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We reported an ultrabroadband mid-infrared (MIR) emission in the range of 1800 nm—-3100 nm at room temperature
(RT) from a Cr?*:ZnSe-doped chalcogenide glasses (ChGs) and studied the emission-dependent properties on the doping
methods. A series of Cr’T:ZnSe/As40Ss7Se3 (in unit wt.%) glass-ceramics were prepared by hot uniaxial pressing (HUP)
and melt-quenching methods, respectively. The glass-ceramics with MIR emission bands greater than 1000 nm were
successfully prepared by both methods. The effects of matrix glass composition and grain doping concentration on the
optical properties of the samples were studied. The occurrence state, morphology of the grains, and the microscopic
elemental distributions were characterized using x-ray diffraction (XRD), scanning electron microscope (SEM), and energy

dispersive spectrometer (EDS) analyses.

Keywords: mid-infrared emission, glass-ceramics, hot uniaxial pressing, melt-quenching
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1. Introduction

MIR incoherent and coherent light sources are in great
demand for a variety of applications in environmental test-
ing, bioengineering, gas sensing, medical, and military
industries.!'=3! Transition metal-doped II-VI semiconductors
(TMZ+:1I-VI)[* have emerged as an excellent gain medium

for MIR femtosecond pulses!>®!

or continuously tunable
lasers!”-8] owing to their ultrabroad emission and absorption
bands, large emission cross-sections, and high quantum ef-
ficiency. Cr’*-doped ZnSe is the most representative and
widely studied gain media in the TM:II-VI family. Since
the first report of a SESAM mode-locked Cr’>*:ZnSe laser
around 2.5 pm, O Cr2t+:ZnSe femtosecond lasers based on
mode-locked techniques with higher output powers and repeti-

10.111 However, the output power

tion rates have been reported. !
upscaling and laser beam quality were limited by the thermal
lensing effect of Cr’*:ZnSe (thermo-optic coefficient of ZnSe
~70x 1076 K).l1213]

Up to now, considerable research has been devoted to
the development of Cr>*:ZnSe fiber laser.!'*! The structure
of the fiber determines that it has a larger specific surface
area to reduce the thermal lens effect. Furthermore, the fiber

laser has higher pumping and conversion efficiency.!!>! How-

DOI: 10.1088/1674-1056/ac11eb

ever, crystals have no glass transition temperature, so it is
impossible to prepare crystal fiber by drawing process. Re-
searchers have proposed a variety of preparation methods, but
no ideal Cr>*:ZnSe fiber has been prepared. Among them,
glass-ceramics fiber is one of the effective ways to realize crys-
tal fiber laser. Cr’*:ZnSe-doped MIR glass can combine the
advantages of easy process ability of glass and high emission
efficiency of active crystal. Therefore, it is an effective way
to make crystal gains-doped fiber by drawing glass-ceramics,
which has potential application for the high-efficiency tunable
MIR fiber lasers.

For such “crystal-in-glass”, the light scattering charac-
teristics of glass-ceramics have a decisive influence on its
optical properties. According to the Rayleigh—-Gans model,
the extinction coefficient (&) is expressed by the following
formula: ¢!

2
o= gNVk4R3(nAn)27 (H

where N is the density number of crystallites, V is the volume
of crystallites, k = 2/A, R is the radius of crystallites, n is
the refractive index of crystallites, An is the refractive index
difference between the matrix glasses and crystallites. The pa-
rameters such as N, V, and R need to be further analyzed based
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on the results. Note that An is the most important factor of light
scattering, so it must be minimized. Therefore, glasses with a
refractive index close to that of Cr**:ZnSe crystal can be used
as the matrix material of glass-ceramics. In this respect, ChGs
is an ideal choice of matrix material owing to its tunable re-
fractive index, excellent MIR transparency, chemical stability,
and low phonon energy.!!”! Furthermore, MIR passive fiber

18,19

technology based on ChGs has matured.!'%!] By the way, the

As—-S-Se glass systems have been demonstrated to match the
refractive index of Cr>*:ZnSe crystals.[?]

Glass-ceramics are usually prepared from the matrix
glasses by controlling the crystallization behavior.>!**) How-
ever, the target crystal can only be precipitated in a specific
glass composition, which limits the choice of glass composi-
tion. Generally, the refractive index of the precipitated crystal
phase is very different from that of the remaining glass phase,
which will increase the Rayleigh scattering coefficient. And
for TM?*:II-VI crystal, it is difficult to keep the transition
metal ions in bivalent state (TM>T), especially after high tem-
perature melting. Moreover, for ChGs, although ZnS/Se grains
can be precipitated after heat treatment, the concentration of
ZnS grains is not more than 1 mol% in As,S3 glasses.>’!

In view of the low melting point and good hot-pressing
performance of ChGs, two methods of introducing II-VI crys-
tal into ChGs were developed. The first method is low temper-
ature melt-quenching. Although the melting point of ChGs is
low, there are still the possibility of disintegrate and atomic
replacement for II-VI crystal. For example, when ZnSe is
doped into ChGs by low temperature melting method, addi-
tional ZnS will be produced due to atom replacement at a rel-
atively high temperature.?*! The refractive index of ZnS crys-
tals (n = 2.26 at 2.45 pum) is significantly lower than that of
ZnSe (n = 2.44 at 2.45 um), and this refractive index differ-
ence will increase the scattering of light. The second method
is to hot press the mixed powders of II-VI crystal and ChGs
in vacuum. The HUP method based on the principle of glass
powder sintering has advantages in the uniformity of compos-
ite dopants.?>?%! In addition, the low sintering temperature
ensures that the crystal grains do not react with the matrix
glasses.

In this study, we prepared glass-ceramics with fluores-
cence characteristics of Cr>*:ZnSe crystals and fiber-drawing
ability of ChGs via HUP and melt-quenching, respectively.
In the beginning, Cr>*-doped ZnSe crystals were prepared
by thermal diffusion method, and their MIR fluorescences
were characterized. Then the variation of refractive index of
As—S-Se series glasses were studied, and the best composi-
tion matched with the refractive index of ZnSe was selected.
Furthermore, Cr2t:ZnSe/As40Ss7Se3 composite glasses with
excellent infrared transparency and MIR emission properties
were successfully prepared. The occurrence state and fluores-

cence characteristics of crystals in glass-ceramics prepared by
different methods were studied.

2. Sample preparation

Cr?*:ZnSe polycrystalline was prepared by thermal diffu-
sion of ZnSe bulk (99.99% purity) and CrSe powders (99.5%
purity). CrSe powders were the diffusing agent of Cr’* ions,
and ZnSe targets were placed in independent positions in the
quartz ampoule to allow gas convection. After heating and
vacuuming for 2 h, the quartz ampoule was sealed with an
acetylene flame, diffused in a heating furnace at 930 °C for
30 h, and cooled to RT for 10 h. As—S—Se ChGs were synthe-
sized by As (5N), S (5N), and Se (5N). The weighed raw ma-
terials were heated and vacuumed in a quartz ampoule, melted
at 650 °C for 10 h, quenched in water, and annealed near the
transition temperature.

(a) vacuuming (b)

sealed ~,

Fig. 1. (a) Schematic diagram of the melt-quenching method. (b) Schematic
diagram of the HUP method.

BNt

ball milling si‘nt;:g

:
!

»

heating

Cr’*:ZnSe/As—S—Se composites were prepared using the
melt-quenching and HUP methods, respectively, as shown in
Fig. 1.
melt-quenching method were the same as those previously de-

The steps for preparing composite glasses via the

scribed for the As—S—Se glasses. The melting temperature was
changed to 500 °C. The quartz ampoule’s swing angle was
90° from the horizontal position. The standing time before
quenching should not be excessively long. In the HUP tech-
nology process, the Cr>":ZnSe crystals and As—S—Se glass
blocks were mechanically ground and evenly mixed more than
1 h at the speed of 500 rpm and protected with high-purity ar-
gon. Zirconia cans and balls were used for the grinding of
the composites to avoid carbon or other impurities. And then
the powders were quickly sintered into composite glasses at a
temperature of 260 °C and a pressure of 50 MPa.

The XRD spectra were obtained using a Bruker D8
diffractometer. The absorption and transmission spectra from
visible to near infrared (in a range of 600 nm-2400 nm)
were recorded by a P-E Lambda-950 spectrophotometer. IR
transmission spectra (2.5 um-15 pm) were measured using
a Fourier transform infrared (FTIR) spectrophotometer. The
morphology, distribution, and element-mapping images of the
microcrystals in the composites were recorded by SEM (SU-
70, Hitachi).
were recorded using a fluorescence spectrometer (Edinburgh-
FLS980, UK) with an InSb detector pumped by a 1550-nm

MIR fluorescence spectra and decay curves
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laser diode (LD). All of the measurements were conducted at
RT.

3. Results and discussion
3.1. Optical characteristics of Cr>*:ZnSe

Figure 2(a) shows the digital photos of three Cr>*: ZnSe
crystals with different doping concentrations and their VIS-to-
IR transmission spectra. All three samples show good trans-
parency, and were labeled num 1, num 2, and num 3 in the
order in the photos. It can be seen from the transmission curve
that the sample has a strong absorption at the peak of 1.77 pm,
covering the frequency band of 1.5 pm-2 pum, which is con-
sistent with the working wavelength of commercial laser. The
sample has excellent transparency in the frequency band of
2 pm-3 pm, which corresponds to the wide band emission
range of Cr’* ions. The absorption spectra [Fig. 2(b)] of
Cr’*:ZnSe crystals characterized the diffusion concentration
of Cr** ions in the tetrahedral coordination of ZnSe. The ab-

sorption coefficient of Cr>* ions can be estimated by?”]
&= OD(V) /(L x Ige), @

70

(a)
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where « is the absorption coefficient, OD(A) is the optical
density, and L is the sample’s thickness. The thickness of the
three samples are 1.92 mm, 1.84 mm, and 1.88 mm in se-
quence. Figure 2(c) presents the linear relationship between
the absorption coefficient at 1775 nm and the Cr** ion dop-
ing concentration. Therefore, the average Cr?* ion concen-
trations of num 1, num 2, and num 3 samples are 2.216 x
10! em=3, 1.373 x 10" cm™3, and 2.263 x 10! cm ™3, re-
spectively. Close to 100% quantum yield of the correspond-
ing emission for low Cr?* concentration (less than 10' cm—3)
sample was demonstrated, while a strong decrease in the RT
emission intensity and lifetime was found for Cr>* concen-
trations higher than 10'° cm=3.1282%1 A5 shown in Fig. 2(d),
the num 2 sample with the lowest Cr>* ion concentration per-
formed the strongest emission intensity, whereas the num 3
sample had the highest concentration and weakest emission
intensity under the same pumping conditions. This conclu-
sion was in accord with the previously described studies, so

the num 2 sample was used as the experimental material.
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Fig. 2. (a) Visible-to-infrared (VIS-to-IR) transmission spectra of the Cr2*:ZnSe. Inset: Digital photo of the polished sample. (b) Near-infrared (NIR)
absorbance spectra of the Cr>™:ZnSe. (c) Correspondence between the absorption coefficient of Cr>* ions at 1775 nm and its average concentration in the
ZnSe crystal. (d) Normalized fluorescence spectra of the Cr>*:ZnSe crystals pumped by a 1550-nm laser.

Figure 3(a) shows the energy level diagram of Cr’* in
ZnSe crystal. The unique crystal structure of ZnSe crystal not
only maintains the bivalent state of Cr ion, but also promotes

the energy level splitting. Due to the influence of crystal field

vibration and Jahn-Teller effect, the splitting of °E and °T,
energy levels leads to the ultra-wide emission and absorption
band of Cr>*. The decay curve of Cr’>*:ZnSe sample in MIR

emission was measured, as shown in Fig. 3(b), and the pump
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wavelength is 1.55 pm, the monitor wavelength is 2.4 um. The
average life (7) was calculated as follows: [27-281

T= wl(t)tdt/ wl(t)dt, 3)
0 0

where I(t) is the luminescence intensity as a function of time
t. The sample’s lifetime was 6.14 ps. This is a typical value
for Cr>*:ZnSe fluorescence kinetics.

. Se2-
® Cr2t

® Zn?t

free ion | crystal field | Jahn—Teller

SR Ay
N -
5D - 5B
R A ) !
v —— JE*
T, — B,
1
(b)
0N
-'é ° Cr:ZnSe T7=6.14 us
=
el
% 0.1
>
2
‘B
=
0
)
=
0.01
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Time (us)

Fig. 3. (a) Energy level diagram of the Cr?* in the tetrahedral hosts. (b) The
decay curve of the Cr>*:ZnSe crystals monitored at 2.4 pm.

3.2. Preparation of As4(Ss7Se; glasses

According to the Rayleigh—Gans model, reducing the re-
fractive index difference between the matrix glass and crys-
tal is the basis for fabricating transparent Cr’>*:ZnSe-doped
ChGs. And low hydroxyl absorption is an important factor for
the broadband emission of Cr** in the band of 2 pm-3 pm.
Therefore, As—S—Se glass system was used as the matrix glass
to match the refractive index of the Cr’>*:ZnSe. As shown in
Fig. 4(a), in the emission band of Cr*t:ZnSe (2 pm-3 pm),
the refractive index of As40Ss57Ses glasses is the closest to that
of Cr?":ZnSe. Therefore, As4Ss7Ses glass was determined
to be used as the matrix glass. By the way, the refractive in-
dex of ZnS is apparently different from that of ZnSe. Note
that material’s hydroxyl absorption can easily cause the emis-
sion spectrum of Cr?>* ions to be interrupted near 2.7 um. To
obtain a higher transparency and wider emission bands of the
composites, Ass9Ss7Se3 glasses with low hydroxyl absorption

were prepared by distillation. Figure 4(b) presents the high-
transparency purified glasses.

2.6
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Fig. 4. (a) Refractive index curves of ZnSe, ZnS, As;S3, As40SsgSes, and
As40S57Ses3. (b) Infrared transmission curve of the As40Ss7Se3 glasses.

3.3. Microstructure and optical properties of composite
glasses

Based on num 2 crystals and purified As49Ss7Ses glasses,
samples with compositions of xCr?t:ZnSe/(1 — x)As40Ss7Se3
(x=1, 3, and 5 wt%) were fabricated by HUP and melt-
quenching, respectively. As shown in Fig. 5(a), three sharp
diffraction peaks were observed superimposed on a broad
amorphous background in the HUP sample. The composites’
diffraction peaks at 27.22° (111), 45.20° (220), and 53.56°
(311) matched the Miller indices of the sphalerite (JCPDS card
No. 88-2345). No ZnS diffraction peaks or any other crystals
were found. Microcrystal deposition was observed in the com-
posite rod prepared by melt-quenching. As shown in Fig. 5(b),
the x = 0.5 wt% and x = 1 wt% samples were cut from the
non-deposition part of corresponding glass rods with differ-
ent doping concentrations for analysis. Only the (220) lattice
plane of the ZnSe cubic phase was detected in the x = 0.5 wt%
samples. The (111) and (220) lattice planes of the ZnSe cu-
bic phase were detected in the x = 1 wt% sample. Most of
the microcrystals were detected in the bottom slice. Different
degrees of the ZnS crystal phase (corresponding to No. 89-
2197) diffraction peaks appeared, which was probably caused
by the ion displacement reaction. The electronegativity differ-
ence between S and Zn was greater than that of Se and Zn,

094208-4
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and the S-based glass melt had a large amount of S element,
which led to the precipitation of ZnS crystals. The precipi-
tation of the ZnS crystal undoubtedly increased the scattering
loss according to the Rayleigh—Gans model.

——2x=1wth C=0.93% -crystallinity=>C (a)
——x =3 wt% (' =2.13%
r=5wth C=229%

m ZnSe (220)
(111) Y
v

10 20 30 40 50 60 70
26 ()
— =05 wt% YD=3831lnm C=0.31% (b)
—x=1.0 wt% C=0.71%
—— bottom slice C=15.28%
® ZnSe
® 7nS

<
4

D =134.32 nm

%
. T.H Ittt

10 20 30 40 50 60
20 (°)

Fig. 5. (a) XRD patterns of the xCr?t:ZnSe/(1 — x)As40Ss7Se3 (x= 1, 3, and
5 wt%) composite glasses prepared by HUP compared with JCPDS card No.
88-2345ZnSe. (b) XRD patterns at x = 0.5 wt%, x = 1 wt%, and the bot-
tom slice (prepared by melt-quenching) compared with JCPDS card No. 89-
2197ZnS and No. 88-2345ZnSe. Insets (a) and (b): Average microcrystal
size and crystallinity of the samples.

Further information on the doped microcrystals was ana-
lyzed to characterize the composites. The composites’ average

SU70 5.0kV 7.9mm x2.00k SE(M)

grain sizes were calculated using Scherrer’s equation[3%-3!]
KA
D= M 4
BcosO’ @)

where A is the x-ray wavelength (0.15418 nm), K is the con-
stant (0.89), B is the diffraction peak’s full width at half
maximum (FWHM), and 6 is the Bragg angle. The embed-
ded Cr’>":ZnSe microcrystals’ average size was 155.87 nm,
slightly larger than the size of the Cr’>*:ZnSe microcrystals
in the molten sample (134.32 nm). The precipitated ZnS mi-
crocrystals’ size was 38.31 nm, confirming the displacement
reaction hypothesis.

Crystallinity characterizes the proportion of crystals in
composites. It is estimated by the area ratio of the crystal-
lization peak to the crystallization peak plus amorphous peak.
The crystallinity of the bottom slice reached 15.28%, while
the crystallinity of the three HUP samples was only 0.93%,
2.13%, and 2.29%, respectively. These data effectively quan-
tified the uniform distribution of the embedded microcrys-
tals. Although we increased the rocking angle and reduced
the standing time, it was still difficult to control the uniform
distribution of crystal grains during the melting process.

The distribution and morphology of the microcrystals em-
bedded in the ChGs (prepared by HUP) were characterized by
high-resolution SEM and EDS. As shown in Fig. 6(a), most of
the microcrystals were uniformly distributed, and the crystal
grain spacing is clearly larger than the crystal size. Moreover,
the size of microcrystal is extremely close to the calculation
results. Limited by the resolution of the mapping analysis, we
found the remaining large particles in the samples for map-
ping analysis. The clear outline, morphology, and regular el-
emental distribution demonstrated the microcrystals’ integrity
as shown in Figs. 6(b)-6(g). However, no obvious color pat-
tern was observed for Cr element due to the low ion concen-
tration of Cr?*.

Fig. 6. (a) Image of the distribution of microcrystals in the composite glasses. Inset: high-magnification SEM image. (b) Morphology of the microcrystal
and element-mapping images of (c) As, (d) S, (e) Se, (f) Zn, and (g) Cr in the x = 1 wt% sample prepared by HUP.

Figure 7 presents the distribution and morphology of the
microcrystals in the ChGs (prepared by melting) character-
ized by SEM and EDS. In the non-deposition area, the mi-

crocrystals showed a uniform distribution, and most of the mi-

crocrystals have a large spacing. But it should be noted that
the element mapping images show inconsistencies in element
distribution and crystal morphology. The color pattern of As
[Fig. 7(c)] element matched the SEM image [Fig. 7(b)], while
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S [Fig. 7(d)] element appeared to penetrate into the Cr’*:ZnSe
microcrystal. There is no doubt that in the Cr’>:ZnSe crys-
tal, the amount of Zn and Se should be basically the same,
or the amount of Se is slightly higher than that of Zn. Ac-
tually the color area of Se element [Fig. 7(e)] is obviously
smaller than that of Zn [Fig. 7(f)] element, which indicated
that the elemental composition of the Cr>*:ZnSe microcrys-
tals changed. As mentioned above, S elements entered the

8U70 5.0kV 7.2mm x5.00k SE(M)

Cr’*:ZnSe and replaced Se elements. And this substitution re-
action caused the precipitated Cr?*:ZnS crystals to cover the
Cr’*:ZnSe surface. The formation process of this Cr>*:ZnS-
encapsulated Cr>*:ZnSe crystal similar to microspheres was
described as shown in Fig. 8. And this may be a potential
method of Cr?*:ZnSe crystal microsphere laser. By the way,

these images visually confirmed the XRD analysis.

Fig. 7. (a) Image of the distribution of the microcrystals in the composite glasses. Inset: high-magnification SEM image. (b) Morphology of the microcrystal
and element-mapping images of (c) As, (d) S, (e) Se, (f) Zn, and (g) Cr from the x = 1 wt% sample prepared by melt-quenching.

@ S

. 9.
o @
Asy0S575e3 melt provides a
o e Cr2t
large amount of S2~ ions

> ® 7Zn2t

1 S2- replaces Se?~

2.
Cr2*:ZnSe Cr2t:7nS

Cr2+:ZnSe

Fig. 8. Schematic diagram of Cr>*:ZnS—Cr?>*:ZnSe microsphere model.

IR transparency is critical to the potential applications of
glass-ceramic composites in optical fibers and laser gain me-
dia. All the composite glasses were polished to a thickness
of 2 mm. Figure 9 presents the Vis-to-IR transmission spec-
tra of the composite glasses. The good transparency was at-
tributed to the favorable refractive index matching between the
ChGs and embedded Cr’*:ZnSe microcrystals. Composites
with uniformly embedded microcrystals also reduce the scat-
tering loss caused by agglomeration. As shown in Fig. 9(a),
the transmission of the composites prepared by HUP did not
significantly decrease as the doping concentration increased.
The higher transparency of the x = 5 wt% sample at 6 pm—
8 wm indicated that the microcrystal concentration was not
the main factor of scattering loss. Light has better passabil-
ity when the light wavelength is much larger than the size of
the obstacle. In this case, the sizes of the microcrystals and
their mutual independence become key factors in determining
the transparency in the short wavelength region. As shown in

Fig. 9(b), the transparency of the composites prepared by melt-
ing with a microcrystal concentration of only 1 wt% seriously
declined due to the refractive index mismatch of the precip-
itated ZnS grains and crystallite deposition behavior. Com-
bined with EDS analysis, after the substitution reaction of S
and Se on the surface of Cr>*:ZnSe crystal grains, the ag-
glomeration of ZnS and ZnSe crystal grains caused additional
Rayleigh dispersion.

Figure 10 presents the MIR fluorescence spectra of the
composites prepared by HUP and melt-quenching, respec-
tively. As expected, an ultrabroad Cr’* ion emission band
between 1.8 um and 3.1 pum from the HUP composites was ob-
served at RT [Fig. 10(a)]. The luminous intensity increased as
the concentration of Cr’*:ZnSe microcrystals increased. No
obvious hydroxyl absorption was observed at 2.7 um. Bene-
fitting from the uniform distribution of Cr>*:ZnSe microcrys-
tals, composites have a higher doping concentration, stronger
fluorescence intensity, and wider emission band. This is quite
attractive for ultrashort pulse lasers and broad MIR tunable
lasers. As previously mentioned, part of the Cr>*:ZnSe may
have been replaced by Cr’*:ZnS in the composites prepared
by melt-quenching. The emission peak of the Cr>*:ZnS was
slightly shorter than that of the Cr>*:ZnSe, which was re-
flected in the emission peak of the molten samples as shown
in Fig. 10(b). The composites’ strongest emission peak was
observed at 2353 nm, which was quite close to the num 2
crystal sample’s emission peak, and their spectral shapes were
very similar. We speculate that the emission peak observed at
2262 nm was contributed by the precipitated Cr>*:ZnS crys-
tals. The superposed photoluminescence of these two crys-
tals caused this spectrum, and this was also observed in the
x = 0.5 wt% samples.
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Fig. 9. (a) Vis-to-IR transmission spectra of the xCr2*:ZnSe/(1 — x)Ass0Ss7Ses composite glasses (x = 1, 3, and 5 wt%) prepared by HUP. (b) Vis-to-IR
transmission spectra of the x = 0.5 wt% and x = 1 wt% samples prepared by melt-quenching.
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Fig. 10. (a) MIR fluorescence spectra of the xCr¥t:ZnSe/(1 — x)As40Ss7Se3 composite glasses (x = 1, 3, and 5 wt%) prepared by HUP. (b) MIR fluorescence
spectra of the x = 0.5 wt% and x = 1 wt% samples prepared by melt-quenching.
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