
Vol.:(0123456789)1 3

Applied Physics B (2019) 125:173 
https://doi.org/10.1007/s00340-019-7288-7

Lasing characteristics of heavily doped single‑crystal Fe:ZnSe

V. A. Antonov2 · A. A. Davydov1 · K. N. Firsov2,3 · E. M. Gavrishchuk4,5 · I. G. Kononov2 · S. V. Kurashkin4 · 
S. V. Podlesnykh2 · N. A. Raspopov6   · N. V. Zhavoronkov1

Received: 20 June 2019 / Accepted: 17 August 2019 / Published online: 24 August 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Characteristics of a Fe:ZnSe laser are studied at room temperature. The laser active elements are heavily doped single crystals 
with the Fe2+ ion concentration n = 0.64 × 1019 − 5.7 × 1019cm−3 , grown from melt by the Bridgman method. The gener-
ated energy of 870 mJ is obtained at the total efficiencies with respect to the absorbed and incident energies �abs = 43% and 
�inc ≈ 35% , respectively. The laser slope efficiency with respect to the absorbed energy is �slope ≈ 50% . In a heavily doped 
active element with the Fe2+ concentration n = 5.7 × 1019cm−3 , in which the medium excitation depth is just a part of the 
total element dimension along the optical axis (the element is completely non-transparent for the pumping radiation), the 
radiation spectrum of the Fe:ZnSe laser shifts to the long-wavelength range by more than 300 nm as compared to spectra of 
the laser on crystals excited along the whole element length. It is shown that Fe:ZnSe lasers on heavily doped single-crystal 
elements can be efficiently excited by a radiation of a Cr:ZnSe laser without tuning the spectrum of the latter to the longer 
wavelength range.

Keywords  Fe:ZnSe laser · HF laser · Single crystal · Room temperature · Zinc chalcogenides · Bridgman method · Cr:ZnSe 
laser

1  Introduction

In the recent 20 years, lasers on Fe:ZnSe crystals have 
been actively studied in numerous groups [1–30]. Recently, 
improved technologies for producing active elements [22, 
23, 27] substantially increased the efficiency of a Fe:ZnSe 

laser and lasers on crystals of other chalcogenides doped 
with transition metal ions. In first papers (see, for example, 
[2–6, 10]), the value of slope efficiency of a Fe:ZnSe laser 
with respect to the absorbed energy �slope did not exceed 
40% at room temperature of an active element. Presently, the 
efficiencies reached on polycrystalline elements with large 
transversal dimensions doped in the process of hot isostatic 
pressing (HIP) [22, 31, 32] and single-crystal doped in the 
growing process [30] are �slope = 53% [22] and �slope = 45% 
[15, 20], respectively.

A low Fe2+ concentration is a specific feature of high-
quality single-crystal active elements grown on a single-
crystal seed from vapour phase by chemical transport in 
hydrogen [3, 7, 12, 30] and doped with iron in the growing 
process. In view of this fact, longer crystals or sufficiently 
complicated pumping schemes are used [33], which is not 
always convenient. For example, the concentration of Fe2+ 
in an active element of the Fe:ZnSe laser on which the high-
est radiation energy has been presently obtained for single 
crystals at room temperature [15, 20] was ∼ 1.5 × 1018 cm−3 
at the active element length of 15 mm. The main incentive 
to use long single crystals with low Fe2+ concentration as 
active elements in [15, 20] was the possibility to reduce the 
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gain of excited medium to worsen the development condi-
tions for parasitic transversal oscillation at large pumping 
spot dimensions. Just the development of parasitic oscilla-
tion was the main factor limiting the generation energy of a 
Fe:ZnSe laser on polycrystals with a high Fe2+ concentration 
in the near-surface layer of elements excited by a high-power 
HF laser at room temperature [10, 18]. However, further 
investigations revealed the possibility to suppress parasitic 
oscillation by simply increasing transversal dimensions of a 
polycrystalline active element even at sufficiently high Fe2+ 
concentrations in both ZnSe and ZnS hosts [22, 34]. A simi-
lar result is obtained using active elements with several inner 
doped layers [17, 25] or elements with an internal doped 
layer in the form of a spherical segment [29].

Obviously, in the case of single-crystal Fe:ZnSe active 
elements with a high concentration of bivalent iron (heavily 
doped crystals), the problem of parasitic oscillation at large 
pumping spot dimensions can be solved by simply increas-
ing the sample transversal dimensions. From general con-
sideration, we may also expect that introducing the doping 
component into the host at a higher than conventional con-
centration may change the pumping energy threshold, effi-
ciency, and generation spectrum of the laser. Nevertheless, 
we failed to find works focused on studying characteristics 
of Fe:ZnSe lasers with heavily doped single crystals used 
as active elements. Thus, the aim of the present work is to 
perform such undoubtedly interesting investigations using 
heavily doped single crystals grown by modern technologies.

2 � Fe:ZnSe single‑crystal sample fabrication 
technology

The problem of fabricating zinc selenide crystals doped 
with transition metals such as chromium or iron has sev-
eral solutions. First, it is introducing a doping component 
in the process of crystal growing. In the case of growing 
from melt (for example, by the Bridgman method, or its 
modifications), the problem is solved sufficiently simply by 
introducing a required component in an appropriate form to 
the initial blend. Conventionally, components well mix in 
the melt, which provides a homogeneously doped crystal 
with a prescribed admixture composition. The method is 
rather efficient, a ZnSe crystal of weight 0.5 kg and more 
grows for 60–70 h. There are no principal limitations on 
crystal transversal dimensions. A drawback of the crystal 
growth from melt, which is specific for A2B6 compounds, 
is the tendency of grown object to form blocks and twins. 
Mostly perfect single crystals of A2B6 compounds and their 
triple solid solutions are fabricated by the Davydov–Markov 
method from vapour phase [35]. However, with this method, 
it is difficult to dope crystals with transition metals, which 
have a low vapour pressure. It is also difficult to obtain 

homogeneous doping. Efficiency of the method is low (a 
crystal of weight 150–200 g grows for 180–250 h) and there 
are serious limitations on crystal dimensions. The third 
method for producing zinc selenide crystals doped with 
transition metal admixtures is diffusion. This method pro-
vides a high dopant concentration in a near-surface region, 
however, with a high gradient of concentration along the 
sample depth.

In the present work, we studied two single-crystal active 
elements Fe:ZnSe with the Fe2+ concentrations differing by 
almost an order of magnitude. The crystals were grown by 
the vertical Bridgman method in a graphite container at an 
argon pressure of 30 atm. The initial high-purity (99.9999%) 
polycrystalline ZnSe was synthesized by the chemical vapor 
deposition. Iron admixture was added to the initial load in 
the form of FeSe. The rate of crystal growth was 1–3 mm 
h−1 . In a transversal cross section, the first crystal (sam-
ple 1) had a shape of a segment with a height of 25 mm. 
The sample thickness was 5 mm. It was cut from a boule 
of diameter 50 mm and length 80 mm. The concentration 
of Fe2+ ions in sample 1, determined from a transmission 
spectrum and absorption cross-sectional data [27], was 
n = 6.4 × 1018 cm−3 . The second active element (sample 2) 
had the form of disk with a diameter of 50 mm and thickness 
of 1.8 mm; the Fe2+ concentration was n = 5.7 × 1019 cm−3 . 
Transmission spectra of the single crystals studied are pre-
sented in Fig. 1.

The luminescence lifetimes of Fe2+ in samples 1 and 2 
are 320 and 250 ns, respectively. The method of determin-
ing the luminescence lifetime is similar to that used in [14]. 
The reduction of the luminescence lifetime down to 250 ns 
in the case of heavy doping is not critical because the pump-
ing pulse duration in the experiments described below was 
substantially shorter than this value. For measuring the lumi-
nescence lifetime, the crystals were excited by a pulsed laser 
at the wavelength � = 2.94 μ m. Signals of Fe2+ luminescence 
were recorded by a photodetector PD47NB (“Ioffe LED, 
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Fig. 1   Transmission spectra of single-crystal sample Fe:ZnSe: (1)—
sample 1, n = 6.4 × 1018 cm−3 ; (2)—sample 2, n = 5.7 × 1019 cm−3
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Ltd”) with an amplifier. The time resolution of the recording 
system was 100 ns.

3 � Experimental setup for laser experiments

The method used for studying lasing characteristics of sin-
gle-crystal active elements did not differ much from those 
described earlier (see, for example, [21, 22]). For easy 
understanding of further consideration, an optical schematic 
diagram of experiments is presented in Fig. 2. A non-chain 
HF laser was a pumping source for the crystals [15, 22]. The 
cavity of a Fe:ZnSe laser of length 130 mm was formed by 
a concave spherical mirror with gold coating M1 having the 
radius of curvature 0.5 m and plane outcoupling mirror M2 
with the reflection coefficient of 40% in the spectral range 
of 4.2–5 μm . Energies of the pumping radiation incident 
onto the crystal, radiation passed through it, and generation 
of the Fe:ZnSe laser were measured by calorimeters C1÷ C3 
(“Molectron”). The radiation from HF laser was attenuated 
by a set of light filters F and focused on the surface of active 
element by lens L. By moving the lens, we varied the size of 
a pumping beam on the sample surface. The angle of pump-
ing beam incidence to the crystal surface was 10◦.

Profiles of laser radiation pulses were recorded by pho-
todetectors PD1 and PD2 (“Vigo-system Ltd”) with the time 
resolution of ≈ 1 ns. A high sensitivity of photodetectors 
provided recording the radiation scattered by calorimeter 
input areas. Spectra of Fe:ZnSe laser radiation were recorded 
by a MS 2004 (“SOLAR TII”) monochromator with a lin-
ear array of pyroelectric photodetectors HPL-256-500 (HEI-
MANN Sensor) at output (is not shown in Fig. 2).

4 � Results and discussion

From Fig. 1 it follows that at low energy densities, both 
the crystals are not transparent at the wavelengths of HF 
laser pumping generation � = 2.6 − 3.1 μ m. In the condi-
tions of Fe:ZnSe laser generation, at the pumping energy 

density exceeding 1 J cm−2 , the transmission of sample 1 
was 4%. Sample 2 remained non-transparent for the pump-
ing radiation even in the generation conditions. Dependen-
cies of generation energy of a Fe:ZnSe laser on the HF-
laser energy absorbed in the crystal are shown in Fig. 3 for 
various diameters of the pumping spot on the surface of 
sample 1. From Fig. 3, one can see that the slope efficiency 
of the Fe:ZnSe laser on heavily doped single crystals at 
a sufficiently large pumping spot diameter d = 10 mm is 
�slope ≈ 50% , which is greater than the value obtained ear-
lier �slope ≈ 45% on the sample with the Fe2+ concentration 
n = 1.5 × 1018 cm−3 [15, 20]. The higher slope efficiency 
at greater pumping spot dimensions testifies a high quality 
of the active element under study. Up to now, the value of 
�slope with Fe:ZnSe single crystals, grown by the Bridgman 
method did not exceed �slope = 42% [16]. The maximum gen-
eration energy reached with sample 1 was 870 mJ at the total 
efficiencies with respect to the absorbed and incident ener-
gies �abs = 43% and �inc ≈ 35% , correspondingly. The laser 
total efficiency with respect to the incident energy obtained 
in the present work is also above that reported earlier in [15, 
20] with weakly doped single crystal ( �inc ≈ 25% ). In par-
ticular, it is a consequence of actually total absorption of the 
pumping energy in the active element (without AR coating) 
in the considered case (except for the reflection losses on 
the input face). With sample 1, the generation energy was 
limited by the transversal parasitic oscillation developing 
at pumping spot diameters exceeding 11 mm due to a rela-
tively small one of the transversal dimensions of the active 
element (the segment height). Undoubtedly, this limitation 
can be removed similar to the case of polycrystalline active 
elements [22] by increasing transversal dimensions of the 

Fig. 2   Scheme of experiment: M1, M2 cavity mirrors, F optical fil-
ter, L spherical lens, BS beam splitter, C1, C2, C3 calorimeters, PD1, 
PD2 photodetectors

Fig. 3   Generation energy of the Fe:ZnSe laser versus the absorbed 
energy at the pumping spot diameter d = 5 mm (1) and d = 10 mm 
(2). Sample 1, n = 6.4 × 1018 cm−3
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sample, for example, using a disk of diameter 50 mm rather 
than a segment cut from it. There are no principal limitations 
on fabricating crystals of diameter 50 mm and greater by the 
technology employed.

As mentioned, the second sample with the Fe2+ concen-
tration n = 5.7 × 1019 cm−3 is completely non-transparent 
for the pumping radiation even in the conditions of Fe:ZnSe 
laser generation. Simple estimates show that the depth of 
pumping radiation penetration into the crystal is at most 
200 μm , that is, a greater part of the crystal is not excited in 
the direction of the optical axis, forming a kind of an optical 
filter because the unexcited Fe:ZnSe noticeably absorbs in 
the spectral range of 4–5 μm [27]. The absorption at the gen-
eration wavelengths in an unexcited medium just allows one 
to avoid a transversal parasitic generation at small diameters 
of the pumping spot by increasing transversal dimensions 
of the active element [22]. Dependencies of the generation 
energy of the Fe:ZnSe laser on the absorbed HF laser energy 
are shown in Fig. 4 for various diameters of the pumping 
spot on sample 2. From Fig. 4, one can see that despite the 
fact that the active element is totally opaque for the pump-
ing radiation, the slope efficiency of the Fe:ZnSe laser on 
sample 2 with respect to the absorbed energy is sufficiently 
large �slope = 37% . The maximum generation energy is 245 
mJ at the total efficiency with respect to the absorbed energy 
�abs ≈ 22% . However, already at a pumping spot diameter 
exceeding d = 7.4 mm, a parasitic oscillation is revealed (the 
laser slope efficiency falls), whereas the transversal crystal 
dimensions are much greater than 20 mm (the diameter of 
20 mm). At such a value, the spot diameter d = 7.4 mm on 
polycrystalline samples doped by the diffusion method from 
both crystal sides was the limiting dimension, above which 
the output characteristics of a Fe:ZnSe laser sharply fall due 

to the developing parasitic oscillation [18]. We may assume 
that in the case considered in the present work, a parasitic 
oscillation at large pumping spot dimensions may develop 
without the feedback formed by the radiation scattered from 
sample edges (superluminescence), because all the pump-
ing energy is absorbed in a very thin layer near the surface, 
where a high gain is attained. Such a regime was realized in 
[4, 8] under the transversal pumping of Fe:ZnSe single crys-
tals doped with iron by the diffusion method. A thickness 
of the doped layer in those active elements was ∼ 100 μm.

Oscillograms of the pumping pulse and generation of 
Fe:ZnSe lasers obtained on samples 1 and 2 at close val-
ues of energy absorbed in the crystals are presented in 
Fig. 5. From Fig. 5, one can see that generation pulses of 
Fe:ZnSe lasers on samples 1 and 2 only differ in insignificant 
details (the generation pulse of laser on sample 2 is slightly 
shorter than on sample 1) despite the Fe:ZnSe unexcited 
layer present in sample 2, which noticeably absorbs radia-
tion in the spectral range of 4–5 μ m (see Fig. 1). We may 
assume that when generation develops in the laser on sam-
ple 2, the unexcited layer “bleaches”. To illustrate this fact 
we have recorded the transmission of sample 2 versus the 
energy density of Fe:ZnSe laser incident on a surface of the 
sample. The pumping source in this case was the Fe:ZnSe 
laser on sample 1 excited by an HF laser. This dependence is 
shown in Fig. 6. For comparison, in the same figure we pre-
sent the absorption curve for a high-quality polycrystalline 
Fe:ZnSe sample studied earlier [22]. In Fig. 6 one can see 
that the polycrystalline sample actually totally ”“bleaches” 
already at the density of energy incident onto the surface 
win = 0.3−0.4J cm−2 . The initial transmission of this sample 
at low energy densities was ≈ 6% . The single-crystal sample 
also “bleaches”; however, its transmission at our maximal 
experimental energy density win = 1.5J cm−2 is only 55% in 
contrast to 66% in the case of polycrystalline sample.

Generation spectra of Fe:ZnSe lasers on samples 1 and 
2 are presented in Fig. 7. From Fig. 7, one can see that 
the spectrum of laser on sample 1 insignificantly differs 
from those obtained earlier (see, for example, [11, 21]) 
for Fe:ZnSe lasers on polycrystalline active elements. The 
spectrum of the laser on heavily doped crystal (sample 2) is 

Fig. 4   Generation energy of the Fe:ZnSe laser versus the absorbed 
energy at the pumping spot diameter d = 6 mm (1), d = 7.4 mm (2), 
and d = 8.1 mm (3). Sample 2, n = 5.7 × 1019 cm−3

Fig. 5   Oscillograms of the pumping pulse (top ray) and Fe:ZnSe-
laser generation (bottom ray) recorded for samples 1 (a) and 2 (b). 
The timescale is 50 ns/div
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shifted to the long-wavelength range by more than 300 nm 
relative to the spectrum obtained with sample 1. Obviously, 
the spectral shift is related to the dependence of absorption 
cross section on wavelength in the unexcited zone of sample 
1. In the spectral range of 4.3–5 μ m, the absorption falls at 
greater wavelengths [27]. Note that the shift of generation 
spectrum to longer wavelengths by ≈ 300 nm was observed 
by authors of [16] when the active element on Fe:ZnSe crys-
tal was replaced with that on Fe:ZnMgSe. However, such 
a replacement resulted in a more than fourfold reduction 
of the laser slope efficiency with the corresponding fall in 
the output energy. In the present work, the slope efficiency 
reduced by only ≈ 25% . Note also that the spectrum shift 
to the long-wavelength range observed in [16] and in the 

present work can be easily obtained on Fe:ZnSe crystals 
with ordinary characteristics by means of spectral profiling 
the reflection coefficient of the outcoupling mirror.

Consider one more possible application of heavily 
doped single crystals with the characteristics of sample 2 
(or crystals with less concentration of iron ions but greater 
length). Mirov et al. reported [35] the employment of a well-
developed Cr:ZnSe laser for pumping a Fe:ZnSe laser. In 
that case, the spectral tuning of the Cr:ZnSe laser to the 
longer wavelength range was needed for matching its emis-
sion spectrum with the absorption band of bivalent iron 
in a Fe:ZnSe crystal, which reduced the efficiency of the 
laser system as a whole. A typical generation spectrum of a 
Cr:ZnSe laser with non-selective cavity described in [37] is 
presented in Fig. 8 along with the transmission spectrum of 
sample 2 plotted using data from Fig. 1 in the same spectral 
range. One can see that the Cr:ZnSe laser is well suited for 
pumping the Fe:ZnSe laser on the active element with sam-
ple 2. A better matching between the generation spectrum of 
the Cr:ZnSe laser and the crystal absorption spectrum may 
be obtained by slightly increasing the sample thickness. Note 
also that an increase of Fe2+ concentration in the sample 
easily realisable in the technology considered is a simpler 
and more efficient method for matching the absorption and 
pumping spectra as compared to, for example, doping the 
solid solution ZnS

x
Se(1−x) with iron ions considered in [26].

5 � Conclusion

Thus, in the present work we investigate generation and 
spectral characteristics of a Fe:ZnSe laser on heavily doped 
single crystals, in which the concentration of Fe2+ reached 
the values n = 5.7 × 1019cm−3 . The generation energy 

Fig. 6   Transmission of sample 2 (1) and polycrystalline sample (2) 
versus the radiation energy density of a Fe:ZnSe laser w

in
 on the sur-

face

Fig. 7   Generation spectra of Fe:ZnSe laser: 1—sample 1, 
n = 0.64 × 1019cm−3 ; 2—sample 2, n = 5.7 × 1019 cm−3

Fig. 8   Generation spectrum of Cr:ZnSe laser (1) and transmission 
spectrum of heavily doped single crystal (sample 2) (2)
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of 870 mJ has been obtained at the total efficiencies with 
respect to the absorbed and incident energies �abs = 43% 
and �inc ≈ 35% , respectively. Possibilities for further energy 
increase were limited by the parasitic oscillation, which 
developed at large pumping spot dimensions. This limitation 
can be removed by increasing the transversal dimensions of 
active elements, which can be easily done with the Bridg-
man technology of crystal growing from melt. Possibilities 
of using heavily doped crystals for shifting the generation 
spectrum of a Fe:ZnSe laser to a long-wavelength range and 
for fabricating Fe:ZnSe lasers pumped by the radiation of a 
Ce:ZnSe laser without additional spectrum correction are 
demonstrated. Results obtained testify a high quality of the 
Fe:ZnSe single crystals grown by the Bridgman method.
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