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Possible applications of ZnSe:Cr in optoelectronics are discussed. It is shown that 2+ to 1+
photo-ionization of chromium results in efficient pumping of Cr?" intrashell emission and in en-
ergy up-conversion from green to blue. A distinct difference in efficiency of the energy up-conver-
sion is observed between chromium and iron doped ZnSe samples. This difference we relate to a
very efficient Auger mechanism of photoluminescence quenching in Fe-doped samples. We further
demonstrate an anticorrelation of intensity of mid-infrared Cr emission and up-converted blue

emission of ZnSe.

PACS: 42.55.Px, 71.55.Gs, 78.55.Et

1. Introduction

Despite concentrated efforts there are difficulties
in achieving efficient short-wavelength emission from
semiconductor-based light emitting devices. As a con-
sequence, several alternative approaches have been
tested, in which green, blue, or violet color emission
was obtained due to energy up-conversion, i.e., under
optical pumping with photons of a lower energy (lon-
ger wavelength).

ZnSe is an attractive candidate for the short
wavelength energy up-conversion material, since the
«edge» (i.e., close to the band gap energy) photolumi-
nescence (PL) of ZnSe is observed in blue-violet spec-
tral region. Unfortunately, as we have found [1],
two-photon excitation is an inefficient process in the
case of undoped ZnSe. Quantum efficiency of the pro-
cess is very low, of about 10_6, i.e., is far too low for
any practical application. A very different situation
was observed in the case of chromium-doped samples
[1,2]. Relatively efficient blue up-converted emission
was observed under green color optical pumping.

In the following Section we will discuss the mecha-
nism of energy up-conversion in Cr doped ZnSe, and
then we will discuss the possibility of tuning of pump-
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ing energy by doping ZnSe with iron or by using al-
loys of wide-band-gap II-VT semiconductors. Finally,
we will discuss the properties of infrared emission in
ZnSe:Cr.

2. ZnSe:Cr — mechanism of energy
up-conversion

In Figs. 1 and 2 we show photo-ionization (Fig. 1)
and photo-neutralization (quenching, Fig. 2) spectra
measured for Cr'" and Fe' electron spin resonance
(ESR) signals in ZnSe. Two complementary Cr ioniza-
tion transitions were identified in this ESR study as:

2y photon — Cr!'* + hole in the valence band

(band II in Fig. 1),

Cr

ol + photon — Cr?" + electron in the conduction band
(direct photo-ionization in Fig. 2),

with Cr?* being the ground charge state of chromium
in ZnSe.

crl® signal could also be excited by illumination
ionizing acceptor centres of ZnSe (band IIT in Fig. 1)
and, for ZnSe:Fe, Cr, by the 2+ to 3+ photo-ionization
transition of Fe ions (band I in Fig. 1,b,c), i.e., by
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Fig. 1. Low temperature photo-excitation spectra of crlt
in ZnSe:Cr (a), ZnSe:Fe (b) and Fe>' in ZnSe:Fe (¢).
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Fig. 2. Low temperature photo-quenching spectrum of the
Cr'" ESR signal in ZnSe:Cr, measured as the spectral de-
pendence of the decay time of the ESR signal under illu-
mination with photons of a given energy. The cr!'™ ESR
signal was first photo-excited with green color illumina-
tion.
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two transitions generating free electrons in the con-
duction band of ZnSe. These electrons can be
retrapped by chromium resulting in 2+ to 1+ recharg-
ing.

Such identity of the ESR excitation and quenching
bands was proved in our previous ESR experiments
[3—7]. We found that 2+ /1+ energy level of Cr lies at
about 2 eV above the valence band edge of ZnSe [4].
The complementary 1+ — 2+ photo-neutralization
transition was also identified, as shown in Fig. 2.

Our previous ESR studies of Cr-doped ZnSe [4]
and ZnS [5] and iron-doped ZnSe [6] and ZnS [7] in-
dicated high efficiency of these ionization transitions
in wide-band gap II-VI semiconductors. Moreover,
we observed that two-step ionization transitions of Cr
and Fe ions result in a population of both shallow do-
nors and shallow and deep acceptors [8].

In the 2+ — 1+ chromium photo-ionization transi-
tion free holes are photo-generated in the valence band
(VB). In the following 1+ — 2+ photo-neutralization
transition free electrons are created in the conduction
band (CB). These free carriers, if not retrapped by
chromium (iron), can then participate in the PL re-
combination transitions, resulting, e.g., in the appear-
ance of the energy up-converted emission. Not surpris-
ingly, we found that the photoconductivity and
photo-ionization (due to 2+ to 1+ Cr transition) spec-
tra of ZnSe:Cr both correlate with the excitation spec-
trum of up-converted emission [1]. Thus, energy
up-conversion is explained by efficient photo-genera-
tion of free electrons and free holes in two complemen-
tary photo-ionization transitions via deep chro-
mium-related center.

3. ZnSe:Fe — optimization of optical pumping
energy

The blue up-converted emission of ZnSe:Cr is ex-
cited by the 2+ — 1+ photo-ionization transition of
chromium, which occurs for photon energies larger
than about 2 eV, with maximum at about 2.4 eV [1].
Considering possible practical devices, the use of effi-
cient red color GaAs-based laser diodes for optical
pumping is preferential. Only in this case can compact
devices be constructed, as required for memory storage
applications, for example.

Regarding energy up-conversion efficiency, light
powers of several mW are required for energy storage
applications. Considering that 1 W optical pumping is
available, the light conversion efficiency should be
not less than few times 10°.

For ZnSe:Cr up-conversion efficiency was about
5107 at liquid helium temperature, but only for
green color optical pumping. For red pumping up-con-
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Fig. 3. «Edge» part of the PL in ZnSe, ZnSe:Cr and
ZnSe:Fe measured at liquid helium temperature under the
green color excitation (for ZnSe:Cr and ZnSe:Fe) or
above-band-gap excitation (ZnSe undoped) (after V.Yu.
Ivanov et al., Acta Phys. Pol. A103, 695 (2003)).

version efficiency was about 10 times lower, i.e., too
low for practical applications.

A photo-ESR investigation (Fig. 1) indicated that
red color pumping is optimized for 2+ to 3+ photo-ion-
ization of iron in ZnSe. We thus turned our attention
to this system. In Fig. 3 we show the energy up-con-
verted PL spectra in chromium and iron doped ZnSe,
as compared to the «edge» PL of an undoped ZnSe.
The origin of the observed PL emissions in ZnSe and
ZnSe:Cr is discussed elsewhere [1]. Weak and broad
blue color energy up-converted emission is observed in
ZnSe:Fe. Its efficiency is far too low to be of any prac-
tical interest. The quantum efficiency of energy
up-conversion in ZnSe:Fe we estimated to be two or-
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Fig. 4. Decay of Cr'* (a) and Fe" (b) ESR signals ob-
served at 40 K after turning off the photo-excitation.
Two-exponential decay is observed, with the characteristic
times given in the figure.
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Fig. 5. Temperature dependence of decay of the cr!* and
Fe’* ESR signals observed after turning off the photo-ex-
citation. Two decay components (see Fig. 4) are character-
ized by the same temperature dependence with an activa-
tion energy of 8 meV.

ders of magnitude smaller than the one for chromium
doped ZnSe.

Our present investigations indicate that two mech-
anisms are responsible for the low efficiency of the en-
ergy up-conversion process in ZnSe:Fe. First, the
photo-ESR investigations indicate that the photo-ex-
cited Fe>* charge state of iron decays fast even at low
temperatures. The mid-gap level of Fe is not
metastably occupied, as is often observed in the case
of chromium-doped ZnSe. This relates to high effi-
ciency of carrier trapping processes in iron-doped ZnS
and ZnSe [9—11]. The photogenerated Fe3* state has
too large a cross section for retrapping of free elec-
trons from the conduction band to be metastably occu-
pied after the photogeneration. The latter we con-
cluded from detail studies of kinetics of quenching of
photo-excited ESR signals. Examples of relevant ESR
results are shown in Figs. 4 and 5 for ZnSe:Fe, Cr.
Both Cr!" and Fe** ESR signals decay fast after turn-
ing off the excitation to some metastable population.
Decay was faster for Fe ions. In both cases the decay
was characterized by the same activation energy equal
to ionization energy of shallow donors in ZnSe. The
latter was surprising in case of Cr!™ centers, for which
rise of the signal was observed in ZnSe:Cr, but decay
in ZnSe:Fe, Cr once electrons were thermally ionized.
The reason for this difference we will discuss later on.

We solved simple kinetics equations to explain evo-
lution of ESR signals under photo-excitation and after
turning off the light:

dncr
dt

e h
+ n(NCr —ncr )CCr - pPnceCCr >

=Iooy (N, —n¢;) - Ispeney +
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d
£ =Iopcncy —n(Np —np)cp —n(Ne, —nep)eéy

d h /
£:IGOV(NCr —nge) = PN 4 =ny)cy = pneece

dnA

7t =p(Ng —ngdch =Bapnanp =B acenancr
dn
dtD =7’I(ND —nD)Cf) _BADnAnD ,

where: n- and N are the concentration of the chro-
mium in the 1+ charge state and the total concentra-
tion of Cr in the sample, respectively; N, and N, are
the total concentrations of acceptors (A) and donors
(D) in the sample, n, and 7, are the concentrations
of populated (neutral) acceptors and donors. n, p are
the concentrations of free electrons in the conduction
band and free holes in the valence band; Soc and
ooy are the optical ionization rates for the two com-
plementary ionization transitions of Cr. By cp, cffl,
cé, and ¢, we denote the capture rates of electrons
(e) by ionized donors, holes (%) by ionized acceptors,
and electrons by chromium Cr?" and holes by Cr!*.
By B4p We describe an average rate of the DA pairs
(DAP) recombination, by B, Cr!* — acceptor tun-
neling and I stands for the light intensity of the
photo-excitation. In equations given above we omit-
ted terms related to Auger processes, which will be
discussed later on.

Detailed analysis of the observed efficiency of
photo-excitation for bands II and IIT in Fig. 1 and
rates of signal rise and decay indicated that:

e Cr
c Npo
Cr > 25 D 0V

CE NA Géc

Assuming that our samples are compensated, i.e. that
Np =~ N4, and that:

Cr
c 1
(1)4‘/ >z 5
Soc 2

as we concluded from the separate study, and also
that 65, is of the same order as 65, we derive that:

Cr

cov , 1L
oV >
ode 10

and, finally, that c¢é, > 2cf). This estimation indicates
that Cr centers efficiently retrap photogenerated free
electrons from CB. Thus, we must select appropriate
relative concentrations of donor and acceptor centers
versus chromium concentration to avoid PL deactiva-
tion and to achieve efficient energy up-conversion.
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For ZnSe:Fe, Cr carrier retrapping is far more effi-
cient. Based on the photo-ESR data, from the ob-
served efficiency of band I (Fig. 1,¢) processes, we es-
timate that:

M
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These estimations indicate that Fe deactivates (by
efficient retrapping of free carriers of both types) all
competing recombination transitions in ZnSe, even in
the case of a relatively low Fe concentration. This in
fact we observed experimentally, as is shown in
Figs. 3 and 6.

The second mechanism responsible for a low effi-
ciency of energy up-conversion in ZnSe:Fe relates to
very efficient Auger type nonradiative recombination
processes observed in Fe doped wide-band-gap II-VI
compounds (see [2] and references therein). In the Au-
ger process an excited donor acceptor pair decays
nonradiatively by energy transfer to a nearby iron cen-
ter, which is ionized. DAP PL is thus deactivated.

In the case of Fe doped ZnS and ZnSe this process
turned out to be efficient, which results in efficient
quenching of energy up-converted blue color DAP
emission and in shortening of the DAP PL decay time,
as we observed for ZnSe:Fe [2]. «<Edge> DAP emission
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Fig. 6. Concentration dependence of deactivation of do-
nor —acceptor pair emission in ZnSe:Fe.
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in ZnSe decays much faster than the relevant DAP
emissions in undoped ZnSe and in ZnSe:Cr. This is ev-
idence of very efficient and competing channel of
nonradiative recombination in ZnSe:Fe.

Auger-type energy transfer must also take place in
chromium doped ZnSe, since also in this case there is
an energy overlap between DAP emission and Cr ioni-
zation transitions. Such overlaps are required for ef-
ficient DAP-to-Cr energy transfer. We performed
optically detected magnetic resonance (ODMR) in-
vestigations to evaluate Auger recombination rate in
ZnSe:Cr [12]. The ODMR study indicated fairly low
rate of DAP-to-Cr energy transfer process. This trans-
fer process is rather inefficient in quenching DAP
transitions of ZnSe:Cr.

4. Solid alloys of II-VI:Cr — optimization of
optical pumping energy

Pumping energy of up-conversion process can be
tuned by introducing chromium into solid alloys of
ZnCdSe and ZnSSe. Also in these alloys chromium in-
troduces excited charge state within the band gap, so
the alloys turned out to be suitable materials for en-
ergy up-conversion. The relevant results are shown in
Fig. 7, in which we show the CB and VB band shifts
estimated by us versus the energy level positions of
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Fig. 7. Band shifts in solid alloys of ZnCdSe and ZnSSe
versus energy level positions of three transition-metal-re-
lated charge states — nickel, cobalt, and chromium.
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three transition-metal-related charge state levels
(nickel, cobalt and chromium) in ZnCdSe and ZnSSe
(after Ref. [13]). Whereas for alloys with common an-
ion Cr ionization energy changes only a little, it can
be changed considerably in alloys of ZnSSe (in-
creases) or ZnCdS (decreases; not shown in Fig. 7).
These are important observations, since energy
up-conversion in Cr doped ZnCdS and ZnSSe turned
out to be equally efficient as in the case of ZnSe:Cr.

5. Temperature dependence of up-conversion
process

There is an additional important consequence of us-
ing chromium-doped I1-VT alloys. Not only excitation
(also energy of up-converted emission) can be tuned,
but also temperature dependence of the process can be
varied. This is important, since in the case of ZnSe
quantum efficiency of the up-conversion process is re-
duced to about 1% at room temperature.

The photo-ESR investigations indicate that a rela-
tively high quantum efficiency of the energy up-con-
version process in ZnSe:Cr (few times 10°) is related
to a metastable population of the Cr'" state, observed
at low temperatures. Two-color experiments were per-
formed (Fig. 8) to confirm role of metastability of the
photo-excited Cr!™ state. In the two-color experi-
ments, two light sources were simultaneously applied
to excite or quench the energy up-converted emission.
First photon, with energy larger than the ZnSe band
gap energy, or from the energy range of the Cr 2+ to
1+ ionization transition, excites the blue DAP emis-
sion. The second photon, selected from the range of
ionization transitions of ZnSe acceptors. These ioniza-
tion transitions were first identified from photo-ESR
study shown in Fig. 2. The second illumination was
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Fig. 8. Photo-quenching of the energy up-conversion pro-
cess in ZnSe:Cr, observed in the two-color experiment
with the OPO system and green color excitation.
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obtained from either the OPO system or the free-elec-
tron laser (FEL) mid-infrared system. We studied the
influence of this second illumination on intensity of
the energy up-converted emission.

For the 2.34 eV illumination and with the second
photon within the range of ionization transitions of
ZnSe acceptors, illumination quenches the DAP inten-
sity (Fig. 8). Photo-ionization of shallow acceptors re-
duces also the population of the crtt charge state.
This is observed as a rapid photo-induced quenching of
the Cr'" signal in the photo-ESR study (see Fig. 2).

The up-conversion process is also deactivated when
shallow acceptors are thermally ionized. Use of host
material with larger acceptor ionization energies is
thus profitable. In fact, we observed better tempera-
ture stability of energy up-converted DAP emission in
ZnCdS:Cr and ZnSSe:Cr than in ZnSe:Cr. This is due
to the fact that acceptors are deeper in these two al-
loys than those in ZnSe lattice.

6. Infrared intra-shell emission of chromium 2+

In Fig. 9 we show three PL emission efficiently ex-
cited in ZnSe:Cr under Cr photo-ionization transition.
In addition to the blue DAP emission, two infrared
emissions, with maximum at about 0.95 pum and
2.4 um are observed. Both these infrared bands are rel-
atively broad, which can result in optically pumped
and tunable laser emission with the wavelength of
emission being suitable for some optoelectronic appli-
cations, such as surgery lasers, for remote sensing, gas
sensing, etc. [14—18].

We found that the all three PL emissions have the
same excitation bands and that the two channels of re-
combination (visible versus infrared) compete. At low
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Fig. 9. Two infrared intra-shell emissions of chromium 2+
in ZnSe shown together with the blue energy up-converted
DAP emission.
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temperatures the blue DAP emission dominates, but at
increased temperatures the infrared emissions become
more pronounced and dominate at room temperature.

The Cr photo-ionization band is characterized by
large oscillator strength, i.e., the resulting photo-exci-
tation can be more efficient in excitation of infrared
emissions than the direct intra-shell excitation. Thus,
such excitation can result in more efficient optical
pumping of Cr*" intra-shell emissions. This fact is im-
portant considering intensive studies on laser action
on Cr 2+ intra-shell transitions.

7. Conclusions and Summary

Initial interest in ZnSe started from observation of
fairly efficient energy up-conversion. Blue PL emis-
sion could be observed under optical pumping with
green light. Detail studies indicated that the process is
efficient only at low temperatures. Also pumping en-
ergy was not optimized for excitation with red color
laser diodes. Both temperature stability of the process
and pumping energy can be improved /tuned if we use
solid alloys of II-VI, such as ZnCdS or ZnSSe. Mean-
while it turned out that the system is suitable for tun-
able mid-infrared emission, using intra-shell transi-
tions of chromium 2+. Mid-infrared emission with
power above 1 W has already been achieved, making
the system very attractive for practical applications.

This work was partly supported by the RFBR-Ural
(Grant 04-02-96096).
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