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Abstract

We present the results of the photoluminescence behavior reflecting Cr** — Fe?* excitation transfer in co-doped
ZnSe:Cr**Fe?*. This transfer can be seen as a possible promising pump mechanism to create short pulse lasers for the 3- to
6-um wavelengths that can be excited using inexpensive 2-um pump light sources. In addition to the kinetics, emphasis was
put on comparing the intensities of both emissions, those of Cr>* and Fe?*. With resonant excitation of Cr**, the kinetics of
the F*>* emission shows a very clear picture of the transfer with 60-ns rise time and the peak delayed by 200 ns. However,
the evaluation of the PL intensities brought a surprise. With efficiencies above 80%, the observed Cr** — Fe?* transfer
is much more efficient than theoretically expected, and even the overall efficiency including the losses at the Fe** ions of
almost 4% is still an order of magnitude higher than the theoretical values given for the Forster transfer alone. This leads to
the suspicion that either the dopant atoms might not be uniformly distributed in the samples or that the transfer mechanism

might be more effective than previously thought.
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Introduction

Cr’* and Fe?* defect centers located at Zn-sites in the
zincblende lattice of ZnSe exhibit broad emission bands at
2.4 ym and 4.5 ym, respectively.l’2 Therefore, such clas-
sical II-VI semiconductor crystals appear ideal candidates
for optically pumped solid-state lasers in the mid-infrared
range. In particular, the phonon-broadened character of the
emission bands is appealing for building mid-infrared mode-
locked lasers with few-cycle pulse duration (see Fig. 1).
Therefore, ZnSe:Cr** has frequently been dubbed as the
Ti:sapphire of the mid-infrared. While commercial high-
power Tm-doped fiber lasers are conveniently available for
pumping ZnSe:Cr** lasers, there are no lasers offering the
elevated pump power requirements of ZnSe:Fe?* at 3.2 um.
Given this constraint, direct excitation of Cr** ions at 2.4 um
with subsequent Cr** — Fe?* excitation transfer offers a
promising alternative. This transfer has been the subject of
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several previous studies.>”’ Consistently, both experimental
and theoretical studies showed such unsatisfactory results
for the overall transfer efficiency that a practical use for
this mechanism seemed quite unlikely. In a previous study,®
however, we observed a six-fold acceleration of the Cr¥*
photoluminescence (PL) in co-doped ZnSe:Cr**Fe** com-
pared to a singly-doped reference sample. While this find-
ing is highly suggestive of an efficient transfer process, the
overall efficiency was again measured as a meager 3.6%. The
aim of current work is the clarification of this apparent con-
tradiction. Covering a wider range of doping concentrations,
we augmented our time-resolved PL studies on singly- and
co-doped crystals. Analysis of these experimental results
confirms our earlier suspicion of a high Cr** — Fe?* transfer
efficiency, pinpointing non-radiative losses of excited Fe**
ions as the source of the relatively poor overall efficiency.
Mitigation strategies for practical laser applications involve
cooling of the ZnSe:Cr’*Fe?* laser crystals.


http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-023-10496-6&domain=pdf
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Experimental

Our study comprises singly-doped ZnSe:Cr**
and ZnSe:Fe?’fa as well as co-doped
ZnSe:Cr?*Fe?* crystals with ion concentrations of
3% 10" em™...5.5 x 10'® cm™, 4 x 10" cm™, and
3 x 10 ecm™...7.5 x 10'® cm™>. These crystals were
purchased from several commercial sources: Egorov Sci-
entific US, 3photon Lithuania, and IPG Photonics US.
The sample from the last source are grown by chemical
vapor deposition,’ while the others are Bridgeman-grown
singly crystals. We characterized the samples by stand-
ard transmission measurements at ambient temperature.
Concentrations (N) of optically active Cr** and Fe**ions
were determined using the commonly accepted absorption
cross-sections of 1.1 x 107'® cm? and 0.97 x 107'® cm? for
Cr?* and Fe?* ions, respectively.>!%!!

The transient PL was excited with pulsed lasers,
described in detail by Fiirtjes et al.'? Excitation wave-
lengths were A., = 2.05 um (pulse duration 3 ps) and
Aex = 3.24 um (pulse duration 1 ps), using a repeti-
tion rate of 1 kHz. PL was detected with a LN,-cooled

4

Normalized emissions
and transmission

Fig. 1 Normalized emission cross-sections of Cr”* and Fe?* ions in
ZnSe® , and the spectral windows used for the investigation (SP short
pass, LP long pass); the brown line represents the transmission of
32 cm of air, the path the PL signal has from the sample to the detec-
tor (Color figure online)

102

InSb-photodiode (Infrared Acc. ID413), enabling 7-ns
temporal resolution. Using a Femto DHPCA-100 ampli-
fier with 1-kV/A transimpedance, this temporal resolu-
tion remains almost preserved, i.e., we yielded sub-10-ns
temporal resolution. Data recording was by a 4-GHz oscil-
loscope (DPO 70404C; Tektronix).

Emission intensities were extracted in spectral windows,
named SP and LP, which are defined by sets of filters (Spec-
trogon; Edmund Optics). Figure 1 shows them together with
the 4., (arrows) and the normalized emission cross-sections
of the Cr** and Fe?* ions. Although absolute PL intensities
cannot be measured, accurate consideration of the excita-
tion, transfer, and detection conditions allows for relative
comparison of the PL from the Cr** and Fe** ions in terms
of photon numbers. In all the experiments, the time-averaged
excitation power was set to ~ 35 mW, avoiding saturation
excitation in both ion species.

Results and Discussion
Photoluminescence Kinetics

Figure 2 shows selected PL transients for resonant excita-
tion. Under direct excitation, all the Fe?*-doped samples
with ions in (b) exhibit a singly-exponential PL decay in the
LP window, whereas the transients of the Cr2* -containing
samples exhibit different behaviors, measured in the corre-
sponding SP window (Fig. 2a). Among the latter, all singly-
doped samples show a strictly exponential decay, which is
contrasted by the more or less pronounced non-exponential
behavior of the co-doped samples. Such deviations from a
singly exponential decay is a hallmark of excitation transfer
processes.

Before deepening the discussion on Cr** — Fe?* excita-
tion transfer, let us briefly consider relative PL intensities.
Under identical excitation conditions, the total PL emission
yield of singly-doped Fe?*-doped samples is ~ 14 times

Fig.2 PL transients for resonant
excitation: (a) from ZnSe:Cr>*
and ZnSe:Cr**Fe* co-doped
samples excited 4., = 2.05-

um and detected in the SP
window, (b) from ZnSe:Fe?*
and ZnSe:Cr**Fe?* co-doped
samples with 3.24-um excitation
and detected in the LP window;
in (a) and (b), blue curves
represent data from singly
doped samples while data from
co-doped samples are given in
red (Color figure online)
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lower than that of the Cr** PL. This finding already sets a
constraint of g, ~ 7% for the maximum quantum efficiency
of the Fe’* PL. Further confirmation of this rather poor
quantum efficiency can be found in the literature, specifically
from temperature-dependent measurements of the PL decay
time,'*"'7 indicating the practical absence of the tempera-
ture-quenching effects for the Cr>* PL. While the PL decay
time (zp; ) of the Cr** ions remains nearly constant,'” the
pronounced decrease of 7p; of the Fe>* ions from ~ 100 us
(at ~ 100 K) to ambient temperature by more than two orders
of magnitude can be seen'*!” As temperature-quenching
is always indicative of non-radiative decay processes, this
gives rise to the observed degradation of the PL. quantum
efficiency of the Fe** ions.

Figure 3 shows 7p; versus doping concentration, N, as
obtained from the transients shown in Fig. 2. In the fol-
lowing discussion, we refer to the inter-ionic distance, R,
which is shown as the top abscissa of Fig. 2 and is related
to N via R = (1/N)". As our sample set covers only a
limited doping concentration range, we have additionally
included literature data®'®'®1% in Fig. 3. Both ion species
exhibit concentration-quenching, i.e., excitation transfer
between ions of identical species. However, the quench-
ing effects only appear for N > 10'° cm™, giving rise to a
reduction of 7p;. As our studies only comprised samples
of lower doping, we can therefore safely rule out concen-
tration-quenching. In agreement with previous reports,

R (nm)
7654 3 2 1

[ ——

T
A A

PL decay time (us)

AA

f07 10% 0% 109 108 102

Cr?* concentration (cm™)

Fig.3 PL decay time versus ion concentrations for resonant excita-
tion: (a) A,, = 2.05 um and detection in the SP window; blue symbols
stem from fits to transients in the 10.0- to 12.5-us temporal window
(see Fig. 2a), black symbols are taken from figure 5 in Ref. 19 and see
Refs. 13,27 (b) A,, = 3.24 um and detection in the LP window; red

@ Springer

we also find that, in co-doped samples, the respective
other dopant reduces the PL decay time of the studied
species;>* 182021 compare positions of squares (singly-
doped) and circles (co-doped) in both parts. The observed

7p. reductions with N are empirically described by:

TCr,Fe

TPL:].{.(M) (1)

No

see, e.g.,'® where N, is a fit parameter quantifying the
concentration quenching threshold. The respective values
Ny=4x 10" cm™ and 1.07 x 10%*° cm™ for Cr** and Fe?*
indicate that this process starts at lower doping levels for
Cr?*. In addition, the general shape of this calculated curve
agrees less well with the data points, in contrast to Fe",
where the calculation and experiment are in better agree-
ment. Overall, this analysis of the PL decay times provides
remarkable agreement with data from the literature.

Figure 4 shows PL transients from heavily co-doped
sample (Ng, = 6.7 x 108 cm™ |, Ni, = 6.1 x 10!® cm™)
after 4., = 2.05-um excitation taken in the SP and LP win-
dows. Extra measurements served to exclude a contribu-
tion of directly excited Fe>* ions, making us conclude that
the LP transient has its origin in the radiative recombina-
tion from Fe?* ions that have been indirectly excited via
Cr?* jons. This assertion is confirmed by.

R (nm)

7654 3 2 1
0.5 prmepmegeeee .

(b)

PL deacay time (us)
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Fe?* concentration (cm™)

symbols are from fits to transients in the 0.25- to 1.0-us temporal win-
dow (see Fig. 2(b); black, blue, and green symbols are data from Refs.
16, 4, and 3, respectively. In (a) and (b), squares and circles represent
data from singly- and co-doped samples, respectively (Color figure
online)
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e The rise time (~ 60 ns) of the transient, which substan-
tially exceeds the time resolution (< 10 ns),

e a delayed peak some 200 ns after the excitation laser
peak, and

e asignificantly increased PL decay time of the Fe’* PL
of ~ 1 us.

These experimental findings can be accurately explained
by a rate equation model, which will be presented else-
where.?? Qualitatively, the complex time evolution of the

10°
~ Cr?* PL (1¢=2.05 pm)
5
8
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T hex=3.24 ym
o
N 192
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o
Z
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Fig.4 Normalized PL transients from 3 samples; blue tran-
sients show the PLs from a heavily co-doped sample

(Ngy = 6.7 x 10" em™, Ng, = 6.1 x 10" cm™) after A, = 2.05-um
excitation taken in the SP and LP windows; black and red curves
serve for reference and have been obtained from singly-doped sam-
ples (Color figure online)

Fe?" PL originates from a distribution of excitation transfer
times, arising from a distribution of transfer distances in
the ZnSe host crystal. At the shortest distances, the fastest
processes result in the initial increase of the Fe** PL with a
60-ns rise time, while slower transfer processes cause Fe*
ions to emit light much beyond their intrinsic PL decay time
of 380 ns.

Photoluminescence Intensities

Apart from direct analysis of PL kinetics, it also appears
interesting to compare the time-integrated PL intensities of
the two ion species in co-doped samples for an estimation
of the transfer efficiency. Figure 4 shows an example case,
with an integrated intensity ratio of 1:0.03, i.e., the luminous
efficiency of the Fe>* ions is 33 times lower than that of the
Cr?* ions. Recalling that the radiative quantum efficiency
is less than ., = 7%, one concludes that the Cr’* — Fe?*
excitation transfer must be relatively efficient, with a value
Of Npransier = 83% for this particular sample. Figure 5 shows
integrated intensity ratios of the two ion species versus Fe**
concentration. For our most heavily Fe?* -doped sample
(Ney = 6.5 X 10" cm™, N, = 7.5 x 10'® cm™), we even
conclude a transfer efficiency of #yneer = 87%.

In the light of the previously discussed poor overall effi-
ciency, nearly perfect transfer efficiencies appear highly sur-
prising. In the consistent view of the literature on Forster
transfer, dipole—dipole interaction appears as the key mecha-
nism. The original publications by Forster’® and Dexter?*
are summarized by Henderson and Imbusch,?® and were
applied to the material system discussed here by Fedorov
et al.’> Based on this theoretical approach, Doroshenko
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Fig.5 (a) Cr?* — Fe?* excitation transfer efficiency calculated from
y according to Doroshenko et al.%%; the right ordinate shows the inte-
grated PL intensity ratios of Fe?* to Cr’* PLs for the same samples
(see full red circles); the black line is a guide for the eye. (b) Forster
transfer time (zg) according to Fedorov et al.? (red line) and expected

PL decay time taking into account 7 and 7. = 5.5 us (see Fig. 2a);
see blue line versus interionic spacing; the full red circles are from
table 1 in Fedorov et al.® (c) Forster transfer efficiency np = 7o/
(T, + ) versus Fe?* concentration (Color figure online)
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et al.?® estimated a similar high transfer efficiency of

Nieanster = 53-35% by analyzing the Cr** PL in their
Zn,_,Mn Se:Cr**Fe’* samples. Specifically, the authors
separated exponential and non-exponential contributions to
their Cr?* transients, and plotted the non-exponential part
versus the square root of time. The slopes, y, obtained from
the linear fits of the data enabled an alternative method for
estimating efficiencies. In order to verify our above conclu-
sions, we also followed this approach, as shown in Fig. 5a
with respect to the left ordinate.

Finally, we compared our PL decay times with the cal-
culations by Fedorov et al.? Figure 5b and ¢ shows the time
constants and the resulting #panefer Fespectively. Considering
the latter, we find that, even for our most heavily Fe** -doped
sample (Ng, = 7.5 x 10'® cm™), Fedorov’s calculations
suggest a value of s < 0.3% (see Fig. 5¢), i.e., a dis-
crepancy of two orders of magnitude that mandates further
clarification. To this end, we see two different approaches
to resolving this discrepancy. On the one hand, all discus-
sion so far has assumed a homogeneous distribution of ions
in the ZnSe host, i.e., all Zn sites are populated by Cr**
and Fe?* with the same probability. An inhomogeneous ion
distribution with clustered interionic distances would result
in higher rates of excitation transfer. On the other hand,
enhancement of the transfer rates could also arise from pho-
non-assisted processes. Future work is required to resolve
this remaining open question.

Conclusions

For our study of the transfer efficiency, both singly-doped
crystals and six co-doped ZnSe:Cr?*Fe?* crystals were
studied using time-resolved PL spectroscopy. In addition to
the kinetics, great emphasis was placed on measuring and
comparing the intensities of both PLs, from Cr** and Fe*.
The kinetics of the Cr*" and Fe?* emissions in the different
crystals show a consistent pattern. In particular, when we
resonantly excite the co-doped samples in the Cr** absorp-
tion band, we find clear indications for an efficient excitation
transfer from Cr** to Fe?*, including a rapid initial rise time
(~ 60 ns) of the transient, a delayed peak of about 200 ns
after the peak of the excitation laser, and finally a signifi-
cantly prolonged PL decay time of the Fe?* PL of ~ 1 us.
Given the short 380-ns lifetimes of the Fe?* ions, the lat-
ter finding can only be explained by replenishment via the
Cr** — Fe** transfer process. Careful analysis of the PL
measurements revealed a surprising finding, i.e., with effi-
ciencies above 80%, the observed Cr?t — Fe?* transfer is
much more efficient than theoretically expected. Accounting
for non-radiative losses of Fe2*, even the overall efficiency is
still an order of magnitude higher than estimated by Fedorov
et al.? Finally, mitigation of excessive non-radiative losses of

@ Springer

the Fe>* ions may be addressed by carefully adapted cooling
of the co-doped laser crystals. If this remaining challenge
can be solved, we are very optimistic about the Cr** — Fe?*
transfer, enabling a useful pumping scheme for short-pulse
mid-infrared laser sources.
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