the data for the energy-level position of iron in
the ZnSe band gap. Values ranging from about 0.75 eV,’
1.1 eV,? or less than 1.3 eV (Ref. 9) above the valence-
band (VB) edge to 0.81 eV below the conduction-band
(CB) edge!® were given. Our results explain the reason
for the large discrepancy of the ionization energies re-
ported.

The role of iron and chromium in recombination pro-
cesses of electron-hole pairs is also discussed, based on
the results of light-induced electron-spin resonance
(photo-ESR), optically detected magnetic resonance
(ODMR), photoluminescence (PL), and optical-
absorption data. The results are compared to those ob-
tained for Fe- and Cr-doped ZnS. Several nonradiative
processes are shown to be important, and their relative
role is analyzed.

II. EXPERIMENTAL PROCEDURE

ZnSe crystals were grown by the Bridgman technique.
They were intentionally doped with iron to the level be-
tween 5X10'® and 4X 10" cm™3. Some reference mea-
surements were done on chromium- and copper-doped
samples doped up to 10" cm 3.

ESR, photo-ESR, and ODMR experiments were per-

formed on a conventional X-band ESR spectrometer.
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High-pressure mercury and halogen lamps with Carl-
Zeiss Jena interference filters (photo-ESR), and the 488-
nm line of the Ar* laser (PL, ODMR), were used for the
selective optical excitation. The samples were mounted
in a gas flow liquid-helium cryostat working in the tem-
perature range 4-300 K.

III. RESULTS

Two “isotropic” (some anisotropy of the line shape was
observed) ESR signals at g =2.0441+0.001 and
2.000+0.001 were observed under and after photoexcita-
tion at low temperatures. Based on the results of previ-
ous ESR experiments, we interpret these signals as being
due to magnetic resonance of Fe’* (Ref. 11) and Cr™*,"?
respectively. They were not observed at helium tempera-
ture prior to photoexcitation.

The spectral dependencies of Fe and Cr photoexcita-
tion were measured in the following manner. After turn-
ing on the light of the selected energy, the saturation
magnitude was reached after several seconds. Then the
signal intensity was measured. The next step was
quenching the photoexcited signals with the second il-
lumination of the selected energy. The latter means that
the spectra shown in Figs. 1 and 2 were measured step by
step for different light energies. A high-pressure mercury
lamp and interference filters with high transmission were
used for the selective photoexcitation and photoquench-
ing. The experimental procedure used is common for the
photo-ESR experiments'? but limits the resolution of the
spectra obtained. The kinetics of the signal rise under il-
lumination was also measured. A very long rise time was
observed. The intensity of the Fe>* ESR signal reached
its stationary value at about 15 s after the light from the
photoexcitation band was turned on. The spectral depen-
dence of the rise time yields similar information to that
obtailxsled from the spectral dependence of the signal inten-
sity.

The photoexcited signals of Fe*t and Cr™ start to de-
cay after the light is turned off. Both time and tempera-
ture dependencies of the ESR signal decay were mea-
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FIG. 1. Spectral dependencies of photoexcitation of Cr* and
Fe** ESR signals in chromium- and iron-doped ZnSe. Bands I
and II, as explained in the text, are due to the direct photoion-
ization of iron (I) and chromium (II). Band III is due to the
photoionization of the deep acceptor in the ZnSe lattice.

sured. A two-exponential decay was observed for the Fe
ESR signal, with the second decay time (7,) being much
longer than the first (7).

At low temperature the decay time was long enough to
perform the photoquenching experiments. In these ex-
periments Fe and Cr ESR signals induced with light from
the maximum of the photoexcitation bands were
quenched under a second illumination of another light
energy. The second illumination was switched on after
the initial illumination was turned off. The obtained
spectral dependence of the photoquenching of the Crt
ESR signal is shown in Fig. 2.

Figure 3 shows the PL spectrum of ZnSe measured for
two different iron concentrations. For low Fe doping the
emission is dominated by the red PL at 1.965 eV, proved
by ODMR experiments to be due to the donor-acceptor
pair (DAP) recombination transition. In the ODMR in-
vestigations donor and acceptor (Fig. 4) signals were ob-
served when the detection was set at the red PL. The
spectral dependence of the ODMR signal is shown in Fig.
4. The donor resonance could also be observed in the
ESR for n-type ZnSe samples. In the infrared (Ge detec-
tor range) the 0.98-um Fe emission was observed,
identified previously as the 3T,—°E transition of
Fe’*.%® No ODMR signal was detected via this PL
band. The intensity of the red PL depends on the iron
concentration in the sample, as is shown in Fig. §.
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FIG. 2. Photoquenching efficiency of the Cr* ESR signal.
Cr* ESR signal was induced by the initial photoexcitation. The
spectrum shown describes the effect of the second illumination
on the signal intensity. The experiment was performed at low
temperature for which the decay time of the signal “in dark”
was very long, enabling accurate photoquenching investigations.
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FIG. 3. Photoluminescence spectrum of ZnSe:Fe measured
at the same conditions for two different iron concentrations in
the sample. The spectra were detected with a Ge detector and
are not corrected for the instrumental response.
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FIG. 4 Photoluminescence and spectral dependence
(ODMR-PL) of the donor resonance signal observed in the
ODMR experiment. The donor and rather weak and broad ac-
ceptor signals were observed in the ODMR study (see inset) for
detection set at the red PL band. The latter signal was too weak
to identify the origin of the acceptor center.

IV. IRON IONIZATION TRANSITIONS

Photo-ESR measurements are possible if the lifetime of
the ghotoexcited level is longer than approximately 1
ms.?® For photoionization transitions to be detectable,
two different processes have to be efficient. The first is
the ionization transition itself, whose efficiency depends
on the optical cross section for a given process. The
second, often the most important, is the retrapping of the
photoexcited carriers by defects other than the ionized
centers. The “self-retrapping” has to be small, otherwise
no photosensitivity will be observed. The latter means
that other, and effective, trap centers should exist in the
sample. Thus the photo-ESR experiments may help to
evaluate the ionization efficiency, but they carry informa-
tion about the carrier trapping as well. This is why the
photo-ESR experiments are often difficult to interpret
but, on other hand, may yield useful information about
the overall efficiency of different recombination and trap-
ping processes. >

The above is well demonstrated by the photo-ESR
dependencies shown in Figs. 1 and 2. They have quite a
complex nature and their explanation must be based on
several complementary investigations. In our case a de-

FIG. 5. Dependence of the red DAP PL intensity on iron
concentration in the sample. The data were normalized to the
PL intensity in the lightly iron-doped sample.

tailed knowledge of chromium ionization transitions in
ZnSe (Ref. 14) helped us to interpret the observed spec-
tra. The Cr?t excitation spectrum in intentionally Cr-
doped samples consists of two bands (II and III). Band II
was shown to be due to direct chromium ionization:
Cr** - Cr* +hyy, where hyg denotes a hole photoexcit-
ed in the valence band (VB). Band II starts at about 1.9
eV, which is in good agreement with the previous estima-
tions of the Cr** ionization energy.'* The second band
(ITT) was previously shown to be due to the indirect Cr
excitation process. In this process the first step is the ac-
ceptor ionization. Some of the photoexcited electrons are
captured by Cr** centers. The identity of band III was
verified by complementary ODMR investigations, prov-
ing the existence of the relevant acceptor centers and
DAP nature of the red PL. Band III dominates even in
samples which were heavily doped with Cr and which
were not intentionally acceptor doped. This proves that
the electron capture rate by Cr’**t is relatively large.
Therefore Cr’>* ions effectively compete with shallow
donors and iron centers in the electron trapping from the
CB.

A different excitation spectrum is observed for samples
intentionally doped with iron. Here band III is weaker
than previously and an additional band (I) is observed.
This band also appears in the Fe** excitation spectrum.
The latter spectrum is dominated by band II, i.e., the one
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due to the direct chromium ionization. Cr ionization is
thus accompanied by capture of some of the photoexcited
holes by Fe?" centers. Coupling between indirect and
direct ionization processes provides a means by which to
study the latter. Here the Cr ionization process can be
observed via the photosensitivity of the iron Fe’™ ESR
signal.

When comparing Fe3" and Cr* excitation spectra, we
notice that the only band which can be related to Fe ion-
ization is band I. This is why we attribute band I, at first
tentatively, to the direct Fe?* —Fe’" photoionization.
The wide spread of the previous estimations of the Fe
ionization energy can be explained immediately. Band I
is, in fact, much weaker than those bands due to indirect
processes, which leads to the photosensitivity of the Fe3™*
ESR signal. The present identification locates the
2+ /3+ energy level of iron at 1.1 eV above the VB edge.

The above interpretation is verified by the experimen-
tal data shown in Fig. 2. Cr* photoquenching is ob-
served for light energies above 1.1 eV (band V), i.e., at en-
ergies for which the complementary VB iron ionization
transition (Fe** —Fe?* +hyy) should occur. The Cr*
ESR signal is quenched due to the hole trapping by Cr™
ions. Once more, the ionization transition of one center
(Fe) is best observed via the indirect photosensitivity
(quenching of Cr*) of another. Even though the accura-
cy of the photo-ESR experiment was limited by the step
by step method of obtaining the data, we could still esti-
mate the iron ionization energy by fitting band V with the
following formulas (see Ref. 13 for description of the
fitting procedures and of their reliability):

aion(hv)=7r_1/2fjﬂdz e "Zzael(Eop‘,hv-i-yz)

x [1+X2 ], 1
hv
where
(hv—E_.,)
p=—"2— 2
Y
and
-172
g ho,
y:w—ex 2(Eopt_Eth)hw0cth m]} . (3)

E,, and Ey;, are optical and thermal ionization energies,
and their difference is called the lattice relaxation energy.
o, and o, are frequencies of phonons coupled to the
ground and charge excited states of the ion. For an al-
lowed ionization transition o, may be taken as

(hv—E_)'?
Uel(EopuhV)z'(—hv(;I;t—

The first to the experimental data (shown in Fig. 6)
gives E,, =1.55£0.05 eV and E; =1.121+0.05 eV. The
reliability of the fit is presented by Fig. 6, in which
theoretical curves for three different sets of ionization pa-
rameters are shown. It can be seen that within the indi-
cated error the theoretical curves fit the experimental re-
sults.
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FIG. 6. Fit of the Cr* photoquenching band with the
theoretical formulas described in the text. Three sets of ioniza-
tion parameters are shown to demonstrate the reliability of the
fit.

Band IV in the photoquenching of the Cr* ESR signal
is attributed to the capture of holes generated in the VB
by the photoneutralization transition of deep acceptors.
The presence of these deep acceptors was proved before
by both photo-ESR and ODMR investigations.

The Fe photoquenching data were less clear. After ini-
tial photoexcitation the Fe’™ was not totally quenched
and was either decreased or enhanced by the second il-
lumination. The appropriate ionization bands were here
less distinct than those in the case of Cr* photoquench-
ing.

Our results are consistent with the previous determina-
tion of the Cr energy level at 1.9 [1.94 (Ref. 14)] eV above
the VB, and locates the Fe 2+ /3+ energy level at about
1.1 eV above the VB edge. The latter energy was deter-
mined from the photoquenching experiment since the Fe
photoexcitation and optical-absorption band were too
weak to perform a more detailed estimation of the ioniza-
tion energy.

V. DECAY OF Cr AND Fe ESR SIGNALS IN DARK

Due to relatively long DAP recombination times, some
of the pairs remain populated after the light is turned off
at low temperature. This leads to the phenomenon of de-
layed PL and thermoluminescence (TL) in wide-band-gap
II-VI compounds. TL occurs when the shallower com-
ponent of the DAP (donor) is thermally ionized. The
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thermally ionized carrier may be trapped by another
donor, which may stimulate the DAP recombination if
an occupied acceptor is close. It was observed in ZnS
(Ref. 15) that some of those free electrons can be trapped
by Cr?* and Fe’' centers which change the intensity of
the relevant ESR signals. In this case, the kinetics of the
ESR signal rise (Cr) or decay (Fe), and its temperature
dependence yields information about the thermal ioniza-
tion of carriers from shallow centers. Free carriers are
trapped by the centers with relatively large cross sections.
The trapping rate also depends on the relative concentra-
tion of different traps. Concluding, the ESR study can
evaluate the role of a given deep center in the free-carrier
capture, i.e., in the bypassing process described in Sec. I.

In ZnS, the Crt ESR signal rises after the light is
turned off at low temperature. This is due to the relative-
ly large capture cross section of electrons by Cr**, which
is larger than those for shallow donors and iron Fe’*.
Cr?* thus acts as an efficient electron trap center in
ZnS.’ This is not the case in ZnSe. A slow decay of the
Cr' ESR signal was observed when the electrons were
thermally ionized from shallow donors. The donor ion-
ization energy is about 8 meV, as is estimated from the
temperature dependence of the decay time. An explana-
tion for this property of the Cr ESR signal will be given
below.

The Fe** ESR signal decays when electrons are
thermally induced to the CB. This, together with the
lack of band III in Fe*% photoexcitation, indicates a
much larger electron trapping rate of Fe in ZnSe than in
ZnS. One of the reasons for this larger cross section for
electron trapping can be the different scenario of electron
trapping in ZnSe. ODMR results of O’Donnell, Lee, and
Watkins indicate that iron may trap an electron via the
triplet (3T) excited state of Fe?*.® In ZnS the electron
is trapped via the quintet state of Fe?',* i.e.,, a much
larger energy must be dissipated by multiphonon emis-
sion. However, carrier trapping via the triplet state need
not be a very efficient process. It was not confirmed by
our ODMR experiment. Still our results show that the
cross sections for electron and probably hole trapping by
Fe in ZnSe are larger than those in ZnS. The Fe-related
bypassing process should be an efficient nonradiative
recombination process in ZnSe.

V1. THREE-CENTER AUGER PROCESS

The most probable explanation for the decay of the
Cr* ESR signal in the dark is the relatively high
efficiency of the three-center Auger process. The three-
center Auger process was observed previously for Fe ions
in ZnS.> In this process DAP decays nonradiatively due
to energy transfer to a nearby TM center. However, the
transferred energy is not used for the TM intrashell exci-
tation. Instead, the TM center is ionized. In ZnS the
three-center Auger process was effective in the case of Fe
ions and not (or less so) for Cr ions.®> An opposite situa-
tion occurs for Fe and Cr ions in ZnSe. The decay of the
Cr* ESR signal when free electrons are thermally ionized
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and the DAP PL is photostimulated may only be ac-
counted for by an efficient Auger-type energy transfer
from DAP to chromium, together with the rather small
electron trapping rate by Cr>*. This is not the case for
the Fe ion in ZnSe. In ZnS the Fe*" ESR signal was ex-
cited by transition III, i.e., in the indirect process starting
with DAP excitation and followed by Auger-type energy
transfer to iron. A lower efficiency of this process in
ZnSe can be explained by a larger electron capture cross
section by Fe** in ZnSe than in ZnS. No photosensitivi-
ty is observed if electrons induced to the CB are readily
retrapped back by Fe3" centers.

VII. NONRADIATIVE RECOMBINATION PROCESSES

Iron in ZnS is known to be an effective deactivator of
visible DAP luminescence. As shown in Fig. 5, this is not
the case in ZnSe crystals. A noticeable deactivation of
the Cu red PL occurs for relatively large iron concentra-
tions larger than 5X10'7 cm™3. Four processes can ac-
count for the deactivation of the visible DAP PL in ZnSe:
(1) the bypassing process; (2) the three-center Auger
effect; (3) the DAP to Fe energy transfer; (4) “deep DAP”
recombination involving Cr or Fe as either deep donor,
or acceptor in the DAP; and (5) formation of pairs (e.g.,
Fe-Cu). For ZnS, the bypassing and pair formation pro-
cesses were the most dominant, with the Auger effect also
being active. In the case of ZnSe, the bypassing process
remains dominant. The three-center Auger seems to be
less effective. The DAP-Fe energy transfer, resulting in
the Fe intrashell excitation, was less important in both
cases. We have no definite proof that the fourth process
takes place in ZnSe or ZnS. It was observed previously
in, e.g., GaP in the ODMR investigations.!® The present
ODMR study did not confirm the importance of such a
recombination. The fifth process seems to be less impor-
tant in ZnSe. In the case of ZnS the Fe-Cu pairs were
detected in the ODMR. ¢ Formation of such pairs was not
observed in either ESR or ODMR investigations of
ZnSe:Fe. This probably explains the lower efficiency of
deactivation of visible PL of ZnSe by iron.

VIII. CONCLUSIONS

The present results indicate that both iron and chromi-
um deactivate the visible DAP emission of ZnSe. The
process is less efficient than in the case of ZnS. The dom-
inant mechanism of the PL reduction is the so-called
bypassing process, with the three-center Auger transition
also being important for chromium. The latter process is
less efficient for iron. We have not observed the forma-
tion of Fe-Cu pairs, which may be the reason for the
lower efficiency of the PL deactivation in ZnSe.
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