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In the past two decades, there has been a growing interest in middle infrared (mid-
IR) laser crystals and its application to achieve mid-IR laser radiations, which has been
benefited by the development of novel mid-infrared crystals and the improving quality of
traditional mid-IR crystals. The recent progress in crystal growth, theoretical modelling,
and generation of mid-IR laser radiations has offered a new perspective for design and
growth of mid-IR crystals. In this Special Issue of Crystals, we gathered sixteen peer-
reviewed papers that shed light on recent advances in the field of mid-IR laser crystals and
their applications.

Li et al. reported the lasing performance of a Ho:YVO4 crystal under laser diode (LD)
pumping conditions [1]. With double-pass-pumped architecture, up to 8.7 W continuous-
wave (CW) output power at 2052.4 nm was achieved. In addition, good beam quality
factors in horizontal and vertical directions were also obtained. Yudin et al. explored the
influence of angstrom-scale roughness on the laser-induced damage threshold of ZnGeP2
crystal [2]. In the polishing process, the magnetorheological processing technology was
used. Samples of the ZnGeP2 with an Angstrom level of surface roughness were achieved.
The laser-induced damage threshold value at the indicated orders of magnitude of the
surface roughness parameters was determined by the number of point depressions. The
influence on the characteristics of multilayer Interference antireflection coatings was also
investigated, based on Nb, Si, and Al oxides on the laser-induced damage threshold of
ZnGeP2 crystal [3]. Under the excitation of a 2.09-μm Ho:YAG laser, the effect of the
defect structure and the parameters of antireflection interference coatings based on al-
ternating layers of Nb2O5/Al2O3 and Nb2O5/SiO2 layers on the laser-induced damage
threshold of ZnGeP2 crystals were determined. Experimental results indicate that the
silicon conglomerates in an interference antireflection coating is beneficial to decrease the
laser-induced damage threshold of the ZnGeP2 crystal. Li et al. prepared the β-Ga2O3
saturable absorberby the optical floating zone method [4], which was used in subsequent
work, the 1.08-μm Nd:GYAP laser produces 606.54-ns pulse width at repetition rate of
344.06 kHz. Experimental results present that the β-Ga2O3 crystal has great potential
for the development of the 1-μm pulsed laser. Liao et al. explored the energy transfer
and cross-relaxation induced 2.78 μm emission in Er3+/Tm3+: PbF2 crystal [5], which was
grown by the Bridgman method. The spectroscopic properties, energy transfer mechanism,
and first-principles calculations of as-grown crystals were investigated in detail. This work
provides an avenue to design mid-IR laser materials with good performance. Wang et al.
investigated the characteristics of plasma generated by infrared pulse laser-induced fused
silica [6]. Based on the theory of fluid mechanics and gas dynamics, a two-dimensional ax-
isymmetric gas dynamic model was established to simulate the plasma generation process
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of fused silica induced by a millisecond pulse laser. The maximum expansion velocity of
the laser-induced plasma was calculated. The experimental results verify the correctness of
theoretical calculations. Kim et al. theoretically and numerically investigated the broad-
band second-harmonic properties of non-oxide mid-IR nonlinear crystals [7]. Chalcopyrite
semiconductors, defect chalcopyrite and orthorhombic ternary chalcogenides have also
been demonstrated. Beam propagation directions, spectral positions of resonance, effective
nonlinearities, spatial walk-offs between interacting beams and spectral bandwidths were
analyzed. Zheng et al. investigated the mid-IR optical property of Dy:CaF2-SrF2 crystal [8],
which was fabricated by a multicrucible temperature gradient method. Sellmeier dispersion
formula, absorption characteristics and fluorescence properties were demonstrated. The
results indicate that the Dy:CaF2-SrF2 crystal is a promising candidate for compact mid-IR
lasers. Chen et al. show the internal mechanism of APD photocurrent characteristics under
ms-level pulsed infrared laser irradiation [9]. The sampling current characteristics of the
external circuit and the internal mechanism of the current generation in APD were studied.
Chen et al. also investigated the temperature-rise characteristics of silicon avalanche pho-
todiodes in different external capacitance circuits irradiated by the same laser pulse [10].
Zhang et al. explored the formation laws of direction of Fano line-shape in a ring MIM
plasmonic waveguide side-coupled with a rectangular resonator and nano-sensing analysis
of multiple fano resonances [11]. Du et al. presented an experimental investigation of
double-end pumped Tm, Ho:GdVO4 laser [12]. With operating temperature of 77 K, the
output characteristics of Tm, Ho:GdVO4 laser were studied, where the continuous-wave
and Q-switching performance were also demonstrated. Ni et al. investigated the mid-far
properties of nonlinear crystal AGGSe [13]. The large AGGSe single crystal of 35 mm diam-
eter and 80 mm length was obtained by the seed-aided Bridgman method. X-ray diffraction,
rocking curve and transmission spectrum was used to characterize the crystalline quality.
In addition, the 8 μm frequency doubling was also presented. Qian et al. reported a high
energy, narrow pulse width, long-wave infrared ZGP optical parametric oscillator [14]. The
maximum average output powers of 3.15 W at 8.2 μm and 11.4 W at 2.8 μm were achieved.
The minimum pulse width was approximately 8.1 ns. Niu et al. reported an efficient
pulsed Ho:YAP laser pumped at 1989 nm [15]. When the absorbed power was 30 W, an
average power of 18.02 W with the pulse width of 104.2 ns acousto-optic (AO) Q-switched
Ho:YAP laser was obtained at a repetition frequency of 10 kHz. Ma et al. experimentally
investigated the plasma plume analysis of long pulse laser irradiates CFRP and GFRP
composite materials [16]. The results show that GFRP is more vulnerable to breakdown
than CFRP under the same conditions.

As shown in this Special Issue of Crystals, the study of mid-IR crystals and its appli-
cations continues to grow and expand as we, as a community, strive to acquire further
understanding of the underlying potential of these crystals. The goal is to bring these and
other new concepts closer to application for mid-IR crystals and beyond.
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Abstract: A Ho:YVO4 laser double-pass-pumped with a 1.91 μm wavelength-stabilized laser diode
is presented in this paper. The maximum output power was up to 8.7 W, with a wavelength of
2052.4 nm and a slope efficiency of 37.4%. The M2 factors in the x and y directions were 1.8 and 1.6 at
the maximum output power, respectively.

Keywords: laser; Ho:YVO4; double-pass-pumping; laser diode

1. Introduction

Today, 2 μm solid-state lasers have many applications in optical measurement, wind
finding lidars, atmospheric monitoring, space communication, and medical treatment.
Diode-pumped Tm, Ho co-doped gain-mediums, which take advantage of the two-for-one
process pumped by ~792 nm, have been used extensively to yield 2 μm lasers. However,
Tm, Ho co-doped lasers with quasi-three-level rely on energy-transfer processes and exhibit
losses in radiation and irradiation, which lead to large heat loading of the gain-mediums in
room-temperature operation [1]. In order to yield more powerful and brighter lasers, liquid
nitrogen temperature is always needed [2]. In contrast, singly Ho-doped lasers by direct-
resonant-pumping [3–10] to obtain 2 μm lasers have the advantage of high conversion
efficiency and less thermal loading because of the weaker quantum defect between the
laser and pump; thus, operation at room temperature is possible.

The spectral characteristics of the Ho:YVO4 crystal around 2 μm at room temperature
have been previously reported [11]. The long fluorescence decay lifetime and the large
emission cross section make the Ho:YVO4 crystal an outstanding host for 2 μm lasers.
Moreover, the large absorption cross section corresponding to 1.94 μm makes the Ho:YVO4
crystal efficiently and resonantly pumped by 1.9 μm Tm-fiber and Tm-bulk lasers, and
the continuous wave and Q-switching operations of the Ho:YVO4 laser have been also
demonstrated under the pumping of FBG-locked Tm-fiber and Tm:YAP bulk lasers [12–14].
A cryogenically cooled Tm, Ho:GdVO4 laser with an output power of 7.4 W was reported
by Du et al., which required the assistance of sophisticated cryogenic cooling systems at
a temperature of 77 K [15]. An efficient room-temperature Q-switched Ho:YVO4 laser
pumped by a 1940 nm Tm-fiber laser was reported by Ding et al., which generated an
average output power of 11.4 W [16]. The beam quality of the Tm-fiber pumped Ho:YVO4
laser was better than the laser in this present work because fiber lasers has better optical
output characteristics than semiconductor lasers.

In this paper, we report the first (as far as we know) Ho:YVO4 laser double-pass-
pumped by a 1.91 μm wavelength-stabilized laser diode (LD). At a total absorbed pump
power of 30.2 W, the maximum output power was up to 8.7 W, with a central wavelength of
2052.4 nm and slope efficiency of 37.4% with the absorbed pump power. The beam quality
(M2) factors were 1.8 and 1.6 in the x and y directions, respectively.

Crystals 2022, 12, 320. https://doi.org/10.3390/cryst12030320 https://www.mdpi.com/journal/crystals5
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2. Experimental Setup

Figure 1 shows the absorption cross sections of the Ho:YVO4 crystal and the radiation
spectrum of the LD. The strongest absorption peak is located at 1.94 μm, as in many
previous reports. However, the strong absorption of the Ho:YVO4 crystal led to serious
thermal loading. Thus, the slightly weaker absorption of 1.91 μm was selected in this
experiment, which could reduce the absorption and improve the thermal distribution
uniformity.

Figure 1. Absorption cross sections of the Ho:YVO4 crystal and the radiation spectrum of the LD.

Figure 2 shows the experimental scheme of the LD double-pass-pumped Ho:YVO4
laser. A wavelength-stabilized and fiber-coupled LD (QPC Corp., Los Angeles, USA)
was employed as the pump, the core diameter and NA of which were 600 μm and 0.22,
respectively. The central wavelength of the LD was 1.91 μm, with a linewidth of about
2 nm (FWHM) at the maximum output power of 40 W. The Ho:YVO4 crystal was a-cut,
the dimension of which was 3 × 3 mm2 in cross section and 30 mm in length, and the
doping concentration of the Ho3+ was 0.5 at.%. The crystal, both end-faces of which were
anti-reflection coated at 1.9~2.1 μm, was wrapped in a heat sink made of copper and
controlled at 15 ◦C using a thermoelectric cooler (Tecooler technology Co., Ltd., Shenzhen,
China). The pump beam was reshaped with the focal lens of F1 and F2 and shot into the
center of the crystal (with a radius of about 0.3 mm). The single-pass absorption of the
crystal corresponding to the 1.91 μm pump was measured to be 51% when the cavity was
absent. Although the overall cost of the above scheme is a little high, we can still accept
that. We believe that with the improvement of semiconductor technology, the price of
semiconductor lasers will become lower and lower.

Figure 2. Experimental scheme of the Ho:YVO4 laser.
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The cavity (with a physical length of 50 mm) was L-shaped and consisted of an input
mirror M1, a 45◦ reflectance mirror M2, and an output mirror M3, which were coated with
high transmittance at 1.91 μm (T > 99.97%) and high reflectance at 2.05 μm (R > 99.98%),
high transmittance at 1.91 μm (T > 99.97%) and high reflectance at 2.05 μm (T > 99.98%)
with an angle of 45◦, and partial reflectance at 2.05 μm, respectively. M1 and M2 were flat
mirrors, whilst the plano-concave M3 had a curvature radius of 500 mm. A flat mirror M4
with high reflectance at 1.91 μm and a focal lens F3 (focal length of 30 mm) were employed
to reflect the pump back to the crystal. In this way, the total pump absorption was increased
to about 76%.

3. Experimental Results

Figure 3 shows that the output power depends on the absorbed pump power of the
Ho:YVO4 laser. With an output mirror transmittance of 10%, the maximum output power
was 5.6 W with respect to the absorbed pump power of 30.2 W, corresponding to a slope
efficiency of 23.6%. When the output mirror transmittance was 30%, the maximum output
power and slope efficiency increased to 7.9 W and 34%, respectively. The maximum output
power and slope efficiency reached the optimum values of 8.7 W and 37.4%, respectively, in
the case of an output mirror transmittance of 50%. Although using diode pumping instead
of pumping with a 1.04 μm laser based on a Tm-doped fiber or a Tm-doped crystal and via
a double-pass pumping scheme is novel here, the efficiencies of the above scheme are lower
than expected. In future work, we will use a 1940 nm diode laser instead of the present
1910 nm diode laser, increasing the single-pass absorption of the laser crystal and reducing
the non-radiative loss, quantum defects, and thermal effects, which are all beneficial for
improving the conversion efficiency.

Figure 3. Output power dependence on the absorbed pump power of the Ho:YVO4 laser.

The output spectrums of the Ho:YVO4 laser at different transmittances of the output
mirrors (shown in the Figure 4) were measured with the spectrum analyzer Bristol 721A
(with a resolution of ±0.2 ppm). The central wavelength was 2066.1 nm at an output mirror
transmittance of 10%. The laser emission line width (FWHM) was less than 1 nm. With the
other two transmittances, the central wavelengths were blue-shifted to 2052.4 nm, which
can be attributed to the low resonator loss. With the three transmittances of the output
mirrors, there were no other emission peaks observed in the experiment.
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Figure 4. Output spectrum of the Ho:YVO4 laser.

We measured the beam quality factor M2 at the full output power of 8.7 W, taking
advantage of the knife-edge method. Figure 5 shows the that laser beam radii depend on
the location relative to the focal lens of 150 mm, which was used for leading out the waist
of the oscillating beam in the cavity. The distance of the focal lens from the output coupler
was about 100 mm. Using Gaussian fitting, the M2 factors were calculated to be 1.8 and 1.6
in the x and y directions, respectively, which were better than those of the previous work,
for example, Ref. [12]. Under the above experimental conditions, the stability of the laser
resonator is judged by the ABCD matrix method [17] (the thermal focal length of the crystal
was 500 mm at low pump power and 230 mm at high pump power).

Figure 5. Beam quality of the Ho:YVO4 laser.

4. Conclusions

Using a 1.91 μm wavelength-stabilized LD as the double-pass pump source, we
demonstrated a continuous-wave Ho:YVO4 laser. At an absorbed pump power of 30.2 W,
the maximum output power was 8.7 W at 2052.4 nm, corresponding to a slope efficiency of
37.4%. The M2 factors in the x and y directions were 1.8 and 1.6, respectively. The results
imply that the LD double-pass-pumped Ho:YVO4 laser is an efficient way to generate the
2 μm laser. In future work, we will use a 1940 nm LD instead of the present 1910 nm LD,
increasing the single-pass absorption of the laser crystal and reducing the non-radiative loss,
quantum defects, and thermal effects, which are all beneficial for improving the conversion
efficiency.
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Abstract: Magnetorheological processing was applied to polish the working surfaces of single-
crystal ZnGeP2, in which a non-aqueous liquid with the magnetic particles of carbonyl iron with the
addition of nanodiamonds was used. Samples of a single-crystal ZnGeP2 with an Angstrom level of
surface roughness were received. The use of magnetorheological polish allowed the more accurate
characterization of the possible structural defects that emerged on the surface of a single crystal
and had a size of ~0.5–1.5 μm. The laser-induced damage threshold (LIDT) value at the indicated
orders of magnitude of the surface roughness parameters was determined not by the quality of
polishing, but by the number of point depressions caused by the physical limitations of the structural
configuration of the crystal volume. These results are in good agreement with the assumption made
about a significant effect of the concentration of dislocations in a ZnGeP2 crystal on LIDT.

Keywords: laser-induced damage threshold; ZnGeP2; magnetorheological polish

1. Introduction

Repetitively pulsed coherent powerful radiation sources in the mid-IR range have a
wide variety of applications in many areas, such as material processing (glass, ceramics,
or semiconductors) [1,2] and medicine, including disease diagnosis using gas analysis
and the resonance ablation of biological tissues [3]. Coherent radiation sources capable of
generating powerful pulsed radiation in the wavelength range of 3.5–5 μm are relevant
when creating lidar systems based on the differential absorption method for the control of
greenhouse gas emissions (as the most intensive absorption lines of greenhouse gases are
in this spectral range) [4–6]. Among the most effective solid sources of coherent radiation
in the mid-IR range are optical parametric oscillators (OPO).

Currently, the most powerful OPOs in the wavelength range of 3.5–5 μm are developed
based on nonlinear-optical ZnGeP2 (ZGP) crystals [7]. The OPO data can generate radiation
with an average power of up to 160 W, or pulse energy up to 200 mJ with a pulse duration
of 20–60 ns and a repetition rate of up to 100 kHz [8–10]. However, long-term work
without the failure of powerful OPOs based on ZGP is limited to the laser-induced damage
threshold (LIDT) of the surface of the given material. In this regard, the potential for the
practical use of the OPO data of the mid-IR range is associated with the need to improve
the methods for the processing of the working surfaces of crystals to increase their LIDT.
The problem of ZGP optical breakdown by laser radiation at wavelengths from 1.064 μm
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to 10 μm is the subject of several published articles [11–18]. These articles revealed a
significant difference in the magnitude of the LIDT of the ZGP crystal at the wavelengths of
1.064 μm and 2.1 μm [11]. The dynamic visualization of the breakdown process with laser
radiation at a wavelength of 2.1 μm in the volume of ZGP showed that an avalanche-shaped
temperature increase occurs within the nonlinear-optical element [12]. An increase in the
ZGP breakdown threshold with a decrease in the duration of the pump radiation pulses
is “indicated in favor of the thermal nature of the breakdown for nanosecond pulses due
to abnormal infrared absorption.” In [14], it was shown that the cooling of a crystal to a
temperature of −60 ◦C leads to an increase in the LIDT by 1.5–3 times, up to 9 J/cm2 at the
wavelength of the acting laser radiation of 2.091 μm and the frequency of 10 kHz pulses.

In [15], it was reported that the LIDT of ZGP elements at a wavelength of 9.55 μm
was determined by the intensity of the acting beam of 142 MW/cm2, a pulse duration of
85 ns and a repetition rate of 1 Hz, which is ~9.5 J/cm2 in terms of energy density pulses.
In the articles, it was also reported, in particular, that the laser damage threshold of the
ZGP surface is limited by the level of the power density of the pump radiation, but not by
the radiation intensity [16]. The direct dependence of LIDT on the growth technology and
optical quality of crystals was demonstrated in [14].

In [17,18], it was shown that improving the polishing of the ZGP working surfaces and
a decrease or complete removal of the near-surface fractured layer leads to an increase in
the breakdown threshold. In [17], it was shown that a decrease in the near-surface fractured
layer led to a decrease in Rq by two times, a change in the PV parameter by more than
five times, and the LIDT with regard to the energy density increased by two times. The
LIDT at a wavelength of 2.05 μm and the pulse frequency of 10 kHz for ZGP samples with
a sputtered antireflection coating was improved from 1 J/cm2 to 2 J/cm2. An increase
in LIDT was achieved by improving the polishing of the surface of the ZGP samples. At
the same time, the results of the studies presented in [14] show that an almost unchanged
polishing parameter RZ and the variation of the Rq parameter by more than four times,
as well as the variation of the Ra parameter by more than five times did not lead to any
changes in LIDT. This was assumed to be because the irregularities of the polished surface
(peaks and depressions) described by the Rz parameter contribute to the optical breakdown
mechanism, and can “seed” inhomogeneities to initialize the optical breakdown due to
field effects at a wavelength of 2.091 μm.

Thus, previous studies indicate that the quality of the polishing of the ZGP surface
significantly affects the LIDT value, which in turn limits the reliability of the coherent
mid-IR radiation sources produced based on a nonlinear ZGP crystal. These circumstances
stimulate the development of new polishing methods that provide better surface roughness
and a higher LIDT value.

One of the promising methods for the improvement of the surface quality is mag-
netorheological polishing) [19], which, among other things, is increasingly used in the
processing of laser crystals to increase the radiation resistance threshold and reduce the
roughness level. The research presented in this article is devoted to checking the possibility
of using magnetorheological processing as a method for the removal of a defect layer
after fine polishing and the reduction of the level of surface roughness of a single-crystal
ZGP. The definition of a defective layer after fine polishing was understood as a fractured
layer formed during the mechanical polishing of optical materials. As a rule, the depth
of this layer is approximately twice the size of the abrasive used [20]. The influence of
magnetorheological processing on the LIDT of ZGP was estimated.

2. Samples under Study and their Parameters

Two samples of a single-crystal ZGP were used for the research—sample No. 1 and
No. 2—with dimensions of 6 × 6 × 20 mm3. The samples under study were cut from a
single-crystal ZGP boule (manufactured by LLC “LOK”, Tomsk, Russia) at angles θ = 54.5◦
and ϕ = 0◦ relative to the optical axis. A single-crystal ZnGeP2 boule was grown using the
Bridgman method in the vertical direction on an oriented seed; the growth was carried out

12



Crystals 2022, 12, 83

from a molten polycrystalline compound previously synthesized using the two-temperature
method [21]. The radiation absorption, taking into account multiple reflections from the
crystal faces, at a wavelength of 2.097 μm for both samples, was 0.03 cm−1.

The phase composition of the samples under study was determined prior to the study
using X-ray diffraction analysis. According to the result of the X-ray structural analysis, no
foreign phases were detected in any the samples under study (Table 1).

Table 1. Results of the X-ray diffraction analysis of the samples under study.

Sample Detected Phases Phase Content, Mass % Lattice Parameters, Å

Sample No. 1 ZnGeP2 100 a = 5.4706
c = 10.7054

Sample No. 2 ZnGeP2 100 a = 5.4707
c = 10.7056

Holograms of the internal volume of the samples under study were obtained using a
digital holographic camera DHC-1.064, manufactured by LLC “LOK”. The reconstruction
of the produced digital holograms was carried out to characterize the volumetric defects.
The limiting resolution of the method was 3 μm (a detailed description of the digital
holography technique, including those applied to the visualization of defects in ZGP and a
description of the holographic camera used, is given in [22]). No volume defects with linear
dimensions ≥ the limiting resolution of the applied holographic method were detected in
any of the three samples used in this work.

The initial polishing of the working surfaces of both test samples was carried out on a
4-PD-200 polishing and finishing machine (SZOS, Minsk, Belarus). The initial processing of
the working surfaces of all of the samples consisted of polishing on a cambric polishing
pad using ACM 0.5/0 synthetic diamond powder (with an average grain size of 270 nm).
The removal of the material was ~50 μm, which allowed the removal of the fractured layer
formed in the process of cutting the crystal into oriented plates, and their preliminary
grinding. Then, the samples were additionally polished on a cambric polishing pad using
ACM 0.25/0 synthetic diamond powder. After that, the samples were polished on a resin
polishing pad made of polishing resin using ACM 0.25/0 synthetic diamond powder.

The working surfaces of sample No. 2 were additionally subjected to magnetorheologi-
cal processing (MRP) from two ends. The MRP was carried out on a five-axis CNC machine,
UMO-00.00.000 (UMO-00.00.000, ITMO, Minsk, Belarus). For the MPR a non-aqueous
liquid with magnetic particles of carbonyl iron and nanodiamonds was used. A two-stage
MRP was used to increase the productivity of the material removal from the surface, which
included hard and soft modes, differing in the size of the gap between the impeller and
the workpiece. A ZGP crystal sample was fixed on the installation using a holder made of
fluoroplastic.

After the polishing process, the samples were washed in accordance with the conven-
tional method and the MRP technology. Washing was carried out both on the working
edges and on the lateral edges, on which glue was applied to fasten the individual elements
into blocks. The main contaminants of the polished surface of ZGP were chemical impuri-
ties from the water used in the polishing process, residues of polishing resin and polishing
powder, remnants of instant glue and picein, as well as fine dust particles. In the first stage,
the glued block was placed in high-purity acetone (C3H6O) heated to a boiling point of
~50 ◦C for the gluing. After the gluing, the elements were washed in bidistilled water and
placed on a glass support, then lowered into a container with acetone (these operations
were performed with the constant irrigation of the crystal surface with bidistilled water to
prevent the surface from drying out). Then, the container with acetone was placed in an
ultrasonic bath (USB) (JP-030S, Skymen, Shenzhen, China), the frequency of the ultrasonic
vibrations was 20 kHz, the power of the piezoelectric element was 50 W. The acetone in the
ultrasonic system was heated to the boiling point, and the ultrasound was turned on. The
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elements in the USB were washed in boiling acetone for 40–50 min. The procedure was
repeated 5 times. With each subsequent iteration, the acetone remaining after the process
was poured out and pure acetone was poured into the bath. This was performed in order
to prevent the contaminating components dissolved in the acetone from re-settling on the
crystal surface. When removing the elements from the bath and replacing the acetone, the
elements were continuously irrigated with acetone to prevent the crystal surfaces from
drying out. Then, the glass holder with the elements was placed in a container with bidis-
tilled water and transferred to an ultrasonic system filled with phosphoric acid (H3PO4)
diluted with bidistilled water in a ratio of 1:3. Furthermore, the washing was carried out
in the USB with heating up to 70 ◦C, and with a turned-on ultrasound for 10 min. Then,
the glass holder with the elements was placed in a container with bidistilled water and
transferred to the USB filled with bidistilled water. Washing was carried out in the USB
at room temperature, and with a turned-on ultrasound for 10 min. Then, the glass holder
with the elements was placed in a container with bidistilled water and transferred to the
USB filled with boiling acetone. Washing was carried out with a turned-on ultrasound for
30 min. Then, the glass holder with the elements was placed in a container with bidistilled
water and transferred to the USB filled with boiling isopropyl ethanol (CH3CH(OH)CH3)
(70 ◦C). Then, the glass holder with the elements was placed in a container with bidistilled
water, after which the elements were dried. At the final stage of washing, the optical control
of the crystal surface was carried out using an optical microscope with 30× magnification.
If necessary, fine contamination was removed using cotton swabs soaked in acetone. The
washed elements were transported in special membrane containers (so that the working sur-
faces of the crystal did not touch the walls of the containers). The packing into the shipping
containers was carried out in an atmosphere of inert argon gas.The surface roughness of
samples 1 and 2 was measured on a 3D optical profilometer, MicroXAM-800 (KLA-Tencor,
Milpitas, CA, USA). Sample 2 was measured twice before and after MRP. A PSI phase mode
and a Nikon X50 lens (Tokyo, Japan) were used for all of the samples. The field of view
was 116 μm × 152 μm. The following parameters were assessed in accordance with ISO
4287-2014: the root-mean-square roughness depth (Rq), the arithmetic mean deviation of
the roughness profile from the midline (Ra), and the sum of the average absolute values of
the heights of the five largest profile protrusions and the depths of the five largest profile
valleys (Rz). The results of measurements of the surface roughness of samples No. 1 and
No. 2 are shown in Figures 1–3.

The material loss from the surface after MRP was estimated using the gravimetric
method, for which a Pioneer PA214C analytical balance (Ohaus, Parsippany, NJ, USA) with
a measurement resolution of 0.0001 g was used. The density taken in the calculations of the
material loss from the surface was 4.16 g/cm3.
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Figure 1. Surface topography and roughness profile of sample No. 1. (a) Surface topography of
sample, (b) Surface topography of sample with a dashed line, (с) roughness profile of the sample
along the dashed line.

Figure 2. Surface topography and roughness profile of sample No. 2, before MRP. (a) Surface
topography of sample, (b) Surface topography of sample with a dashed line, (с) roughness profile of
the sample along the dashed line.
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Figure 3. Surface topography and roughness profile of sample No. 2 after MRP. (a) Surface topog-
raphy of sample, (b) Surface topography of sample with a dashed line, (с) roughness profile of the
sample along the dashed line.

3. Setup Parameters and the Technique for the Determination of the LIDT Threshold
of the Samples under Study

A Ho:YAG laser generating radiation at a wavelength of 2097 μm, pumped by a
continuous thulium fiber laser, was the source of radiation. The Ho:YAG laser operated in
the active Q-switched mode with a pulse duration of τ = 35 ns and a pulse repetition rate
of 10 kHz. The measured diameter in all of the experiments was d = 350 ± 10 μm at the
e−2 level of the maximum intensity. The maximum average radiation power generated by
the Ho:YAG laser was 20 W in a linearly polarized Gaussian beam (parameter M2 ≤ 1.2).

The schematic layout of the experimental stand is shown in Figure 4. The power of
the incident laser radiation was changed using an attenuator consisting of a half-wave
plate (λ/2) and a polarizing mirror (M1). A Faraday isolator (F.I.) was used to prevent the
reflected radiation from entering the laser, which prevented an uncontrolled change in the
parameters of the incident radiation. The average laser power (Pav) was measured before
each experiment with an Ophir power meter (P.M.), 30(150)A-BB-18, Jerusalem, Israel.

Figure 4. Optical schematic layout of the experimental setup: 1 is the Ho:YAG laser, F.I. is the Faraday
isolator, λ/2 is the half-wave plate, M1 is the polarizing mirror, L is the lens, and P.M. is the Ophir
power meter.
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According to the international standard ISO11146 [23], the effective area of a Gaussian
beam is determined as S = πd2/4 [23]. The energy density of the laser radiation was
determined by the following equation:

W = 8 Pav/(fπd2), (1)

The energy density of the laser irradiation was determined by Equation (2):

P = 8 Pav/(f τπd2) (2)

where d is the diameter of the laser beam, f is the pulse repetition rate, and τ is the duration
of the laser pulses.

The “R-on-1” technique was used to determine the LIDT of the samples, which requires
less space on the sample surface compared to the “S-on-1” technique, and therefore can
be used for samples with a limited aperture; however, it is considered coarser [24]. The
essence of this technique is that each individual region of the crystal is irradiated with laser
radiation with a sequential increase in the intensity of the laser radiation until an optical
breakdown occurs or a predetermined value of the energy density is reached. In our work,
the study was carried out with an exposure duration of τex = 5 s. The sample under study
was exposed to packets of laser pulses with a fixed energy density level, which did not
cause damage to the crystal surface. Then, the energy density level was increased with a
step of ~0.1 J/cm2. The experiment was terminated when visible damage appeared on one
of the surfaces of the nonlinear element. Then, the sample was moved 0.5 mm in height or
width using a two-dimensional movement; the experiment was repeated five times. The
optical breakdown probability was obtained by plotting the cumulative probability versus
the optical breakdown energy density. The value of the LIDT (W0d) was taken to be the
energy density corresponding to the approximation of the optical breakdown probability to
zero. Figure 5 shows the results of the measurement of the LIDT using the R-on-1 technique.
In the presented plots, the ordinate represents the probability of optical breakdown in
relative units, normalized to unity, and the abscissa represents the energy density of the
testing laser radiation.

The average value of the threshold energy density Wav and the mean square error of
its determination

〈
ΔW2

av
〉

were calculated for each series of measurements after which an
optical breakdown was observed, using the following equations:

Wav =
∑ Wini

N
(3)

〈
ΔW2

av

〉
=

∑(〈Wav〉 − Wi)
2ni

N(N − 1)
(4)

where N is the total number of damaged areas, Wi is the threshold energy density in one of
the irradiated regions, and ni is the number of regions with a breakdown threshold Wi.

To find the confidence interval of the LIDT value (WD)

WD = Wav ± k 〈ΔWav
2〉1/2, (5)

where k is Student’s coefficient; Student’s t-distribution was used for the confidence proba-
bility [25,26].
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Figure 5. Dependence of the optical breakdown probability of samples No. 1 (Δ) and No. 2 (�) on
the energy density of the incident laser radiation.

F(k, N) =
Γ
(

N
2

)
√

π(N − 1)Γ
[
(N−1)

2

] k∫
−k

(
1 +

z2

N − 1

)−N/2

dz (6)

where Γ is the gamma function.
After the absorption of the samples was determined, the values of the LIDT were

obtained in terms of the energy density, WE
od, and the power density, WP

od, of the testing
laser radiation at the probability PD = 0 for each sample, according to the method described
above. The average value of the energy density, WE

av, and the power density, WP
av, of the

testing radiation, at which the optical breakdown of the sample occurred, was calculated
using Equations (1)–(6), and the confidence interval of the LIDT of the values in terms of
energy density, WE

D, and power density, WP
D, at a confidence level of 0.98 was determined.

The experimental results are presented in Table 2.

Table 2. The results of the determination of the LIDT of the studied ZGP samples. The values of
the energy density WE

od and the power density WP
od with a probability of the optical breakdown

of 0; the average value of the energy density WE
D and the power density WP

D, considering the
measurement error; Student’s coefficient k with a confidence probability of 0.98; and the number of
measurements, N.

Sample N f,
kHz

τ, ns k
WE

D, J/cm2

(λ-2097 MKM)
WE

0d, J/cm2

(λ-2097 MKM)
WP

D, MW/cm2

(λ-2097 MKM)
WP

0d, MW/cm2

(λ-2097 MKM)

No. 1 5 50 35 3.7 (3.1 ± 0.3) 2.7 (88 ± 9) 77

No. 2 5 50 35 3.7 (3.2 ± 0.2) 2.9 (91 ± 6) 83
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4. Experimental Results and their Discussion

The results of the measurement of the roughness parameters of the samples are
presented in Table 3.

Table 3. Surface roughness parameters of the samples.

Roughness
Parameters

Sample 1
Sample 2

Initial after MRP

Rz, nm 1.56 1.46 1.06

Ra, nm 0.227 0.218 0.154

Rq, nm 0.289 0.274 0.193

The analysis of the surface topography of sample No. 1 and sample No. 2, polished us-
ing conventional technology, showed that the surface relief was formed under the influence
of the multidirectional movement of the working tool; there are single extended scratches
up to 1.3 nm deep. The surface topography of sample 2 after MRP did not contain the
indicated scratches, and is represented by a less-textured profile formed under the influence
of a magnetorheological fluid. A significant improvement in the roughness parameters by
1.37–1.42 times was observed near the surface after MRP. In contrast to [17,18], where the
authors reached the nanometer and subnanometer level of the surface roughness of the
ZGP crystal samples, the samples studied in this article had an Angstrom roughness level
of Ra 2.27 Å for sample No. 1 and Ra 1.54 Å for sample No. 2 after MRP.

All of the surfaces have single point depressions, most likely due to the imperfection
of the internal structure of the crystal. These defects are hardly noticeable after traditional
polishing because they are partially or completely erased. After MRP, the material is
removed from the surface practically without any damage, which more clearly visualizes
the areola of the defect and allows the establishment of the true size of the point structural
imperfection, i.e., 0.5–1.5 μm.

The removal of the material after MRP from the surfaces of sample 2 was as follows:
side A was 6.95 μm and side B was 9.50 μm. In fact, an area of 22 mm × 20 mm instead
of 6 mm × 6 mm was treated after MRP. Therefore, the total processing time for side A
was 435 min, and for side B it was 345 min. If we subtract the time associated with the
acceleration and reversal of the working tool from the total MPR time, then the effective
time spent on the working tool on the crystal surface was 8.2% of the total time: for side A
it was 28 min, and for side B it was 36 min. In this regard, it is advisable in the future to
provide a group type of crystal processing during MRP to increase the efficiency of the use
of the equipment.

Figures 5 and 6, and Table 2 show the results of the LIDT study of sample No. 1 (pol-
ished using conventional technology) and sample No. 2 immediately after MRP polishing.

As can be seen from the results of the determination of the LIDT (Figures 5 and 6, and
Table 2), the difference in the LIDT in the energy density and the power density for two
samples fits into the error of the LIDT determination technique, even though a significant
improvement in the roughness parameters by 1.37–1.42 times was observed on the surfaces
of sample No. 2 after MRP. At first, the results obtained contradicted the data [17,18], in
which an improvement in roughness parameters by 2.1 times led to an increase in LIDT by
1.6 times. However, it should be noted that, in [17], the Rz parameter was reduced from
225 nm to 41 nm, and the Rq parameter was reduced from 1.2 nm to 0.57 nm (the minimum
achieved value of the Rz parameter was an order of magnitude larger than the dimension
of the parameters of the ZGP crystalline lattice). Based on the results presented in Table 3,
both polishing techniques presented in this article allowed us to obtain a surface with a
roughness (estimated by the parameters Ra, Rq, and Rz) of the same order of dimension
with the parameters of the unit cell of the ZGP crystalline lattice (a = b = 0.547 nm and
c = 1.07 nm, Table 1).
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Figure 6. Dependence of the optical breakdown probability of samples No. 1 (Δ) and No. 2 (�) on
the power density of the incident laser radiation.

The absence of a distinguishable difference in the breakdown threshold for the two
samples is most likely conditioned upon the fact that the LIDT value at the indicated orders
of magnitude of the surface roughness parameters is determined not by the quality of
polishing, but by the number of point depressions caused by the physical limitations of the
structural configuration of the crystal volume. These results are in good agreement with
the assumption made in [14] about the significant effect of the concentration of dislocations
in a ZGP crystal on LIDT. It was noted in [27] that at a sufficiently low concentration, zero-
dimensional defects (dislocations, bulk defects), practically without affecting the conditions
of radiation propagation due to a weak shadow effect, can significantly reduce the LIDT
at the points of their emergence on the surface, playing the role of “nuclei” (or “weak
links”), from which the irreversible process of the matrix crystal destruction begins under
the action of optical beams of extreme intensity. It can be assumed that the observed point
depressions, which are clearly distinguishable during MRP polishing—having dimensions
of 0.5–1.5 μm—are a consequence of the “emergence” of dislocations on the surface during
the polishing process. As is known, mechanically stressed regions emerge around the
dislocations, the presence of which in the process of polishing can cause the appearance
of detected point depressions with the above dimensions. An alternative explanation of
the results obtained is the presence of volume defects 0.5–1.5 μm in size in the studied
ZGP crystals due to the presence of impurities of the intrinsic components in the initial
synthesized material, in the form of binary phosphides of zinc and germanium (Zn3P2,
ZnP2, GeP). These defects could not have been detected during the characterization of the
samples under study, as the resolution of the digital holographic camera used to detect
volumetric defects is 3 μm, which is half the size of the detected irregularities. The detective
power of the X-ray structural analysis may also have turned out to be insufficient. From the
above, it can be assumed that some of the possible ways to increase the LIDT are to further
improve the technology of synthesis and crystal growth, to minimize defects in the crystal
structure, and to improve the characteristics of the optical coatings.
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5. Conclusions

Samples of a single-crystal ZnGeP2 with an angstrom level of surface roughness
were investigated in this article. Magnetorheological processing was applied to polish the
working surfaces of the single-crystal ZGP, in which a non-aqueous liquid with magnetic
particles of carbonyl iron with the addition of nanodiamonds was used. The material
showed good polishability: MRP led to a significant improvement in the surface roughness
parameters by 1.37–1.42 times (Ra 1.54 Å), compared to the conventional crystal polishing
technique (Ra 2.27 Å) using an aqueous suspension based on diamond powder and a
resin pad. The removal of the material from the crystal surface after MRP ranged from
6.95 to 9.5 μm. Moreover, the use of MRP allowed the more accurate characterization of
possible structural defects that emerge on the surface of a single crystal and have a size
of ~0.5–1.5 μm. The useful processing time of the 6 × 6 sample was 8.2% of the total
processing time. It is recommended to use the group type of crystal processing during
MRP in order to minimize the time spent on the idling and reverse of the working tool,
which will significantly increase the efficiency of the use of the industrial equipment. Thus,
both polishing methods allowed us to obtain an Angstrom level of surface roughness
comparable in its order of magnitude with the unit cell parameters of the ZGP crystalline
lattice, which indicates that the surface quality after MRP is close to the maximum possible.

Despite the fact that the sample subjected to MRP showed a significant improvement in
the surface roughness parameters compared to the sample polished using the conventional
technology, the LIDT remained practically unchanged. The absence of a difference in the
breakdown threshold for the two samples was most likely due to the fact that the LIDT
value at Angstrom parameters of surface roughness is determined to a greater extent not
by the quality of polishing, but by the physical limitations of the structural configuration
of the crystal. It has been suggested that the LIDT is most influenced by dislocations or
volume defects “emerging” on the polished surface, rather than by the roughness level.
Thus, at the Angstrom level of roughness, the decisive factor affecting the LIDT value is the
concentration of bulk defects “emerging” on the crystal surface.
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Abstract: In this work, the effect of the defect structure and the parameters of antireflection in-
terference coatings based on alternating layers of Nb2O5/Al2O3 and Nb2O5/SiO2 layers on the
laser-induced damage threshold of ZGP crystals under the action of Ho:YAG laser radiation at a
wavelength of 2.097 μm was determined. Coating deposition was carried out using the ion-beam
sputtering method. The laser-induced damage threshold of the sample with a coating based on
alternating layers Nb2O5 and SiO2 was W0d = 1.8 J/cm2. The laser-induced damage threshold of
the coated sample based on alternating layers of Nb2O5 and Al2O3 was W0d = 2.35 J/cm2. It has
been found that the presence of silicon conglomerates in an interference antireflection coating leads
to a decrease in the laser-induced damage threshold of a nonlinear crystal due to local mechanical
stresses and the scattering of incident laser radiation.

Keywords: laser-induced damage threshold; ZnGeP2; interference coating

1. Introduction

Increasing the power and efficiency of mid-IR laser systems remains one of the main
problems of modern laser physics and technology, which is conditioned upon the need
for such systems when solving many scientific and applied tasks. Such tasks include
remote gas analysis and the monitoring of the atmosphere [1], material processing [2], the
investigation of new physical effects [3], generation of attosecond X-ray pulses and particle
acceleration [4], and many others. One of the main methods of producing high-power
laser radiation in the mid-IR range is the parametric frequency conversion of near-IR
lasers [5,6] using nonlinear optical crystals. One of the most effective crystals for this
task in the wavelength range of 3–5 μm is a single crystal ZnGeP2 (ZGP) [6,7], which is
sometimes called the “standard” of nonlinear crystals in the mid-IR range [6]. ZGP is a
nonlinear positive (ne > no) uniaxial crystal with a crystalline lattice of the Chalcopyrite
type [8,9]. ZGP has a high value of nonlinear susceptibility of 75 × 10−12 m/V and a thermal
conductivity of 36 W/(m × K), as compared to other nonlinear crystals [8,9]. However, a
high refractive index of ~3 and, consequently, a high degree of pump radiation reflection
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at the crystal–air interface significantly reduce the efficiency of nonlinear conversion in
the crystal. To increase this significantly, it is necessary to apply antireflection coatings on
the working surfaces of the crystal in the required conversion range. Strict requirements
on the value of optical strength are imposed for such coatings, which, at least, should not
be lower than the optical strength of the crystal itself. It should be noted that a reliable
long-term operation of powerful nonlinear ZGP-based converters is limited by the optical
breakdown effect [3–6]. In this regard, the potential for the practical use of high-power
parametric oscillators in the mid-IR range while pumping by radiation in the wavelength
range of ~2.1 μm is associated with the need to determine technological factors affecting the
laser-induced damage threshold (LIDT). The problem of ZGP optical breakdown by laser
radiation at wavelengths from 1.064 μm to 10 μm has been discussed in several previously
published works [10–16]. These studies revealed a significant difference in the value of
the LIDT of the ZGP crystal at wavelengths of 1064 nm and 2100 nm [10]. A dynamic
visualization of the breakdown process by laser radiation at a wavelength of 2100 nm
in the ZGP volume showed that an avalanche-like increase in temperature occurs in the
forming track inside the nonlinear optical element [11]. An increase in the ZGP breakdown
threshold reported in [12] with a decrease in the pump pulse duration “testifies in favor
of the thermal nature of breakdown for nanosecond pulses due to anomalous infrared
absorption”. It was shown in [15] that when the crystal is cooled to a temperature of
−60 ◦C, the LIDT increases by three times up to 9 J/cm2 at a wavelength of the acting laser
radiation of 2.091 μm and a pulse repetition rate of 10 kHz.

In [13], it was reported that the LIDT of ZGP elements at a wavelength of 9.55 μm was
determined from the intensity of the incident beam of 142 MW/cm2 with a pulse duration
of 85 ns and a pulse repetition rate of 1 Hz, which is ~9.5 J/cm2 by the pulse energy density.
It was also reported in these works that the threshold for the laser destruction of the ZGP
surface is associated with the level of the energy density of the pump radiation rather than
the radiation intensity [14]. The direct dependence of the LIDT on the growth technology
and the optical quality of crystals was demonstrated in [15]. In [16], it was shown that
improving the polishing of working surfaces and reducing or completely removing the
near-surface fractured layer leads to an increase in the breakdown threshold. It was shown
in [17] that the threshold values of laser damage measured for samples with an antireflection
coating are significantly lower than for samples without a coating. At the same time, it
was shown in [16] that the deposition of antireflection interference coatings leads to a
twofold increase in the LIDT. In [17], it is directly concluded that further research should
be focused on improving the quality of the antireflection coating using a high-quality ZGP
crystal in order to increase the output power and the efficiency of parametric conversion
in a ZGP crystal in the spectral range of 3–5 μm. Thus, the large scatter in the values of
the LIDT of the ZGP crystal and the difference in interpretations of the results of studies
given in previous works show that physical mechanisms of this negative effect and its
dependence—in particular, the technology of deposition of interference coatings—remain
not fully understood.

Currently, there are many film-forming materials that can cover a wide range from
UV to mid-IR. Several materials, such as Ta2O5, Nb2O5, SiO2, HfO2, YbF3, ZnS, Al2O3,
etc., have high transparency and low absorption coefficients in the mid-IR region of the
spectrum from 2 to 13 μm [18–22]. These materials are being actively studied and are the
most promising as film-forming materials for the development of antireflection coatings
and dielectric mirrors with high radiation resistance. Thus, in [18], a dielectric mirror was
produced on a fused silica substrate with a radiation strength of about 42 J/cm2, which is
practically commensurate with the strength of the substrate itself. In [19], the effect of the
substrate temperature during the deposition of a film-forming material was investigated,
and the dependence of the LIDT of the coating depending on the deposition conditions
was shown. The authors of [20,21] also show differences in the strength of the produced
dielectric coatings depending on the conditions of material deposition. However, most
of these studies were carried out using quartz, sapphire substrates, and similar optical
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windows that are transparent in the mid-IR range. There is practically no information
related to the study of the mentioned materials deposited using the method of ion-beam
sputtering on crystalline materials of the ZGP type. Thus, it is necessary to study the
influence of the deposition parameters of the material and the choice of the material on the
optical strength of these coatings.

The contradictory information on the influence of interference coatings on the LIDT of
ZGP presented in [16,17] indicates that the different structures of coatings and methods of
their deposition on a nonlinear crystal, as well as the choice of the film-forming materials,
significantly affects the efficiency of its application in optical parametric oscillators.

The aim of the studies presented in this work is to determine the effect of the defect
structure and parameters of antireflection interference coatings on the LIDT of ZGP crystals
under the action of Ho:YAG laser radiation at a wavelength of 2.097 μm (the most common
pump source for parametric oscillators of mid-IR light based on crystals ZGP). Two types
of coatings were investigated: based on alternating layers of Nb2O5 and Al2O3 and based
on alternating layers of Nb2O5 SiO2 layers. Coating deposition was carried out using the
ion-beam sputtering method.

2. ZGP Substrates (Manufactured by LLC “LOC”, Tomsk, Russia) and
Their Parameters

Three samples of a ZGP single crystal were used for studies of the optical breakdown:
samples with dimensions of 6 × 6 × 20 mm3 were cut from a single crystal ZGP boule
(manufactured by LLC “LOC”, Tomsk, Russia) at the angles of θ = 54.5◦ and ϕ = 0◦ relative
to the optical axis. A single crystal ZnGeP2 boule was grown using the Bridgman method
in the vertical direction on an oriented seed; the growth was carried out from a molten
polycrystalline compound previously synthesized using the two-temperature method [15].

One sample was tested without applying an antireflection coating (for convenience,
hereinafter referred to as ZGP_clean), the second sample was coated with an antireflection
coating based on alternating Nb2O5/Al2O3 layers (for convenience, hereinafter referred to
as ZGP_Al2O3), the third sample was coated with an antireflection coating based on six
alternating layers of Nb2O5/SiO2 (for convenience, referred to asZGP_1_SiO2 hereafter),
and the fourth sample was coated with an antireflection coating based on four layers of
Nb2O5/SiO2 (for convenience, referred to ZGP_2_SiO2 hereafter).

The absorption of radiation at a wavelength of 2.097 μm for sample ZGP_clean was
0.029 cm−1, for sample ZGP_Al2O3 was 0.03 cm−1, for sample ZGP_1_SiO2 was 0.028 cm−1,
and for sample ZGP_2_SiO2 was 0.029 cm−1.

The phase composition of the samples under study was determined prior to the study
using X-ray diffraction analysis. According to the result of X-ray structural analysis, no
foreign phases were detected in all the samples under study (Table 1).

Table 1. Results of X-ray diffraction analysis of the samples under study.

Sample Detected Phases Phase Content, Mass % Lattice Parameters, Å

ZGP_clean ZnGeP2 100 a = 5.4706
c = 10.7054

ZGP_Al2O3 ZnGeP2 100 a = 5.4707
c = 10.7056

ZGP_1_SiO2 ZnGeP2 100 a = 5.4707
c = 10.7053

ZGP_2_SiO2 ZnGeP2 100 a = 5.4706
c = 10.7055

Holograms of the internal volume of the samples under study were obtained using a
digital holographic camera DHC-1.064, manufactured by LLC “LOC”. The reconstruction
of the produced digital holograms was carried out in order to characterize volumetric
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defects. The limiting resolution of the method was 3 μm (a detailed description of the
digital holography technique, including those applied to visualization of defects in ZGP
and a description of the holographic camera used, is given in [22]). No volume defects
were detected in all three samples used in this work.

The working surfaces of the test samples were polished on a 4-PD-200 polishing-and-
lapping machine. The initial treatment of the working surfaces of all samples consisted
of polishing on a cambric polishing pad using ACM 0.5/0 synthetic diamond powder
(average grain size of 270 nm). The amount of material removed was ~50 μm, which
allowed the fractured layer formed in the process of cutting the crystal into oriented
plates and their preliminary grinding to be removed. Then, the samples were additionally
polished on a cambric polishing pad using ACM 0.25/0 synthetic diamond powder. After
that, the samples were polished on a resin polishing pad made of polishing resin using
ACM 0.25/0 synthetic diamond powder. The control of the profile of the working surfaces
of the samples under study before the deposition of interference coatings was carried
out using a ZYGO NewView 7300 profilometer, which operates on the basis of white
light interferometry (Figure 1). Surface areas with a size of 110 μm × 110 μm were
investigated for each experimental sample, and the following parameters were assessed:
the maximum difference in the height and the depth of irregularities on the surface (PV)
and root mean square depth of roughness (RMS). These were as follows: for sample
ZGP_clean, PV = 31.372 nm, RMS = 0.442 nm; for sample ZGP_Al2O3, PV = 34.67 nm,
RMS = 0.48 nm; for sample ZGP_1_SiO2 PV = 39.467 nm, RMS = 0.44 nm; and for sample
ZGP_2_SiO2, PV = 33.871 nm, RMS = 0.46 nm. Figure 1 shows an image of the surface of
sample ZGP_clean as an example, produced using a ZYGO NewView 7300 profilometer.
As can be seen from Figure 1, the polished surfaces of the samples have a low roughness,
but they contain “cavities” whose depth reaches several tens of nm. We assume that these
surface defects are not caused by the polishing process but are caused by the emergence
of bulk defects of the ZGP crystal itself on the surface; for example, these defects can be
caused by dislocations.

 

Figure 1. Surface profile of the studied ZGP samples, (a) color diagram of surface roughness,
(b) deviations from the average roughness profile along the line (marked with triangles in (a)).

3. Parameters of Interference Coatings Deposition on ZGP Substrates and Their
Characteristics

In our work, we used the method of ion-beam sputtering (IBS) of a pure material
target with the supply of a reactive gas (oxygen) through a sputtering source. The depo-
sition of dielectric layers was carried out on an Aspira-200 vacuum deposition machine
(manufactured by Izovak, Belarus). The sputtered targets were disks of pure material,
Si with a purity of 99.999 (5N), Nb with a purity of 99.95 (3N), and Al with a purity of
99.999 (5N). The diameter of each sputtered target was 101.6 mm, and the thickness of the
target disk was 6 mm. The targets were fixed on a water-cooled rotary base. The positive
charge on the target generated by the ion beam was compensated by the thermal emission
of electrons with a hot tungsten cathode. The working gases in the system were gaseous
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argon (Ar) with a high purity of 99.995% and technical gaseous oxygen (O2) with a purity
of 99.7%.

Before the deposition process, the substrates were preliminarily cleaned from all kinds
of dirt and dust on the surface. Cleaning was carried out using phosphoric acid followed
by rinsing with high purity acetone. Immediately before coating in a vacuum chamber,
the substrates were additionally cleaned with an auxiliary ion source at a source power of
about 100 W and an ion energy of about 600 eV for 3 min.

A preliminary evacuation of the vacuum chamber before the beginning of the spraying
process was carried out to values of 5·10−4 Pa using a turbomolecular pump. The working
residual pressure in the chamber during layer deposition was as follows: for the Nb2O5
layer, it was 5·10−2 Pa; for the SiO2 layer, it was 3.9·10−2 Pa; and for the Al2O3 layer, it was
4.8·10−2 Pa. The average deposition rate of the layers was 0.75 A/s for Nb2O5, 2 A/s for
the SiO2 layer, and 0.85 A/s for the Al2O3 layer.

The primary step for the development and deposition of an interference antireflection
coating is to obtain information on the dispersion of the refractive index and absorption in
the monolayers from which this coating will be constructed. Thus, we have carried out
studies to obtain the optical characteristics of the films of these materials. The thickness of
the monolayers was about 1 μm for their correct description in the IR and visible spectral
regions. The deposition thickness control was single-wavelength and optical, with a
selected wavelength of 550 nm. The monolayers were deposited on pure silicon substrates
(refractive index ~3.4) and Asahi optical glass.

After deposition, the monolayers were measured for transmission and reflection on a
Shimadzu UV-3600 Plus spectrophotometer (operating wavelength range 180–3300 nm)
and a Simex FTIR spectrometer. A typical transmission spectrum of a monolayer is shown
in Figure 2 (measurements carried out for Al2O3).

 

Figure 2. Transmission spectrum of a Al2O3 monolayer with a thickness of 1 μm deposited onto a
substrate of Asahi optical glass.

The calculation of the dependence of the refractive index and the absorption coefficient
on the wavelength of the monolayer was carried out using the Optilayer software and
the built-in Optichar module. The obtained dispersions of the refractive index of the
monolayers, as well as the dimensionless absorption coefficient, are shown in Figure 3.
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Figure 3. Calculated Optilayer dependences of the refractive index and the absorption coefficient on the wavelength:
(a) Nb2O5 monolayer, (b) SiO2 monolayer, (c) Al2O3 monolayer.

The obtained dependences of the change in the refractive index and the absorption
coefficient on the wavelength showed that all the monolayers under study are transparent
in the required range, and the absorption in these layers is insignificant (in the case of
Al2O3) or is completely absent (as in the case of the Nb2O5 and SiO2 layers). As can be
seen from the obtained dispersions, the Al2O3 and SiO2 layers have resonant absorption
lines with a sharp jump-like change in the refractive index. For the SiO2 layer, it begins
at a wavelength of ~8 μm and has a steeper rise in the absorption curve, while the Al2O3
layer demonstrates a gentler increase in the absorption coefficient with a maximum in the
region of 10–12 μm. However, both films have insignificant absorption in the required
wavelength range (25 μm) and are suitable as materials for the development of AR coatings.
The refractive indices of the produced films are close to the values obtained by the authors
of other works. Thus, the refractive index at a wavelength of 550 nm of the Nb2O5 film
was 2.34, for SiO2 was 1.47, and for Al2O3 was 1.68. According to the literature data, such
indicators are typical for stoichiometric close-packed films without significant defects and
a porous structure.

Thus, the calculated dispersions of the refractive index and the absorption coefficient
of the monolayers under study were subsequently used to design two different AR coatings
based on pairs of layers N2O5/SiO2 and Nb2O5/Al2O3. The development of the coatings
was carried out using the Optichar software. The sprayed coating was inspected using an
Asahi optical glass witness at a wavelength of 550 nm.

An antireflection coating was not applied to sample ZGP_clean. Sample ZGP_Al2O3
was coated with a four-layer antireflection coating based on compounds Nb2O5 (high
refractive layer) and Al2O3 (low refractive layer) with a thickness of 2133 nm. Sample
ZGP_1_SiO2 was coated with a six-layer antireflection coating based on alternating layers
of Nb2O5 and SiO2 compounds with a total thickness of ~2900 nm. Sample ZGP_2_SiO2
was coated with a four-layer antireflection coating based on alternating layers of Nb2O5
and SiO2 compounds with a total thickness of ~700 nm. Figure 4 shows the reflection
spectra of samples ZGP_Al2O3, ZGP_1_SiO2 and ZGP_2_SiO2 with applied interference
coatings, obtained using a Simex Fourier spectrometer. The morphology of interference
coatings and the composition of the samples under study were analyzed using a scanning
electron microscope with a Tescan MIRA 3 LMU Schottky cathode (TESCAN ORSAY
HOLDING, Brno, Czech Republic) equipped with an Oxford Instruments Ultim Max 40
energy dispersive X-ray spectrometer (Oxford Instruments, High Wycombe, UK). Scanning
was performed at an accelerating voltage (HV) of 20 kV. The samples were coated with a
carbon-conductive coating in a Quorum Technologies EMITECH K450X setup (Quorum
Technologies, Laughton, UK). As studies have shown, silicon conglomerates of submicron
size 3 were found in sample ZGP_1_SiO2 in the layers of the interference coating (Figure 5b).
No defects in the interference antireflection coating were found in sample ZGP_Al2O3.
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Figure 4. Reflection spectra of working faces of samples ZGP_Al2O3, ZGP_1_SiO2 and ZGP_2_SiO2

with applied interference coatings.

. 

Figure 5. Morphology of interference coatings of samples under study were analyzed using a scan-
ning electron microscope with a Tescan MIRA 3 LMU Schottky cathode equipped with an Oxford
Instruments Ultim Max 40 energy dispersive X-ray spectrometer and the chemical composition of
the local area of the ZGP_1_SiO2 sample near silicon conglomerates: (a) image of the surface of the
interference coating of sample ZGP_Al2O3; (b) image of the surface of the interference coating of sam-
ple ZGP_1_SiO2; (c) enlarged image of the silicon conglomerate of the coating sample ZGP_1_SiO2;
(d) image of the surface of the interference coating of sample ZGP_2_SiO2; (e) enlarged image of
the silicon conglomerate of the coating sample ZGP_2_SiO2; (f) chemical composition of the coating
sample ZGP_1_SiO2.
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4. Setup Parameters and Technique for Determining the LIDT of the Samples
under Study

A Ho:YAG laser generating radiation at a wavelength of 2.097 μm pumped by a
cw thulium fiber was the source of radiation. The Ho:YAG laser operated in the active
Q-switched mode with a pulse duration τ = 35 ns and a pulse repetition rate of 10 kHz.
The measured diameter in all experiments was d = 350 ± 10 μm at the e−2 level of the
maximum intensity. The maximum average radiation power generated by the Ho:YAG
laser was 20 W in a linearly polarized Gaussian beam (parameter M2 ≤ 1.3).

The schematic layout of the experimental stand is shown in Figure 6. The power of
the incident laser radiation was changed using an attenuator consisting of a half-wave
plate (λ/2) and a polarizing mirror (M1). A Faraday isolator (F.I.) was used to prevent the
reflected radiation from entering the laser, which prevented an uncontrolled change in the
parameters of the incident radiation. The average laser power (Pav) was measured before
each experiment with an Ophir power meter (P.M.).

Figure 6. Optical schematic layout of the experimental setup: 1 is the Ho:YAG laser, F.I. is the Faraday isolator, λ/2 is the
half-wave plate, M1 is the polarizing mirror, L is the lens, P.M. is the Ophir power meter.

According to the international standard ISO11146 [23], the energy density of laser
radiation was determined by the following expression:

W = 8 Pav/(fπd2), (1)

where d is the diameter of the laser beam.
The “R-on-1” technique was used to determine the LIDT of the samples, which requires

less space on the sample surface compared to the “S-on-1” technique and, therefore, can
be used for samples with a limited aperture; however, it is considered coarser [24]. The
essence of this technique is that each individual region of the crystal is irradiated with laser
radiation with a sequential increase in the intensity of the laser radiation until an optical
breakdown occurs or a predetermined value of the energy density is reached. In our work,
the study was carried out with an exposure duration τex = 5 s. The sample under study
was exposed to packets of laser pulses with a fixed energy density level, which did not
cause damage to the crystal surface. Then, the energy density level was increased with a
step of ~0.1 J/cm2. The experiment was terminated when visible damage appeared on one
of the surfaces of the nonlinear element. Then, the sample was moved 0.5 mm in height or
width using a two-dimensional movement; the experiment was repeated five times. The
optical breakdown probability was obtained by plotting the cumulative probability versus
the optical breakdown energy density. The value of the LIDT (W0d) was taken to be the
energy density corresponding to the approximation of the optical breakdown probability
to zero. Figure 7 shows the results of measuring the LIDT using the R-on-1 technique. In
the presented plots, the ordinate represents the probability of optical breakdown in relative
units, normalized to unity, and the abscissa represents the energy density of the testing
laser radiation.
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Figure 7. Dependence of the optical breakdown probability of samples ZGP_clean, ZGP_Al2O3 and
ZGP_1_ SiO2, ZGP_2_SiO2 on the energy density of the incident laser radiation.

5. Experimental Results and Their Discussion

The LIDT values for samples ZGP_clean (without antireflection coatings), ZGP_Al2O3
(with a coating based on alternating layers of Nb2O5 and Al2O3), ZGP_1_SiO2, and
ZGP_2_SiO2 (with a coating based on alternating layers of Nb2O5 and SiO2) (Figure 7)
were determined according to the R-on-1 technique, using the experimental stand shown
in Figure 6.

Thus, the LIDT for sample ZGP_clean (without antireflection coatings) was W0d =2.23 J/cm2.
The LIDT for sample ZGP_Al2O3 (coated with alternating layers Nb2O5 and Al2O3) was
W0d = 2.35 J/cm2. The LIDT for sample ZGP_1_SiO2 (coated with alternating layers Nb2O5
and SiO2) was W0d = 1.8 J/cm2. The LIDT for sample ZGP_2_SiO2 (coated with alternating
layers Nb2O5 and SiO2) was W0d = 1.86 J/cm2. All the samples under study had low
absorption at the wavelength of exposure, which indicates a low concentration of point
defects that affect the absorption intensity. The presence of binary phosphides and impurity
elements and bulk defects was not detected in all the samples under study, which indicates
a good quality of the crystal structure of the single crystal.

In previous studies, other researchers have shown that a decrease in the number of
layers of the interference coating and the film thickness has a positive effect on the LIDT of
the sample surface [21,25]. Moreover, coatings based on SiO2 showed high LIDT values for
various substrate materials compared to coatings based on Al2O3 [25]. As can be seen from
the results of our experiments, the difference in the thickness of the coatings and in the
number of layers in the antireflection coating based on alternating Nb2O3/SiO2 layers is
not significant for LIDT. The results in Figure 7 show that a decrease in the coating thickness
and a decrease in the number of layers based on the alternation of Nb2O3/SiO2 materials
did not lead to a change in LIDT (the antireflection coating of the ZGP_1_SiO2 sample is
four times thicker than the ZGP_2_SiO2 sample, and the number of layers is smaller). In
our works, we also reduced the rate of the silicon target sputtering. A twofold decrease
in the velocity, to 1–1.2 A/s, did not show a significant change in the radiation resistance
parameter of the finished coating based on the pair of Nb2O3/SiO2 materials. However,
it should be noted that the rate reduction was achieved by changing the anode voltage
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at the spraying source without changing the gas supply mode. The results obtained on
antireflection coatings based on alternating Nb2O3/SiO2 layers can be explained by the lack
of oxygen during the deposition of SiO2 layers, which leads to the incomplete oxidation
of the ZGP material deposited on the surface of the samples and the presence of silicon
islands in the formed film. This circumstance is most likely the reason for the lower LIDT
value compared to the uncoated sample and the absence of the LIDT dependence on the
film thickness. This statement is confirmed by the results presented in Figure 5f (according
to the chemical formula, SiO2, the intensity of the spectral lines of the corresponding to
O should be higher than the intensity of the spectral lines of silicon (Si), but the opposite
picture is actually observed). It is planned to conduct a series of experiments with a change
in the gas mode with an increased oxygen content in the plasma to further improve the
optical stability of the Nb2O3/SiO2 coating. Moreover, it is planned to make an attempt to
sputter a quartz SiO2 target in an argon plasma with a low oxygen content instead of a pure
silicon target, which, according to literature data [26], can give a better characterization
of the stoichiometry of the film composition and, as a consequence, a possible increase
in LIDT.

Si conglomerates in samples ZGP_1_SiO2 and ZGP_2_SiO2 can be “seed inhomo-
geneities” for the initialization of the optical breakdown process due to local mechanical
stresses and the scattering of laser radiation, which leads to a decrease in the LIDT in com-
parison with uncoated sample. In turn, the absence of local fluctuations of the composition
and mechanical stresses in the case of sample ZGP_Al2O3 leads to an increase in the LIDT
in comparison with the uncoated sample due to the “closure” of dangling chemical bonds
on the polished surface.

Another factor that can affect the difference between LIDT coatings based on Nb2O3/SiO2
and Nb2O3/Al2O3 may be the poor adhesion of films based on SiO2 to the substrate com-
pared to Al2O3 [25]. However, one of the adhesion tests that we can carry out is a peel-off
test with an adhesive tape (both coatings pass the test—layers do not peel off) and the
annealing of samples at a temperature of ~400 ◦C in an atmosphere for 1 hour, at which
both coatings come off the substrates, cracking and flaking. Thus, in this work, we failed to
make a correct comparison of the interlayer adhesion and the adhesion of coatings based
on Nb2O3/SiO2 and Nb2O3/Al2O3 to the substrate.

6. Conclusions

Designs of interference coatings based on the alternation of Nb2O5 and SiO2 layers and
on the alternation of Nb2O5 and Al2O3 layers for ZGP single crystals used in parametric
light generators generating radiation in the wavelength range of 3–5 μm when pumped
by laser radiation at a wavelength of ~2.1 μm have been developed during the research.
The technology for sputtering these coatings using the ion-beam sputtering method has
been developed. The LIDT at a wavelength of the acting laser radiation of 2.097 μm was
determined at a pulse repetition rate of 10 kHz and a pulse duration of 35 ns for ZGP single
crystals manufactured by LLC “LOC”, which was W0d = 2.23 J/cm2 without antireflection
coatings. The LIDT of the sample with a coating based on alternating layers Nb2O5 and
SiO2 was W0d = 1.8 J/cm2. The LIDT of the coated sample based on alternating layers
Nb2O5 and Al2O3 was W0d = 2.35 J/cm2.

It has been found that the presence of silicon conglomerates in an interference an-
tireflection coating is a consequence of a lack of oxygen during the deposition of SiO2
layers, which leads to the incomplete oxidation of the ZGP material deposited on the
surface of the samples. It has been found that the presence of silicon conglomerates in an
interference antireflection coating leads to a decrease in the LIDT of a nonlinear crystal due
to local mechanical stresses and scattering of incident laser radiation, even in the absence
of bulk and linear defects of the crystal itself. In turn, the absence of local fluctuations of
the composition and mechanical stresses in the case of the sample with a coating based
on alternating layers of Nb2O5 and Al2O3 leads an increase in the LIDT in comparison
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with an uncoated sample due to the closure of dangling chemical bonds emerging on the
polished surface.

The work has been carried out using the equipment of the Tomsk Regional Research
Equipment Sharing Center of TSU.
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Abstract: β-Ga2O3 crystals have attracted great attention in the fields of photonics and photoelectron-
ics because of their ultrawide band gap and high thermal conductivity. Here, a pure β-Ga2O3 crystal
was successfully grown by the optical floating zone (OFZ) method, and was used as a saturable
absorber to realize a passively Q-switched all-solid-state 1 μm laser for the first time. By placing the
as-grown β-Ga2O3 crystal into the resonator of the Nd:GYAP solid-state laser, Q-switched pulses at
the center wavelength of 1080.4 nm are generated under a output coupling of 10%. The maximum
output power is 191.5 mW, while the shortest pulse width is 606.54 ns, and the maximum repetition
frequency is 344.06 kHz. The maximum pulse energy and peak power are 0.567 μJ and 0.93 W,
respectively. Our experimental results show that the β-Ga2O3 crystal has great potential in the
development of an all-solid-state 1 μm pulsed laser.

Keywords: β-Ga2O3 crystal; optical floating zone; saturable absorber; Q-switch

1. Introduction

It is well known that saturable absorbers play an important role in Q-switching and
mode locking operation [1–4]. Therefore, the development of different kinds of saturable
absorbers as passive Q-switching devices, to achieve high-quality pulsed laser output,
has always been a hot research field. At present, the research on saturable absorbers is in
full swing. There are not only traditional saturable absorbers, such as dyes and transition
metal ion-doped crystals, but also some new phase change materials, including bulk
semiconductors and two-dimensional materials [5–9]. The pulsed laser realized by some
of the materials has important application prospects in industrial processing, high-energy
lasers, scientific research, and so on [10–12]. Particularly, ~1 μm near-infrared lasers, which
have the advantages of high pulse energy and high peak power, can be widely used in
space communication, nonlinear spectroscopy, biomedicine, military, and many other
fields [13–15]. However, traditional materials often have their own shortcomings, such
as limited types, single wavelength, and long-term operation stability, which need to be
improved. Therefore, how to develop a stable, reliable and efficient new saturable absorber
for application in the ~1 μm near-infrared band is a problem worthy of further discussion.

Ga2O3 is a semiconductor material with an ultra-wide band gap (~4.8 eV) and high
conductivity [16,17]. Therefore, Ga2O3 is an electronic and optical material with great
potential. Because of its unique physical and chemical properties, it has received great
attention from researchers in different areas, so it has been applied in many fields, including
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in photo-detectors, photo-catalysis, field effect transistors, and so on [18–21]. Ga2O3
polymorphic, similar to Al2O3, which makes it particularly interesting in applications.
β-Ga2O3 has a monoclinic structure and is the most stable phase, both physically and
chemically [22,23]. β-Ga2O3 also inherits the excellent physical and chemical properties
common to all phases of Ga2O3 [24,25]. These excellent properties make it clear that
β-Ga2O3 has great potential for application in saturable absorbers. However, as far as we
know, there are still no reports on the application of pure β-Ga2O3 crystals to saturable
absorbers, and even the application of other oxide materials to saturable absorbers is rarely
reported.

In terms of the β-Ga2O3 crystal growth method, the common large-size crystal growth
method is a melting method, similarly to the Czochralski method, EFG method, Bridgman
method, and so on [26–28]. We have successfully grown high-quality β-Ga2O3 using the
optical floating zone (OFZ) method, which is a method of growing crystals without a
crucible, and is usually used to study and explore the properties of materials. This method
has the advantages of simple operation, few equipment requirements, and the ability to
even grow crystals in the air environment. Compared with the Czochralski method, the
floating zone method has the advantages of simple operation and a short cycle, and can
effectively reduce the economic cost of crystal growth. Compared with the Verneuil process,
the crystal quality is better [29,30]. This method solves many technical problems, such
as complex equipment, difficult operation, easy introduction of impurities, inability to
guarantee the growth quality, and so on. We systematically characterized the chemical and
optical properties of the synthesized β-Ga2O3. The crystal is of good quality; it is pure and
crack free. At the same time, we realized the optical modulation of β-Ga2O3 in pulse laser
generation for the first time on the laser device with b-cut Nd:GYAP (Nd:Gd0.1Y0.9AlO3)
as the laser medium [31]. The maximum average output power is 195.1 mW, which is
obtained at 1080.4 nm. The corresponding shortest pulse duration is 606.54 ns and the
maximum pulse repetition rate is 344.06 kHz. The maximum single pulse energy is 0.567 μJ
and the maximum peak power is 0.93 W. From the experimental results, we have obtained
a relatively stable pulsed laser with a short pulse width and large repetition frequency,
which shows that β-Ga2O3 has good saturable absorption properties. Compared with the
common two-dimensional material saturable absorbers of around 1 μm, such as graphene,
graphene oxide, black phosphorus (BP), topological insulators (TI), and transition metal
dichalcogenides (TMDs) [5,32,33], β-Ga2O3, as a crystal plate, is easy to mass produce,
the product performance is stable, and it is not easy to damage. The experimental results
are also easy to replicate. At the same time, compared with other crystal planes used as
saturable absorbers of around 1 μm, such as Cr4+:YAG, Cr2+:ZnS, Co2+:LaMgAl11O19, and
V3+:YAG, the thermal conductivity of the β-Ga2O3 crystal is about 27 W·m−1·K−1, which
is much larger than that of ZnS(0.561 W·m−1·K−1), LaMgAl11O19(2.55 W·m−1·K−1), and
YAG(12.9 W·m−1·K−1) [34–40]. This indicates that the β-Ga2O3 crystal is favorable for the
output of laser pulses with a high peak power and high repetition rate. We believe that our
work will provide an important reference for the potential applications of nonlinear optical
devices related to crystal growth and optical modulation.

2. The Preparation and Characterization of β-Ga2O3

The β-Ga2O3 single crystal was grown by the optical floating zone (OFZ) method,
using a Quantum Design IRF01-001-00 infrared image furnace (IR Image Furnace G3,
Quantum Design Japan). Ga2O3 powder (purity: 99.9999%, Alfa Aesar) was employed as
the raw material. The raw material was pressed into a rod using a cold isostatic press. The
rod was subsequently sintered at 1400 ◦C for 10 h in air. Moreover, a <010> oriented crystal
was used as the seed. Growth was carried out using a Quantum Design IRF01-001-00
infrared image furnace. The sintered rod and seed were rotated at 10 rpm in opposite
directions, and the crystal was grown in flowing air at a speed of 6 mm/h. Figure 1 shows
a photo of the as-grown β-Ga2O3 single crystal. After growth, the as-grown sample was
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cut into 6 × 5 × 1 mm3 wafers and subjected to chemical mechanical polishing to form a
0.5-millimeter-thick wafer parallel to the (100) plane to measure its optical properties.

 

Figure 1. The photo of as-grown β-Ga2O3 single crystal.

The X-ray rocking curve was measured using a Bruker D8 Discover X-ray diffrac-
tometer with a Cu Kα line at 40 kV and 40 mA. The optical transmittance spectrum was
collected using a Lambda 1050+ UV/Vis/NIR spectrometer (PerkinElmer). Figure 2 shows
the X-ray rocking curve of the β-Ga2O3 (400) plane. The full width at half maximum
(FWHM) is 100.8 arcsec. This shows that the β-Ga2O3 crystal is a single crystal with good
crystallization quality. Figure 3 shows the optical transmission spectrum of the β-Ga2O3
single crystal. The β-Ga2O3 single crystal wafer indicates high transmittance, between
80% and 82%, from the visible wavelength to the infrared (IR) wavelength region. The
transmittance spectrum exhibits a cutoff absorption edge at around 255 nm. This was a
result of the intrinsic absorption caused by the transition from the valence band to the
conduction band [41].

Figure 2. X-ray rocking curve of the β-Ga2O3 single crystal ((400) plane).
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Figure 3. The optical transmission spectrum of the β-Ga2O3 single crystal.

3. Experimental Results and Discussion

To study the saturable absorption characteristics of β-Ga2O3 SA in the 1 μm wave-
length region, a passively Q-switched laser, composed of a Nd:GYAP laser crystal and
β-Ga2O3 SA, was constructed, as shown in Figure 4. The crystal was cut to a 4 × 4 × 5 mm3

cuboid, along the b axis. The pump source is an 808 nm fiber-coupled semiconductor laser
diode (LD), and the core diameter is 400 μm, with an aperture of 0.22. Using an optical
imaging system (1:1 imaging module), the spot radius of the pump laser beam focused
on the Nd:GYAP crystal is 200 μm. The resonator uses an input mirror M1 with high
reflection from 1050 nm to 1100 nm and high transmittance from 800 nm to 820 nm, and
an output mirror M2 with 10% transmittance from 1050 nm to 1100 nm. β-Ga2O3 SA is
inserted between M2 and the gain crystal. During normal operation, the Nd:GYAP crystal
is wrapped in indium foil and maintained at 17 ◦C by a chiller to minimize the thermal
lens effect.

Figure 4. Schematic experimental setup of the β-Ga2O3 SA Q-switched Nd:GYAP laser.

When no saturable absorber is added, a continuous wave (CW), with a threshold of
0.759 W, is obtained. Then, we insert the prepared β-Ga2O3 SA into the laser cavity to
realize the Q-switched pulse. During the experiment, the average output power of the
CW and Q-switched lasers is measured as a function of pump power. It is obvious from
Figure 5 that the average output power of the two groups increases linearly with the pump
power. After linear fitting, the slope efficiency of the CW and Q-switched lasers are 28.6%
and 10.2%, respectively. When the absorption pump power of the CW laser is 3.75 W, the
maximum output power is 0.9262 W, and, at this time, it reaches the highest Q-switched
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average output power of 195.1 mW. The slope efficiency of the Q-switched laser is lower
than that of the continuous laser, which is mainly due to the unsaturated absorption loss of
Ga2O3 SA.

Figure 5. The average output power of Nd:GYAP laser in different operation regimes.

The pulse generation is due to the sudden decrease in the laser oscillation threshold,
caused by the complete saturated absorption of SA. After the first pulse output, the
absorption of SA returns to a higher initial value, and the inverted particle swarm can
accumulate again to prepare for the formation of the next pulse. According to the principle
of passive Q-switched pulses, at a high pump power, a short saturation absorption period
and strong stimulated radiation are helpful to produce pulses with a high repetition rate
and narrow pulse width, respectively. Therefore, with the increase in pump power, the
duration of the Q-switched pulse narrows, and the number of pulses in the same time
period increases. Figure 6 shows the variation in pulse width and repetition frequency
with increasing pump power. With the increase in pump power from 2.256 W to 3.751 W,
the repetition rate curve shows a continuous upward trend from 88.67 kHz to 344.06 kHz,
while the width of a single pulse decreases from 2030.39 ns to 606.54 ns. Figure 7 shows
the oscilloscope image at the highest repetition frequency and the shortest pulse. Through
the relatively neat pulse sequence in the picture, we also know that we have obtained a
relatively stable and neat pulse laser.

Figure 6. Dependences of pulse width and repetition rate on absorbed pump power.
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Figure 7. Temporal pulse train and single pulse profile from the β-Ga2O3-SA Q-switched
Nd:GYAP laser.

Based on the average output power, pulse width, and repetition frequency, the cor-
responding single pulse energy and peak power of the Q-switched laser are calculated.
The single pulse energy and peak power increase with the increase in pump power, which
proves that our laser output is in Q-switched mode rather than relaxation oscillation mode.
When the pump power is 3.75 W, the maximum single pulse energy is 0.567 μJ and the
maximum peak power is 0.93 W. We also measured the central wavelength of laser emis-
sion. Figure 8 shows the emission wavelength in the Q-switched region, with a peak at
about 1080.4 nm. The inserted β-Ga2O3 SA does not change the emission wavelength of the
Nd:GYAP laser. Furthermore, as a stable bulk sample, as long as the laser output power and
temperature do not reach the threshold of damage or crack, the β-Ga2O3 saturable absorber
can continuously and stably output the pulsed laser and can be reused many times.

Figure 8. The laser emission spectrum of Nd:GYAP laser in Q-switching regimes.
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4. Conclusions

In summary, we have successfully grown high-quality β-Ga2O3 used the OFZ method,
and have used them as saturable absorbers, to realize the output of the pulsed laser,
for the first time. The synthetic method is simple and practical, with low cost and low
environmental requirements, and the grown crystal is pure and crack free. At the same
time, the β-Ga2O3 crystal is applied to a Nd:GYAP solid-state laser for the first time, and
the pulsed laser output is realized. The maximum average output power of 195.1 mW
is obtained at 1080.4 nm. The corresponding minimum pulse width is 606.54 ns and the
maximum pulse repetition frequency is 344.06 kHz. Our results will promote the research
of more Q-switched crystals and expand their potential applications in the field of
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Abstract: An efficient enhancement of 2.78 μm emission from the transition of Er3+: 4I11/2 → 4I13/2

by Tm3+ introduction in the Er/Tm: PbF2 crystal was grown by the Bridgman technique for the
first time. The spectroscopic properties, energy transfer mechanism, and first-principles calculations
of as-grown crystals were investigated in detail. The co-doped Tm3+ ion can offer an appropriate
sensitization and deactivation effect for Er3+ ion at the same time in PbF2 crystal under the pump
of conventional 800 nm laser diodes (LDs). With the introduction of Tm3+ ion into the Er3+: PbF2

crystal, the Er/Tm: PbF2 crystal exhibited an enhancing 2.78 μm mid-infrared (MIR) emission.
Furthermore, the cyclic energy transfer mechanism that contains several energy transfer processes
and cross-relaxation processes was proposed, which would well achieve the population inversion
between the Er3+: 4I11/2 and Er3+: 4I13/2 levels. First-principles calculations were performed to find
that good performance originates from the uniform distribution of Er3+ and Tm3+ ions in PbF2 crystal.
This work will provide an avenue to design MIR laser materials with good performance.

Keywords: 2.78 μm mid-infrared emission; Er/Tm; PbF2 laser crystal; energy transfer mechanism;
first-principles calculation

1. Introduction

Over the past several decades, mid-infrared (MIR) solid-state lasers operating around
2.7–3 μm have received extensive attention for numerous applications in medicine surgery,
communications, remote sensing, pollution monitoring, and military countermeasures,
etc. [1–5]. Additionally, 2.7–3 μm lasers are suitable pump sources for longer wavelength
mid-infrared or long-infrared (8–12 μm) laser applications utilizing the optical parametric
oscillators [6,7].

Up to now, many kinds of rare-earth ions in favorable ~3 μm MIR emissions have been
analyzed, such as erbium ion (Er3+): 4I11/2 → 4I13/2 [8], holmium ion (Ho3+): 5I6 → 5I7 [9],
and dysprosium ion (Dy3+): 6H13/2 → 6H15/2 [10]. Among them, the Er3+ ion-doped
single crystal has been deemed as the effective source for ~3 μm laser operation, benefiting
from its abundant energy levels, such as GSGG [11], YSGG [12], YAP [13], Lu2O3 [14],
GdScO3 [15], SrF2 crystals [16], NdVO4 [17], InVO4 crystals [18], etc. As investigated, the
Er3+ ion can be directly pumped utilizing 808 or 980 nm commercial laser diodes (LDs)
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corresponding to Er3+ ion absorption transitions from ground state 4I15/2 to 4I9/2, 4I11/2
levels, respectively. To take further advantage of this, a co-doping suitable sensitization
ion having strong absorption around 980 nm or 800 nm would improve the absorption
efficiency, such as Yb3+, Nd3+, or Tm3+ ions [19–21]. However, the fluorescence lifetime of
the 4I11/2 level (the upper) is fairly shorter than that of the 4I13/2 level (the lower) of Er3+

ion, causing the possible termination of 2.7 μm mid-infrared emissions [22]. Therefore, the
shortcoming of the intrinsic self-terminating “bottleneck” effect of Er3+ ion is important
to consider. On one hand, the self-terminating “bottleneck” effect can be restrained by
the energy transfer up-conversion (UC) process: 2 4I13/2 → 4I15/2 + 4I9/2, which needs
heavy doping of Er3+ ion (>30 at.% ). The UC process can simultaneously depopulate the
4I13/2 level and populate the 4I11/2 level via non-radiative transition from 4I9/2 to 4I11/2
levels. However, excessive Er3+ doping concentrations will generate the inclusion defects
in as-grown crystal and degenerate the crystal quality and thermal performance, which is
not conducive to laser output efficiency [23,24]. On the other hand, we can focus attention
on co-doping a suitable deactivation ion for Er3+ ion to suppress the self-terminating effect,
such as Pr3+, Ho3+, Dy3+, or Tm3+ ions [25–28]. These deactivation ions can dramatically
reduce the population of lower Er3+: 4I13/2 levels, thereby achieving efficient 2.7 μm mid-
infrared emission. Based on the above investigation, it is noteworthy that Tm3+ ion can
simultaneously serve as sensitization and deactivation effects for Er3+ ion [29,30].

In recent years, fluoride crystals have attracted numerous attention in the field of
mid-infrared lasers, such as the β-PbF2 crystal [31]. The PbF2 crystal exhibits its intrinsic
advantages. The PbF2 crystal has lower phonon energy (257 cm−1), compared with GdLiF4
(432 cm−1), LiYF4 (442 cm−1), LuLiF4 (400 cm−1) and BaY2F8 (415 cm−1) crystals [32–34].
Such low phonon energy is conducive to reducing the non-radiative transition probability
and enhancing the spontaneous radiation transition probability between 4I11/2 and 4I13/2
levels of Er3+ ion [35]. Moreover, the PbF2 crystal is optically transparent in the region
of 0.25–15 μm, which is broader than other fluoride crystals, such as LiYF4 (0.12–8.0 μm),
BaY2F8 (0.2–9.5 μm), and KYF4 (0.15–9.0 μm). Additionally, another issue to consider is the
physical properties of the material. Some fluoride crystals have low thermal conductivity,
such as CaF2 and SrF2. The PbF2 crystal has high thermal conductivity (28 W/m/K) and
stable mechanical and chemical properties [36,37]. Consequently, with these favorable
characteristics, the PbF2 crystal may be selected as a promising host material.

In this paper, Er: PbF2, Tm: PbF2, Er/Tm: PbF2 crystals were successfully prepared by
the Bridgman technique. The spectroscopic properties of prepared crystals were analyzed
based on absorption spectra, emission spectra, and fluorescence decay curves. Compared
with the Er: PbF2 crystal, the Er/Tm co-doped PbF2 crystal presents a larger 2.78 μm
fluorescence emission intensity and higher fluorescence branching ratio. Moreover, the-
oretical calculations were performed to discover that the co-doping of the Tm3+ ion can
make the Er3+ and Tm3+ ions more evenly distributed in PbF2 crystals, which can effec-
tively break the local clusters of the Er3+ in Er: PbF2 crystal, thus ensuring efficient energy
transfer between Er3+ and Tm3+ ions, and resulting in the enhancement of 2.78 μm MIR
fluorescence emission.

2. Experimental Section

The 1.0 at.% Er: PbF2, 0.5 at.% Tm: PbF2, and 1.0 at.% Er/0.5 at.% Tm: PbF2 crystals
were grown by the conventional Bridgman method in an atmosphere of N2 with intermedi-
ate molybdenum heating. The fluoride powders of the PbF2 (99.999%), ErF3 (99.999%), and
TmF3 (99.999%) were all raw materials. The raw materials were weighed and thoroughly
mixed. The process of crystal growth was similar to our previous work [37]. The melt
was homogenized in a covered graphite crucible in a high-temperature zone at 1000 ◦C
for 8 h, and the crystal growth process was driven by lowering the graphite crucible at
a speed of 0.5 mm/h. After the growth process was completed, the cooling rate of the
crystal was 30 ◦C/cm–40 ◦C/h. The actual concentration of Er3+ and Tm3+ ions in the
grown samples were measured utilizing inductively coupled plasma atomic emission
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spectrometry (ICP-AES). The concentrations of Er3+ and Tm3+ ions in dual-doped Er/Tm:
PbF2 crystal were 1.15 at.%, and 0.58 at.%, respectively. The concentration of Er3+ ion in the
Er: PbF2 crystal was 1.15 at.%, and the concentration of Tm3+ ion in the Tm: PbF2 crystal
was 0.59 at.%.

The crystalline structure of as-grown samples was observed utilizing D/max2550 X-
ray diffraction (XRD) with Cu Kα radiation. The Perkin–Elmer UV-VIS-NIR spectrometer
(Lambda 900) with a resolution of 1 nm was used to detect the absorption spectra of
prepared samples in the range of 400–2200 nm. The emission spectra, up-conversion
fluorescence spectra, and fluorescence decay curves were detected and recorded using the
Edinburgh Instruments FLS920 and FSP920 spectrophotometers. The repetition frequency
of the excitation pulse for measuring the fluorescence decay curves was set to 20 Hz, and
the duration of the excitation pulses was 30s. All the measurements were performed at
room temperature.

3. Calculation Method

In the framework of density functional theory, VASP codes and the plane-wave basis
set method were used for calculation [38,39]. The mutual interactions were described by
the projector augmented-wave pseudopotential with an exchange-correlation function
(Perdew–Burke–Ernzerhof form) [40,41]. The cut-off was set at 550 eV and a 1 × 1 × 1
Gamma k-grid was used to guarantee the relaxation accuracy of 10−5 eV and 0.01 eVÅ−1

within a 2 × 2 × 2 supercell, respectively. The spin polarization was included in the
calculations. According to the method reported previously [42], the formation energy (ΔE)
and cluster symbols were obtained. It is pointed that the energy correction of the PbF2
crystal was different from that of CaF2, SrF2, and BaF2 crystals. For a 2 × 2 × 2 supercell
with a net charge, the calculated value in PbF2 crystal was 0.069 eV.

4. Results and Discussion

4.1. Crystal Structure Analysis

Figure 1 shows the XRD patterns and refined XRD patterns of the Er: PbF2, Tm: PbF2,
Er/Tm: PbF2 crystals, and the JCPDS standard card of the PbF2 crystal (nos. 06-2051) [37].
The residuals of refinements (fit profiles shown in Figure 1) of Er: PbF2, Tm: PbF2, Er/Tm:
PbF2 crystals were 9.61%, 7.71%, 10.17%, respectively. It is obvious that no clear shift in
the phase diffraction peaks was observed and all XRD curves were well matched with
the standard card of the β-PbF2 crystalline phase (nos. 06-2051). The results demonstrate
successful co-doping of Er3+ and Tm3+ ions in PbF2 crystal without phase transitions.

 
Figure 1. XRD patterns and refined XRD patterns of the Er/Tm: PbF2, Er: PbF2, Tm: PbF2 crystals
and PbF2 crystal standard card.
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4.2. First-Principles Calculations

Based on the first-principal calculations, the cluster structure of Tm3+ and Er3+ ions
were simulated to research the change of local structures of doping ions in PbF2 crystal.
The possible thermodynamically stable Er3+ and Tm3+ centers in PbF2 crystals are shown
in Figure 2a,b. It is clear to see that there are 9 different types of centers in each Tm: PbF2
and Er: PbF2 crystals. In particular, only the 31|0|8|41-C center in the Tm: PbF2 crystal
varies from the 21|0|6|31 center in the Er: PbF2 crystal, and the other eight different
types of centers in the Tm: PbF2 crystal are the same as the Er: PbF2 crystal. Moreover,
Figure 2c shows the formation energy of Er3+ and Tm3+ versus the number of Er3+ and
Tm3+ ions within a cluster, respectively. It can be seen that the slope of Er3+ clusters in PbF2
crystal is −0.988 eV, which is almost the same as the slope of Tm3+ clusters in the PbF2
crystal (−1.003 eV). These results indicate that the clustering characteristics of Er3+ and
Tm3+ ions in PbF2 crystal are almost consistent. This phenomenon agreed well with the
approximately equal segregator coefficients of Er3+ (1.15) and Tm3+ (1.16) in the Er/Tm:
PbF2 crystal mentioned above, which may be owing to the slightly different ion radii
between Er3+ (88.1 pm) and Tm3+ (86.9 pm) ions. That is to say, it can be considered that
the Er3+ and Tm3+ ions replace Pb2+ ions with equal probability when they are co-doped
in PbF2 crystal, which makes the Er3+ and Tm3+ ions more evenly distributed in the PbF2
crystal. The results suggest that the efficient energy transfer between Er3+ and Tm3+ ions
can be guaranteed due to the uniform distribution of Er3+ and Tm3+ ions, and result in the
enhancing of 2.78 μm MIR fluorescence emission in the ensuing discussion.

 
Figure 2. (a) Thermodynamically stable Er3+ centers in PbF2 crystal; (b) Thermodynamically stable
Tm3+ centers in PbF2 crystal; (c) Formation energy of Er3+ and Tm3+ versus the number of rare-earth
ions within a cluster.

4.3. Absorption Spectroscopy

The illustrations in Figure 3 shows the photos of Er/Tm: PbF2, Er: PbF2, Tm: PbF2
crystals and their cut and polished crystal pieces; their sizes are also marked, respectively.
It can be seen that all the crystal pieces are transparent and have no inclusions. Figure 3
illustrates the room temperature absorption spectra of Er: PbF2, Tm: PbF2, and Er/Tm:
PbF2 crystals ranging from 400 nm to 2200 nm. Clearly, the typical absorption bands
centered at approximately 417, 451, 486, 521, 541, 650, 802, 975, and 1509 nm in the Er:
PbF2 crystal originated from the transitions from the ground state 4I15/2 level to upper-
lying 2H9/2, 4F5/2,3/2, 4F7/2, 2H11/2, 4S3/2, 4F9/2, 4I9/2, 4I11/2 and 4I13/2 levels of Er3+ ion,
respectively [37]. While in the Tm: PbF2 crystal mainly five absorption bands of Tm3+

ion are labeled, the absorption peaks centered at round 464, 680, 792, 1211, and 1618 nm
are in accord with the transitions from ground state 3H6 level to upper-lying 1G4, 3F2,3,
3H4, 3H5 and 3F4 levels, respectively. Obviously, the huge absorption band centered at
around 792 nm in the range of 750–830 nm corresponding to Tm3+: 3H6 → 3H4 transition
well coincides with the wavelength of 808 nm AlGaAs LD pumping. The absorption
bands in the Er/Tm: PbF2 crystal are altogether composed of the transitions of Er3+ and
Tm3+ ions discussed above, indicating the successful introduction of both Er3+ and Tm3+
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ions. Strong overlap between the Tm3+: 3H6 → 3H4 absorption transition and the Er3+:
4I15/2 → 4I9/2 absorption transition can be seen in the Er/Tm: PbF2 crystal. The absorption
overlap indicates that a possible nonradiative energy transfer process Tm3+: 3H4 → Er3+:
4I9/2 would effectively occur for enhancing the absorption efficiency of Er3+ ion ~800 nm.
Therefore, benefiting from the broad absorption band of Tm3+ ion centered at around LD
pump wavelength and the possibility for energy transfer, the Tm3+ ion can act as a suitable
sensitizer for Er3+ ion in the Er/Tm dual-doped PbF2 crystal.

 
Figure 3. Absorption spectra of Tm: PbF2, Er: PbF2, and Er/Tm: PbF2 crystals ranging from 400 to
2200 nm at room temperature. (Illustration: the photos of Er/Tm: PbF2, Er: PbF2, Tm: PbF2 crystals
and their cut and polished crystal pieces, respectively.)

For demonstrating the sensitization effect of Tm3+ ion for Er3+ ion via the Tm3+: 3H4
→ Er3+: 4I9/2 energy transfer transition, the lifetimes of Tm3+: 3H4 level in the Tm3+ single-
doped and Er/Tm dual-doped PbF2 crystals were measured and shown in Figure 4a,b,
respectively. The decay curves were measured under the condition of 1.47 μm emission
(Tm3+: 3H4 → 3F4) and 800 nm excitation (Tm3+: 3H6 → 3H4) and were all well fitted by
single-exponential behavior. As shown in Figure 4a, the measured lifetime of the Tm3+:
3H4 manifold is 1.67 ms in the Tm: PbF2 crystal, while the lifetime is 0.54 ms in the Er/Tm:
PbF2 crystal shown in Figure 4b. The remarkable decreasing lifetime in the Er/Tm: PbF2
crystal indicates the effective sensitization effect of the Tm3+ ion. The energy transfer
efficiency from Tm3+: 3H4 to Er3+: 4I9/2 level can be calculated by the following equation:
ηET1 = 1 − τEr/Tm/τTm, where τEr/Tm and τTm are the lifetimes of Tm3+: 3H4 level in Tm:
PbF2, Er/Tm: PbF2 crystals, respectively. The high value of ηET1 (67.66%) confirms that the
Tm3+ ion has a significant influence on Er3+: 4I9/2 level in PbF2 crystal, and can effectively
act as a sensitizer for Er3+ ion for enhancing ~2.7 μm MIR emission.
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Figure 4. (a) Fluorescence decay curves of the Tm3+: 3H4 energy level of Tm: PbF2 crystal; (b) fluores-
cence decay curves of the Tm3+: 3H4 energy level of Er/ Tm: PbF2 crystal (λex = 800 nm, λem = 1470 nm).

4.4. Emission Spectra and Emission Cross-Sections

For further clarifying the energy transfer mechanism between Tm3+ and Er3+ ions,
the emission spectra of Er/Tm: PbF2, Er: PbF2 samples in the range of 1400–1700 nm, and
Er/Tm: PbF2, Tm: PbF2 samples in the 1700–2200 nm region are shown in Figure 5a,b,
respectively. The test parameters of the luminescence performance of the prepared samples,
such as pump power and slits, are uniformed. As shown in Figure 5a, compared with the
Er: PbF2 crystal the emission intensity centered at around 1.55 μm corresponding to the
Er3+: 4I13/2 → 4I15/2 transition in the Er/Tm: PbF2 crystal weakened sharply, at almost ten
times lower. The result shows that the introduction of Tm3+ ion would significantly reduce
the population of the Er3+: 4I13/2 energy level, thereby enhancing the ~2.7 μm mid-infrared
emission and reversely weakening the 1.55 μm infrared emission. This depopulation
of Er3+: 4I13/2 energy level is mainly attributed to the deactivation effect of Tm3+ ions
via energy transfer process: Er3+: 4I13/2 → Tm3+: 3F4 in Er/Tm: PbF2 crystal. As the
deactivation energy transfer process occurs, the population on the Tm3+: 3F4 level would
increase, thereby enhancing the 1.91 μm emission (Tm3+: 3F4 → 3H6 transition) in the
Er/Tm: PbF2 crystal, but it is actually weakened (shown in Figure 5b). The 1.91 μm
emission intensity of the Tm3+ ion in Er/Tm: PbF2 crystal is nearly three times lower than
that in the Tm3+ single doped PbF2 crystal. This result is mainly assigned to the cross-
relaxation (CR) process between Tm3+ and Er3+ ions (Tm3+: 3F4 + Er3+: 4I13/2 → Tm3+:
3H4 + Er3+: 4I15/2), bringing about the depopulation of the Tm3+: 3F4 level and Er3+: 4I13/2
level. Therefore, the reduced emission intensity of 1.55 μm of Er3+ ion and 1.91 μm of
Tm3+ ion both would depopulate the ions on the Er3+: 4I13/2 level, which is beneficial to
enhance ~2.7 μm MIR emission. More importantly, as shown in Figure 6, the emission
intensity of the Er/Tm: PbF2 crystal centered at around 2.7 μm in the 2500–3100 nm region
is remarkably larger than that of the Er: PbF2 crystal, confirming that the efficient enhanced
~2.7 μm emission is achieved in the Er/Tm: PbF2 designed crystal. To further confirm
the prospects of Er: PbF2, Er/Tm: PbF2 crystals as the mid-infrared luminescent material
in laser applications, the 2.78 μm emission cross-sections are subsequently calculated
according to the Fuchtbauere–Ladenburg theory [43]:

σem(λ) =
Aβλ5 I(λ)

8πcn2
∫

λI(λ)dλ
(1)

where λ denotes the wavelength of fluorescence spectrum, I (λ) is the intensity of emission
spectrum at λ, I(λ)/

∫
λI(λ)dλ is the normalized line shape function of the emission

spectrum of prepared crystal, n is the refractive index of PbF2 crystal, c is the speed of light
in a vacuum, β is the fluorescence branching ratio of 4I11/2 → 4I13/2 transition, and A is
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the spontaneous emission probability. The value of β for ~2.7 μm mid-infrared emission
in Er: PbF2 is calculated to be 14.9%, and in the Er/Tm: PbF2 crystal is calculated to be
20.24%. The maximum emission cross-section of the Er/Tm: PbF2 crystal is calculated
to be 0.63 × 10−20 cm2 at 2780 nm, which is almost twice that of the Er: PbF2 crystal
(0.32 × 10−20 cm2). Moreover, as shown in Table 1, this higher stimulated emission cross-
section in the Er/Tm: PbF2 crystal possibly coincides well with the higher fluorescence
branching ratio β (20.24%) of the Er3+: 4I11/2 → 4I13/2 transition. A higher emission cross-
section is more favorable in achieving high performance of MIR laser operation. These
results are related to the more uniform distribution of Er3+ and Tm3+ ions in PbF2 crystal
after the co-doping of Tm3+ ions, which is consistent with the theoretical calculation results.
Furthermore, it is pointed out that the enhancing of 2.78 μm MIR fluorescence emission is
more dependent on the efficient energy transfer between Er3+ and Tm3+ ions, which comes
from the uniform distribution of doped ions.

 
Figure 5. (a) Emission spectra of the Er: PbF2, Er/Tm: PbF2 crystals in the range of 1400–1700 nm
(λex = 800nm); (b) emission spectra of Tm: PbF2, Er/Tm: PbF2 crystals in the range of 1700–2200 nm
(λex = 800nm).

 
Figure 6. Emission spectra of the Er: PbF2, Er/Tm: PbF2 crystals in the range of 2500–3100 nm
(λex = 800 nm).
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Table 1. MIR emission cross-sections σem, and lifetimes of 4I11/2, 4I13/ 2 levels of Er/Tm: PbF2, Er: PbF2 crystals compared
with other Er3+-doped crystals.

Crystal
σem τ(4I11/2) τ(4I13/2) τ(4I11/2)/τ(4I13/2)

Ref.
(10−20 cm2) (ms) (ms) (%)

1.0 at.% /0.5 at.%
Er/Tm: PbF2

0.63@2780nm 6.91 ± 0.01 3.14 ± 0.01 220.06 [This work]

1 at.% Er: PbF2 0.32@2780nm 6.03 ± 0.01 12.06 ± 0.05 50.00 [This work]
10 at.% Er:BaLaGa3O7 7.34@2714nm 0.72 7.99 9.01 [44]
10 at.% Er:CaLaGa3O7 17.9@2702nm 0.77 8.41 9.16 [45]
8 at.%Er:LuAl3(BO3)4 8.60@3170nm 2.10 2.54 82.68 [46]

7 at.% Er:Y2O3 1.41@2723nm 2.95 17.57 16.79 [47]
10 at.% Er:SrGdGa3O7 1.30@2.7μm 1.10 4.48 24.55 [24]

5at.% Er:YAP 9.00@2792nm 0.85 7.30 11.64 [13]
7 at.% Er:Lu2O3 1.10@2730nm 1.10 4.30 25.58 [14]

5 at.% Er:GdScO3 0.93@2720nm 2.24 4.57 49.02 [15]
4 at.% Er:SrF2 0.78@2727nm 9.56 15.06 63.48

[16]4 at.% Er:CaF2 0.65@2720nm 5.98 9.94 60.16

4.5. Energy Transfer Mechanism between Tm3+ and Er3+ Ions

Based on spectroscopic results discussed above, the simplified energy level scheme and
electron transitions of the Er3+/Tm3+ co-doped PbF2 crystal are presented in Figure 7. The
cyclic related processes of the Tm3+ and Er3+ ions in the crystal under optical excitation are
as follows: cross-relaxation, energy transfer between Tm3+ and Er3+ ions, and multiphonon
relaxation. The main two ET (namely ET1, ET2) and three CR (namely CR1, CR2, CR3)
processes are listed as follows:

ET 1: Tm3+: 3H4 + Er3+: 4I15/2 → Tm3+: 3H6 + Er3+: 4I9/2;
ET 2: Er3+: 4I13/2 + Tm3+: 3H6 → Er3+: 4I15/2 + Tm3+: 3F4;
CR 1: Tm3+: 3F4 + Er3+: 4I13/2 → Tm3+: 3H6 + Er3+: 4I9/2;
CR 2: Tm3+: 3F4 + Er3+: 4I13/2 → Tm3+: 3H4 + Er3+: 4I15/2;
CR 3: 2Er3+: 4I13/2 → Er3+: 4I15/2 + Er3+: 4I9/2.

Figure 7. Simplified energy level scheme and electron transitions of Er3+/Tm3+ co-doped system.

As discussed, the Tm3+: 3H4 → 3H6 transition is resonant with the Er3+: 4I15/2 → 4I9/2
transition in the Er/Tm: PbF2 crystal. Therefore, after the crystal is excited to the Tm3+: 3H4
level by a pump of 800 nm LD, ET1 process Tm3+: 3H4 → Er3+: 4I9/2 would occur. Ions
in the Er3+: 4I9/2 level decay non-radiatively to the lower Er3+: 4I11/2 level, and then decay
radiatively to the Er3+: 4I13/2 level and emit 2.78 μm mid-infrared light. Ions in the Er3+:
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4I13/2 level continue to decay radiatively to the ground state Er3+: 4I15/2 level and emit 1.55
μm infrared light. Similarly, the Er3+: 4I13/2 → 4I15/2 transition is resonant with the Tm3+:
3H6 → 3F4 transition, and the ET2 process from Er3+: 4I13/2 to Tm3+: 3F4 level takes place. The
ET2 process would reduce the population of the lower level of Er3+: 4I13/2, thereby enhancing
the 2.78 μm emission and weakening the 1.55 μm emission, as shown in Figures 5a and 6.
Meantime, the energy transfer up-conversion (UC) CR3 process (Er3+: 24I13/2 → 4I15/2 + 4I9/2)
in the crystal can also populate the Er3+: 4I11/2 level and depopulate the Er3+: 4I13/2 level.
Additionally, ions in the Tm3+: 3F4 level decay radiatively to the 3H6 level and emit 1.91 μm
emission. The subsequent CR1 populates the Er3+: 4I9/2 level, and then the Er3+: 4I11/2 level is
populated through the nonradiative decay from the 4I9/2 level to the 4I11/2 level, increasing the
population ratio of 4I11/2/4I13/2 levels. Moreover, the ions in the Tm3+: 3F4 energy level will
also absorb energy and jump to the upper Tm3+: 3H4 energy level due to Stark level splitting,
and then the CR2 process described above occurs. The CR2 process can simultaneously reduce
the population Er3+: 4I13/2, Tm3+: 3F4 levels, to achieve 2.78 μm emission enhancement and
1.91 μm emission reduction, as shown in Figures 5b and 6. The CR2 process also brings about
the increasing population of the Tm3+: 3H4 level. Besides emitting 1.47 μm light via the Tm3+:
3H4 → 3F4 transition, ions in the Tm3+: 3H4 level can populate the Er3+: 4I9/2 level via ET1
process, resulting in further enhancement of the sensitization effect. To prove the CR2 process,
the UC emission spectra of Er: PbF2 and Er/Tm: PbF2 crystals are shown in Figure 8 under
980 nm excitation. Clearly, as shown in Figure 7, under 980 nm NIR light excitation, the
electrons in the ground level 4I15/2 can be excited to the intermediate level 4I11/2, and the
electrons in the 4I11/2 level sequentially populate the 4F7/2 level (4I15/2 → 4I11/2 → 4F7/2).
Additionally, then, the multiple nonradiative multi-phonon relaxation in the 4F7/2 state in turn
populate the lower 2H11/2, 4S3/2, 4F9/2, and 4I9/2 levels, which would produce 800 nm light
via the process: 4I9/2 → 4I15/2. It is clear to see that the UC emission intensity of the Er/Tm:
PbF2 crystal is at least two times larger than that of the Er: PbF2 crystal at around 800 nm.
Obviously, Tm3+ ions have no absorption band matching the 980 nm excitation (shown in
Figure 3). This enhancing UC emissions phenomenon is possibly assigned to the CR2 and
ET1 mechanism processes illustrated in Figure 7. To summarize, the ET1, ET2, CR1, CR2,
CR3 processes all have significant effects on narrowing the lifetime gap of upper-lying Er3+:
4I11/2 and lower-lying Er3+: 4I13/2 levels or even achieving population conversion of these
two levels, thereby obtaining efficient enhanced 2.78 μm emission.

 
Figure 8. Up-conversion emissions of Er: PbF2, and Er/Tm: PbF2 crystals in the range of 760–860 nm
(λex = 980nm).
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4.6. Fluorescence Decay Curves and Fluorescence Lifetimes

For further demonstrating the energy interaction mechanism between Er3+ and Tm3+

ions, the time-resolved decay curves of the Er3+ ion 2.78 μm (4I11/2 → 4I13/2) and 1.55 μm
(4I13/2 → 4I13/2) fluorescence emission for the Er/Tm: PbF2 and Er: PbF2 crystals were
measured and shown in Figure 9. The lifetimes of 4I13/2 levels were measured under the
conditions of 1.55 μm emission (4I13/2 → 4I15/2) and 1.49 μm excitation (4I15/2 → 4I13/2).
The decay curves of the Er3+: 4I11/2 and Er3+: 4I13/2 levels are well fitted with single-
exponential behavior. As shown in Figure 9a,b, the measured lifetime of the upper-lying
4I11/2 level in the Er/Tm: PbF2 crystal (6.91 ms) is 14.6% longer compared with the Er:
PbF2 crystal (6.03 ms), which is assigned to the sensitization effect of the Tm3+ ion on the
upper-lying Er3+: 4I11/2 level. Moreover, as shown in Figure 9c,d, the measured lifetime of
the lower-lying 4I13/2 level in the Er/Tm: PbF2 crystal is 3.14 ms, which is 73.96% shorter
compared with the Er: PbF2 crystal (12.06 ms). This remarkable decrease of the lifetime of
lower-lying 4I13/2 level denotes that Tm3+ ions can dramatically depopulate the Er3+: 4I13/2
level via ET2, CR1, CR2, CR3 processes, thereby enhancing the 2.78 μm emission in PbF2
crystals. The ET2, CR1, CR2, CR3 processes all have significant effects on narrowing the
lifetime gap of upper-lying Er3+: 4I11/2 and lower-lying Er3+: 4I13/2 levels or even achieving
population conversion of these two levels. Besides, the energy transfer efficiency ηET2 was
calculated to be 73.96%, confirming the efficient deactivation effect of the Tm3+ ion for the
Er3+ ion. Furthermore, Table 1 shows the lifetimes of 4I11/2, 4I13/ 2 levels of Er/Tm: PbF2,
Er: PbF2 crystals, and other Er3+ doped laser crystals. The shorter fluorescence lifetime
of 4I13/2 lower level induces the longer fluorescence lifetime ratio τ(4I11/2)/τ(4I13/2). The
fluorescence lifetime ratio τ(4I11/2)/τ(4I13/2) in Er/Tm: PbF2 crystal is 220.06%, which is
dramatically larger than that of the Er: PbF2 crystal (50.00%) and other Er3+ doped crystals.
The remarkably enhanced τ(4I11/2)/τ(4I13/2) ratio in Er/Tm: PbF2 crystal is favorable
for achieving efficient laser operation ~2.7 μm. As a consequence, the introduction of
Tm3+ ions can simultaneously act as sensitization and deactivation ions for the Er3+ ion,
thereby enhancing 2.78 μm mid-infrared emission and reducing the laser threshold of
2.78 μm luminescence.

 
Figure 9. (a) Fluorescence decay curves of the Er3+: 4I11/2 energy level of Er: PbF2 crystal (λex = 800 nm,
λem = 2780 nm); (b) Er3+: 4I11/2 energy level of Er/Tm: PbF2 crystal (λex = 800 nm, λem = 2780 nm);
(c) Er3+: 4I13/2 energy level of Er: PbF2 crystal (λex = 1490 nm, λem=1550 nm); (d) Er3+: 4I13/2 energy
level of Er/Tm: PbF2 crystal (λex = 1490 nm, λem = 1550 nm).
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5. Conclusions

In summary, Er3+: PbF2, Tm3+: PbF2, and Er3+/Tm3+: PbF2 crystals were prepared
successfully by the Bridgman technique. An efficient enhanced 2.78 μm emission was
obtained in the Er/Tm: PbF2 crystal for the first time, and the proposed energy transfer
mechanism of the Er/Tm: PbF2 crystal was systematically investigated. The theoretical
calculations were performed to discover that the co-doping of Tm3+ ions can make the Er3+

and Tm3+ ions more evenly distributed in PbF2 crystals, which can effectively break the
local clusters of Er3+ in Er: PbF2 crystal, thus ensuring efficient energy transfer between
Er3+ and Tm3+ ions, and resulting in the enhancing of 2.78 μm MIR fluorescence emission.
The cyclic energy transfer mechanism contains several energy transfer processes and cross-
relaxation processes, which all have significant effects on narrowing the lifetime gap of
upper-lying Er3+: 4I11/2 and lower-lying Er3+: 4I13/2 levels or even achieving population
conversion of these two levels. As proved, the Tm3+ ion can simultaneously act as an
appropriate sensitized and deactivated ion for the Er3+ ion in the PbF2 crystal. Compared
with the Er3+ single-doped crystal, the Er3+/Tm3+ co-doped PbF2 crystal has the larger
2.78 μm mid-infrared fluorescence emission intensity, higher fluorescence branching ratio
(20.24%), and higher stimulated emission cross-section (0.63 ×10−20 cm2), corresponding
to Er3+: 4I11/2 → 4I13/2 transition. Therefore, the introduction of Tm3+ ions is favorable
for achieving efficient enhanced 2.78 μm emission in the Er/Tm: PbF2 crystal, which can
become a promising material for low threshold, and high-efficiency mid-infrared laser
applications under the pump of a conventional 800 nm LD.
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Abstract: When high energy infrared laser pulses are incident on fused silica, the surface of the fused
silica is damaged and a laser-induced plasma is produced. Based on the theory of fluid mechanics
and gas dynamics, a two-dimensional axisymmetric gas dynamic model was established to simulate
the plasma generation process of fused silica induced by a millisecond pulse laser. The results show
that the temperature of the central region irradiated by the laser is the highest, and the plasma is first
produced in this region. When the laser energy density is 1.0 × 104 J/cm2 and the pulse width is
0.2 ms, the maximum expansion velocity of the laser-induced plasma is 17.7 m/s. Under the same
experimental conditions, the results of the simulation and experiment are in good agreement. With
an increase in pulse width, the plasma expansion rate gradually decreases.

Keywords: infrared pulse laser; fused silica; plasma; interaction between laser and matter; numerical
simulation; plasma expansion velocity

1. Introduction

With the popularization and application of a strong laser in various fields [1–4], optical
elements as indispensable components of the laser system have received extensive attention.
Because fused silica material has good light transmittance [5], it is widely used as an optical
element in high power laser systems [6].

Fused silica material is one of the weakest components in a high power laser system.
Its damage resistance directly affects the output performance of the laser. Even if there are
subtle flaws, the performance of the laser will decrease. Therefore, it is of great significance
to study the damage process of the interaction between the laser and fused silica [7,8]. R.W.
Hopper et al. [9] established a theoretical model of laser damage induced by defects and
studied the thermal stress damage caused by impurity defects in the target. F. Bolmeau
et al. [10,11] used numerical simulation to study the laser energy deposition process caused
by defects in fused silica.

The process of the interaction between the laser and fused silica is not only limited to
material damage but also causes a series of processes such as phase transition, ablation,
splashing, and plasma expansion. As a followup phenomenon of fused silica damage,
plasma expansion has a high research value. However, the research on millisecond pulse
laser-induced plasma generation of fused silica is quite scarce. Therefore, it is necessary to
carry out related research on the plasma generation of fused silica induced by an infrared
millisecond pulse laser.

As a high efficiency and commonly used numerical calculation method, the finite
element analysis method is widely used in the treatment of various complex physical
problems. M. Courtois et al. [12] used the finite element analysis method to numerically
simulate and analyze the coupled heat transfer, fluid heat transfer, and thermal–mechanical
coupling processes in laser welding. In this paper, the finite element method is used to
simulate the plasma generation process of fused silica induced by the infrared millisecond
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pulse laser; the results of the simulation and experiment are in good agreement, and the
results have good convergence.

2. Materials and Methods

In the process of laser heating the target, the state of the material changed from solid
to liquid and then changed to a gaseous state. The laser interacted with the ejected gaseous
material, the atoms were ionized, the plasma was formed, and ablation craters appeared
in the laser-irradiated target area. The condensed target material spontaneously splashed
into the action of atmosphere under the high pressure generated by the high temperature,
which was the physical process of plasma expansion.

In the simulation process, considering plasma generation and wave propagation at
geometric junctions, we used free triangular meshes to divide the computational domain.
We refined the grids in the handover area and the upper area. The maximum cell size of
the grid in the dense area was 0.02 mm, the smallest cell was 1.5 × 10−4 mm, the maximum
cell growth rate was 1.08, and the curvature factor was 0.25. The time step used was the
range of 0, 0.001, and 2, and the unit was millisecond.

Figure 1 is a schematic diagram of the numerical simulation of the laser-induced
plasma. The initial plasma was generated on the surface of the target and propagated
against the direction of the laser under the action of the laser.

Figure 1. Schematic diagram of the initial plasma generation area.

The whole physical process of plasma generation and expansion satisfies conserva-
tion of mass, conservation of momentum, and conservation of energy. In the numerical
simulation, the parameters of plasma changed with temperature T (where the units of T
are K) are shown in Table 1.

The following needed to be clear during the simulation: (1) The propagation velocity
of the plasma is much lower than the speed of sound, which can be regarded as subsonic
laminar flow. (2) Plasma generation and expansion during a small span of time without
heat exchange with the outside and inside is a local thermal equilibrium.
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Table 1. Material parameters required for numerical simulation.

Feature Parameter Name Symbol Numerical Value

Plasma Density ρ/
(
g · cm−3) 3.49/T × 10−6

Plasma Thermal conductivity k/
(

Wm−1K−1
) −0.002 + 1.5 × 10−4 × T − 7.9 × 10−8

× T2 + 4.12 × 10−11 × T3 − 7.44 ×
10−15 × T4

Plasma Heat capacity C/(J/(kg · K))
1047.27 + 9.45 × 10−4 × T2 − 6.02 ×

10−7 × T3 + 1.29 × 10−10 × T4

Plasma Viscosity coefficient η/(Pa · S)
−8.38 × 10−7 + 8.36 × 10−8 × T − 7.69
× 10−11 × T2 + 4.64 × 10−14 × T3 −

1.07 × 10−17 × T4

Melting point Tm/K 1730
Boiling point Tv/K 2503
Molar mass MSiO2 /(g/mol) 60

Throughout the physical process, the total mass of matter remained unchanged, which
satisfied the law of conservation of mass:

∇ · (ρu) = 0 (1)

In the formula: u is the fluid velocity, ρ is the density.
Momentum conservation equation:

ρ

(
∂u
∂t

+ u · (∇ · u)
)
= ∇ ·

(
−p + μ

(
∇u + (∇u)T

))
(2)

In the formula: p is the pressure, μ is the material viscosity.
Energy conservation equation:

ρCP
∂T
∂t

+ ρuCP∇T = ∇(k∇T) + (QLaser − QLoss) (3)

In the formula: CP is the specific heat capacity, K is the thermal conductivity, QLaser is
the laser heat source, and QLoss is the heat source that maintains the plasma expansion loss.

In the energy conservation equation, QLaser is one of the source terms of the laser heat
source; it is simplified to the Gaussian surface heat source distribution that varies with
radius and temperature:

QL = A(T)
2I0

πr2
0

exp

(
−2r2

r2
0

)
τ(t) (4)

where I0 is the power density, r0 is the laser spot radius, and A(T) is the dynamic absorp-
tion rate.

τ(t) is the time distribution function of the laser pulse width; the expression is as follows:

τ(t) =
{

1, t ≤ τP
0, t ≥ τP

(5)

τP is the laser pulse width.
The vaporization and expansion process included the vapor evaporation process of the

material leaving the target surface and the process of spraying outwards under continued
heating. The mass loss of the surface layer of the fused silica material during the outward
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spraying led to the further formation of molten pits and continued to induce plasma. The
quantity that affects the quality loss is the mass mobility [12]:

m0 =

√
MSiO2

2πkB

Psat(T)√
T

β (6)

where β is the diffusion coefficient, the value is assumed to be 1 at the beginning of the
evaporation, and the value is 0 when it is stabilized, kB is Boltzmann’s constant, Psat(T) is
the saturated vapor pressure of the target steam [12,13], and the expression is:

Psat(T) = Pamb exp
(

Lv MSiO2

kBT

(
T
Tv

− 1
))

(7)

where Pamb is the atmospheric pressure, Lv is the latent heat of evaporation, Tv is the
evaporation temperature, and MSiO2 is the molar mass of the fused silica.

In Equation (3), the expression of QLoss is:

QLoss = LVvrρl + k
∂T
∂n

(8)

ρl is the density of the material after melting, LV is the latent heat of vaporization, vr
is the expansion speed of the plasma, and k is the energy loss rate in the system.

Computational domain boundary conditions:

−k
∂T(r, z, t)

∂z

∣∣∣∣
z=h,z=b

= 0 (9)

3. Principle of the Experiment

The experimental measurement principle diagram of the plasma expansion of fused
silica induced by the millisecond pulse laser is shown in Figure 2.

Figure 2. Experimental setup.

In order to analyze the expansion law of the plasma generated by laser-induced fused
silica, the high-time-resolution optical shadow method was used to monitor the evolution
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of the laser-induced plasma flow field. The time delay between the high-speed camera and
the laser system was adjusted by using the DG645 digital delay generator. The high-speed
camera received the image. By analyzing the optical shadow images under different time
series conditions, the expansion and propagation process of the laser-induced plasma
was obtained.

4. Results and Discussion

4.1. Analysis of the Plasma Temperature Field Induced by a Pulsed Laser in Fused Silica

Under millisecond pulse laser irradiation, the laser energy densities used to simulate
the plasma generated by laser irradiation of fused silica were 8.0 × 103 J/cm2, the pulse
width was 0.2 ms, and the irradiation radius was 0.25 mm.

The temperature field results of the numerical simulation of the plasma generated by
the millisecond pulse laser induced fused silica were as follows:

When the laser with an energy density of 8.0 × 103 J/cm2 irradiated the surface of the
fused silica material, the main form of plasma generated in the laser irradiation area was
thermally induced plasma. Due to the laser heating, the surface of the fused silica material
melted, vaporized, and splashed, forming a numerical simulation of the low-temperature
thermally induced plasma temperature field as shown in the figure.

Figure 3 shows the temperature field distribution of the laser-induced plasma at
different times of the plasma. At the initial stage of laser action 0–0.06 ms, the temperature
of the irradiated area rose rapidly and plasma began to be generated; the temperature
gradually stabilized within the time range of 0.10–0.15 ms, the plasma slowly expanded
outward, and thermally induced plasma was generated. In the time range of 0.25–0.30 ms,
since the internal energy of the thermally induced plasma was converted into kinetic energy,
the plasma expanded outwards and the temperature decreased accordingly.

Figure 3. Time-resolved simulation results of the plasma temperature field, subfigures (a–h) are the distribution diagrams
of the plasma temperature field at different moments.
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Figure 4 is the curve of radial temperature change with time when the laser energy
density was 8.0 × 103 J/cm2 in the period of 0.005–0.030 ms. From Figure 4, it can be
seen that the temperature change in the center area of the laser irradiation on the surface
of the target was much greater than that of other areas. This is because the pulse laser
has a Gaussian distribution, and the laser energy is concentrated in the center, which
makes the highest temperature rise in the irradiated center area the fastest. Figure 5 is
the curve of radial temperature change with time when the laser energy density was
8.0 × 103 J/cm2 in the period of 0.035–0.055 ms. Compared with Figure 4, it can be seen
that the temperature in the central area of laser irradiation was stable at 0.030 ms, and
plasma began to be generated. At this time, since the action time of the pulsed laser did
not stop, the generation area of the plasma began to expand.

 
Figure 4. Simulation results of the radial temperature changing with time when the laser energy
density was 8.0 × 103 J/cm2 in the time period of 0.005–0.030 ms.

 

Figure 5. Simulation results of the radial temperature change with time when the laser energy density
was 8.0 × 103 J/cm2 in the time period of 0.035–0.055 ms.
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4.2. Analysis of the Plasma Flow Field in Fused Silica Induced by a Pulsed Laser

Figure 6 shows the distribution of the plasma flow field caused by the laser with a laser
energy density of 1.0 × 104 J/cm2 and a pulse width of 0.2 ms acting on the fused silica.

Figure 6. Simulation results graph of the plasma velocity evolution with time under 1.0 × 104 J/cm2 laser energy density,
subfigures (a–h) are the distribution diagrams of the plasma flow field at different moments.

Figure 6 shows the flow field distribution of the plasma at different times. In the initial
stage of pulse laser action, the velocity of the flow field in the action area increased gently
(0–0.14 ms). In the time range of 0.14–0.20 ms, the plasma flow field velocity increased
rapidly and reached maximum velocity at 0.2 ms, with a value of 17.7 m/s. The velocity of
the plasma flow field decreased gradually between 0.24 ms and 0.28 ms. This was because
the laser action stopped, and the laser irradiation did not continue to provide energy; the
plasma could only rely on its own internal energy to be converted into kinetic energy to
continue to maintain its outward expansion.

The plasma expansion velocity as a function of time t was found using

v(t) =
L(t + t)− L(t)

t
(10)

where the expanding plasma front is measured to reach distance L(t) at time t, and t is a
small interval of time typically; the unit of t we used here is μs [14].

Figure 7A shows the axial velocity distribution of plasma generated by the millisecond
laser-induced fused silica with a pulse width of 0.2 ms; the dotted line is the experimental
results, the solid line is the simulation results. Within 0–0.2 ms, the laser induced plasma
continuously absorbed laser energy and expanded outward rapidly. Figure 7B shows that
the axial plasma expansion rate was much greater than the radial expansion rate. The
reason for this phenomenon is that the plasma expansion speed is determined by the laser
energy. When the laser was incident perpendicular to the target surface, the laser energy
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distributed in the axial direction was much greater than the laser energy in the radial
direction. The axial position made it easier for the plasma to move faster than in the radial
position. Therefore, there was a large gap between the expansion speed of the axial plasma
and the expansion speed of the radial plasma.

Figure 7. The evolution curve of the maximum plasma velocity field with time under different laser energies; (A) Axial
plasma flow field velocity curve; (B) Radial plasma flow field velocity curve.

Figure 8 shows the evolution process of the plasma expansion based on the shadow
method using a high-speed camera with a pulse width of 0.2 ms under the same laser
energy density (which was 50 μs/frame). Through calculation, we obtained the maximum
expansion velocity of the combustion wave in this process, about 18.2 m/s. The observed
experimental phenomena were in good agreement with our calculation results.

 
Figure 8. Plasma expansion process image.

Figure 9 shows the relationship between the plasma velocity field and the pulse width
at three different energy densities of 8.0 × 103 J/cm2, 9.0 × 103 J/cm2, and 1.0 × 104 J/cm2

(Figure 9A–D), respectively, corresponding to the pulse widths of 0.2 ms, 0.5 ms, 0.8 ms,
and 1.0 ms.
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Figure 9. Distribution of the plasma flow field under different pulse widths; (A) The evolution of the plasma flow field with
time when the pulse width was 0.2 ms; (B) The evolution of the plasma flow field with time when the pulse width was 0.5
ms; (C) The evolution of the plasma flow field with time when the pulse width was 0.8 ms; (D) The evolution of the plasma
flow field with time when the pulse width was 1 ms.

Figure 10 shows the relationship between the plasma expansion velocity field and
the laser pulse width under three different laser energy densities. From Figure 10, it can
be seen that when the laser energy density was 8.0 × 103 J/cm2, the maximum speeds
corresponding to 0.2 ms, 0.5 ms, 0.8 ms, and 1.0 ms were 11.545 m/s, 10.169 m/s, 8.0608 m/s,
and 6.3985 m/s. When the energy density was 9.0 × 103 J/cm2, the maximum speeds
corresponding to the simulation results were 14.76 m/s, 11.848 m/s, 9.8884 m/s, and
8.159 m/s, respectively. When the energy density was 1.0 × 104 J/cm2, the corresponding
maximum speeds were 17.7 m/s, 15.769 m/s, 13.453 m/s, and 10.046 m/s, respectively.

Comparing the plasma flow field velocity in Figures 8 and 9, it can be seen that the
time for the plasma flow field velocity to reach the maximum value increased with the
increase in the pulse width, and the maximum velocity decreased with the increase in the
pulse width. After the laser ended, the plasma flow field velocity rapidly decreased to zero.
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Figure 10. The relationship between the velocity field and pulse width under different laser en-
ergy densities.

5. Conclusions

This paper considered the laser energy transmission processes including thermal
radiation, heat conduction, and convection, and simulated the whole physical process of
the millisecond pulse laser induced fused silica to generate plasma, and the simulation
results have good convergence. The simulation of laser-induced fused silica plasma can
easily provide some details, such as the initial plasma temperature, which is not easy to
measure in the experiment. It can deepen people’s understanding of the initial details
of plasma generation and make the plasma generation process less abstract. The plasma
simulation model still has some shortcomings, and people need to continue to improve it
in future work, so that it can represent a more realistic physical process. The results were
as follows:

(1) The temperature field mainly discussed the relationship of temperature distribution
in the radial position over time. The simulation results showed that the temperature
in the center region irradiated by the laser was the highest, and plasma was first
generated in this region.

(2) In the velocity field, the plasma flow field under different laser energy densities
and pulse widths were analyzed and studied, and the relationship between the
plasma expansion law and the laser energy density and pulse width were obtained.
The simulation results showed that there was a large gap between the axial plasma
expansion speed and the radial plasma expansion speed; the plasma expansion
speed increased with the increase in the laser energy density and decreased with the
increase in the pulse width. The simulation results were in good agreement with the
experimental results, and it also provided a theoretical and experimental basis for
studying the laser-induced plasma process of fused silica materials.
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Abstract: The mid-infrared (mid-IR) continuum generation based on broadband second harmonic
generation (SHG) (or difference frequency generation) is of great interest in a wide range of ap-
plications such as free space communications, environmental monitoring, thermal imaging, high-
sensitivity metrology, gas sensing, and molecular fingerprint spectroscopy. The second-order nonlin-
ear optic (NLO) crystals have been spotlighted as a material platform for converting the wavelengths
of existing lasers into the mid-IR spectral region or for realizing tunable lasers. In particular, the
spectral coverage could be extended to ~19 μm with non-oxide NLO crystals. In this paper, we
theoretically and numerically investigated the broadband SHG properties of non-oxide mid-IR
crystals in three categories: chalcopyrite semiconductors, defect chalcopyrite, and orthorhombic
ternary chalcogenides. The technique is based on group velocity matching between interacting
waves in addition to birefringent phase matching. We will describe broadband SHG characteristics
in terms of beam propagation directions, spectral positions of resonance, effective nonlinearities,
spatial walk-offs between interacting beams, and spectral bandwidths. The results will show that the
spectral bandwidths of the fundamental wave allowed for broadband SHG to reach several hundreds
of nm. The corresponding SH spectral range spans from 1758.58 to 4737.18 nm in the non-oxide
crystals considered in this study. Such broadband SHG using short pulse trains can potentially be
applied to frequency up-conversion imaging in the mid-IR region, in information transmission, and
in nonlinear optical signal processing.

Keywords: mid-infrared photonics; chalcopyrite semiconductors; orthorhombic ternary chalcogenides;
harmonic generation; continuum generation; group velocity matching

1. Introduction

The field of mid-infrared (IR) photonics is growing rapidly due to increasing demand
for applications such as free space communications, remote sensing, environmental moni-
toring, thermal imaging, defense, IR countermeasure, medicine, gas sensing, and molecular
fingerprint spectroscopy [1–3]. Nonlinear optic (NLO) crystals—particularly with second-
order nonlinearities—have been spotlighted as a material platform for converting the
wavelengths of existing lasers into the mid-IR spectral region or for realizing tunable
lasers [4,5]. The mid-IR spectral regions up to ~4 μm could be readily accessible with
the oxide NLO crystals such as lithium niobate (LiNbO3), lithium tantalate (LiTaO3), and
potassium titanyl phosphate (KTiOPO4) [6–9]. A high peak-power mid-IR optical amplifier
using a potassium titanyl arsenate (KTiOAsO4) is also reported in [10]. These oxide crystals
have been mainly used in the near-IR region but are still transparent within 4 μm. However,
the spectral coverage of oxide NLO crystals is limited to less than 5 μm due to multi-phonon
absorption [4]. The upper spectral limit of photons generated via parametric generation
can be extended to ~19 μm using non-oxide crystals such as chalcopyrite semiconduc-
tors, orthorhombic ternary chalcogenides, and orientation-patterned (OP) semiconductors
(e.g., OP-GaAs, OP-GaP, OP-ZnSe, and OP-GaN) [4,5,11,12]. The OP semiconductors with
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periodic inversion of crystalline orientation use quasi-phase matching (QPM) for NLO in-
teractions, whereas chalcopyrite semiconductors and orthorhombic ternary chalcogenides
generally utilize birefringent phase matching (BPM). Extensive experimental studies of
mid-IR laser sources using chalcopyrite semiconductors (e.g., silver thiogallate (AgGaS2,
AGS), silver gallium selenide (AgGaSe2, AGSe), cadmium silicon phosphide (CdSiP2, CSP),
and zinc germanium phosphide (ZnGeP2, ZGP)), defect chalcopyrite crystals (e.g., mercury
thiogallate (HgGa2S4, HGS) and cadmium selenide (CdSe)), and orthorhombic ternary
chalcogenides (e.g., lithium thioindate (LiInS2, LIS), lithium thiogallate (LiGaS2, LGS),
and lithium gallium selenide (LiGaSe2, LGSe)) have been reported continuously in recent
years [13–26].

Continuum generation based on broadband second harmonic generation (SHG) (or
difference frequency generation) is of great interest in a wide range of applications. Con-
sidering the bandwidth of the continuum is inversely proportional to the group velocity
(GV) mismatch between the interacting optical waves, broadband parametric generation
is possible through GV matching [12]. Such broadband SHG using short pulse trains
can potentially be applied to frequency up-conversion imaging in the mid-IR region,
in information transmission using optical pulse signals, and in nonlinear optical signal
processing [27–29]. For example, a wave packet transmitted through a free-space com-
munication system can be decomposed into individual pulse signals by Fourier analysis
and then each optical signal containing information is modulated and controlled for by
another clock pulse train [27]. Recently, the potential to create such a continuum using
ultrashort-pulse lasers has been estimated, especially in oxide crystals [12,30]. However,
for non-oxide NLO crystals, broadband parametric generation has not yet been intensively
studied. In this paper, we theoretically and numerically investigate broadband SHGs
in three categories of commercially available non-oxide NLO crystals: (1) chalcopyrite
semiconductors exhibiting uniaxial birefringence (e.g., cadmium germanium arsenide
(CdGeAs2, CGA), AGS, AGSe, CSP, and ZGP); (2) defect chalcopyrite showing uniaxial
birefringence (e.g., thallium arsenic selenide (Tl3AsSe3, TASe), gallium selenide (GaSe),
CdSe, and HGS); and (3) orthorhombic ternary chalcogenides showing biaxial birefringence
(e.g., lithium indium selenide (LiInSe2, LISe), LIS, LGS, and LGSe). The technique is based
on GV matching between interacting waves in addition to BPM. In this simultaneous
BPM–GV matching approach, the GV mismatch (GVM) between the interacting waves is
always zero at the resonances within a specific spectral range that satisfies both the BPM
and zero GVM. For uniaxial crystals, the wavelengths satisfying the simultaneous BPM–GV
matching scheme correspond to the “magic” wavelengths in oxide crystals as reported
in [12,30]. For biaxial crystals, these magic wavelengths extend into specific magic spectral
regions, as will be discussed later. The advantage of this scheme is that the acceptable
bandwidth of the fundamental (F) wave becomes very broad. This broadband spectrum has
potential applications in multi-channel nonlinear optic signal processing. A broader input
bandwidth also means that a train of pulses with narrower temporal widths can be used
as the F-wave because the temporal width of a pulse has a Fourier transform relationship
with its spectral width. Another critical advantage of the simultaneous BPM–GV matching
scheme is that it allows for the use of long crystal lengths without considering the temporal
walk-off between the interacting waves. The NLO efficiency is proportional to the square
of the crystal length. Of course, there is still a limit on the crystal length due to the spatial
walk-off between the interacting waves but this is significantly smaller than the limit due to
the GVM, as will be described in Section 3. For each kind of non-oxide crystal, Type I and
Type II NLO interactions will be considered, in which the polarizations of two fundamental
photons to produce a second harmonic (SH) photon are either parallel to each other (for
Type I) or perpendicular to each other (for Type II). We will describe the broadband SHG
characteristics of each crystal in terms of beam propagation directions, spectral positions of
resonance, effective nonlinearities, spatial walk-offs between interacting beams, and spec-
tral bandwidths. The results will show that the spectral bandwidths of the F-wave allowed
for the broadband SHG to reach several hundreds of nm. The SH spectral range satisfying
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the simultaneous BPM–GV matchings span from 1758.58 to 4737.18 nm in the non-oxide
crystals considered in this study. Finally, potential applications of such broadband light
sources will be briefly described.

2. Materials and Theories

The non-oxide NLO crystals considered in this work are listed in Table 1. As can be
seen from Table 1, chalcopyrite semiconductors and defective chalcopyrite exhibit either
positive or negative uniaxial birefringence, whereas orthorhombic ternary chalcogenides
have biaxial birefringence. As will be described later, the type of birefringence determines
the angle tunability of the spectral position of NLO resonance. The point groups for each
crystal determines the effective nonlinearity for the given direction of the input F-beam
and are listed together in Table 1. The transparent range for each crystal is summarized in
Table 1 along with references. In this section, we will describe the theoretical details of the
BPM and GV matching properties of non-oxide NLO crystals, the effective nonlinearities,
and the spatial walk-offs between the interacting beams.

Table 1. Non-oxide nonlinear optic (NLO) crystals considered for broadband mid-IR second-harmonic generation (SHG).

Crystals Birefringence Crystal System Point Group Transparency

AgGaS2 (AGS)

Negative uniaxial

Tetragonal
42m

0.45–13 μm [31]

AgGaSe2 (AGSe) 0.71–19 μm [32]

CdSiP2 (CSP) 0.66–6.5 μm [33]

HgGa2S4 (HGS) 4 0.55–11 μm [34]

Tl3AsSe3 (TASe) Trigonal 3m 1.26–17 μm [35]

GaSe Hexagonal 62m 0.65–18 μm [36]

CdGeAs2 (CGA)

Positive uniaxial
Tetragonal 42m

2.4–18 μm [37]

ZnGeP2 (ZGP) 0.74–12 μm [36]

CdSe Hexagonal 6mm 0.8–20 μm [38]

LiInS2 (LIS)

Negative biaxial Orthorhombic mm2

0.4 μm–12 μm [39]

LiInSe2 (LISe) 0.5 μm–12 μm [40]

LiGaS2 (LGS) 0.32 μm–11.6 μm [41]

LiGaSe2 (LGSe) 0.37 μm–13.2 μm [41]

2.1. BPM and GV Matching for Broadband SHG

Figure 1 illustrates the polarization relationships of F and SH waves. H and V in
Figure 1 represent horizontal and vertical polarization directions, respectively. For Type I,
a pair of F photons with the same frequencies, ω, and polarization states produces an SH
photon with a frequency, 2ω. In this case, the SH photon and F photons have polarization
states perpendicular to each other (Figure 1a). For Type II, a pair of F photons with H and
V polarization states, respectively, generates an SH photon (Figure 1b). In the experiment,
a pair of photons with H and V polarization states were obtained from the input light
polarized at 45◦ to the horizontal direction, as shown in Figure 1b.

In uniaxial crystals, the order of the refractive index (RI) magnitude is given by either
ne < no (for negative uniaxial crystals: AGS, AGSe, CSP, HGS, TASe, and GaSe) or ne > no
(for positive uniaxial crystals: CGA, ZGP, and CdSe), where no and ne represent the RIs of
the ordinary (o) and extraordinary (e) waves in the principal axes of an index ellipsoid [42].
Then, the collinear BPM conditions can be expressed as:
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Figure 1. Schematic diagrams showing the polarization relationships of fundamental (F) and second harmonic (SH) waves
for (a) Type I and (b) Type II. V and H represent vertical and horizontal polarization directions, respectively.

Δk = |ke(2ω, θ)− 2ko(ω)| = 0 (for type I, negative uniaxial), (1)

Δk = |ke(2ω, θ)− ko(ω)− ke(ω, θ)| = 0 (for type II, negative uniaxial), (2)

Δk = |ko(2ω)− 2ke(ω, θ)| = 0 (for type I, positive uniaxial), (3)

Δk = |ko(2ω)− ko(ω)− ke(ω, θ)| = 0 (for type II, positive uniaxial), (4)

where each k represents the wave number of the interacting wave and is defined as
ko(jω) = (jω/c)no(jω) or ke(jω, θ) = (jω/c)ne(jω, θ). Here, j can be 1 or 2 and c denotes
the speed of light in vacuum. For light propagating at the angle θ to the optic axis of
uniaxial birefringence, the RI of e-wave, ne(θ), can be derived as follows using the definition
in [42]:

ne(jω, θ) =
no(jω)ne(jω)√

n2
o(jω) sin2 θ + n2

e (jω) cos2 θ
. (5)

The temporal walk-off between the interacting waves due to the difference in GV can
be defined as the time delay (ΔT) per unit crystal length as follows:

ΔT
L

=
Δng

c
, (6)

where L and Δng represent the crystal length and the group index difference between
interacting photons, respectively. When Δng = 0 in Equation (6), GV matching is achieved,
which can be simplified as:

n(g)
e (2ω, θ) = n(g)

o (ω) (for type I, negative uniaxial), (7)

2n(g)
e (2ω, θ) = n(g)

o (ω) + n(g)
e (ω, θ) (for type II, negative uniaxial), (8)

n(g)
o (2ω) = n(g)

e (ω, θ) (for type I, positive uniaxial), and (9)

2n(g)
o (2ω) = n(g)

o (ω) + n(g)
e (ω, θ) (for type II, positive uniaxial), (10)

where each superscript g in Equations (7)–(10) indicates the group index. Now, the broad-
band SHG in a negative uniaxial crystal is defined as Equations (1) and (7) (for Type I) or
Equations (2) and (8) (for Type II), being satisfied simultaneously. For a positive uniaxial
crystal, the broadband SHG condition is defined as Equations (3) and (9) (for Type I)
or Equations (4) and (10) (for Type II). Table 2 summarizes the BPM and GV matching
conditions for broadband SHG in uniaxial crystals. All equations in Table 2 are expressed
as two-variable functions for θ and ω (or for the F-wavelength, λF). Solving the system of
equations for BPM and GV matching yields a solution set of λF and θ, which determine the
center wavelength of broadband SHG and the propagation direction of the F-beam.
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Table 2. The BPM and GV matching conditions for broadband SHG in uniaxial crystals.

Type Condition Negative Uniaxial Positive Uniaxial

Type I BPM ne(2ω, θ) = no(ω) no(2ω) = ne(ω, θ)

GV matching n(g)
e (2ω, θ) = n(g)

o (ω) n(g)
o (2ω) = n(g)

e (ω, θ)

Type II BPM 2ne(2ω, θ) = no(ω) + ne(ω, θ) 2no(2ω) = no(ω) + ne(ω, θ)

GV matching 2n(g)
e (2ω, θ) = n(g)

o (ω) + n(g)
e (ω, θ) 2n(g)

o (2ω) = n(g)
o (ω) + n(g)

e (ω, θ)

The orthorhombic ternary chalcogenides considered in this study (i.e., LIS, LISe, LGS,
and LGSe) are all negative biaxial crystals belonging to the point group of orthorhombic
mm2 at room temperature (see Table 1). Their crystallographic axes (a, b, and c) are all
perpendicular to each other and have a relationship with the optical axes, where (y, x, z) = (a,
b, c), within the spectral region considered in this study [39,43–45]. In this assignment, the
order of RI magnitudes is given by nx < ny < nz. Then, the collinear BPM conditions can be
expressed as:

Δk =
∣∣∣k(l)(2ω)− 2k(h)(ω)

∣∣∣ = 0 (for type I, biaxial) and (11)

Δk =
∣∣∣k(l)(2ω)− k(h)(ω)− k(l)(ω)

∣∣∣ = 0 (for type II, biaxial), (12)

where each k represents the wave number of the interacting wave and is defined as
k(m)(jω) = (jω/c)n(m). The unit k-vector is defined in the spherical coordinate as, (sinθcosϕ,
sinθsinϕ, and cosθ). Here, θ and ϕ are the polar and azimuthal angles, respectively. The RIs
of the two eigen-polarization modes of light traveling inside a biaxial crystal are expressed
as follows by solving the Fresnel equation of the wave normal [46]:

n(m)(jω) =

√√√√ 2

−Bj ±
√

B2
j − 4Cj

. (13)

The parameters in Equation (13) are defined as follows:

Bj = −(bj + cj)k2
x − (aj + cj)k2

y − (bj + aj)k2
z, (14)

Cj = bjcjk2
x + ajcjk2

y + bjajk2
z, and (15)

aj = nx(jω), bj = ny(jω), cj = nz(jω), (16)

where each ki represents the x, y, and z-axis components of the wave vector. j can be 1
or 2 and then n(m)(ω) and n(m)(2ω) denote the RIs of the F-wave and the SH wave with
frequencies ω and 2ω, respectively. m in Equation (13) can be either l or h, representing
low or high RI. l and h are obtained by taking the plus and minus from the ± sign of the
denominator in Equation (13), respectively. The GV matching conditions Δng = 0 obtained
from Equation (6) are simplified as:

n(l)
g (2ω) = n(h)

g (ω) (for type I, biaxial) and (17)

2n(l)
g (2ω) = n(h)

g (ω) + n(l)
g (ω) (for type II, biaxial). (18)

Each subscript g in Equations (17) and (18) indicates the group index. Now, the
broadband SHG in a biaxial crystal is defined as Equations (11) and (17) (for Type I) or
Equations (12) and (18) (for Type II), being satisfied simultaneously. The BPM and GV
matching conditions for broadband SHG in biaxial crystals are listed in Table 3. Each of
these equations in Table 3 are a function of three variables: F-wavelength (λF), θ, and ϕ.
Therefore, by solving the system of equations for BPM and GV matching while changing
λF, we can get a set of solutions for θ and ϕ, i.e., the direction of the F-wave vector for
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broadband SHG at the given λF. Thus, the resonant λF can be continuously tuned by
sweeping the F-wave vector along the direction characterized by the solution set of θ and
ϕ. In other words, for the orthorhombic ternary chalcogenide considered in this study, the
spectral position of the SH wave can be selectively determined or tuned within the range
of the solution sets. In contrast, for chalcopyrite crystals exhibiting uniaxial birefringence,
SH resonance can only be achieved at a single wavelength, as discussed earlier.

Table 3. The BPM and GV matching conditions for broadband SHG in biaxial crystals.

Type Condition Negative Biaxial

Type I BPM n(l)(2ω) = n(h)(ω)

GV matching n(l)
g (2ω) = n(h)

g (ω)

Type II BPM 2n(l)(2ω) = n(h)(ω) + n(l)(ω)

GV matching 2n(l)
g (2ω) = n(h)

g (ω) + n(l)
g (ω)

2.2. Effective Nonlinearities

The effective nonlinearity of a crystal depends on its point group and the NLO
interaction type [47,48]. The point groups of chalcopyrite and defect chalcopyrite crystals
considered in this study are 42m, 4, 3m, 62m, and 6mm (see Table 1). The corresponding
analytical expressions of the effective NLO coefficients (deff) are listed in column 5 of Table 4.
In each deff expression, θ and ϕ represent the polar and azimuthal angles, respectively. The
spatial walk-off angle (ρ) between the wave vector and the Poynting vector within a
uniaxial crystal is derived as:

tan ρ =
sin 2θ

2

(
1

n2
e (ω)

− 1
n2

o(ω)

)
n2

e (ω, θ), (19)

where ne(ω,θ) is given in Equation (5). To derive this expression, we used the definition
in [49]. Note that in each deff expression (column 5 of Table 4), θ is corrected as much as ρ
(i.e., θ → θ+ρ). As the interacting beams do not usually propagate along the crystallographic
axis due to birefringence, there is a spatial walk-off between the beams even in the case of
collinear BPM. Thus, we need to correct the angle from θ to θ+ρ to obtain deff accordingly.
Considering the azimuthal angle has no effect on both BPM and GV matching conditions
as shown in Table 2, ϕ can be chosen as an arbitrary value to maximize deff. As can be
appreciated from Equation (19), ρ is also a function of λF and θ. Therefore, for uniaxial
crystals, deff can be obtained by substituting the solution sets of λF and θ that satisfy
broadband SHG conditions (i.e., Table 2). The NLO efficiency is proportional to the
square of deff for a given direction of beam propagation [42]. The dil components on the
crystallographic axes were chosen as the measurements closest to the spectral region to be
considered in this study and their references are also given in column 3 of Table 4.

For biaxial birefringent crystals such as orthorhombic ternary chalcogenides, the
effective NLO coefficients for a given direction of the F-wave can generally be expressed as
a linear combination of dil components as follows:

d(t)e f f = ξ
(t)
1 d15 + ξ

(t)
2 d24 + ξ

(t)
3 d31 + ξ

(t)
4 d32 + ξ

(t)
5 d33, (20)

where the superscript t can be either I or II and represents Type I and Type II NLO
interactions, respectively. The dil components on the crystallographic axes were chosen
as the measurements closest to the spectral region to be considered in this study and the
values are given in Table 5 with references. Each ξ coefficient in Equation (20) is determined
by the relationship between the optical axes and the crystallographic axes of a biaxial
crystal [48]. For mm2 crystals (e.g., LIS, LISe, LGS, and LGSe) showing the relationships of
(y, x, z) = (a, b, c), the ξ-coefficients are given as follows:
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Table 4. Effective NLO coefficients (deff) of chalcopyrite crystals showing uniaxial birefringence.

Crystals Point Group dil Component (pm/V) BPM Type deff Expression 1

AGS 42m
d36 = 13.7

(@ λF = 2.53 μm [50])
Type I −d36 sin(θ + ρ) sin 2ϕ
Type II d36 sin[2(θ + ρ)] cos 2ϕ

AGSe 42m
d36 = 33

(@ λF = 2.3 μm [51])
Type I −d36 sin(θ + ρ) sin 2ϕ
Type II d36 sin[2(θ + ρ)] cos 2ϕ

CSP 42m
d36 = 84.5

(@ λF = 4.56 μm [52])
Type I −d36 sin(θ + ρ) sin 2ϕ
Type II d36 sin[2(θ + ρ)] cos 2ϕ

HGS 4
d36 = 31.5, d31 = 10.5

(@ λF = 1.064 μm [53])
Type I sin(θ + ρ)(d36 sin 2ϕ + d31 cos 2ϕ)
Type II sin[2(θ + ρ)](d36 cos 2ϕ − d31 sin 2ϕ)

TASe 3m
d22 = 32, d31 = 20

(@ λF = 10.6 μm [54])
Type I d15 sin(θ + ρ)− d22 cos(θ + ρ) sin 3ϕ
Type II d22 cos2(θ + ρ) cos 3ϕ

GaSe 62m
d22 = 54

(@ λF = 10.6 μm [51])
Type I −d22 cos(θ + ρ) sin 3ϕ
Type II d22 cos2(θ + ρ) cos 3ϕ

CGA 42m
d36 = 186

(@ λF = 5.2955 μm [55])
Type I d36 sin[2(θ + ρ)] cos 2ϕ
Type II −d36 sin(θ + ρ) sin 2ϕ

ZGP 42m
d36 = 70

(@ λF = 5.2955 μm [56])
Type I d36 sin[2(θ + ρ)] cos 2ϕ
Type II −d36 sin(θ + ρ) sin 2ϕ

CdSe 6mm
d31 = 18

(@ λF = 10.6 μm [51])
Type I 0
Type II d31 sin(θ + ρ)

1 The walk-off angle ρ is given as a function of the polar angle θ at resonance (see Equation (19)).

ξ
(I)
1 = 2AH(BCH + EG)(BCE − GH),

ξ
(I)
2 = 2AH(BEG + CH)(BGH − CE),

ξ
(I)
3 = AE(BCH + EG)2,

ξ
(I)
4 = AE(BGH − CE)2,

ξ
(I)
5 = A3H2E,

(21)

ξ
(I I)
1 = −AE(BCH + GE)(BCE − GH)− AH(BCE − GH)2,

ξ
(I I)
2 = −AE(BGE + CH)(BGH − CE)− AH(BGE + CH)2,

ξ
(I I)
3 = −AE(BCH + GE)(BCE − GH),

ξ
(I I)
4 = −AE(BGE + CH)(BGH − CE),

ξ
(I I)
5 = −A3E2H,

(22)

where the angle-dependent parameters of A, B, C, G, E, and H represent sinθ, cos θ, sinϕ,
cosϕ, sinδ, and cosδ, respectively. The angle δ introduced for convenience only is defined as:

tan δ ≡ 2BGC
A2 cot2 Vz − B2G2 + C2 , (23)

where Vz represents the angle between the z-axis and the optic axis of biaxial birefringence.
For biaxial crystals with a relationship of nx < ny < nz, such as all four chalcogenides
considered in this study, Vz is given by:

sin Vz =
nz(n2

y − n2
x)

1/2

ny(n2
z − n2

x)
1/2 . (24)

As Vz is a function of RI, deff is given as a function of the three variables λF, θ, and ϕ.
Thus, deff can be obtained by substituting the set of solutions for λF, θ, and ϕ, satisfying the
broadband SHG conditions (i.e., Table 3). The SHG efficiency is proportional to the square
of deff for a given direction of beam propagation [42].
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Table 5. The dil components of orthorhombic ternary chalcogenides considered in this study.

Crystals Point Group dil Components (pm/V) 1

LIS

mm2

d31 = 7.2 ± 0.4, d32 = 5.7 ± 0.6, d33 = −16 ± 4 (@ λF = 2.53 μm [57])

LISe d31 = 11.78 ± 5%, d32 = 8.17 ± 10%, d33 = −16 ± 25% (@ λF = 2.53 μm [40])

LGS d31 =5.8, d32 = 5.1, d33 = −10.7 (@ λF = 2.53 μm [58])

LGSe d31 = 9.9, d32 = 7.7, d33 = −18.2 (@ λF = 2.53 μm [58])
1 d31 = d15 and d32 = d24 under Kleinman symmetry.

2.3. Spatial Walk-Off

If the wave vector of the input light is not parallel to one of the crystallographic axes, a
spatial walk-off occurs between the wave vector and the Poynting vector inside the crystal,
as described in Equation (19). For uniaxial crystals, ρ corresponds to the angle between
the o-wave and e-wave [42]. Then, the largest walk-off angle (w) between the SH-beam
and one of the two F-beams can be defined as the maximum angle between the interacting
o and e-waves. As can be appreciated from the BPM conditions in Table 2, w is equal to
ρω (for positive uniaxial crystals) or ρ2ω (for negative uniaxial crystals), where ρω and ρ2ω

represent the walk-off angles of the e-waves with frequencies ω and 2ω, respectively. We
note that for Type II, the relationship of ρ2ω > ρω is valid in the uniaxial crystals considered
in this study [59]. As expected from Equation (19), w is also given as a two-variable function
for λF and θ, and thus can be obtained by substituting a set of solutions for λF and θ that
satisfy the broadband SHG conditions in Table 2.

For biaxial crystals with the point symmetry mm2, the walk-off angle is expressed as:

tan ρ
(m)
j ≡

{
n(m)(jω)

}2

⎡
⎢⎣
⎛
⎝ kx{

n(m)(jω)
}−2 − aj

⎞
⎠

2

+

⎛
⎝ ky{

n(m)(jω)
}−2 − bj

⎞
⎠

2

+

⎛
⎝ kz{

n(m)(jω)
}−2 − cj

⎞
⎠

2
⎤
⎥⎦
−1/2

(25)

where all parameters of Equation (25) are defined in Equations (13)–(16). For Type I, w is
simply determined by the angle between the low-RI SH-beam and the high-RI F-beam, as
can be appreciated from Table 3. However, for Type II, the low-RI F-beam is always placed
between the high-RI F-beam and the low-RI SH-beam [60,61]. In this case, w is defined as
the largest angle formed by the high-RI F-beam and the low-RI SH-beam:

cos w = cos ρ
(h)
1 cos ρ

(l)
2 . (26)

Now, w is also given as a function of the three variables λF, θ, and ϕ, which can be
obtained by substituting the solution sets of λF, θ, and ϕ, satisfying the broadband SHG
into Equation (26). The maximum deviation between the interacting beams after passing
through an NLO crystal of length L can be expressed as:

Δ = L tan w. (27)

3. Simulations and Discussion

3.1. Broadband SHG in Uniaxial Chalcopyrite and Defect Chalcopyrite Crystals

Figure 2 shows the BPM properties of negative uniaxial crystals among chalcopyrite
semiconductors and defect chalcopyrite, namely AGS, AGSe, CSP, HGS, TASe, and GaSe
(see Table 1). The red and blue surfaces represent ne(λF/2,θ) and no(λF) (for Type I) or
2ne(λF/2,θ) and no(λF) + ne(λF,θ) (for Type II), as expected from Table 2. The base of the
coordinates is the plane formed by the angles θ and λF, indicating the direction of the
F-wave vector and the wavelength, respectively. Each intersection of the two surfaces in
Figure 2 indicates that the BPM is possible over a specific range of λF. The results show
that both Type I and Type II NLO interactions are possible in all considered cases of AGS,
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AGSe, CSP, HGS, TASe, and GaSe. Figure 3 shows the BPM properties of chalcopyrite
semiconductors and defect chalcopyrite exhibiting positive uniaxial birefringence (i.e.,
CGA, ZGP, and CdSe, as listed in Table 1). In this case, the red and blue surfaces represent
no(λF/2) and ne(λF,θ) (for Type I) or 2no(λF/2) and no(λF) + ne(λF,θ) (for Type II). As shown
in Figure 3d,f, the two surfaces do not intersect and thus Type II interactions are not possible
for ZGP and CdSe. Therefore, for chalcopyrite crystals with positive uniaxial birefringence
(see Table 1), two types of BPM are possible in CGA, whereas only Type I interactions are
possible in ZGP and CdSe. However, as the effective nonlinearity of CdSe for Type I is zero
(i.e., deff = 0 in Table 4), consequently, SHG is not possible for both Types I and II in CdSe.

 

Figure 2. BPM properties of negative uniaxial crystals among chalcopyrite semiconductors and defect chalcopyrite exhibiting
negative uniaxial birefringence: (a) Type I and (b) Type II in AGS; (c) Type I and (d) Type II in AGSe; (e) Type I and (f) Type
II in CSP; (g) Type I and (h) Type II in HGS; (i) Type I and (j) Type II in TASe; and (k) Type I and (l) Type II in GaSe. The red
and blue surfaces represent ne(λF/2,θ) and no(λF) (for Type I) or 2ne(λF/2,θ) and no(λF) + ne(λF,θ) (for Type II).
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Figure 3. BPM properties of chalcopyrite semiconductors and defect chalcopyrite exhibiting positive uniaxial birefringence:
(a) Type I and (b) Type II in CGA; (c) Type I and (d) Type II in ZGP; and (e) Type I and (f) Type II in CdSe. The red and blue
surfaces represent no(λF/2) and ne(λF,θ) (for Type I) or 2no(λF/2) and no(λF) + ne(λF,θ) (for Type II).

Figure 4 shows the numerical simulation results of the BPM and GV matching for the
broadband SHG: Figure 4a–h correspond to AGS, AGSe, CSP, HGS, TASe, GaSe, CGA, and
ZGP, respectively. The solid red and blue lines in each graph represent the BPM curves
for Type I and Type II, respectively, corresponding to the intersection lines in Figures 2
and 3. The dashed magenta and cyan lines in each graph correspond to the GV matching
curves for Type I and Type II, respectively, which are plotted using Equations (7)–(10). The
intersection of the red and magenta (or blue and cyan) curves in Figure 4 indicates the
specific direction of the F-wave vector (i.e., θBPM) and the λF value corresponding to the SH
resonance for Type I (or Type II). As discussed earlier, for ZGP, the BPM and GV matching
curves intersect only for Type I (see Figure 4g). The F-wave resonances for the broadband
SHG, the corresponding SH wavelengths, and the directions of the F-wave vector for the
BPM obtained at the intersections in Figure 4 are summarized in Table 6. The Sellmeier
equations of each crystal used in the calculations are listed together in Table 6. The F-wave
resonances are interspersed in the spectral range of 4.37–9.47 μm, which corresponds to the
spectral range of various mid-IR lasers such as high-power quantum cascade lasers (QCLs)
based on buried-ridge or strain-balanced waveguides (WGs); distributed feedback (DFB)
lasers based on plasmon-enhanced WGs or corrugated surface gratings; external cavity
lasers in various bound-to-continuum designs; solid state lasers based on chalcogenide
crystals doped with Fe2+; and gas lasers [62–75].
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Figure 4. BPM and GV matching curves of (a) AGS, (b) AGSe, (c) CSP, (d) HGS, (e) TASe, (f) GaSe, (g) CGA, and (h) ZGP.
The intersection of the red and magenta (or blue and cyan) curves indicates the direction of the F-wave vector (i.e., θ) and
the λF value corresponding to the SH resonance for Type I (or Type II).

Table 6. Broadband SHG conditions in mid-IR uniaxial crystals: the resonant F-wavelengths (λF) and the corresponding SH
wavelengths, (λSH); the BPM direction (θBPM); the effective NLO coefficients (deff); the maximum walk-off angles between
the interacting waves (w); and the acceptable F-bandwidths for the broadband SHG (ΔλF).

Crystals BPM Type λF (nm) λSH (nm) θBPM (◦)
|deff|

(pm/V) 1 w (◦) ΔλF (nm)

AGS [76]
Type I 4386.04 2193.02 31.92 7.5 1.16 488.69
Type II 4373.83 2186.92 48.87 13.5 1.27 484.71

AGSe [77]
Type I 6224.24 3112.12 39.93 21.5 0.70 870.19
Type II 6271.35 3135.67 67.21 23.2 0.50 868.39

CSP [52]
Type I 5315.10 2657.55 42.36 57.5 0.53 697.04
Type II 5270.76 2635.38 74.35 43.2 0.27 669.20

HGS [78]
Type I 4438.55 2219.28 35.16 27.2 0.94 506.49
Type II 4412.72 2206.36 54.18 31.2 0.93 506.54

TASe [35]
Type I 9076.20 4538.10 17.95 18.6 2.12 1122.97
Type II 9140.37 4570.18 25.64 24.7 2.79 1145.78

GaSe [79]
Type I 5625.28 2812.64 10.57 52.5 2.99 760.91
Type II 5620.10 2810.05 15.08 48.2 4.12 760.70

CGA [55]
Type I 9474.36 4737.18 32.13 163.6 −1.33 1164.03
Type II 9474.36 4737.18 48.44 135.9 −1.49 1164.24

ZGP [80]
Type I 6006.92 3003.46 45.75 70.0 −0.70 644.54
Type II - - - - - -

CdSe [81]
Type I 6380.33 3190.17 53.04 0 −0.44 -
Type II - - - - - -

1 The tensor components (dil) used for the calculations are listed in Table 4.
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Considering the NLO efficiency is proportional to the square of deff, it is critical to
estimate the effective nonlinearity for the given direction of the F-wave vector that satisfies
the broadband SHG. Figure 5 shows the polar-plots of the deff values as a function of θ,
which were numerically calculated using the analytical equations for chalcopyrite uniaxial
crystals in Table 4. The walk-off effects in Equation (19) were considered in the calculation
results as discussed in Table 4. As shown in Figure 5, each polar-plot of deff exhibits
two-fold or four-fold rotational symmetry with respect to θ, which is determined by the
point symmetry of the crystal. The deff values calculated for the directions (θBPM) of the
F-wave satisfying the broadband SHG conditions are listed in column 6 of Table 6. For all
considered cases except CdSe, the deff values are very large, from 7.5 pm/V to 163.6 pm/V,
which are much larger than the maximum deff for typical 5-mol% MgO-doped periodically
poled LiNbO3 (MgO:PPLN) using the first-order QPM: (2/π)d31 = ~2.80 pm/V for Type
I and II [59]. The walk-off angle w, calculated using the solution set of λF and θ for the
broadband SHG, are listed in column 7 of Table 6. The calculated values of w are either
positive (for negative uniaxial crystals) or negative (for positive uniaxial crystals) because
the deviation of the e-ray with respect to the o-ray is opposite depending on the type of
uniaxial crystal. The estimated walk-offs can be sufficiently overcome by a large beam
window in thick crystals. The calculated values of deff and w are also summarized in Table 6
along with other conditions for the broadband SHG.

Now, we will discuss the acceptable bandwidth of the F-wave for the broadband
SHG. Figure 6 shows the spectra of F-waves that are acceptable for the broadband SHG in
uniaxial mid-IR crystals, in which the solid red and dashed blue lines indicate Type I and II,
respectively. The spectra of F-waves were plotted using the well-known spectral equation
in the coupled mode theory, in which the NLO interaction length used in the calculation is
10 mm [42]. In the proposed simultaneous BPM–GV matching scheme, the crystal length is
not limited by the temporal walk-off between the interacting wave due to the zero GVM.
A crystal length of 10 mm was chosen as a reference value for comparison. In the F-wave
spectra of GaSe and CGA shown in Figure 6f,g, respectively, the curves for Types I and II
almost overlap because the spectral positions of the resonances and their bandwidths in
the two types are almost the same. In the case of ZGP, as described earlier, Type II does
not exist, thus only the red curve corresponding to Type I is plotted in Figure 6h. The
center wavelength (λF) of each graph in Figure 6 and the calculated bandwidths (ΔλF) are
summarized Table 6. The calculated bandwidths span from 488.69 nm to 1164.24 nm in
full-width-half-maximum (FWHM) as listed in Table 6. Considering such broad spectral
bandwidth can cover the full spectral width of sub-picosecond pulses, as shown in Figure 6,
the SHG process can be used for continuum generation, as expected in [12,30]. For example,
assuming transform-limited Gaussian pulses, the calculated input bandwidths correspond
to the temporal widths ranging from 56.4 fs to 113.2 fs. In particular, parametric up-
conversion using short pulse trains can potentially be applied to optical imaging and
microscopy in the mid-IR region, in information transmission, and nonlinear optical signal
processing. [27–29].
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Figure 5. The polar-plots of the deff values shown as a function of θ, which were numerically calculated using the analytical
equations for chalcopyrite uniaxial crystals in Table 4. (a) Type I and (b) Type II in AGS; (c) Type I and (d) Type II in AGSe;
(e) Type I and (f) Type II in CSP; (g) Type I and (h) Type II in HGS; (i) Type I and (j) Type II in TASe; (k) Type I and (l) Type
II in GaSe; (m) Type I and (n) Type II in CGA; and (o) Type I in ZGP.
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Figure 6. The spectra of F-waves that are acceptable for broadband SHG in uniaxial mid-IR crystals: (a) AGS, (b) AGSe,
(c) CSP, (d) HGS, (e) TASe, (f) GaSe, (g) CGA, and (h) ZGP. Solid red line: Type I; dashed blue line: Type II.

3.2. Broadband SHG in Biaxial Orthorhombic Ternary Chalcogenides

Figure 7 shows the BPM and GV matching properties of biaxial orthorhombic ternary
chalcogenides, namely LIS, LISe, LGS, and LGSe in Table 1. The vertical axis of λF covers
the mid-IR spectral range and the base of the coordinates is the plane formed by the
angles θ and ϕ representing the direction of the F-wave vector. The red and magenta (or
blue and cyan) surfaces in each graph indicate the BPM and GV matching surfaces for
Type I (or Type II, respectively), which were calculated using the equations in Table 3.
In each graph in Figure 7, the intersection line of the two surfaces spans a specific range
of λF, θ, and ϕ, where the BPM and GV matching is satisfied simultaneously (i.e., the
broadband SHG condition). This means that the spectral position of the F-wave resonance
can be selectively determined or tuned within that range of λF, θ, and ϕ, satisfying the
broadband SHG conditions. In contrast, for uniaxial mid-IR crystals such as chalcopyrite
semiconductors, the F-wave resonance can only be achieved at a single wavelength, as
described in Section 3.1.

Figure 8 plots the directions of the F-wave vector (i.e., θ and ϕ) as functions of the res-
onant λF, corresponding to the intersection lines in Figure 7. As can be seen from Figure 8,
for both types, the F-wave vector satisfying the broadband SHG conditions deviates more
from the optical x and z-axis at shorter wavelengths. The F-wave resonance (λF) ranges,
corresponding SH wavelength (λSH) ranges, and F-wave vector directions (θ and ϕ) for
the broadband SHG are listed in Table 7 by the BPM type of each crystal. The Sellmeier
equations for the mid-IR biaxial crystal used in the calculations are listed together in Table 7.
The F-wave resonances span over the spectral range of 3.5–5.1 μm, which corresponds to
the spectral range of mid-IR lasers such as high-power QCLs, DFB lasers, optical parametric
oscillator lasers, solid state crystalline lasers, and gas lasers [65,66,70–74,82–85].
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Figure 7. Numerical simulation results of BPM and GV matching in biaxial orthorhombic ternary chalcogenides: (a) Type I
and (b) Type II in LIS; (c) Type I and (d) Type II in LISe; (e) Type I and (f) Type II in LGS; and (g) Type I and (h) Type II
in LGSe.

Table 7. Broadband SHG conditions of mid-IR biaxial crystals: the ranges of λF and λSH, and the corresponding range of
the F-wave vector direction (θ and ϕ).

Crystals BPM Type λF Range (nm) λSH Range (nm) ϕ Range (◦) θ Range (◦)

LIS [39]
Type I 3769.29—3879.91 1884.64—1939.95 26.10—0.00 90.00—45.57

Type II 3809.60—3856.09 1904.80—1928.04 49.39—0.00 90.00—25.75

LISe [43]
Type I 4926.06—5095.49 2463.03—2547.75 22.31—0.00 90.00—51.91

Type II 4981.24—5039.20 2490.62—2519.60 40.71—0.00 90.00—37.53

LGS [44]
Type I 3517.15—3601.95 1758.58—1800.98 31.69—0.00 90.00—54.48

Type II 3535.79—3567.88 1767.90—1783.94 49.69—0.00 90.00—37.22

LGSe [45]
Type I 4259.98—4288.26 2129.99—2144.13 27.21—0.00 90.00—56.60

Type II 4258.53—4269.03 2129.26—2134.52 43.32—0.00 90.00—42.01

The magnitudes of the effective NLO coefficients (deff) of biaxial crystals are deter-
mined by the set of solutions for λF, θ, and ϕ, satisfying the broadband SHG conditions,
as described in the paragraphs with Equations (20)–(24). We note, again, that it is im-
portant to estimate the deff values for the given conditions because the efficiency of SHG
is proportional to the square of deff. The deff values were calculated numerically using
Equations (20)–(24) and the results are plotted in Figure 9 as functions of the resonant λF,
corresponding to the horizontal axis in each graph in Figure 8. This region of λF corre-
sponds to the spectral region of the F-wave resonance that satisfies the broadband SHG
conditions (i.e., the intersection lines shown in Figure 7). The solid red and blue curves
in Figure 9 represent the calculated deff values for Type I and II, respectively. For each
interaction type, the change in the deff value with the increasing λF shows a similar trend
for the four kinds of biaxial crystals (LIS, LISe, LGS, and LGSe). It is interesting to note that
for Type II, the deff value is greatest when the direction of the F-wave vector is in the x-y
plane (i.e., θ = 90◦), as shown Figure 9 and in column 6 of Table 7. In Figure 9, the λF values
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obtained at the peak points of each graph are summarized in Table 8, in addition to the
corresponding λSH, the direction of the F-wave vector (θ and ϕ), and the deff values. As can
be seen from Table 8, the deff values calculated for the orthorhombic ternary chalcogenides
are still larger than that of MgO:PPLN (~2.8 pm/V), as discussed in Section 3.1, but overall
are slightly smaller than those of the chalcopyrite crystals (see Table 6).

 

° °

Figure 8. The directions (θ and ϕ) of F-wave vectors plotted as functions of λF satisfying the broadband SHG conditions.
(a) Type I and (b) Type II in LIS; (c) Type I and (d) Type II in LISe; (e) Type I and (f) Type II in LGS; and (g) Type I and
(h) Type II in LGSe.

The maximum walk-off angles (w) between the interacting waves calculated at the
maximum deff value points (in Figure 9) using Equation (26) are listed in column 8 of Table 8.
The calculated w values are less than 1.25◦ for all considered cases. The corresponding
maximum beam deviation (Δ) calculated using Equations (27) is 22.8 μm/mm, which
can be sufficiently overcome by using a larger-size F-beam in thick crystals. Considering
these values are smaller than those of other widely used NLO crystals (e.g., w = 3.5◦
and Δ = 61.16 μm/mm for BBO), longer NLO interaction lengths within crystals can be
used for higher SHG efficiency [42]. In particular, the efficient SHG with these small
spatial-walk-offs is very desirable for terahertz generation from mid-infrared two-color
laser filaments [86,87].
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Figure 9. The effective NLO coefficient (deff) plotted as functions of λF satisfying the broadband SHG conditions. (a) Type I
and (b) Type II in LIS; (c) Type I and (d) Type II in LISe; (e) Type I and (f) Type II in LGS; and (g) Type I and (h) Type II
in LGSe.

Table 8. Broadband SHG conditions for the maximum deff: the resonant F-wavelength (λF), the direction of the F-wave vector
(i.e., θ and ϕ), the effective NLO coefficient (deff), the walk-off angle (w), and the acceptable bandwidth of the F-wave (ΔλF).

Crystals BPM Type λF (nm) λSH (nm) ϕ (◦) θ (◦)
|deff|

(pm/V) 1 w (◦) ΔλF (nm)

LIS
Type I 3781.02 1890.51 26.58 76.84 9.4 0.86 402.05

Type II 3809.60 1904.80 49.39 90.00 6.3 0.94 410.30

LISe
Type I 4940.40 2470.20 22.55 78.97 12.3 0.82 629.79

Type II 4981.24 2490.62 40.71 90.00 10.2 1.01 648.12

LGS
Type I 3524.58 1762.29 30.67 80.07 7.1 1.03 369.30

Type II 3535.79 1767.90 49.69 90.00 5.4 1.11 375.76

LGSe
Type I 4262.46 2131.23 26.41 80.65 12.2 1.06 488.26

Type II 4258.53 2129.26 43.32 90.00 8.9 1.25 491.01
1 The tensor components (dil) used for the calculations are listed in Table 5.

Finally, we describe the spectral bandwidths of F-waves allowed for broadband SHG in
LIS, LISe, LGS, and LGSe. Figure 10 shows the F-wave spectra acceptable for the broadband
SHG, in which the solid red and dashed blue curves indicate the spectra for Type I and II,
respectively. The graphs were plotted using the well-known NLO coupled mode theory,
in which the NLO interaction length of 10 mm was used in the calculations [42]. Each
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graph in Figure 10 is plotted for the case where deff has a maximum value in each crystal
(i.e., the cases listed in Table 8). The spectral positions of F-wave resonances (λF) in each
graph of Figure 10 and the calculated bandwidths (ΔλF) are summarized in Table 8. The
calculated bandwidths span from 369.30 nm to 648.12 nm in FWHM as listed in Table 8.
In contrast to uniaxial crystals, the spectral position of the resonance in biaxial crystals
can be tuned by sweeping the F-wave vector within the ranges of θ and ϕ as in Figure 8,
while maintaining the broad bandwidth. As in the cases of uniaxial chalcopyrite crystals,
such broad spectral bandwidth can cover the full spectral width of sub-picosecond pulses,
allowing the SHG process to be used for continuum generation [12,30]. In particular,
parametric up-conversion using short pulse trains can potentially be applied to optical
imaging and microscopy in the mid-IR region, in information transmission using optical
pulse signals, and in nonlinear optical signal processing [27–29].

 

Figure 10. The spectra of F-waves that are acceptable for broadband SHG in biaxial mid-IR crystals: (a) LIS, (b) LISe, (c) LGS,
and (d) LGSe. Solid red line: Type I; dashed blue line: Type II.

We note that the spectra plotted in Figures 6 and 10 show the spectral shapes of
the input F-waves that allow for the generation of SH waves but not the spectral shape
of the output SH-beam (or pulse). In order to accurately estimate the pulse broadening
(or distortion) after passing through the crystal, the parameters for dispersion and other
third-order nonlinearities at the resonances that we specified in this study (satisfying the
BPM and zero GVM, simultaneously) should be first measured, but this has not been done
enough yet in the previous publications. In other words, sufficient information has not yet
been accumulated for pulse analysis after passing the crystal at resonances located in the
spectral region where GVM is zero. We therefore believe that our study is very timely and
can provide initial conditions for researchers to conduct potential experiments with light
pulses in a simultaneous BPM–GV matching scheme. We hope that this study will inspire
our readers and help them in their future experimental research using optical pulses.

4. Conclusions

We have theoretically and numerically investigated the broadband SHG properties
of non-oxide NLO crystals including uniaxial chalcopyrite semiconductors and defect
chalcopyrite (i.e., AGS, AGSe, CSP, HGS, TASe, GaSe, CGA, ZGP, and CdSe) as well as
biaxial orthorhombic ternary chalcogenides (i.e., LIS, LISe, LGS, and LGSe). The BPM and
GV matching properties (including the spectral position of resonance and the corresponding
range of the F-vector direction), effective nonlinearities, spatial walk-offs, and acceptable
F-wave spectra and bandwidths were discussed both theoretically and numerically. The
effective nonlinearities were generally high in the uniaxial birefringent crystals, whereas
the biaxial birefringent crystals had the advantage of exhibiting angular tunability of
the spectral resonance. The calculated acceptable bandwidths of the F-wave range from
488.69 nm to 1164.24 nm (for uniaxial crystals) or from 369.30 nm to 648.12 nm (for biaxial
crystals) in FWHM. Such broadband SHG using short pulse trains can potentially be applied
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to frequency up-conversion imaging in the mid-IR region, in information transmission
using optical pulse signals, and in nonlinear optical signal processing.
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Abstract: Dy3+-doped CaF2-SrF2 crystals with various Dy3+ dopant concentrations were synthesized
by multicrucible temperature gradient technology (MC-TGT). Dy:CaF2-SrF2 crystals were fluorite
structured and crystallized in cubic Fm3m space group, as characterized by X-ray diffraction. The
crystallographic site concentration was calculated from the measured density by Archimedes’ hy-
drostatic weighing principle. The optical transmission reached over 90% with a sample thickness of
1.0 mm. The Sellmeier dispersion formula was obtained following the measured refractive index in a
mid-IR range of 1.7–11 μm. Absorption coefficients of 6.06 cm−1 and 12.71 cm−1 were obtained at
804 nm and 1094 nm in 15% Dy:CaF2-SrF2 crystal. The fluorescence spectra of 15 at.% Dy:CaF2-SrF2

showed the strongest wavelength peak at 2919 nm with a full width at half maximum (FWHM) of
267 nm under an excitation wavelength of 808 nm. The fluorescence lifetimes were illustrated for
different Dy3+ dopant levels of 5%, 10% and 15%. The results indicate that the Dy:CaF2-SrF2 crystal
is a promising candidate for compact mid-IR lasers.

Keywords: Dy:CaF2-SrF2; crystal growth; temperature gradient technology; midinfrared crystal;
Sellmeier dispersion formula

1. Introduction

Midinfrared (mid-IR) lasers are considered of great importance due to their wide ap-
plications in fundamental and practical fields such as directional infrared countermeasures,
atmospheric monitoring, biomedicine, medical laser, optical communication and high-
energy physics [1]. Directly pumped mid-IR solid-state lasers have attracted significant
attention due to their advantages such as simple system composition, compact size, high
efficiency and high output power. Active ions and host materials are both important in
obtaining diode laser pumped solid-state lasers.

Rare-earth ions (Tm3+, Er3+, Ho3+ and Dy3+) are the preferred active ions for laser
emission in the mid-IR spectral range. Tm3+, Er3+, Ho3+ ions have been reported with
2–3 μm lasing in crystalline or glass hosts such as Tm:YAG [2], Tm:YLF [3], Tm:ZBLAN [4],
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Tm:SrF2 [5], Ho:CaF2 [6], Ho:YAG [7], Er:SrF2 [8] and Er:YSGG [9]. With energy transitions
corresponding to 2.3–3.4 μm and 4.0–6.2 μm, Dy3+ is recognized as an active ion with high
potential applications for mid-IR lasers. However, compared with other rare-earth ions,
such as Tm3+, Er3+ and Ho3+, laser emissions from Dy3+ ion-based solid-state systems are
relatively rare. In addition, the intrinsic emission wavelengths of Dy3+ include emission
band peaks around 2.4, 3.4, 4.3 and 5.4 μm. Owing to the even electron number of 4f
electron shells in Dy3+ and Stark effects in different crystal fields, a smooth broadband
emission spectrum around 2.3–3.4 μm could lead to tunable or ultrafast laser output.

Recently, Dy3+ laser has been investigated in fluorozirconate ZBLAN glass fiber with
compositions of ZrF4, BaF2, LaF3, AlF3 and NaF. In 2003, Jackson reported a 2.9 μm CW
laser from Dy:ZBLAN with maximum output power of 275 mW and slope efficiency of
4.5% [10]. In 2011, Tsang and El-Taher demonstrated an efficient Dy:ZBLAN fiber lasing
around 3 μm with slope efficiency of 23%. However, the output power was limited to
100 mW [11]. In 2016, Majewski et al. reported a Dy:ZBLAN laser at 3.04 μm, with a
slope efficiency of 51% and maximum output of 80 mW [12]. In 2018, Woodward et al.
successfully obtained watt-level Dy:ZBLAN fiber laser at 3.15 μm with slope efficiency
of 73% [13]. In contrast, Dy3+-doped crystals are yet to be explored for mid-IR lasers.
Currently, the Dy3+-doped crystalline host is limited in fluoride and thiogallate crystals
such as Dy:BaY2F8 [14], Dy:LYF [15], Dy:PbGa2S4 [16,17] and Dy:CaGa2S4 [18]. Due to
superior thermal, mechanical and moisture-proof properties, the Dy3+-doped crystalline
host is expected to have good performance in the mid-IR spectral range compared with
those in ZBLAN fiber.

In this work, a family of CaF2-SrF2 crystals doped with Dy(III) was prepared to
generate efficient mid-IR emission properties for potential applications in mid-IR lasers.
CaF2-SrF2 crystal was selected as host material with a molar ratio of 1:1 for Ca/Sr, as
inspired by predominant optical properties when doped with rare-earth ions such as
Yb3+ [19,20]. Meanwhile, CaF2-SrF2 possesses low phonon energy, which is of benefit to
weaken nonradiative decay from intermediate states to lower ground states in rare-earth
ions [21,22]. Moreover, CaF2-SrF2 is an azeotrope system, and even the composition ratio
of Ca/Sr is different [23,24]. Karimov et al. reported the growth of mixed crystals at the
azeotrope point [25].

This research work focuses on crystal growth of Dy:CaF2-SrF2 with different Dy3+

dopant concentrations. The refractive index and related Sellmeier dispersion formula were
obtained in the range of 1.7–11 μm. Optical characterization was conducted in the mid-IR
spectral range, followed by the discussions of the energy transfer path in Dy:CaF2-SrF2
crystal.

2. Materials and Methods

2.1. Crystal Growth

Dy:CaF2-SrF2 crystal boules, with Dy3+ concentrations of 5 at.%, 10 at.% and 15 at.%,
were fabricated by multicrucible temperature gradient technology (MC-TGT). TGT is a
directional solidification technique adapted for the growth of high-temperature crystals [26].
The traditional TGT method allows for one-crucible crystal growth. To enhance growth
efficiency, we developed an MC-TGT that allows obtaining multiple crystal boules in the
one-growth process [22]. Six crucibles were fixed in the furnace. Benefiting from the
azeotrope properties of CaF2-SrF2, no crystal seed was used. A stable temperature gradient
was then built around the crucible to conduct latent heat and to promote crystallization.
The starting materials were CaF2, SrF2 and DyF3 powders with purity higher than 99.995%.
The raw materials were mixed according to Ca/Sr molar ratio of 1:1 before placing it in a
graphite crucible. Then, 1 wt.% PbF2 was added to remove oxygen. The melting points
of DyF3, CaF2 and SrF2 are 1360 ◦C, 1420 ◦C and 1477 ◦C, respectively. The furnace was
insulated for 3 h at 1530 ◦C while evacuating to 10−3 Pa. The cooling rate for crystal
growth was set at 1.5 ◦C/h. After growth, the crucible was cooled to room temperature
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at a cooling rate of 20 ◦C/h. The Dy:CaF2-SrF2 crystals were then cut and processed for
subsequent tests.

2.2. Characterizations

The segregation coefficient of Dy3+ ion in the CaF2-SrF2 host was detected by in-
ductively coupled plasma atomic emission spectrometry (ICP-AES). The sample was cut
from the initial part of the crystal and then ground into fine powder in an agate mortar.
The solvent was a mixture of phosphoric acid and boric acid. After obtaining the weight
percentage of Dy3+, Ca2+ and Sr2+ in the solvent, the dopant level of Dy3+ was calculated.
The segregation coefficient could thus be calculated by dividing the measured dopant value
of Dy3+ by the theoretical value. The segregation coefficient was measured for the sample
adjacent to the initial part of the as-grown crystal boule.

The structure of Dy:CaF2-SrF2 crystal was measured by a powder-X-ray diffractometer
(P-XRD, RIGAKU TTRIII-18KW, Tokyo, Japan ) using a Cu target at room temperature.
The scan rate was 3◦/min. The raw data from the P-XRD pattern were analyzed to fix the
diffraction peak by comparing with the standard Power Diffraction File (PDF) data from
Jade software. The diffractograms were gathered by Origin software.

The refractive index in the mid-IR spectral range was characterized using an infrared
ellipsometer (J.A. Woollam IR-Vase II, Lincoln, NE, USA). The single crystal along the
growth axis was cut with a diameter of 20 mm and a thickness of 1 mm. One surface was
polished, while the other surface was kept rough for measurement. The measured data
were then analyzed by nonlinear fitting by Origin software to obtain dispersion formula.

The optical quality of as-grown crystal boules was characterized by mid-IR transmis-
sion spectra with a sampling step of 2.8 nm (Bruker TENSOR27, Karlsruhe, Germany).
Absorption spectra were measured with a UV/vis/NIR spectrophotometer (Varian Cary
5000, Palo Alto, CA, USA) using Xe light as a pump source. Fluorescence spectra were
measured with an 808 nm pump source (Edinburg Instruments FLS1000, Livingston, UK)
and an InSb detector. As a comparison, a 1320 nm pump source from a pulse generator
(Thurlby Thandar Instruments TGP 110, Huntingdon, UK) was used for fluorescence spec-
tra, emitting at 1200–3500 nm, recorded by a digital phosphor oscilloscope with sampling
rate of 1.25 GS/s and frequency of 100 MHz (Tektronix TDS 3012C, Beaverton, OR, USA).
The fluorescence lifetime measurement was carried out by a computer-controlled transient
digitizer decay curve of emission under a pump wavelength of 808 nm. Single crystals
with a thickness of 1 mm along the growth axis were polished and then used for the
above-mentioned spectroscopic measurements. All measurements were performed at room
temperature.

3. Results and Discussion

3.1. Crystal Structure and Optical Quality

The traditional TGT method allows for one-crucible crystal growth. To enhance
growth efficiency, we developed an MC-TGT that allows obtaining multiple crystal boules
in the one-growth process. Figure 1 shows the obtained Dy:CaF2-SrF2 crystal boules up to
20 mm in diameter and 68 mm in length. The as-grown yellow boules are homogeneous
without bubbles. The dopants of Dy3+ ions are 5 at.%, 10 at.% and 15 at.%. The segregation
coefficient of Dy3+ ion in 5 at.% Dy:CaF2-SrF2 and 15 at.% Dy:CaF2-SrF2 is 1.0, while that in
10 at.% Dy:CaF2-SrF2 is 0.96. This indicates the high solubility of Dy3+ ion in the CaF2-SrF2
host lattice.

Figure 1. As-grown Dy:CaF2-SrF2 crystal boules using MC-TGT. (a) 5at.% Dy; (b) 10at.% Dy; (c) 15at.% Dy.
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The method of Archimedes’ hydrostatic weighing principle aids in the determination
of density following Equation (1).

ρ = m1·ρ1/(m1 − m2) (1)

Here, m1 and m2 are sample weights measured in air and in water, respectively. ρ1 is
the density of water marked as 1 g·cm−3. ρ is the sample density in air to be determined.
The test results are listed in Table 1.

Table 1. Density determination following Archimedes’ hydrostatic weighing principle.

Crystals m1 (g) m2 (g) ρ (g/cm3)

5% Dy:CaF2-SrF2 12.24010 9.20478 4.03256
10% Dy:CaF2-SrF2 14.00670 10.69937 4.23505
15% Dy:CaF2-SrF2 13.22491 10.28247 4.49454

Figure 2 gives the measured XRD pattern of Dy:CaF2-SrF2 crystal compared with
that of pure CaF2 referring to PDF Number 75-0363 and that of pure SrF2 referring to
PDF Number 06-0262. The main three strongest peaks in CaF2 are located at 2θ of 28.272◦
for (111), 47.008◦ for (200) and 55.764◦ for (311), while those in SrF2 are located at 2θ of
26.57◦ for (111), 44.123◦ for (200) and 52.273◦ for (311). In the case of Dy:CaF2-SrF2 crystal,
the three strongest peaks are located at 2θ of 27.46◦, 45.52◦ and 53.96◦. The diffraction
angles 2θ of Dy:CaF2-SrF2 situates in-between those of CaF2 and SrF2. This indicates that
Dy:CaF2-SrF2 crystal is fluorite structured and crystallizes in the cubic Fm3m space group.

 
Figure 2. XRD pattern of Dy:CaF2-SrF2 crystal.

The optical quality of polished Dy:CaF2-SrF2 crystals was characterized by transmis-
sion spectra. Figure 3 gives the transmission spectra of Dy:CaF2-SrF2 at 2–11 μm. The
transmission curves in Figure 3 are based on measured raw data subtracting the back-
ground without considering the reflections on both surfaces. It shows that the transmission
of all three polished samples is above 90% from 4 to 9 μm. The infrared transmittance
cut-off wavelength is around 11 μm. It could be concluded that the crystallinity and optical
quality of Dy:CaF2-SrF2 crystal boules are good.
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Figure 3. Transmission spectra of Dy:CaF2-SrF2 crystals at 2–11 μm.

3.2. Refractive Index in the Mid-IR Spectral Range

Figure 4 gives the refractive index of Dy:CaF2-SrF2 in the mid-IR spectral range of
1.7–11 μm. As seen from Figure 4, the refractive index of Dy:CaF2-SrF2 increases along
with a higher dopant level of Dy3+. The Sellmeier dispersion formula is used for nonlinear
fitting. The dispersion formula for Dy:CaF2-SrF2 with Dy3+ dopant levels of 5%, 10%
and 15% is thus achieved and described in Equations (2)–(4), respectively. The reduced
Chi-square is 2.70 × 10−5. The adjusted R2 is 0.9986.

n2 − 1 = 0.20292 +
0.69272λ2

λ2 − 0.948552 +
0.87102λ2

λ2 − 60.102 +
5.64914λ2

λ2 − 45.042 (2)

n2 − 1 = 0.21687 +
0.70758λ2

λ2 − 0.971112 +
1.84394λ2

λ2 − 70.442 +
6.11963λ2

λ2 − 48.552 (3)

n2 − 1 = 0.20292 +
0.73684λ2

λ2 − 0.970752 +
2.30876λ2

λ2 − 69.932 +
6.15892λ2

λ2 − 50.302 (4)

 
Figure 4. Refractive index of Dy:CaF2-SrF2 in the mid-IR spectral range of 1.7–11 μm.
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3.3. Absorption and Emission Spectra

Figure 5 shows the room-temperature absorption spectra in the spectral range of
650–1900 nm and the assignment of energy level in Dy:CaF2-SrF2 crystals. The assignment
of energy level could refer to that in Dy:BaY2F8 [27]. In the mid-IR region, Dy3+ ions show
broad absorption bands in 5% Dy:CaF2-SrF2 crystal peaks at 804 nm, 907 nm, 1092 nm,
1276 nm and 1714 nm corresponding to absorption coefficients of 2.12 cm−1, 2.69 cm−1,
4.04 cm−1, 2.54 cm−1 and 1.18 cm−1, respectively. In the case of 10% Dy:CaF2-SrF2 crystal,
the absorption coefficients are 3.56 cm−1, 4.46 cm−1, 7.08 cm−1, 4.47 cm−1 and 2.02 cm−1,
corresponding to absorption band peaks at 804 nm, 908 nm, 1093 nm, 1273 nm and 1716 nm.
For 15% Dy:CaF2-SrF2 crystal, it gives the strongest absorption coefficients of 6.06 cm−1,
7.56 cm−1, 12.71 cm−1, 8.25 cm−1 and 3.63 cm−1, corresponding to absorption band peaks
at 804 nm, 907 nm, 1094 nm, 1277 nm and 1716 nm. The absorption band peaks at
1308 nm and 1720 nm correspond to energy level transitions of 6H15/2→6H9/2, 6F11/2 and
6H15/2→6H11/2 in Dy3+ ion. With the increase in Dy3+ ion dopant levels from 5% to 15%,
the absorption coefficient becomes 2.8–3.3 times stronger. Broad absorption bands are
profitable in increasing the diode-pumping efficiency, as laser diodes typically emit in a
narrow spectral range and present a thermal shift in the peak wavelength.

%

%

%

 
Figure 5. Absorption coefficient of Dy:CaF2-SrF2 crystal at 650–1900 nm.

Table 2 gives the calculated absorption cross-section of Dy3+ according to the expres-
sion σabs = α/N. Here, α is the absorption coefficient of Dy3+. N is the concentration of
Dy3+ ions with 1.21 × 1021 ion·cm−3, 2.42 × 1021 ion·cm−3 and 4.03 × 1021 ion·cm−3 in 5%
Dy:CaF2-SrF2, 10% Dy:CaF2-SrF2 and 15% Dy:CaF2-SrF2, respectively.

Table 2. Absorption cross-section (σabs) of Dy3+ ions at 650–1900 nm.

Crystal
σabs (× 10−20 cm2)

804 nm 907 nm 1094 nm 1287 nm

5% Dy:CaF2-SrF2 0.176 0.223 0.335 0.211
10% Dy:CaF2-SrF2 0.147 0.184 0.293 0.185
15% Dy:CaF2-SrF2 0.150 0.187 0.315 0.205
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Figure 6 shows the emission spectra and peak assignment of Dy:CaF2-SrF2 crystal
in the mid-IR range under excitation wavelengths of 808 nm and 1320 nm. In the case of
using a pump wavelength of 1320 nm, as shown in Figure 6a, the fluorescence band peak
at 1970 nm, corresponding to the energy level transition from 6H9/2 + 6F11/2 to 6H15/2 [16],
was detected with an intensity variation in the order of the Dy3+ doping concentration. The
strongest fluorescence intensity appears in 5% Dy:CaF2-SrF2, while the lowest fluorescence
intensity appears in 15% Dy:CaF2-SrF2. It is interesting to note that the intensity of the
fluorescence band peak at 2882 nm is not affected by the Dy3+ doping concentration.

 

Figure 6. Emission spectra of Dy:CaF2-SrF2 crystal under different pump source. (a) 1320 nm pump; (b) 808 nm pump.

Figure 6b shows the emission spectra by using an excitation wavelength of 808 nm.
The emission intensity of 10% Dy:CaF2-SrF2 is the lowest, while that of 15% Dy:CaF2-SrF2
is the highest. In order to illustrate the mid-IR fluorescence bands, nonlinear fittings for
multiple peaks are used in the form of the Lorentz function. Taking 15% Dy:CaF2-SrF2 for
example, the full width at half maximum (FWHM) is 267 nm for the emission band peak at
2919 nm, corresponding to the energy level transition from 6H13/2 to 6H15/2 of Dy3+ ion.
In the case of Dy:CaF2-SrF2 with Dy3+ dopant levels of 10% and 5%, the values of FWHM
are both 237 nm. All emission bands peak at 2913 nm.

Figure 7 gives the measured fluorescence lifetime curves for the energy transfer chan-
nel 6H13/2→6H15/2 of Dy3+ ions in Dy:CaF2-SrF2 crystals. The obtained fluorescence
lifetime curves are processed with nonlinear fitting according to the second-order exponen-
tial formula (ExpDec2), as described in Equation (5).

y = A0 + A1e−
τ
t1 + A2e−

τ
t2 (5)

τ τ μτ 

Figure 7. Measured and nonlinear fitted fluorescence lifetime curves in Dy:CaF2-SrF2. (a) 5% Dy; (b) 10% Dy; (c) 15% Dy.

Here, A0, A1, A2, t1 and t2 are constant values that could be obtained from the fitting
results. Accordingly, the second-order exponential formula for Dy:CaF2-SrF2 with various
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Dy3+ dopant levels is thus written in Equations (6)–(8). The average fluorescence lifetime
could be obtained from Equation (9). The fluorescence lifetimes are calculated as 743.6 μs,
339.2 μs and 194.7 μs for Dy:CaF2-SrF2 with Dy3+ dopant levels of 5%, 10% and 15%,
respectively. The reduction of fluorescence lifetime along with a higher Dy3+ concentration
could be attributed to the increase in interstitial fluoride ions. The mechanism could be
described in the defect reaction equation as shown in Equation (10). It would be interesting
to investigate the mechanism of enhancing fluorescence intensity while maintaining lifetime
in future work.

y = 1046.495 + 331.646e−
τ

1723.164 + 4722.538e−
τ

512.166 (6)

y = 793.798 + 5605.837e−
τ

339.964 + 60.970e−
τ

104.241 (7)

y = 1050.882 + 2892.258e−
τ

194.744 + 2892.258e−
τ

194.744 (8)

τ =
A1t2

1 + A2t2
2

A1t1 + A2t2
(9)

DyF3
CaF2−SrF2→ DyCa/Sr + 2FF + F′

i (10)

4. Summary

This paper concerns the important issue of novel emissive materials for laser applica-
tions in the significant mid-IR range. Dy3+-doped CaF2-SrF2 crystals with fluorite structure
and cubic Fm3m space group were synthesized by MC-TGT. The crystallographic site
concentrations were up to 4.034 × 1021 ions·cm−3 in 15 at.% Dy:CaF2-SrF2. The optical
transmission of Dy:CaF2-SrF2 crystal reached over 90% with a sample thickness of 1.0 mm.
The Sellmeier dispersion formula for 1.7–11 μm was obtained from the refractive index.
The strongest absorption coefficients of 6.06 cm−1, 7.56 cm−1, 12.71 cm−1, 8.25 cm−1 and
3.63 cm−1 were obtained in 15% Dy:CaF2-SrF2 crystal corresponding to absorption band
peaks at 804 nm, 907 nm, 1094 nm, 1277 nm and 1716 nm. The value of FWHM was
267 nm for the emission band peak at 2919 nm in 15% Dy:CaF2-SrF2 under an excitation
wavelength of 808 nm. The fluorescence lifetime in 5% Dy:CaF2-SrF2 was 3.8 times longer
than that in 15% Dy:CaF2-SrF2. Further research work will focus on the enhancement of
lifetime while maintaining strong emission in the mid-IR spectral range.
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Abstract: In this paper, the sampling current characteristics of the external circuit and the internal
mechanism of the current generation in APD irradiated by a millisecond pulse laser were studied.
The photocurrent of APD irradiated by a millisecond pulse laser with different energy densities
was obtained by the sampling resistance of the external circuit. The photocurrent can be divided
into a photocurrent stage, conduction stage and recovery stage in the time domain. This is mainly
due to the carrier flow in APD, which leads to the lowering of the barrier between the PN junction.
The research results of this paper can be extended to the response of the detector to the high-power
infrared pulse laser and provide a certain experimental basis for the design of a millisecond pulse
infrared laser detection circuit.

Keywords: photocurrent; carrier flow; lowering of the barrier; APD

1. Introduction

As the main input port of detection and measurement systems, photodetectors have
been widely used in optical tomography, communication, radar and other technical
fields [1,2]. Compared to other detectors, an avalanche photodiode (APD) has the advan-
tages of a high quantum efficiency, so this photodetector has been used most widely [3–6].
The multi-pulse 1064-nm laser that irradiated APD was researched, and the results showed
that a multi-pulse did not affect the damage threshold when the repetition frequency
was less than 1 Hz; however, when the repetition frequency was greater than 1 Hz,
the damage threshold decreased with an increase of the number of pulses [7]. In 2015,
Koronnov A. A. et al. studied the characteristics of germanium avalanche photodiodes
irradiated by a high-powered laser using a 4-ns pulse width and 1.064-um wavelength
pulse laser [8]. The experimental and theoretical investigations of millisecond pulse laser
ablation-biased Si avalanche photodiodes were studied, and the mechanisms of the phe-
nomenon were studied experimentally and theoretically [9]. The C–V curve of Si-APD
was obtained by using a semiconductor analyzer when the millisecond pulse laser was
irradiating [10]. This research mainly focused on the research of laser damage to APD, and
the law of the change of the photocurrent and the carrier transport behavior in APD and
the potential barrier between the PN junctions have not been studied. When APD is used
as a laser detection element, it converts the photogenerated current into a voltage signal
through a load resistor. Therefore, it is of great significance to study the characteristics of
the photocurrent and the mechanism of photocurrent generation when a pulsed infrared
laser irradiates APD.

In this paper, the internal mechanism of photocurrent generation in APD irradiated
by a millisecond pulse laser is studied for the first time. The microscopic mechanism of
the barrier between the carrier and PN junction in APD is studied by the macroscopic
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representation of the sampling current. With the rapid development of a mid-infrared
laser, the detection technology of infrared lasers has gradually attracted people’s attention.
The research results of this paper can be extended from the response of the detector to
high-powered infrared pulse lasers and provide a certain experimental basis for the design
of the millisecond pulse infrared laser detection circuit.

2. Materials and Methods

The experimental arrangement is shown schematically in Figure 1. The wavelength
of the millisecond laser is 1064 nm (the laser was self-developed by our research group,
and the pulse width is 1–5 ms and is tunable), and the pulse repetition rate could be varied
manually from 1 Hz to 10 Hz by changing the firing rate of the flash lamp. An attenuator
with an attenuation rate of 10 was located at the exit of the laser; the 2:1 Beam:Split was
placed after the attenuator. The TEM00 mode laser beam was focused by a lens with
a 20-cm focal length. The beam spot size determined by the slit-scan technique was of the
order of 360 μm at the focal spot and was independent of the pulse repetition rate, and the
error of the spot size was about 5% [11,12]. The Si-APD was biased with 180 V when it was
irradiated by the millisecond pulse laser.

 

Figure 1. Schematic of the experimental configuration.

The test samples were Si-APDs with the reach-through structure shown in Figure 2.
The surfaces of these detectors are coated with a standard antireflection film, and the active
area is 0.5 mm2.

 

Figure 2. Cross-section of the Si-APD with a reach-through structure.

The experimental system consists of a sampling resistor, current limiting resistor,
Si-APD, high-voltage DC power supply, oscilloscope, etc., of which the sampling resistance
is 50 KΩ, the current limiting resistor is 1 MΩ and the working voltage is 180 V. The
sample is a drawing-type silicon-based APD detector, which is mainly composed of four
layers of N+–P−–π–P+. When a higher reverse bias voltage is applied to the outside,
the depletion region passes through and reaches the P+ region, and the reverse bias
voltage, which exceeds the multiplication voltage, falls all in the π-region; moreover, the
collision ionization occurs when the carrier is in the high field region, and they can obtain
a sufficiently high average velocity. Since the π-region is much wider than the P-region, the
field intensity in the high field region (P-region) and the multiplication rate of the carrier,
which are above the avalanche voltage, increase slowly with the reverse bias. Under the
working conditions, although the electric field in the π-region is much weaker than in the
high field region (P-region), it is sufficient to keep the carrier at a certain drift velocity and
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transit the π-region in a short time. The faster the carrier drifts, the shorter the transit time
is, and the more avalanche ionization occurs when entering the P-region.

3. Results and Discussion

Figure 3 shows that the sampling current with time is divided into three stages: the
photogenerated current stage, conduction stage and recovery stage. During the first stage,
the peaks of the photocurrent are decreased while the laser energy density increases, and
the peak time is basically the same. However, in the conduction stage, the photocurrent is
a constant under the action of a laser with different energy densities, and its value depends
on the external resistance. In the recovery phase, the recovery time increases with the
increase of the laser energy density.

 

Figure 3. The time-varying diagram of a 1-ms pulse width and 180-V bias voltage at the different
energy densities between the sampling current.

The reason for this phenomenon can be explained as follows: with the increasing of
the laser energy density, the number of photogenerated electron–hole pairs increased in
the π-region, owing to the action of the π-region electric field, the photogenerated carriers,
which resulted from avalanche ionization that swept fast into the P-region (multiplication
region), and then the inverse current, which is the photocurrent generated in the Si-APD.
Unfortunately, due to the external resistance limit, not all of the photogenerated carriers
can be quickly exported into the external circuit, and the excess carriers are accumulated,
which results in the cumulative effect of a charge at both ends of the PN junction. The
accumulated charge forms a photomotive electromotive force at both ends of the PN
junction, thereby pulling down the built-in electric field of the π and P regions. Thus, the
increase of the reverse current is hindered. With the increase of the incident laser light
intensity, the number of electron hole pairs increases at the same time, and the photo-
generated electromotive force increases in order to further pull down the barrier in the
junction area [13,14]. The schematic diagram of the barrier change is shown in Figure 4.
That is to say, the decrease of the potential barrier between the PN junctions in APD is
the basic reason that the peak value of the photocurrent decreases with the increase of the
laser intensity.
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(a) V1 >> V0  (b) V1 > V0 (c) V1 = V0 

Figure 4. Schematic diagram of the PN junction barrier in APD changing when the light intensity increases.

As the potential barrier between the PN junctions is further lowered, the external
electric field at both ends of APD is further reduced until it is zero and APD is in a reversed-
conduction state. At this time, the current flowing through APD is a constant, which is
equal to the ratio of voltage and resistance in the external circuit. With the continuous
action of the laser, the temperature of APD increases gradually. When the temperature is
higher than 500 K, APD will go into a failure state [15]. At this time, the current flowing
through APD is still equal to the ratio of voltage and resistance in the external circuit.

When the laser action is over, APD enters the stage of heat recovery, which is dom-
inated by heat dissipation. With the increase of laser energy density, the temperature in
APD needs more time to recover to the initial temperature. During this period, the built-in
electric field gradually returns to the original state, and the carriers in APD still form
a photocurrent due to the external electric field, which leads to a prolongation of the time
when the photocurrent drops to zero. The internal mechanism of generating a photocurrent
when a millisecond pulse laser irradiates APD can be explained by the following flowchart,
as shown in Figure 5 [16].

Figure 5. The internal mechanism of generating a photocurrent when the millisecond pulse laser
irradiates APD.

4. Conclusions

In this paper, the sampling current characteristics of APD irradiated by a millisecond
pulse infrared laser were studied, and the internal generation mechanism of the current
characteristics was analyzed. It was found that the sampling current can be divided into
a photocurrent stage, conduction stage and recovery stage. In the photocurrent generation
stage, the peak current decreases with the increase of the laser energy density, which is
mainly due to the decrease of the potential barrier between the PN junctions caused by the
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accumulation of charges at both ends of the PN junctions. When the barrier between PN
junctions dropped to zero, the APD turned on in reverse, and the current value is a certain
value, which is equal to the ratio of voltage-to-resistance in the external circuit. In the
recovery phase, built-in electric field recovery and temperature recovery are carried out
simultaneously; thus, the higher the energy density of the incident laser, the longer it takes
for the current to fall to zero.
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Abstract: We experimentally studied the interaction between a millisecond pulse laser and silicon
avalanche photodiode (Si-APD) in an external capacitance circuit. The temperature rise law of Si-APD
irradiated by a millisecond pulse laser under different external capacitance conditions was obtained.
The results show that the surface temperature rise in a Si-APD is strongly dependent on the external
capacitance. That is, the smaller the external capacitance, the smaller the surface temperature rise.
The effect of the external capacitance on the surface temperature rise in a Si-APD was investigated
for the first time in the field of laser damage. The research results have a certain practical significance
for the damage and protection of mid-infrared detectors.

Keywords: millisecond pulse laser; silicon avalanche photodiode (Si-APD); external capacitance

1. Introduction

Infrared photodetectors, as an indispensable bridge for the transformation of optical
signals into electrical signals, have been widely used in various technical fields [1–4]. In
practical applications, the detector is often placed on the focal of the optical receiving
system to achieve efficient absorption of light energy. However, after the photodetector
absorbs light energy, its temperature rises, greatly affecting its performance. When the
detector surface temperature increases, the dark current of the device will increase, thus
the signal noise ratio will decrease, and the detection effect of the pairing signal will be
affected. When the surface temperature of the detector increases further, it may cause
soft damage or hard damage to the detector. Therefore, it is necessary to research the
thermal characteristics of the detector. Kruer and Bartoli established a thermal model
for polycrystalline lead sulfide (PbS), polycrystalline lead selenide (PbSe), and mercury
cadmium telluride (HgCdTe) infrared (IR) detectors [5,6]. Among numerous kinds of
detectors, APDs have the unique advantages of small size, high sensitivity, and the ability
to work at room temperature. They are thus employed in various fields [7–10], especially
in the field of laser detection, where they are most widely used. However, to date, there
have been few studies on the new physical phenomena when an APD is irradiated by a
millisecond pulse laser. In 2015, with the use of a 1064 nm pulse laser, the characteristics
of an irradiated avalanche photodiode were studied [11]. Our research group has studied
the temperature rise characteristics of a millisecond pulse laser interacting with a Si-APD
and the capacitance–voltage curve of the damaged Si-APD under the condition of no
external capacitance. The research results show that Joule heating plays a significant role
when the Si-APD is irradiated by a ms pulse laser [12]. In this study, based on previous
research, an experimental study on the interaction between the millisecond pulse laser and
the Si-APD in an external capacitor circuit was carried out. It was firstly found that the
maximum surface temperature of the Si-APD decreases significantly with a decrease in
external capacitance. An explanation is given from the point of view of carrier transport.
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The existence of external capacitance has a certain blocking effect on the carrier inside the
detector. With the capacitor charging process, the carrier transportability becomes weaker
and weaker, and the current density inside the PN junction decreases in an exponential
form. When the capacitor is fully charged, the circuit is open, and carrier transport process
stops. Moreover, the smaller the capacitance value of the external capacitor, the easier it is
to fill with charge, and the stronger the hindrance to the transport capacity of the carrier.
The results of this research can be used to guide the design of infrared laser detection
circuits. The research results have a certain practical significance for the damage and
protection of mid-infrared detectors [13,14]. By optimizing the value of capacitance in the
driving circuit, the anti-damage ability of the infrared detector towards mid-infrared lasers
generated by a periodically polarized crystal can be further improved. When the detector
surface temperature increases, the dark current of the device will increase, and thus the
signal to noise ratio will decrease, and the detection effect of the pairing signal will be
affected. When the surface temperature of the detector increases further, it may cause soft
damage or hard damage to the detector. Therefore, it is very significant to study the surface
temperature rise in the detector under the action of laser irradiation.

2. Materials and Methods

Figure 1 is the experimental device for the measurement of the temperature rise in
a Si-APD irradiated by a millisecond pulse laser. The device is mainly composed of a
laser system, a point thermometer, and a Si-APD external circuit. A Nd:YAG millisecond
pulse laser with a pulse width was 1.0 ms and a wavelength of 1064 nm is used. The
laser irradiates the surface of the detector vertically, and the focus is located on the surface
of the detector. The point temperature meter and the optical axis of the laser are placed
at 45 degrees, which can effectively avoid the influence of the laser on the measurement
accuracy of the point temperature meter. The emitted laser beam is divided into two parts
by a beam splitter. One part of the laser beams is focused on the APD surface through a lens,
the energy of the other part is monitored by an energy meter, and the ratio of laser energy
incident on the surface of the Si-APD detector and energy meter is 10:1. The diameter of
the focusing spot is 360 μm. The laser and the point temperature meter are triggered by
the same trigger, which can ensure that the point temperature meter begins to measure the
temperature at the moment when the laser starts to irradiate, to ensure the synchronicity of
the laser-irradiated Si-APD and the point temperature meter. In the experiment, we used
a laser frequency of 1 Hz. It is simply a one shot–one temperature measure. The Si-APD
external circuit is composed of a 180 V-bias voltage source, capacitor, resistor, and Si-APD.
In the experiment, 1 μf and 47 pf capacitors were connected in series in the bias circuit. The
Si-APD (the commercial specification is Ø800, made in China) used in the experiment was
the N + P − πP+ type, with a layered structure, which is composed of four layers, and the
doping distribution and thickness of each layer are different. The doping concentrations
of each layer are 5 × 1019 cm−3, 5 × 1016 cm−3, 5 × 1012 cm−3, and 1 × 1019 cm−3. The
corresponding thicknesses are 1 μm, 3 μm, 50 μm, and 250 μm.

Figure 1. Experimental device.
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3. Results

The classical heat conduction process can be expressed as follows [15,16]:

k
∂2T(r, z, T, t)

∂z2 + k
∂2T(r, z, T, t)

∂r2 + Q(r, z, T, t) = ρC
T(r, z, T, t)

∂T
(1)

where ρ, C, and k are the material density, specific heat, and heat conductivity, respectively.
When the Si-APD is placed in the reverse bias circuit and irradiated by the millisecond
pulse laser, the heat source term is improved as the sum of the laser heat source outside the
detector and the Joule heat source inside the detector, and the equation can be expressed as:

Q(r, z, T, t) = QL(r, z, T, t) + QE(r, z, T, t) (2)

Finally, the following equation can be derived:

k
∂2T(r, z, T, t)

∂z2 + k
∂2T(r, z, T, t)

∂r2 + QL(r, z, T, t) + QE(r, z, T, t) = ρC
T(r, zT, t)

∂T
(3)

The expression of laser heat is:

QL(r, z, T, t) =
[1 − R(T)] · α(T) · E · g(t)

πr2
lasτ

· 2 exp(
−2r2

r2
las

) exp[−α(T)z] (4)

E and τ are the pulse energy and pulse width of the laser, respectively. α(T), R(T),
g(t) are the absorption coefficients of silicon, the reflection coefficient of silicon, and the
time distribution of the laser beam, respectively. The expression of Joule heat is:

QE(r, z, T, t) = E(z)JL(r, z, T, t) (5)

When the pulse width is 1.0 ms, energy density is 15 J/cm2, and theoretical and
experimental temperature rise characteristics of the Si-APD in different capacitor driv-
ing circuits are shown as Figure 2. Additionally, the system parameters used in the
theoretical simulation are as follows: ρ = 2330 − 2.19 × 10−2 T (kg·m−3), specific heat
C = 352.43 + 1.78 T − 2.21 × 10−2 T2 + 1.3 × 10−6 T3 − 2.83 × 10−10 T4 (J·kg·k−1),
k = 22.23 + 422.52 × exp(−T/255.45) (W·m−1·k−1).

(a) Theoretical result (b) Experimental result

Figure 2. The theoretical and experimental temperature rise characteristics of Si-APD (pulse width
1.0 ms and energy density 15 J/cm2).

The results show that the temperature change in the Si-APD surfaces can be divided
into rapid rise stage, plateau stage, and temperature drop stage. This is because, at the
beginning of the laser action, the Si-APD is heated not only by the incident laser, but also
by the Joule heat, that is to say, the dual heat sources are working together.
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The temperature rise in the Si-APD increases the Joule heat, and the increase in the
Joule heat further intensifies the temperature rise. In this way, the surface temperature and
internal Joule heat of the Si-APD are mutually iterative, and the surface temperature of the
Si-APD increases rapidly in a short time at the beginning of laser irradiation. However,
according to the theory of semiconductor physics, when the temperature of the PN junction
is more than 520 K, the characteristics of the semiconductor will fail, and the Joule heat in
the PN junction will disappear. Therefore, only a single laser source can heat the Si-APD.
Under the action of heat conduction, the surface temperature of the Si-APD rises slowly
and enters a plateau stage. At the end of the laser action, all heat sources disappear, and
the surface temperature decreases rapidly under the action of heat conduction. At the
same time, we can also see that the temperature rise is significantly affected by different
external capacitors. With the decrease in capacitance, the surface temperature of the Si-APD
decreases. This observation shows that the surface temperature of the Si-APD is strongly
dependent on the external capacitance.

Based on the study of the temperature rise process under different external capaci-
tance conditions, the maximum temperature rise in the Si-APD surface under different
external capacitance conditions was investigated by changing the laser energy density. The
experimental results are shown in Figure 3.

Figure 3. The maximum temperature rise on Si-APD surface (pulse width 1.0 ms and different
energy densities).

As shown in the figure, when the laser energy density is constant, the maximum value
of the temperature rise without a capacitance is higher than that with a capacitance. When
the driving circuit is connected with different capacitors, the maximum temperature rise
will be significantly affected. The smaller the capacitance in the driving circuit, the lower the
maximum temperature rise on the detector surface. That is to say, the maximum tempera-
ture rise on the detector surface is inversely proportional to the capacitance value. To better
understand this, we studied the mechanism by analyzing the carrier transport process.
Figure 4 shows the internal mechanism for the influence of the different capacitances on the
maximum surface temperature rise in the Si-APD. The case without capacitance is shown
in Figure 4a, the barrier between PN junctions in the Si-APD is highest under the action of
a reverse bias voltage, and a high electric field intensity area is generated in the depletion
layer. When the millisecond pulse laser irradiates the Si-APD, the photocarriers generated
in the Si-APD are swept away rapidly under the action of high electric field intensity, which
results in a large transient current. As Joule heat is the product of electric field intensity
and current density, more Joule heat will be generated in the Si-APD when the electric field
strength and current density become large simultaneously. However, when a capacitor
is connected in series in the circuit, the charges in the circuit will gradually accumulate
on both sides of the capacitor plate, hindering the current in the circuit. In this way, the
photogenerated carriers in the Si-APD cannot flow into the external circuit smoothly. The
carriers accumulate on both sides of the PN junction, forming an additional potential that is
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opposite to the original potential. This additional potential and the original potential cancel
each other out due to the opposite direction, resulting in a decrease in the internal total
electric field. Thus, the current density and electric field intensity decrease simultaneously,
which reduces the Joule heat. At the same time, it can be seen from Figure 4b,c that the
smaller the external capacitance, the weaker its ability to store charges, thus the stronger
its ability to block the current in the circuit. At this time, a larger additional potential is
formed on both sides of the PN junction, which makes the current density and electric field
inside the Si-APD smaller, resulting in less Joule heat. In other words, the Joule heat inside
the Si-APD is positively proportional to the capacitance. Therefore, the maximum surface
temperature rise in the Si-APD decreases with the decrease in capacitance in the circuit.

(a) No capacitor (b) Large capacitor (c) Small capacitor

Figure 4. The internal mechanism for the influence of different external capacitances on the maximum temperature rise on
Si-APD surfaces.

4. Conclusions

In conclusion, the temperature rise characteristics of the interaction between a mil-
lisecond pulse laser and the Si-APD in a capacitor circuit have been studied theoretically
and experimentally. The results show that the Joule heat is only produced in a very short
time at the beginning of laser action, so the surface temperature change process of a Si-APD
under different capacitances can be divided into three stages: rapid heating period, plateau
period, and falling period. Under the condition of the same laser parameters and different
capacitors, the maximum surface temperature rise in the Si-APD has a significant depen-
dence on the external capacitance, which mainly shows that the maximum temperature
rise is smaller with a decrease in capacitance. This result is mainly because the existence
of capacitance hinders the generation of photogenerated current in the Si-APD, and with
the decrease in capacitance, the blocking effect is more significant. This effect causes the
carriers to accumulate on both sides of the PN junction to form an additional potential
opposite to the original potential, which reduces the internal field strength of the Si-APD
and weakens the Joule heat generation. The results suggest that in the design of a laser
detection circuit for APD, the selection of capacitance should not only involve considera-
tion of the filtering effect, but also its influence on the temperature rise characteristics of
the Si-APD. In the following experiments, a point temperature meter and multi-spectral
temperature meter will be used to measure the temperature jointly, to further improve the
accuracy of temperature measurement. This could lay a solid data foundation for further
research on the mechanism of the detector surface temperature rise under the action of
laser irradiation.
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Abstract: Plasmonic MIM (metal-insulator-metal) waveguides based on Fano resonance have been
widely researched. However, the regulation of the direction of the line shape of Fano resonance is
rarely mentioned. In order to study the regulation of the direction of the Fano line-shape, a Fano
resonant plasmonic system, which consists of a MIM waveguide coupled with a ring resonator and
a rectangle resonator, is proposed and investigated numerically via FEM (finite element method).
We find the influencing factors and formation laws of the ‘direction’ of the Fano line-shape, and the
optimal condition for the generation of multiple Fano resonances; and the application in refractive
index sensing is also well studied. The conclusions can provide a clear theoretical reference for the
regulation of the direction of the line shape of Fano resonance and the generation of multi Fano
resonances in the designs of plasmonic nanodevices.

Keywords: surface plasmon polaritons (SPPs); metal-insulator-metal (MIM) waveguide; Fano line-shapes;
refractive index sensing

1. Introduction

Surface plasmon polaritons (SPPs) are transverse magnetic (TM)-polarized surface
waves, which originate from interactions between incident photons and free electrons on
metal (like silver and gold) surface and propagate along metal-dielectric interface. SPPs
are bound to the metallic surface and decay exponentially in strength with respect to the
distance away from the metal-dielectric interface in both directions and can overcome the
diffraction limit and control the propagation of the optical signal at the nanoscale [1–3].
In recent times, numerous plasmonic structures have drawn a lot of attention. Among
these plasmonic structures, the plasmonic metal-insulator-metal (MIM) waveguide has
been studied extensively. It has the advantage of applicable propagation length and good
balance between propagation length and losses, and easy integration [4].

In the traditional middle infrared waveguide sensor, the diffraction limit appears
when the waveguide size is gradually reduced to the wavelength order, and the wave
propagation distance decreases abruptly, which makes greatly reduces the performance
of the device. Thus, the traditional middle infrared waveguide sensor cannot achieve
miniaturization. Different from the traditional middle infrared waveguide sensor, the
plasmonic MIM waveguides can overcome the diffraction limit and can limit the light in
the sub-wavelength spatial dimension, as a result, the device is easy to be miniaturized. At
the same time, compared with the traditional middle infrared waveguide, the plasmonic
MIM waveguide is sensitive to the change in environmental refractive index, so it can be
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widely used for refractive index sensing. Thus, the plasmonic MIM waveguide has great
advantages in refractive index sensing at the subwavelength scale [2,3,5,6].

Fano resonances originate from constructive and destructive interference between
localized and continuum states [7,8], which have a significant asymmetric line shape.
The wavelength separation between the Fano peak and valley is very small, which offers
a highly sensitive spectral response to the variation of the environmental refractive in-
dex. Thus, the plasmonic MIM waveguides combined with the Fano resonance effect are
widely researched. The research on plasmonic MIM waveguides based on Fano resonance
mainly focuses on the creation of Fano resonance by resonators with different geometric
shapes [7–14], the influence of the different geometric parameters of these resonators on
Fano resonance [7–19], and various analyses of nano-sensing applications [7–19]. The
resonators providing continuum mainly include rectangle [9], disk [10], circular ring [6,11],
square [12], and various resonators with defects [13]. The resonators providing the localized
state mainly include the stub MIM waveguide [6,11,13], single-baffle MIM waveguide [14],
and double-baffle MIM waveguide [12,15]. The analyses of nano-sensing applications relate
to environmental refractive index [5–14], including temperature sensing [16], chemical and
biological sensing [17,18] optical switch [19], and so on. In the above research works, there
has been no analysis of the influencing factors of the ‘direction’ of the Fano line shapes.

In this article, a ring MIM waveguide coupled with a rectangle resonator is proposed
to study the influencing factors and formation laws of the ‘direction’ of the line shape of
Fano resonance. It was found that the ‘direction’ of the Fano line-shape is influenced by
different combinations of the orders m of the mode (m, 0) in the ring resonator and n of
the mode (n, 0) in the rectangle resonator, and the location of Fano resonance relative to
transmission summit of Lorentzian-like line-shape which is dominated by the ring resonator
and provides the continuum for Fano resonance. The optimal geometric parameters of
the proposed structure for multiple Fano resonances are analyzed and selected to study
the refractive index sensing. This study will most likely have important applications for
the regulation and control of the Fano line-shape and the generation of multiple Fano
resonances in the designs of plasmonic nanodevices.

2. Materials and Methods

Figure 1 shows the proposed plasmonic MIM waveguide system for Fano resonance.
The blue and white parts represent silver (εm = εAg) and air (εd = 1.0), respectively. The
width of the MIM waveguide is w. The inner and outer radii of the ring cavity resonator
are R1 and R2 respectively, with the difference between R1 and R2 fixed at w. The rectangle
resonator has a side length of L and a width of w. The coupling distance between the
rectangle resonator and the ring resonator is g. The gap between the bus waveguide and
the ring resonator is g1.
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Figure 1. Schematic of the metal-insulator-metal (MIM) plasmonic waveguide system for Fano resonance.

The dielectric constant of Ag is described by the Drude model [20]:

εm(w) = ε∞ − w2
p

w(w + iγ)
(1)

where, ε∞ is the infinite dielectric constant, and the angular frequency ωp and γ stand is
the bulk plasma frequency standing for the natural frequency of the oscillations of free-
conduction electrons and the electron collision frequency, respectively. ω is the angular
frequency of incident light in a vacuum. These parameters for silver can be set as ε∞ = 3.7,
ωp = 1.38 × 1016 Hz and γ = 2.73 × 1013 Hz.

In the subwavelength MIM plasmonic waveguide, the SSPs propagates in a TM mode.
The dispersion equation of the odd mode in the MIM plasmonic waveguide is as follows [2]:

εdkm + εmkdtanh
(

kdw
2

)
= 0 (2)

where km and kd are k2
d = εdk2

0 − β2 and k2
m = εmk2

0 − β2, with εd and εm defined as
dielectric constants of the dielectric medium and the metal, respectively. k0 = 2π/λ0 is the
wave vector in a vacuum. β represents the complex propagation constant of SPPs. w is
the width of the waveguide. The effective refractive index of the plasmonic waveguide is
expressed as Neff. The relationship between Neff and β is Neff = β/k0 = λ/λspps. The Neff
can be obtained by solving Equations (1) and (2).

In a rectangular plasmonic cavity, the accumulated phase shift per round trip for the
SPPs is Φ = 4πneffL1/λ + 2ϕ. neff is the real part of Neff. Constructive interference should
occur when Φ = 2πN, thus the resonance wavelength of mode (0, N) is determined by [21]:

λ =
2neffL1

N − ϕ/π
(3)

The physics simulations (transmission spectrums and Hz field distributions) of the
proposed structure were investigated by the FEM with COMSOL Multiphysics. The SSPs
were excited in the input port a and finally collected in the output port b. The Fano resonance
in our system originates from the interference effect between a localized state caused by
the rectangle resonator and a continuum supported by the rectangle resonator. The Fano
resonances were studied in the transmittance spectrum. The transmittance, T = |S21|2, is
the transmission coefficient from port a to port b.
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3. Results and Discussion

3.1. Analysis of the Formation Laws of the ‘Direction’ of the Fano Line-Shape

In the simulation, these geometric parameters are set as R1 = 195 nm, R2 = 145 nm,
L = 480 nm, w = 50 nm, and g = 20 nm, g1 = 10 nm, respectively. To investigate the formation
mechanism of Fano resonance, the transmission spectrums of a single ring MIM waveguide,
a single rectangle MIM waveguide, and a Fano resonant plasmonic system are shown in
Figure 2.

For the single ring MIM waveguide, the transmission spectrums are shown in the
dotted blue line, with three transmission peaks of symmetric Lorentzian-like line-shape
(providing continuum for the Fano resonator). The corresponding Hz field distributions
of the three transmission resonance peaks are given; and the field modes are expressed as
ring mode (m, 0) and defined by the number of the dark line in the upper half rings (the
Hz field distributions of the upper and lower half ring are symmetric, and only the upper
half ring interacts with the rectangle), which are ring modes (2, 0), (3, 0), (4, 0) from right to
left, respectively. For the single rectangle MIM waveguide, the transmission spectrums are
shown as a dotted red line, with three narrow transmission dips (supporting the located
state for the Fano resonator). The corresponding Hz field modes of the three transmission
resonance valleys are expressed as rectangle mode (n, 0) and defined by the number of the
dark lines in the rectangle, which are rectangle modes (2, 0), (3, 0), (4, 0) from right to left,
respectively. The black solid line is the result of the coupling between the continuum and
the located state; and the three sharp asymmetric line-shapes in the black solid line are
the results of Fano resonance, marked as FR1, FR2, and FR3. The corresponding Hz field
distributions of the three Fano resonance peaks exhibit at λ = 376, 485, 713 nm. From these
Hz field distributions, the FR1, FR2, and FR3 originate from the couple between the ring
mode (4, 0) and rectangle mode (4, 0), the ring mode (3, 0), and rectangle mode (3, 0), and
the ring mode (2, 0) and rectangle mode (2, 0), respectively.

 
Figure 2. The transmission spectrums of the Fano system with the corresponding Hz field distribu-
tions of Fano resonance peaks, of a single ring metal-insulator-metal (MIM) waveguide structure
with the corresponding Hz field distributions of transmittance peaks, and of a single rectangle MIM
waveguide structure with the corresponding Hz field distributions of transmittance valleys.

In Figure 3, the nephogram (‘nephogram’ in this paper is not a real nephogram as in
meteorology, but is only used to represent a figure of a series of transmission spectrums
versus two variables) of Fano resonance phenomenon in the transmission spectrum is
exhibited, when the rectangle cavity resonator L changes from 10–1000 nm with the step
L is 10 nm and the wavelengths of incident natural light are in the visible and infrared
wavelength range.
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Figure 3. Nephogram of Fano resonance transmission spectrums coupled by metal-insulator-metal
(MIM) ring resonator and rectangle resonator with the rectangle resonator L varying from 0 to 1000 nm.

In the nephogram, the black dashed lines represent a series of transmission resonance
peaks of different resonance modes in a single ring MIM waveguide. The corresponding
resonance modes are ring modes (1,0), (2, 0), (3, 0), (4, 0) from right to left, respectively. The
white dashed lines represent a series of transmission resonance peaks of resonance modes
in the rectangle MIM waveguide. The corresponding resonance modes are rectangle modes
(0,1), (0, 2), . . . , and (0, 5), . . . , respectively. The red-yellow parts are the transmission
spectrums of the interaction between ring modes and ring modes. The split parts of the
red-yellow parts (e.g., the parts in dotted red and dotted green boxes) are the results of
Fano resonances between the modes in the ring resonator and the rectangle resonator.

Through the analysis, very evident laws are found. When orders m of rectangle modes
in the rectangle resonator and n of the ring modes in ring resonator are both odd or both
even, the two modes in the ring and rectangle resonators strongly couple with each other,
and the corresponding transmission spectrum bands of the Fano resonances are completely
split (e.g., the parts of the dotted red box). While, when the orders, m, n, respectively are
odd and even (even and odd), the two modes in the ring and rectangle resonators weekly
couple with each other and the corresponding transmission spectrum bands of the Fano
resonances are incomplete splits (e.g., the part of the dotted green box). Even the Fano
resonance coupled by the ring mode (2, 0) and rectangle mode (1, 0) is extremely weak; the
corresponding incomplete transmission spectrum band does not get demonstrated.

For further analysis of the ‘direction’ line shapes of the Fano resonances for the complete
and incomplete split transmission spectrum bands, the transmission spectrums in the dotted
red and green boxes with different rectangle length L are shown in Figure 4a,b, respectively.
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Figure 4. Transmission spectrums for different values of rectangle resonator length L: (a) L = 460, 480,
500, 520, and 540 nm, (b) L = 270, 290, 310, 330, and 350 nm.

Meanwhile, to deeply understand the physics mechanism of these Fano resonances,
Figure 5a–c give the Hz field distributions at the Fano resonance valleys of points ‘A’–‘E’ in
Figure 4a,b, respectively.

Firstly, the formula for the line shape of the Fano resonance is analyzed, which
is [7,8,22]:

σ =
(ε + q)2

(ε2 + 1)
(4)

q is given by the ratio between the optical response of the located state and the continuum
and describes the degree of asymmetry of the resonance. Reduced energy ε is defined by
2(E−EF)/Γ, with EF being resonant energy and Γ width of the auto-ionized state. In the
limit |q|→∞, the line-shape is entirely determined by the transition through the discrete
state only with the standard ‘Lorentzian’ profile. The case of q = 0 is unique to the Fano
resonance and describes a symmetrical dip, sometimes called an anti-resonance. In the case
of q < 0, the ‘direction’ of asymmetric Fano line-shape is negative (e.g., the Fano line-shape
in Figure 4a with L 460 or 480, where Fano resonance peak is on the left and Fano resonance
valley is on the right). In the case of q > 0, the ‘direction’ of asymmetric Fano line-shape is
positive (e.g., the Fano line-shape in Figure 4a with L 520 or 540 nm, where Fano resonance
peak is on the left and Fano resonance valley is on the right).

Figure 5. Hz Field distributions of the four points: ‘A’, ‘B’, and ‘C’ (Fano peak) in Figure 3a, ‘D’ and
‘E’, (Fano valley) in Figure 3b. (a) L = 540 nm, λ = 529 nm, (b) L = 480 nm, λ = 514 nm (c) L = 540 nm,
λ = 562 nm, (d) L = 290 nm, λ = 490 nm, and (e) L = 290 nm, λ = 536 nm.
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In Figure 4a, there are two very weak dips (marked as Dip connected by the dotted
green line) and a set of strong (marked as FR connected by the dotted red line) Fano
resonances. The very weak dips only occur with L = 520 and 540 nm on the right side of the
transmission summit of symmetric Lorentzian-like line-shape. The symmetric Lorentzian-
like line-shape is dominated by the ring resonator and provides the continuum for the
Fano resonance, the corresponding transmission summits connected by the dotted blue
line in Figure 4a. The two very weak dips originate from the couple between the ring odd
modes (3, 0) and very weak rectangle even modes (3, 0), which can be known from the Hz
field distributions of points ‘A’ in Figure 5a with L = 540 nm. The strong Fano resonances
couple by rectangle odd modes (3, 0) and ring odd modes (3, 0). The corresponding Hz
field distributions of points ‘B’ and ‘C’ are shown in Figure 5a with L = 480 and 540 nm.
It can be seen that the phases of the two rectangular modes (3, 0) are the same, while the
two ring modes (3, 0) have some differences. With the increase of L, the Fano resonance
shows a red shift and moves from the left side of the transmission summit of symmetric
Lorentzian-like line-shape (with the ‘direction’ of the Fano line-shape q < 0) to the right side
of the transmission summit (with the ‘direction’ of the Fano line-shape q > 0). In addition,
it can be noted that the phase of the weak rectangle even mode (3, 0) of the dip is different
from that of the Fano resonance valley in Figure 5a with L = 540 nm. In Figure 4b, these
relatively weak Fano resonances couple by rectangle modes (2, 0) and ring modes (3, 0) can
be seen. It is to be noted that no matter how big L is, when L is a certain value the rectangle
mode (3, 0) simultaneously contributes two Fano resonances (connected by dotted red lines
and respectively marked as LFR and RFR). These are respectively located on the left side
(with the ‘direction’ of the Fano line-shape q > 0) and right side (with the ‘direction’ of
the Fano line-shape q < 0) of the same transmission summit (connected by a dotted blue
line) of symmetric Lorentzian-like line-shape. With the L increasing, the two kinds of Fano
resonances either show a red shift (the two sets of Fano resonances are marked as LFR
and RFR). The corresponding Hz field distributions of points ‘D’ and ‘E’ in Figure 4b are
both shown in Figure 5b with L = 290 nm. It can be seen that the phases of the two ring
modes (3, 0) are the same, while the two rectangular modes are both modes (3, 0) with a
phase difference of π. The results are very interesting. According to Equation (3), in the
fixed-size rectangle cavities, although the phase is different the same mode should have the
same peak position. However, our results demonstrate in the same size rectangle cavities,
when the rectangle cavity couples with the ring MIM waveguide shown in Figure 1, the
phases of modes can influence the Fano peak positions. The conclusion is suitable for other
couples between the ring odd and rectangle even (rectangle even and ring odd) modes, as
shown in Figure 3. Unfortunately, the intensities of these Fano resonances in Figure 4b are
obviously weaker than those in Figure 4a.

Combined with the analyses of Figures 3–5, we can summarize and generalize the
general law of formation of the ‘direction’ of the Fano line-shape. When the orders m of
the mode (m, 0) in ring resonator and n of the mode (n, 0) in rectangle resonator are both
odd or both even, and the Fano resonance occurs on the location of the increasing slope of
the symmetric Lorentzian-like line-shape with wavelength increasing (the left side of the
transmission summit of Lorentzian-like line-shape), the ‘direction’ of the Fano line-shape
is negative, q < 0; while and the Fano resonance occurs on the location of decreasing slope
of the symmetric Lorentzian-like line-shape with wavelength increasing (the right side of
the transmission summit of Lorentzian-like line-shape), the ‘direction’ of Fano line-shape
is positive, q > 0. For the condition of the shape parameter q = 0 (e.g., Figure 4a with
L = 500 nm), the resonance frequencies of the ring and rectangle are equal. When the orders
m of the mode (m, 0) in ring resonator and n of the mode (n, 0) in rectangle resonator are
respectively odd and even (even and odd), and the Fano resonance occurs on the location
of the increasing slope of the symmetric Lorentzian-like line-shape with the wavelength
increasing (the left side of the transmission summit) and the ‘direction’ of the Fano line-
shape positive, q > 0; while the Fano resonance occurs on the location of decreasing slope
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of the symmetric Lorentzian-like line-shape with wavelength increasing (the right side of
the transmission summit) and the ‘direction’ of the Fano line-shape negative, q < 0.

3.2. Analysis of Optimal Condition for the Generation of Multiple Fano Resonances

Figure 6a shows the nephogram of the transmission spectrum of the proposed Fano
system with the wavelength varying from 400 to 1000 nm and the coupling distance g
changing from 10 to 80 nm with the other parameters kept unchanged. Figure 6b shows
the transmission spectrums from Figure 6a with g = 20, 30, and 40 nm, respectively.

 

 g

 g 

 g 

Figure 6. (a) Nephogram of transmission spectrums of the proposed Fano system as a function of g
and wavelength with other parameters keep unchanged. (b) Transmission spectrums from Figure 5a
with g = 10, 20, and 40 nm, respectively.

As can be seen, when g is bigger (e.g., g = 70 nm), the coupling has not happened
yet. As g decreases, the coupling of the two resonators becomes stronger, resulting in
modes splitting, and the FR1, FR2, and FR3 (the three narrowly red-yellow spectral bands
from left to right) emerge and become stronger. The smaller g is, the more obvious the
extent of mode splitting is. With the g decreasing, the resonance wavelength of FR1, FR2,
and FR3 is almost unchanged, while the Lorentzian-like line-shapes connected by the
dotted blue lines in Figure 6b (the three broadly red-yellow spectral bands in Figure 6a)
show an obvious blue shift. Furthermore, combined with the analyses in Figures 3–5,
the optimal condition for the generation of multiple Fano resonances is obtained. The
optimal condition is that the effective length of the ring resonator is close to that of the
rectangle resonator with a reasonable and smaller coupling distance g. At this condition,
for the same modes (the orders m and n are the same) the resonance frequency of ring
resonance is close to that of rectangle resonance, resulting in a stronger Fano resonance.
Specifically, when L = 480 nm the effective length of ring resonance is close to that of a
rectangle resonator with g = 20 nm in Figure 2 or Figure 4. Thus, for the modes that the
orders m and n are the same (m = n = 2, 3, or 4) the resonance frequency of ring resonance
is close to that of rectangle resonance, with three stronger Fano resonances. Compared
to a single Fano resonance, a plasmonic spectrum line, which contains multiple Fano
resonances, can be simultaneously adjusted at several multiple different spectral locations.
And it would be applied to multiwavelength surface-enhanced Raman scattering (SERS),
and biosensing [23].

3.3. Nano-Sensing Analysis

In Figure 7a, the impact of refractive index n in the rectangle resonator is also studied
with the optimal condition for the generation of multiple Fano resonances (the geomet-
ric parameters are consistent with those in Figure 2). As n increases from 1 to 1.02, the
wavelength responses can be adjusted from 375.5 nm to 380.2 nm for FR1, from 485.4 nm
to 493.4 nm for FR2, and from 712.6 nm to 722.9 nm for FR3, demonstrating a significant
sensitivity to the change of environmental refractive index. To better evaluate the perfor-
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mance of refractive index sensing of the Fano resonance, the dimensionless figure of merit
(FOM) is studied. The FOM at the frequency λ can be represented as [18]:

FOM =
ΔT

TΔn
=

T(λ, n)− T(λ, n0)

T(λ, n0)Δn
(5)

where T(λ, n0) is the original value of transmission, and T(λ, n0) is the transmission after
changing the environmental refractive index. Δn = n−n0, n0 is the environmental refractive
index in the original state, and n is the environmental refractive index after changing.

  

  n = 
  n =
n =

  n =

  n−n −
  n−n −
  n−n −

Figure 7. (a) Transmission spectrums with n from 1 to 1.03. (b) Figure of merit (FOM) of FR1, FR2,
and FR3 with different n.

Figure 7b shows the computed FOMs with n 1.01, 1.02, and 1.03, where the max FOM
can reach 9591 at 750 nm with n = 1.02, which is greater than the max FOM = 3200, 5500,
and 6838 found in [6,24,25], respectively.

4. Conclusions

We investigate and find the influencing factors and formation laws of the direction
of the Fano line-shape, and the optimal condition for the generation of multiple Fano
resonances in a Fano system consisting of a ring MIM waveguide coupled with a rectangle
resonator. The rule is as follows. When the orders m of the mode (m, 0) in ring resonator
and n of the mode (n, 0) in rectangle resonator are both odd or both even, whether the Fano
resonance occurs on the left or right of the transmission summit of a symmetric Lorentzian-
like line-shape dominated by ring resonator and providing continuum for Fano resonance,
the Fano resonance peak is farther from the transmission summit of the Lorentzian-like
line-shape than the Fano resonance valley. When the orders m of the mode (m, 0) in the ring
resonator and n of the mode (n, 0) in the rectangle resonator are odd and even, respectively
(even and odd respectively), whether the Fano resonance occurs on the left or right of
the transmission summit of a symmetric Lorentzian-like line-shape dominated by ring
resonator and providing continuum for Fano resonance, the Fano resonance valley is farther
from transmission summit of the Lorentzian-like line-shape than the Fano resonance peak.
The optimal condition for the generation of multiple Fano resonances is that the effective
length of the ring resonator is close to that of the rectangle resonator with a reasonable and
smaller coupling distance g. The conclusions can provide a theoretical foundation for the
formation laws of the directional of the line shape of Fano resonance and the generation of
multiple Fano resonances in the designs of plasmonic nanodevices. Furthermore, because
the Fano resonance peaks of the proposed system are very sensitive to the environmental
refractive index, when the plasmonic MIM guide and the ring and rectangle resonators are
filled by high refractive index material like the study in the paper [26], the Fano resonance
phenomenon and the nano-sensing of the environmental refractive index can be extended
to the mid-infrared wavelength range.
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Abstract: We describe comparatively cryogenically cooled Tm, Ho: GdVO4 lasers with an emission
wavelength of 2.05 μm under continuous wave and pulse operating mode. By varying the transmit-
tance of output couplers to be 0.40 for a continuous wave laser, the maximum output power of 7.4 W
was generated with a slope efficiency of 43.3% when the absorbed pump power was increased to
18.7 W. For passively Q-switched lasers, the output characteristics were researched through altering
pump mode radius. When the pump mode radius focused into the Tm, Ho: GdVO4 center equaled
near 600 μm, the peak power was increased to be the maximum value of 9.9 kW at the absorbed
pump power of 11.8 W. The pulse energy of 0.39 mJ was achieved at the same absorbed pump power
with repetition of 5.7 kHz.

Keywords: solid-state; diode-pumped; Q-switched; infrared and far-infrared lasers

1. Introduction

Solid-state pulse lasers at a ~2 μm wavelength band from Tm: 3F4→3H6 and Ho:
5I7→5I8 energy levels are attractive due to the extensive application of laser lidar systems
to achieve environmental detection and for medical instruments to conduct surgical treat-
ment [1,2]. In addition, the pulse lasers at ~2 μm can also be utilized as pump sources of
OPOs to obtain the mid-IR laser [3–5]. Tm/Ho ions doped into different hosts can gen-
erate laser emitting at ~2 μm. The vanadate crystal hosts possess large phonon coupling
energy, low crystal symmetry, and great thermal conductivity [6]. Especially compared
with the YVO4 crystal, the GdVO4 crystal exhibits higher thermal conductivity and lower
thermal expansion coefficient that is beneficial for weakening thermal effects [7]. Rare
earth ions such as Tm3+ and Ho3+ doped into vanadate hosts exhibit a broadly spectral
band at a pump wavelength of ~800 nm and great absorption/emission cross sections [8]
which facilitate the laser crystal to efficiently absorb pump light, thus improving laser
performances. Tm-doped vanadate laser [9] pumped by laser diodes with ~800 nm wave-
length, Ho-doped vanadate laser [10] in-band pumped by Tm-lasers or laser diodes, and
Tm, Ho-codoped vanadate lasers [11,12] pumped by laser diodes have been extensively
investigated under continuous wave or pulse operating modes. Tm, Ho-codoped lasers
with sensitization ions Tm3+ and activation ions Ho3+ can be pumped by laser diodes with
~800 nm wavelengths and simultaneously exhibit excellent Q-switching performance due
to the strong stored energy capability of Ho3+ ions. Besides, the performances of Tm, Ho-
codoped vadanate lasers depend strongly on the temperature of active media. At cryogenic
temperature, Tm, Ho-codoped lasers operate under the quasi-four level system which is
beneficial to reduce upconversion losses (5I7, 3F4→5I5, 3H6) of the Tm, Ho-codoped crystals.
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Furthermore, the positive energy transfer process between Tm3+(3F4) and Ho3+(5I7) was
significantly strengthened which obviously increases the population proportion reserved
in 5I7 energy level.

Passively Q-switched lasers with saturable absorbers usually exhibit some advantages
of compact, simple geometry, and low cost. The Cr-doped ZnS crystal is one of the typical
SAs with a large optical damage threshold [13] that enables it to undertake strong oscillating
laser intensity. The Cr:ZnS crystal also has great absorption/emission cross-sections at
~2 μm [14] which facilitate to get excellent Q-switching performances for the Tm3+/Ho3+

doped lasers with an emitting wavelength of ~2 μm [15–17]. Based on Cr2+:ZnS SA, Tm,
Ho-codoped laser with different hosts such as LLF [18], YLF [19], and KLu (WO4)2 [20]
have been presented. At cryogenic temperature, we also had demonstrated PQS Tm,
Ho-codoped vanadate lasers with Cr:ZnS SA [21,22]. The highest peak power of ~9.1 kW
was achieved with the pulse duration of 32.7 ns [23]. In this paper, to improve the peak
power, the comparative research for the PQS lasers with different pump mode radius was
experimentally conducted.

2. Experimental Setup

The laser (shown in Figure 1) was designed to be a U-shape resonator that makes it
possible to pump a laser crystal from each end of the crystal. The pump beams from two
fiber-coupled (400 μm diameter, 0.22 numerical aperture) LDs emitting at ~800 nm were
collimated and focused by plano-convex lens (F1, F2) into the active crystal from each end
of it. The focused beam radius was 400 μm or 600 μm depending to the focus length of
focus len (F1). The output mirror (M2) was a plane mirror with different transmittance (Toc)
of 0.20, 0.25, and 0.40 at ~2 μm. The mirror (M1) with the 2000 mm curvature was coated
in anti-reflective film at ~800 nm and coated in high-reflective film at ~2 μm. The dichroic
mirrors (M3, M4) placing at 45◦ relatively to the oscillating light path were anti-reflective
at ~800 nm and high-reflective at ~2 μm. The distances between M2 and M4, M4 and M3,
and M3 and M1 were 35 mm, 60 mm, and 45 mm, respectively. The total cavity length
is at 140 mm. To improve the absorbed pump power without crystal fracture, an 8 mm
long Tm, Ho: GdVO4 crystal (a-cut) with a 4 × 4 mm2 cross section was chosen as the
gain medium with 4at.% Tm3+ and 0.4at.% Ho3+ concentration. The Tm, Ho: GdVO4
was wrapped in indium foil and held in copper heat-sinks connected with a small dewar.
During the operating of the laser, the dewar was full of liquid-N2 to effectively remove
the heat generated in the crystal for high power operation. The M5 and M6 in Figure 1
denoted the plane windows with anti-reflective film at ~800 nm and ~2 μm. The distance
between M5 and M6 is 22 mm. Under the pump laser beam radius of 400 μm or 600 μm,
the actual measured absorption efficiency of the Tm, Ho: GdVO4 crystal was over 90%. A
Cr:ZnS SA (2 mm thickness, 9 × 9 mm2 cross section) with the unsaturated transmission of
~82% was used as Q-switch crystal placed in a brass heat-sink filled with flowing water. It
was inserted between the dichroic mirror M3 and the end mirror M1 with 15 mm distance
from the mirror M1.

Figure 1. Sketch of experimental setup.
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3. Experimental Results and Discussion

At first, focusing the pump laser beam into Tm, Ho: GdVO4 crystal with a near
400 μm mode radius, we conducted experimental research on Tm, Ho: GdVO4 lasers.
Through changing output couplers with different transmittance, the CW and PQS lasers
were characterized. To avoid the fracture of gain crystal, the total absorbed pump power
did not exceed 18.7 W. The output powers for the CW and PQS lasers were shown in
Figure 2 with fitted lines. When the transmittance of OC equals 0.40, the maximum output
power for CW and PQS operating mode were achieved to be 7.4 W (η = 43.3%) and 5.4 W
(η = 32.8%), η denoted the slope efficiency.

Since the high transmittance of OC caused the large resonator loss, the oscillating
laser intensity in the resonator was too weak to enable the SA bleached to generate stable
Q-switching phenomenon at low pump power. The stable Q-switching for the laser with
0.40 transmittance OC was not achieved until the absorbed pump power was up to 10.7 W.
In comparison with this case, the PQS laser with OC transmittance of 0.20 can only generate
stable Q-switched pulse trains at the absorbed pump power of less than 10.1 W. The PQS
laser with transmittance of 0.25 can achieve a stable pulse operating within the entire range
of absorbed pump power (3.5–18.7 W). Furthermore, the laser generated moderate CW
output power of 6.2 W (η = 35.6%) and average output power of 4.5 W (η = 26.5%) at the
absorbed pump power of 18.7 W.

The minimum pulse duration of ~36 ns was achieved for the PQS lasers with a
transmittance of 0.20 and 0.25 when the absorbed pump power was increased to the
respective maximum value of 10.1 W and 18.7 W, as shown in Figure 3a. The PQS lasers
with transmittance of 0.25 and 0.40 generated approximate pulse energy, 0.26 mJ and
0.28 mJ, when the absorbed pump power was increased to 18.7 W, as shown in Figure 3b.
The roughly equivalent repetition rates (shown in Figure 4a) were almost increased linearly
with the increase of pump power. In comparison, the peak power of ~7.3 kW was achieved
for the PQS laser with transmittance of 0.25 at 18.7 W absorbed pump power (shown in
Figure 4b), larger than that of other two cavities. Compared with reference [23] with an
approximate geometry, the pulse performance was slightly inferior due to the oscillating
mode in the resonator.

Toc  
Toc  
Toc  

Toc 
Toc  
Toc  

Figure 2. Output power of CW and PQS lasers vs. absorbed pump power.
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Toc 
Toc 
Toc 

Figure 3. (a) Pulse duration and (b) energy vs. absorbed pump power.

Toc

Toc

Toc

Figure 4. (a) Pulse repetition rate and (b) peak power vs. absorbed pump power.

The energy and duration of PQS lasers, and then peak power, are relative to some
parameters determined by the geometry of resonator and the pump laser intensity. To
improve the pulse peak power, we increase the pump laser-mode radius focused into the
gain crystal to ~600 μm by replacing the focus lens F1 with the other lens with a focus
length of 75 mm for the laser with the 0.25 transmittance of OC. These experimental results
were shown in Figure 5, Figure 6. For comparison, the results from the laser with ~400 μm
pump mode radius were simultaneously plotted in the figures. The output power and
slope efficiency declined slightly due to the slight mode-mismatch between laser-mode
and pump-mode (shown in Figure 5).
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 p
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Figure 5. Output power vs. absorbed pump power (Toc = 0.25).

p

p

Figure 6. Pulse characteristics of the PQS laser (Toc = 0.25), (a) duration, (b) repetition, (c) energy, and
(d) peak power.

In addition, the maximum absorbed pump power that can exhibit stable Q-switching
phenomenon did not exceed 11.8 W which may attribute to the changing of the oscillating
laser-mode in the cavity due to thermal effect of laser crystal. The pulse properties of the
PQS laser were shown in Figure 6. It is obvious from Figure 6a that the pulse duration is
narrower than that of the laser with 400 μm pump mode radium within the total range of
absorbed pump power (3.6–11.8 W). The pulse repetition was significantly low varying
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from 0.8 kHz to 5.7 kHz with the increase of pump power (shown in Figure 6b). The
narrowest pulse duration of 39 ns was obtained at the absorbed pump power of 11.8 W
with the repetition rate of 5.7 kHz. The maximum energy of 0.39 mJ was achieved at
absorbed pump power of 11.8 W (shown in Figure 6c). The maximum peak power is up to
9.9 kW (shown in Figure 6d), evidently greater than that of the laser with 400 μm pump
mode radium. At the maximum absorbed pump power of 11.8 W, the single pulse trace
were recorded through scattering the laser into a fast PIN photodiode connected to a Lecroy
digital oscilloscope (600 MHz bandwidth), as shown in Figure 7. We also measured the
emission wavelength of the CW and Q-switched lasers with various output couplers. The
output laser wavelength kept in about 2.05 μm.

 
Figure 7. Single pulse trace at the maximum absorbed pump power of 11.8 W.

4. Conclusions

In brief, we have researched the properties of the diode-pumped PQS Tm, Ho: GdVO4
lasers with U-shaped resonator geometry at cryogenic temperature. With the pump mode-
radius of near 400 μm and OC transmittance of 0.25, the PQS laser exhibited stable Q-
switching performance within the greatest range of absorbed pump power (3.5–18.7 W),
though output power was less than that of the laser with OC transmittance of 0.40. At
the 18.7 W absorbed pump power, the PQS laser generated the maximum peak power of
~7.3 kW with the pulse duration of ~36 ns. Increasing the pump mode-radius to ~600 μm,
the repetition rate was obviously low, changing from 0.8 kHz to 5.7 kHz, in comparison
with the laser with transmittance of 0.25 and 400 μm pump mode-radium, though the
stable Q-switching can only be realized within the range of 3.6 W–11.8 W. The largest pulse
peak power of 9.9 kW was achieved with the maximum energy of 0.39 mJ at absorbed
pump power of 11.8 W. The future work will focus on narrowing the pulse duration and
enhancing the pulse peak power through optimizing the resonator geometry.
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Abstract: 3–5, 8–14 μm mid-far infrared (MF-IR) coherent lights generated by nonlinear optical
(NLO) crystals are crucial for many industrial and military applications. AgGaGe5Se12 (AGGSe) is
a promising NLO candidate because of its good optical performance. In this paper, the large AGGSe
single crystal of 35 mm diameter and 80 mm length was obtained by the seed-aided Bridgman
method. The crystalline quality was characterized with X-ray diffraction, rocking curve, transmission
spectrum. The FWHM of the (210) peak was about 0.05◦ and the IR transmission was about 60%
(1–10 μm, 6 mm thick). Additionally, it performed well in 8 μm frequency doubling, with a maximum
output power of about 41 mW, corresponding to an optical-to-optical conversion efficiency of 3.2%.
The laser induced damage threshold (LIDT) value was about 200 MW/cm2 (1.06 μm, 20 ns, 1 Hz).

Keywords: nonlinear infrared optical crystal; AgGaGe5Se12 crystal; Bridgman growth method

1. Introduction

In recent years, 3–5, 8–14 μm mid-far infrared (MF-IR) laser sources have drawn
increasing attention due to their potential applications in the fields of industry and the
military, such as atmospheric monitoring, remote sensing, and IR countermeasures [1,2].
The nonlinear optical (NLO) frequency conversion is an effective and promising approach
to obtain tunable MF-IR coherent light. Here, the NLO crystal is regarded as one of the
core components in this system. At present, many MF-IR NLO crystals such as AgGaS2,
AgGaSe2, ZnGeP2, CdSiP2, OP-GaAs, OP-GaP, BaGa4S7, and BaGa4Se7 have been devel-
oped and widely used [3–7].

AgGaGe5Se12 (AGGSe), as a new type of NLO crystal, was first discovered by VV
Badikov in the AgGaSe2-nGeSe2 solid solutions systems with n = 5 [8]. AGGSe has wide
spectral region (0.6–16.5 μm) and band gap (2.2 ev), large LIDT (220 MW/cm2, 1.06 μm,
15 ns, 1 Hz) [9–11]. Additionally, it can achieve 3–5, 8–14 μm mid-far infrared wavelength,
be pumped by commercially available 1.06 μm Nd:YAG or 0.8–1.0 μm Ti:Sappire lasers,
with the type of second harmonic generation (SHG) [11,12], optical parametric amplifi-
cation (OPA) [13], and also for difference frequency generation (DFG) [14]. It may offer
some advantages over commercial crystals AgGaS2, AgGaSe2 if high crystal quality could
be achieved.

However, up to now, only a few attempts have been reported regarding the growth,
fabrication and application of AGGSe crystals; probably due to the high equilibrium
partial pressure and high volatility of Se, micro-cracks induced by large anisotropy thermal
expansion, stoichiometric twins and variation, obtaining large-sized and high-quality
AGGSe single crystals is still a considerable challenge [14–17].

In this paper, we report the recent progress in the growth of single AGGSe crystals in
our laboratory. Finally, the high-quality AGGSe crystals were grown routinely with the
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dimension size 35 mm in diameter and 80 mm in length. The related optimized growth
parameters were chosen and discussed, and the certain properties, including the X-ray
diffraction, rocking curve, SHG laser experiment and LIDT were also tested.

2. Materials and Methods

2.1. Poly-Crystalline Prepared

The AGGSe poly-crystalline was prepared via a directed high temperature solid-
state reaction technique. High purity elements Ag, Ga Ge, Se (EMei Semiconductor
Co. Ltd., Leshan, China) with 5–9’s and 6–9’s grade were used as starting materials.
To obtain uniform and single-phase materials, a suitable heating program was designed
in our previous work [9], and 200 g AGGSe poly-crystalline could be obtained in one
run. The identity of the obtained sample was tested by powder XRD analysis, and it
was in excellent agreement with the calculated pattern on the basis of the single crystal
crystallographic data of AGGSe, without any detectable impurity.

2.2. Crystal Growth of AGGSe
2.2.1. Seed Orientation Selected

AGGSe single crystal was grown by seed aided vertical Bridgman method in our
laboratory. In [100], [110], [010] and so on, several seed orientations were applied for the
crystal growth. For the AGGSe crystal, the largest nonlinear coefficient value was d31 in
XZ plane (we used the correspondence XYZ = cab between the crystallographic and the
principal optic axes [14]). It would be beneficial to grow the crystal along the maximum
nonlinear coefficient plane or phase matching (PM) orientation, which is an effective
way to fabricate long laser elements by increasing the conversion efficiency. For this
reason, the seed orientation is focused on [100] in the process of subsequent crystal growth,
and high-quality seeds are selected and are normally used repeatedly for a large number
of experiments. The seeds are smaller in diameter (about 5 mm with 50 mm in length) with
respect to the final diameter of the grown AGGSe crystal (about 35 mm).

2.2.2. Melting Point (or Seed Melting Point) Ascertained

Due to the opacity of the growth chamber, the AGGSe seed-melt interface during
growth procedure cannot be observed. In fact, the thermal environment of the growth
chamber and the melting point of crystal are vitally important, and tiny temperature
fluctuations could sometimes remelt the entire length of the seed. Normally, the heat
transfer between the furnace, crucible, melt and growth chamber should be optimized and
fixed, and here the exact AGGSe (seed) melting point is important for the crystal growth.
As reported in the reference, the melting point of AGGSe is 713 ◦C [8], 711 ◦C [14].

For a guide to crystal growth under our conditions, the melting point of AGGSe had
to be further investigated and the thermogravimetric and differential thermal analysis
instrument (TG-DTA, Diamond TG/DTA, Perkin-Elmer) was used. Here, about 5 mg of
AGGSe crystal sample was measured by the heating rate of 5 ◦C/min in the temperature
range of 30–800 ◦C. Only one absorption peak occurred at 715.2 ◦C in the TG-DSC curves
(Figure 1).

Then, about 20 g poly-crystalline with a random seed orientation (about 30 mm
long) was compacted, evacuated and sealed in a cone-shaped growth quartz. Several
S-type thermocouples were fixed at the outside of the ampoule near the seed to measure
the temperature accurately. Subsequently, the quartz was placed in a special modified
resistance furnace with visual observation hole, which was heated to temperature near
710 ◦C gradually. The procedure of seed melting could been seen clearly as the temperature
arise through the observation hole. Normally, the seed needs to be controlled and partially
remelted (≈1 cm) to expose a fresh growth interface. This process is crucial and requires
adequate care and rich experience, and the seed melting point of AGGSe was assured as
714.3 ◦C with a potentiometer under above test condition.
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Figure 1. The TG/DSC curves of AGGSe crystal.

2.2.3. Other Growth Parameters Chosen

Different growth parameters, including the crucible pulling down speed, the tem-
perature gradient, the rotation rate and the cooling rate, should be optimized and well
controlled over the long AGGSe crystal growth period.

In fact, the growth rates greater than 6 mm per day often produced inclusion globule
defects and severe cracking, twins and serious cracks were found in the AGGSe crystal
when we attempted to accelerate the growth rate. To keep other experimental parameters
invariable, different temperature gradients were also tested. Finally, the low growth rates
(≤5 mm/d) and low temperature gradients (≤10 K/cm) were selected, especially in the
large size crystal growth procedure, and these probably helped to avoid the thermal stresses
due to large changes in diameter from the capillary to the bulk portion.

The effect of a low rotation rate had been evaluated. In the range 0–10 rpm, the rotation
of quartz had no effect under the abovementioned growth conditions and the melt and
quartz probably move as one body, and the interface shape remained slightly convex to
the liquid regardless of the rotational conditions. The higher rotation rate was not studied
because of the restrictions of the equipment.

Finally, the above factors had been considered and AGGSe crystal was grown by a seed-
aided vertical Bridgman method. The crystal, 20 mm in diameter and 50 mm in length,
is shown in Figure 2a. Moreover, by further growth parameter optimization, larger-sized
AGGSe crystals with diameters of 30 mm and 35 mm were successfully obtained, as shown
in Figure 2b,c. Some typical AGGSe crystal slices and samples 6 mm thick were prepared
and are shown in Figure 3a,b. Under the table lamp light, hardly any cracks, precipitates,
voids, twins, or micro-bubbles could been seen in the crystal (Figures 2d and 3c).

Figure 2. The AGGSe crystals with dimensions of (a) Φ20 mm, (b) Φ30 mm, (c) Φ35 mm and
(d) Φ35 mm under table lamp light.
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Figure 3. The prepared AGGSe crystal (a) slices, (b) sample and (c) sample under table lamp light
with 6 mm thick.

3. Results and Discussion

3.1. Rocking Curve Measurement

The crystalline quality assessment of AGGSe was performed using a Bruker D8
ADVANCE X-ray diffractometer. A sample wafer was cut and mechanically polished on
both sides for the rocking curve measurements. The shape of the peak has good symmetry
without any sign of peak splitting. The intensity of the diffraction peak was high and the
full widths at half maximum (FWHM) of the (210) diffraction peak was about 0.05◦.

3.2. Transmission Spectrum Test

The optical transmission properties were recorded by using a UV-vis-NIR spectropho-
tometer (PerkinElmer Lambda 950, Waltham, MA USA) and a Fourier transform infrared
(FTIR) spectrophotometer (Bruker Vertex 70, Berlin, Germany) in the range of 500–2500 nm
and 4000–400 cm−1 respectively. The sample (Figure 3b) 6 mm thick was polished well on
both sides before testing.

Figure 4a,b is the transparency spectrum of the crystal in the whole transparency
range—0.63 to 2.5, 2.5 to 16.5 μm—respectively, and the crystal exhibited about 60% in
1–10 μm wavelength without obvious absorption peaks. Figure 4c exhibits the absorption
coefficients (calculated according to the Beer–Lambert law with multiple reflections [18])
for the crystal and the value is about 0.06–0.1 cm−1 in the 1–10 μm wavelength, indicating
the crystal has a fine optical quality.

Figure 4. Transparency spectrum of AGGSe crystal (6 mm thick) (a) in the range of 500–2500 nm, (b) 4000–450 cm−1, and (c)
the optical absorption spectra in the 950–15,500 nm by calculation.
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3.3. SHG Experiment

The experimental setup of the SHG of AGGSe is shown in Figure 5 [12]. Here,
the 8.0 μm fundamental wave, with a pulse repetition frequency of 1 kHz, a pulse width
of 27 ns, a beam quality M2

x = 1.54, M2
y = 1.95, and energy 1.3 mJ per single-pulse, was ap-

plied for the SHG experiment, which was obtained by a homemade 2.1 μm Ho, Tm:YLF
laser-pumped ZnGeP2 OPO procedure. The pump beam was vertically polarized to meet
oo–e interaction. The uncoated AGGSe crystal with a cross face 5.5 × 6.5 mm2 and length
10 mm, cut angle θ = 67.5◦, ϕ = 0◦, xz plane, was wrapped in indium foil and fixed in
a copper heat sink.

Figure 5. The Experimental setup of AGGSe SHG [12].

When the 8 μm polarized fundamental wave was injected into the AGGSe crystal,
by rotating along the y axis of the crystal, the phase-matching angle θ could be changed,
and a 4.0 μm laser could be obtained with a maximum output power of about 41 mW,
corresponding to an optical-to-optical conversion efficiency of 3.2%. There is a deviation in
the phase-matching angle θ of about 0.38◦ between the maximum output power (67.13◦)
angle and the calculated angle (θ = 67.5◦), which may be caused by the deviation in the
crystal cutting, the errors in the Sellmeier Equation and the experimental errors.

3.4. LIDT Measurement

LIDT is one of the most important factors in the evaluation of crystal quality, especially
in the use of high energy applications. Here, a standard one-on-one test procedure
(ISO11254-1, 2011) was applied to test the crystal AGGSe. The sample shown in Figure 3b
was used in this measurement. A commercial 1.06 μm Nd:YAG laser with pulse duration
20 ns, repetition 1 Hz and beam diameter 1.0 mm, was used as a laser source. The power of
the laser increased (5 to 20 mJ) and was marked as one group in the crystal. Simultaneously
the spots were observed under an optical microscope. Under four groups of experiments,
the crystal surface usually damaged was under about 16 mJ per pulse power input. The sur-
face LIDT value of crystal was calculated 200 MW/cm2. All the above characterizations
demonstrate that high-quality crystals were obtained by an optimized seed-aided Bridgman
growth method.

4. Conclusions

In summary, using a seed-aided Bridgman growth method, 35 mm in diameter and
80 mm in length AGGSe crystal boule could grow integrated. The test results showed
that the crystal has a high crystallinity (FWTH ≈ 0.05◦), a low absorption (0.06–0.1 cm−1,
1–10 μm), a fine SHG frequency conversion ability (41 mW, conversion efficiency 3.2%) and
a high LIDT value (200 MW/cm2, 20 ns, 1 Hz).
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Abstract: In this paper, we present a high-energy, narrow pulse-width, long-wave infrared laser
based on a ZnGeP2 (ZGP) optical parametric oscillator (OPO). The pump source is a 2.1 μm three
-stage Ho:YAG master oscillator power-amplifier (MOPA). At a repetition frequency of 1 kHz, the
Ho:YAG MOPA system outputs the maximal average power of 52.1 W, which corresponds to the
shortest pulse width of 14.40 ns. By using the Ho:YAG MOPA system as the pump source, the
maximal average output powers of 3.15 W at 8.2 μm and 11.4 W at 2.8 μm were achieved in a ZGP
OPO. The peak wavelength and linewidth (FWHM) of the long-wave infrared laser were 8156 nm
and 270 nm, respectively. At the maximal output level, the pulse width and beam quality factor M2

were measured to be 8.10 ns and 6.2, respectively.

Keywords: long-wave infrared; ZnGeP2 crystal; Ho:YAG MOPA

1. Introduction

As an important atmospheric transmission window, long-wave infrared lasers (8–12 μm)
have been extensively applied in many fields, such as lidar, spectroscopy, and national de-
fense [1,2]. Among the many ways to obtain a long-wave infrared laser, the optical parametric
oscillator is an attractive approach due to its wide wavelength-tuning range and high con-
version efficiency [3]. As the core component, the characteristics of nonlinear optical crystals
determine the performance of nonlinear frequency conversion. At present, nonlinear crystals
suitable for generating a long-wave infrared laser mainly include OP-GaAs, AgGaSe2, CdSe,
BaGa4Se7, and ZnGeP2 (ZGP).

The nonlinear coefficient of OP-GaAs is very large (d14 = 94 pm/V), and it was used
to achieve an average pulse energy of 0.18 mJ at 8.5 μm [4] and 16.2 μJ at 10.6 μm [5],
corresponding to the repetition frequencies of 2 and 50 kHz, respectively. AgGaSe2 has
a low damage threshold (18 MW/cm2), which limits its ability to obtain a large-energy
long-wave infrared laser. The highest energy of a long-wave infrared laser by AgGaSe2 was
about hundreds of microjoules [6–8]. CdSe has a small nonlinear coefficient (d31 = 18 pm/V)
and a moderate damage threshold (56 MW/cm2). Due to its weak walk-off effect, the
disadvantage of a small nonlinear coefficient can be compensated by increasing the crystal
length. The pulse energy of a long-wave infrared laser achieved 1.05 mJ at 10.1 μm [9] and
0.8 mJ at 11 μm [10]. BaGa4Se7 has a very large damage threshold (557 MW/cm2) and an
acceptable nonlinear coefficient (d11 = 24.3 pm/V), but its low thermal conductivity makes
it unsuitable for obtaining a high-power long-wave infrared laser. In 2018, Zhao et al.
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obtained an average pulse energy of 0.31 mJ at 8.92 μm [11] with a repetition frequency of
1 kHz. The nonlinear coefficient of a ZGP crystal is high (d14 = 75 pm/V), and its thermal
conductivity and damage threshold perform well among these nonlinear crystals. Using
a ZGP crystal, the largest pulse energy of 45 mJ at 8.0 μm was achieved [12]. This result
was achieved under a low repetition frequency (1 Hz). At a kilohertz frequency, the ZGP
crystal obtained pulse energy of 1.26 mJ at 8.2 μm [13] and 0.35 mJ at 9.8 μm [14], with a
repetition frequency of 10 kHz.

We demonstrate a high-energy, narrow-pulse-width, long-wave infrared laser with
repetition frequency of 1 kHz based on a ZGP crystal. The pump source is a 2.1 μm Ho:YAG
MOPA laser that can output a highest average energy of 52.1 mJ at 1 kHz. The pulse width
and beam factor M2 were measured to be 14.40 ns and 1.3, respectively. Then, a ZGP OPO
with a four-mirror ring-cavity structure was used. The output energy of the long-wave
infrared ZGP OPO was 3.15 mJ for the idler and 11.4 mJ for the signal. The pulse width
and beam factor M2 were measured to be 8.10 ns and 6.2 at the maximal output level.

2. Experimental Setup

The experimental setup of the Ho:YAG MOPA system is shown in Figure 1, which
contains a Q-switched Ho:YAG oscillator and a three-stage Ho:YAG MOPA system. The
acousto-optical modulator (AOM) Q-switched Ho:YAG oscillator had a compact L-shaped
structure that consisted of an input mirror (M1) with antireflection (AR) for 1.9 μm and
high-reflection (HR) for 2.1 μm, an output coupler (M2) with transmittance of 60% at 2.1 μm,
and a thin-film polarizer (M3) with AR for s-polarized 2.1 μm and HT for p-polarized
2.1 μm. Its physical-cavity length was 150 mm. The Ho:YAG crystal in the oscillator with
dopant concentration of 0.5%, diameter of 5 mm, and length of 30 mm was single-ended
pumped by a Tm:YLF laser with the 1/e2 beam-waist diameter of 0.34 mm and maximal
power of 28 W.

Figure 1. Experimental setup of three-stage Ho:YAG MOPA system.

The three-stage Ho:YAG MOPA system was designed and operated at a PRF of 1 kHz.
The three Ho:YAG crystals with a dopant concentration of 0.3%, diameter of 5 mm, and
length of 70 mm were dual-ended pumped by six Tm:YLF lasers. The output powers of the
six Tm:YLF lasers were about 40 W. The beam diameters of the pump in the three Ho:YAG
crystals were 0.83, 1.4, and 1.9 mm, respectively.

The experimental setup of ZGP OPO is shown in Figure 2. The ZGP OPO had a four-
mirror ring cavity structure, including two mirrors (M5) with an AR p-polarized pump
laser and HR idler laser, a mirror (M6) with an AR pump and signal laser and an HR idler
laser, and an output coupler (M7) with transmittance of 45% for the idler laser. In order
to more accurately measure the power of the idler and the signal laser two M8 mirrors
and one M7 mirror were used. The oscillator resonated with the single idler laser, and the
ambient humidity of the experiment facility was kept at about 10%. Both measures were
designed to avoid damaging the coating of the ZGP crystal caused by water absorption
around the wavelength of the signal laser. The physical length of the ring cavity was about
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118 mm. With the ZGP crystal, the wavelength of the OPO was continuously tunable from
3.8 to 12.4 μm [15]. However, the optical-to-optical efficiency of the OPO decreased with the
increase in wavelength. In this experiment, we adjusted the wavelength of the idler laser
to 8.2 μm. The ZGP crystal had an aperture of 6 mm × 6 mm and a length of 30 mm, cut at
an angle of θ = 50.8◦ with respect to Type I phase matching. Both ends of the ZGP crystal
(School of Chemical Engineering and Technology, HIT, Ha’erbin, China) were coated with
HT for the pump, signal, and idler laser. The absorption coefficients of the ZGP crystal
at the 2.1 μm pump laser and 8.2 μm idler laser were measured to be 0.03 and 0.01 cm−1,
respectively. The pump laser from the Ho:YAG MOPA system was focused onto the ZGP
crystal with a 1/e2 beam diameter of 3.6 mm. The crystals of the entire experimental
apparatus, including Tm:YLF, Ho:YAG, and ZGP, were all wrapped in indium foil and
installed into copper blocks that were cooled by the chiller. The temperatures of the Tm:YLF,
Ho:YAG, and ZGP crystals were controlled to be 16, 18, and 20 ◦C, respectively.

Figure 2. Experimental setup of ZGP OPO.

3. Results and Discussion

In this experiment, the output powers were measured by the same power meter (Ophir
PM 150). The output performances of the Ho:YAG oscillator are shown in Figure 3. The
threshold pump power of the Ho:YAG oscillator was about 8 W. Pump power of 28.0 W and
a maximal average output power of 5.42 W were achieved, corresponding to the optical-
to-optical conversion efficiency of 19.4%. The optical-to-optical conversion efficiency was
low because we used a small mold volume to achieve the 2.1 μm narrow-pulse-width laser
output. Using an InGaAs detector and a 1 GHz digital oscilloscope (Tektronix DPO4102B),
we measured the minimal full-width half maximum (FWHM) of the pulse profile to be
11.56 ns, which is shown in Figure 3a. Figure 3b shows the beam-quality factor M2 of the
oscillator that was measured by the 90/10 knife-edge method. Under the maximal output
condition of the Ho:YAG oscillator, the beam quality factor M2 in the x and y directions
was 1.19 and 1.26, respectively.

Figure 3. (a) Output power and pulse width, and (b) beam quality factor of Ho:YAG oscillator.
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The 2.1 μm laser produced by the oscillator was injected into the Ho:YAG crystal
in the primary amplifier after being transformed by a set of coupling lenses, as shown
in Figure 4a. The output powers for each amplifier stage were 18.14, 37.5, and 52.4 W,
corresponding to slope efficiencies of 24.7%, 36.0%, and 33.4%, respectively. When the
amplifier moved from the first stage to the third, the pulse width of the 2.1 μm laser slightly
increased, which was measured to be 12.72, 13.38, and 14.40 ns. Compared to the Ho:YAG
oscillator, the beam quality factor M2 of the Ho:YAG amplifier very slightly deteriorated,
with 1.20 and 1.28 for the x and y directions, respectively. The final pulse width and beam
quality of the Ho:YAG MOPA system are shown in Figure 4b,c respectively.

Figure 4. (a) Output powers, (b) pulse width, and (c) beam quality factor M2 of three-stage
Ho:YAG amplifier.

142



Crystals 2021, 11, 656

As shown in Figure 5a, the average output power of ZGP OPO was measured with an
incident pump power of 52.4 W. The pump laser was injected into the crystal in a divergent
way to avoid damaging the end face with the thermal-lens effect. The divergence angle
was about 6 mrad. During the experiment, we gradually reduced the size of the pump
spot to obtain the highest pulse energy of the long-wave infrared laser. Lastly, the beam
diameter at the front-end face of the ZGP crystal was ~3.6 mm. Threshold pump power
was about 21.8 W and the maximal average output power of the ZGP OPO was about
3.15 W at 8.2 μm and 11.4 W at 2.8 μm, corresponding to the slope efficiency of about
10.1% and 37.0%. The beam quality factor M2 was measured and calculated to be 6.2 at the
maximal output power, which is shown in Figure 5b.

Figure 5. (a) Output power, and (b) beam quality factor M2 of ZGP OPO.

In the experimental process, the damage threshold of the ZGP crystal had great
correlation with the repetition frequency of the pump laser. In our previous work, which
used a 3 kHz Ho:YAG MOPA system to pump ZGP OPO [16], the ZGP crystal was damaged
when the pump power was ~73 W and the spot radius was 1.28 mm, corresponding to
peak power density of 54.9 MW/cm2. We also measured the damage threshold of the
ZGP crystal at 10 kHz repetition frequency, and it was about 25.7 MW/cm2. However,
under the condition of 1 kHz repetition frequency, the ZGP crystal remained undamaged
when the peak power density of the pump reached 60 MW/cm2. For the same ZGP crystal,
the damage threshold increased by more than two times under the same heat-dissipation
conditions as the repetition frequency of the pump laser decreased from 10 to 1 kHz. This
phenomenon could have been related to the time during which the laser was acting on
the coating film. At a high repetition rate, a longer treatment time led to a higher film
temperature, and this made the coating film of the ZGP crystal more vulnerable to damage.

Because the InGaAs detector could not respond to a long-wave infrared laser, we
employed an HgCdTe detector combined with a signal amplifier to measure the pulse
width of the 8.2 μm idler laser, which is shown in Figure 6a. The FWHM pulse width was
8.10 ns with the peak power of 0.39 MW. Using a monochromator spectrograph (Zolix,
omni-λ 300i), the idler spectrum was measured and is shown in Figure 6b. Peak wavelength
was 8156 nm. The corresponding linewidth (FWHM) was approximately 270 nm.
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Figure 6. (a) Pulse width, (b) ZGP OPO spectrum.

4. Conclusions

The Ho:YAG oscillator was Q-switched at 1 kHz, and the pulse width was ~12 ns.
The successive three-stage Ho:YAG amplifier stages increased the maximal average output
power up to 52.1 W with a pulse width of ~14 ns, corresponding to the beam quality factors
M2 of 1.20 and 1.28 for the horizontal and vertical directions, respectively. With the above
Ho:YAG MOPA system, maximal output powers of 3.15 W at 8.2 μm and 11.4 W at 2.8 μm
were produced in ZGP OPO, with an idler laser output energy of 3.15 mJ and a pulse
width of 8.10 ns. The linewidth of the long-wave infrared laser was 270 nm at a central
wavelength of 8156 nm. Its beam quality factors M2 were 6.2. As far as we know, this is
the largest reported amount of pulse energy in a long-wave infrared laser at a kilohertz
repetition-frequency band.
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Abstract: A Tm:YAP laser with an output wavelength of 1989 nm was selected for the first time as
the pump source of a Q-switched Ho:YAP laser. When the absorbed power was 30 W, an average
power of 18.02 W with the pulse width of 104.2 ns acousto-optic (AO) Q-switched Ho:YAP laser was
obtained at a repetition frequency of 10 kHz. The slope efficiency was 70.11%, and the optical-optical
conversion efficiency was 43.03%. The output center wavelength was 2129.22 nm with the line width
of 0.74 nm.

Keywords: 1989 nm; Ho:YAP; AO Q-switched laser

1. Introduction

2 μm holmium (Ho3+) doped solid-state lasers have important application prospects
in the fields of laser ranging, laser medical treatment, environmental monitoring, and
optical communication due to its near-infrared window and safety to the human eye [1–8].
In addition, 2 μm Ho3+ doped lasers were considered as good pump sources for mid-far
infrared optical parametric oscillator (OPO) [9]. Compared with Ho:YAG, Ho:YLF and
Ho:GdVO4 crystals, Ho:YAP crystal has obvious advantages, such as wide absorption line,
large absorption cross-section, anisotropy, short growth period, the output power was not
easy to saturate, and so on. There are many absorption peaks in Ho:YAP crystal at 1.9 μm.
For an a-cut Ho:YAP crystal, the absorption peaks included 1872 nm, 1907 nm, 1931 nm,
1970 nm and 2045 nm. For a b-cut Ho:YAP crystal, the absorption peaks included 1884 nm,
1923 nm, 1946 nm, 1984 nm, 2023 nm and 2059 nm [10]. For a c-cut Ho:YAP crystal, the
absorption peaks included 1915, 1941, 1980, and 1996 nm [11]. A maximum absorption
peak for a-, b-, and c-cut Ho:YAP crystals was about 1976 nm [12].

In recent years, there are many reports on Ho:YAP lasers. In 2009, a Tm:YLF laser with
the output wavelength of 1900 nm was used to pump the continuous wave Ho:YAP laser,
was reported by Duan et al. [13]. The output power was 10.2 W, with the slope efficiencies
of 64.0%, the optical-optical conversion efficiencies of 52.6%, and the output wavelength of
2118 nm. In 2011, a Tm:YLF laser with output wavelength of 1910 nm was used to pump
the Ho:YAP (b-cut) Q-switched laser at room temperature, was reported by Yang et al. [14].
When the Q-switched repetition frequency was 5 kHz, the output power was 18.1 W, the
slope efficiencies was 45.9%, the optical-optical conversion efficiencies was 36.5%, and the
output wavelength was 2118 nm. In 2012, the theoretical and experimental analysis of a
Ho:YAP (a-cut) crystal of 2 μm laser was reported by Yang et al. [15]. The pump wavelength
was 1900 nm. The CW output power was 15.6 W. The slope efficiencies was 63.7%, the
optical-optical conversion efficiencies was 54.5%, and the output wavelength was 2118 nm.
In 2012, a Tm:YLF laser with an output wavelength of 1910 nm was used to pump the
Q-switched Ho:YAP (a-cut) ring laser, was reported by Dai et al. [16]. When the Q-switched
repetition frequency was 1 kHz, the output power of 10.17 W was obtained, the slope
efficiencies was 60%, the optical-optical conversion efficiencies was 29.5%, and the output
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wavelength was 2119 nm. In 2014, a Tm fiber laser with the output wavelength of 1910 nm
was used to pump the Q-switched Ho:YAP (a-cut) laser, was reported by Wang et al. [17].
When the Q-switched repetition was 10 kHz, the output power of 11.0 W was obtained
with the slope efficiencies of 62.1%, the optical-optical conversion efficiencies of 26.3%, and
the output wavelength of 2118.0 nm. In 2014, Tm:YLF laser with an output wavelength
of 1910 nm was used to pump Ho:YAP (a-cut) Q-switched laser, was reported by Duan
et al. [18]. When the Q-switched repetition frequency was 10 kHz, 17.2 W output power
was obtained, the slope efficiencies was 63.2%, the optical-optical conversion efficiencies
was 29%, and the output wavelength was 2118 nm. In 2016, a Tm fiber laser with the output
wavelength of 1910 nm was used to pump a mode-locked Ho:YAP laser, was reported by
Duan et al. [19]. The output power of 2.87 W was obtained, with a slope efficiency of 15%,
an optical–optical conversion efficiency of 11.9%, and an output wavelength of 2118 nm. In
2017, a Tm fiber laser with an output wavelength of 1941 nm was used to pump a Ho:YAP
(c-cut) laser, as reported by Ting et al. [11]. The output power of 29 W was obtained with
the slope efficiency of 42.8%, the optical–optical conversion efficiency of 60.67%, and the
output wavelength of 2118 nm. In 2018, a Tm fiber laser with an output wavelength of
1910 nm was used to pump a Ho:YAP (b-cut) laser, as reported by Duan et al. [20]. The
output power was 10.5 W, the slope efficiency was 53.2%, the optical–optical conversion
efficiency was 41%, and the output wavelength was 2115 nm. In 2020, a Tm:YAP laser with
output wavelength of 1940 nm was used to pump the electro-optic Q-switched Ho:YAP
(a-cut) laser reported by Lei et al. [21]. When the repetition frequency was 4 kHz, the
output power was 6.5 W, the slope efficiency was 50.6%, the optical-to-optical conversion
efficiency was 28%, and the output wavelength was 2118 nm.

As mentioned above, Tm-doped solid-state lasers or Tm fiber lasers with output
wavelength of 1900 nm, 1910 nm, or 1940 nm are often used as the pumping sources
of Ho:YAP lasers. Although there was no pump source whose wavelength matches the
strongest absorption peak of Ho:YAP crystal, the slope efficiency of Ho:YAP lasers was
quite high under all kinds of situations, such as continuous or Q-switch or mode-locked
operation, which means that the Ho:YAP crystal was one of the most promising Ho3+

doped lasers.
Under the premise of ensuring that the Ho:YAP crystal absorbs enough pumping

power, the closer the wavelength of output laser and pumping laser, the smaller the
quantum loss. However, there is not report on a Ho:YAP laser pumped by a 1989 nm laser,
to our best knowledge.

In this paper, a Tm:YAP laser with the output wavelength of 1989 nm was selected for
the first time as the pump source of Q-switched Ho:YAP laser. When the absorbed power
was 30 W, the output power of acousto-optic (AO) Q-switched Ho:YAP laser was 18.02 W,
and the pulse width was 104.2 ns at repetition frequency of 10 kHz. The corresponding
slope efficiency was 70.11%, and the optical-optical conversion efficiency was 43.03%. The
output center wavelength was 2129.22 nm.

2. Materials and Methods

The experimental configuration was shown in Figure 1.
To achieve high output power of Q-switched Ho:YAP laser, four semiconductor lasers

(Type: SHCC-FCP-60-200-795-S, Shanghai Chuchuang Optical Machinery Technology Co.,
Ltd., Shanghai, China) with a central wavelength of 795 nm were used as pumping sources
of Tm:YAP laser.

Two Tm:YAP crystals with the same parameter were used in the experiment. The
Tm:YAP crystal had a cross-section size of 4 mm × 4 mm, a length of 12 mm, and Tm3+

doping concentration of 3 at.%. Both ends of the crystal were coated with high transmissiv-
ity at 1989 nm and 795 nm. The crystal was wrapped in thick indium foil with the thickness
of 0.1 mm and placed in a copper heat sink. The heat sink was cooled by water, which was
kept at 18 ◦C.

148



Crystals 2021, 11, 595

Figure 1. Acousto-optic Q-switched Ho:YAP laser pumped by 1989 nm laser.

The output power of Tm:YAP laser was improved by using a laser diode (LD) double-
ended pump structure. The cavity was formed by flat mirrors M1, M2, M3, M4, and a
concave mirror M5. M1, M3 and M4 were 45◦ mirrors coated with high transmissivity at
795 nm and high reflectivity at 1989 nm. M2 was a 0◦ mirror coated with high transmissivity
at 795 nm and high reflection at 1989 nm. Curvature radius of the output coupler M5 was
300 mm and coated with transmissivity of 10% at 1989 nm.

Good mode matching between the pumping beam and oscillating beam of the Tm:YAP
laser was achieved by adjusting the focus coupling mirrors, f1 = f4 = f5 = f8 = 25 mm,
f2 = f3 = f6 = f7 = 50 mm. The focus lenses were anti-reflection coated at 795 nm. We
measured the pump power before the lenses and after M1, M2, M3 and M4, and we
calculated the pump transmission to be about 90%.

The resonator of Ho:YAP was a straight cavity composed of M7 and M8. M7 was
coated with high transmissivity at 1989 nm and high reflectivity at 2118 nm. Curvature
radius of the output coupler M8 was 100 mm and coated with high transmissivity at
1989 nm and transmissivity of 20% at 2118 nm. The cavity length of Ho:YAP was 70 mm.

The size of Ho:YAP crystal was 4 mm × 4 mm × 25 mm, and the Ho3+ doped
concentration was 0.8 at. %. Both ends of the crystal were coated with high transmissivity
at 1989 nm and 2118 nm. The crystal was wrapped in thick indium foil with the thickness
of 0.1 mm and placed in a copper heat sink. The heat sink was cooled by water, which was
kept at 18 ◦C.

A quartz acousto-optic Q-switch (QS041-10M-HI8 and the drive model MQH041-
100DM-A05, Gooch&Housego Co., Ltd, Ilminster, Somerset, UK) with a length of 46 mm
and aperture of 2.0 mm was employed for Q-switching operation. Both ends of the Q-
switch crystal were coated with high transmissivity at 2118 nm. The radio frequency was
40.68 MHz, and the maximum radio frequency power was 50 W. The threshold of damage
was larger than 500 MW/cm2. The AO Q-switch crystal was cooled by a water cooler at
18 ◦C.

In order to facilitate the adjustment and realize the good mode matching between the
pump light and the oscillating light, plat mirror M6 and focus lenses f9 and f10 were used.
M6 was a 45◦ full mirror coated with high-reflection at 1989 nm. The focus lens f9 = 50 mm
was anti-reflection (AR) coated at 1989 nm.
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3. Results and Discussion

The absorptance of Tm:YAP crystal to pump light was 92%. The output power of
Tm:YAP laser was measured with the power meter F150A (OPHIR, Jerusalem, Israel),
as shown in Figure 2. The output power of the laser varied linearly with the absorbed
power. The threshold power of the laser was 11 W. The maximum output power of the
Tm:YAP laser was 50 W, and the slope efficiency was 41.32%. The central wavelength at
the maximum output power was 1989.01 nm, which was measured using the spectrometer
(AQ6370 of Yokogawa, Musashino, Tokyo, Japan), as shown in Figure 3.

Figure 2. Output power versus absorbed power of Tm:YAP laser.

Figure 3. Output spectrum of Tm:YAP laser.
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The central wavelengths of Tm:YAP laser versus output power were shown in Figure 4.
When the output power of continuous Tm:YAP laser varied from 0.5 W to 50 W, the center
wavelength of the Tm:YAP laser remained between 1986.00 nm and 1990.00 nm. The
fluctuation of the center wavelength was affected by the accuracy of temperature control of
the Tm:YAP crystal. However, the output wavelength of the Tm:YAP laser was always in
the absorption line width of the Ho:YAP crystal, which means that it can be used as the
pump source of the Ho:YAP laser.

Figure 4. Output wavelength of Tm:YAP laser versus output power.

With Tm:YAP laser as the pump source with the maximum output power of 50 W,
the experimental study of acousto-optic Q-switched Ho:YAP laser was carried out. The
average power of the laser output was measured by a power meter (30A-BB-18, OPHIR,
Jerusalem, Israel), and the pulse width of the laser output was measured by an oscilloscope
(DPO3054, Tektronix, Beaverton, Oregon, U.S.) and a pulse width detector (PCI-3TE-12,
VIGO System S.A., Warsaw, Poland).

As shown in Figure 5, the average output powers of an AO Q-switched Ho:YAP laser
versus pump power were achieved under repetition frequency of 1 kHz, 5 kHz and 10
kHz. At pump power of 50 W, the maximum average output powers of AO Q-switched
Ho:YAP laser were 14.2, 15.84, and 18.02 W, with the slope efficiencies of 55.25, 61.66, and
70.11%, respectively. The output pulse width of the Q-switched Ho:YAP laser versus the
pump power was achieved under different repetition frequencies, as shown in Figure 6. At
absorbed power of 30 W, the narrowest output pulse widths were 101.7 ns, 103.1 ns and
104.2 ns under repetition frequency of 1 kHz, 5 kHz, and 10 kHz, respectively.
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Figure 5. Average output power of Q-switched Ho:YAP laser versus absorbed power.

Figure 6. Output pulse width of Q-switched Ho:YAP laser versus absorbed power.

The central wavelength of the AO Q-switched Ho:YAP laser was measured using the
spectrometer (AQ6370, Yokogawa, Musashino, Tokyo, Japan). The central wavelengths at
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the maximum output average power were 2129.29 nm, 2129.47 nm and 2129.22 nm, with
output linewidths of 0.77 nm, 0.75 nm and 0.74 nm under repetition frequency of 1 kHz,
5 kHz and 10 kHz, respectively.

Figure 7 showed the output spectrum of a Q-switched Ho:YAP laser at an output
average power of 18.02 W and repetition frequency of 10 kHz. While, Figure 8 gave the
output width of Q-switched Ho:YAP laser under the same condition.

Figure 7. Output spectrum of AO Q-switched Ho:YAP laser.

Figure 8. Output pulse width of AO Q-Switched Ho:YAP laser.

153



Crystals 2021, 11, 595

4. Conclusions

We demonstrated an AO Q-switched Ho:YAP laser pumped by the 1989 nm laser for
the first time. Under the pump power of 50 W, at a PRF of 1 kHz, the average output power
of 14.2 W Ho:YAP laser was obtained, with the slope efficiency of 55.25%, the pulse width
of 101.7 ns, and the central wavelength of 2129.29 nm. At a PRF of 5 kHz, the average
output power of 15.84 W laser was obtained, with the slope efficiency of 61.66%, the pulse
width of 103.1 ns, and the central wavelength of 2129.47 nm. At a PRF of 10 kHz, the
average output power of 18.02 W laser was obtained, with the slope efficiency of 70.11%,
the pulse width of 104.2 ns, and the central wavelength of 2129.22 nm.
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Abstract: The application of laser fabrication of fiber-reinforced polymer (FRP) has an irreplaceable
advantage. However, the effect of the plasma generated in laser fabrication on the damage process
is rarely mentioned. In order to further study the law and mechanism of laser processing, the laser
process was measured. CFRP and GFRP materials were damaged by a 1064 nm millisecond pulsed
laser. Moreover, the propagation velocity and breakdown time of plasma plume were compared. The
results show that GFRP is more vulnerable to breakdown than CFRP under the same conditions. In
addition, the variation of plasma plume and material surface temperature with the number of pulses
was also studied. The results show that the variation trend is correlated, that is, the singularities
occur at the second pulse. Based on the analysis of experimental phenomena, this paper provides
guidance for plasma phenomena in laser processing of composite materials.

Keywords: long pulse laser; plasma plume; composite materials; CFRP; GFRP

1. Introduction

A composite material is usually defined as a combination of two or more different
materials that have different physical and chemical properties. Thus, composite materials
may possess the superior properties of both components [1,2]. Generally, in the fiber-
reinforced polymer (FRP), fiber wrapped by the resin matrix is the main load-bearing
component of the material. At the same time, the resin is the load transfer element, which
also plays the role of protecting the whole structure [3,4].

The properties of high specific strength and high modulus make fiber-reinforced
resin composites useful in many fields, such as military, aviation, and sport equipment [5].
Because this kind of material is composed of fiber and matrix layering, there are several
factors that influence the stiffness and strength of the composite material. For example, the
direction of the fiber, the weaving method, the layering method, and the number of layers.
Theoretically, there are many reinforcements and matrix materials that can be combined in
a huge number of ways to produce composite structures that match specific applications
of the structure. Fiber-reinforced lamination is composed of multilayer unidirectional or
bidirectional fibers located within the matrix. Normally, materials should have similar
properties (isotropy) in different directions, that is, they should have the same properties
(homogeneity) at any point in the material. This means that the properties of the material
are the same regardless of the direction and position of the material. However, when
they are glued together and new special structures emerge, the properties are different [6].
Unidirectional fiber-reinforced materials exhibit different properties in the transverse
direction of the fibers, while bidirectional materials exhibit different properties in all
directions [7–12].

In the traditional middle infrared thermal imaging technology, the thermal imager
records the mid-infrared radiation emitted by the object itself, which contains the charac-
teristic information of the material; the difference of the mid-infrared radiation ability of
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material surfaces is caused by the change of the temperature field of the material surface.
Usually, in the absence of external thermal excitation, the internal loss of the material will
be reduced. Defects could not cause the temperature field change of the material surface,
so the passive thermal imaging technology could not detect the defects under the material
surface. Different from the traditional passive mid-infrared thermal imaging technology,
the thermal wave detection technology uses the active control of light, heat, and other ways
to stimulate the defects. The results show that the physical properties of different material
surfaces and under the surface will affect the transmission of the heat wave and reflect
the change of temperature field on the material surface in some way. By controlling the
thermal excitation method and recording the infrared radiation of the material surface, the
nonuniformity of the material can be obtained [13,14].

In order to achieve the purpose of detection and flaw detection, the mechanism of
laser induced damage of CFPR needs to be further explored. These processes of laser
irradiation of fiber-reinforced polymers is very complicated, which is different from that of
isotropic material or unistructural material. First, the material is heated by a laser, and the
surface of the composite material is heated rapidly. Then, the surface of the resin reaches
its decomposition temperature, its chemical bonds break, and decomposition occurs. Then,
the material continues to absorb laser energy [15], resulting in combustion or gasification.
Finally, the laser disintegrates and ionizes the combustion products to form plasma.

Therefore, in this paper, the experimental content proposed is to measure the tem-
perature and combustion wave changes of FRP materials under laser damage in real time
to obtain the process and law of long pulse lasers acting on FRP materials. In addition,
the effects of different components, different structures, and different laser parameters on
processing are compared, so as to provide technical reference for long pulse laser processing
of FRP materials.

2. Materials and Methods

Melar 10, Nd: YAG, a millisecond pulse laser (Beamtech Optronics Co., Ltd, Beijing,
China), was set up for the emitting laser. The laser wavelength was 1064 nm, the pulse
frequency was 10 Hz, the pulse width was 0.5–3 ms, and the energy was variable from
0.5–10 J. The laser was partially reflected to the energy meter probe after passing the beam
splitting mirror to measure the laser energy of the material in real time. At the same time, a
KMGA740 high-speed thermometer was used to measure the temperature at the center
point of the material surface. Meanwhile, the plasma generated in the experiment was
photographed using the shadow method using the Phamton high speed camera (Vision
Research, Inc., New York, NY, USA). The reference light was the 532 nm green laser, which
propagated from the beam expanding mirror and the focusing lens. The frame frequency
of the high-speed camera was 18,000 fps, and the exposure time was 10 s (see Figure 1).

Figure 1. Experimental set-up.
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Carbon fiber-reinforced polymer (CFRP) and glass fiber-reinforced polymer (GFRP)
were used in the experiment. The gasification temperatures of the two materials are
3500 ◦C and 1000 ◦C, respectively. At the same time, the material structure is a multi-layer
orthogonal bidirectional and unidirectional structure. The material is black sheet, which
is composed of a thin layer of fiber and epoxy resin superimposed and solidified, with a
surface size of 50 mm × 50 mm and a thickness of 2 mm.

3. Results and Discussion

3.1. Plasma Plume Analysis

When multiple laser pulses were applied to the composite surface, the material
was broken down. A high-speed camera was used to take pictures of the laser action
process to obtain the corresponding pulse number of the material breakdown (the frame
frequency of the high-speed camera was 18,000 fps, and the exposure time was 10 s) and to
analyze the combustion wave morphology. At the same time, the propagation velocity of
combustion waves on the front and back surfaces of the materials was measured to obtain
the propagation law of combustion waves.

The shadow of ejected vapor does not appear on the back surface of the material, as
shown in Figure 2a. However, As can be seen from the morphology, tense ejected material
appears on both CFRP and GFRP surfaces, and this part of the material not only exists on
the front surface but also appears on the back surface of the material, as shown in Figure 2b.
This is because when the 14th pulse acted on CFRP, the plasma and spatter concentration
on the back surface was low, which had dissipated after the end of the laser pulse, so no
significant shadow was formed.

Figure 2. Combustion wave morphology (a) unidirectional CFRP, τp = 1 ms, N = 20, n = 14 th,
d = 2 mm, F = 392 J/cm2. (b) Unidirectional GFRP, τp = 1 ms, N = 20, n = 13th, d = 2 mm,
F = 392 J/cm2.

At the same time, it can be seen in Figure 2a that when the laser irradiated on the
material surface with ejected vapor, the plasma expands slowly. When the combustion
wave keeps moving outside the ejected vapor, its motion direction changes. This is because
the interior structure of the ejected material is complex and uneven. When the laser
penetrates the surface of the material, it is no longer the original waveform. At the same
time, the process of outward expansion is also affected by the internal components of the
ejected material, so the angle is offset.

Figure 3a,b show the combustion wave expansion velocity of CFRP materials during
20 pulses. Under the same laser conditions, the bidirectional material is penetrated at
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the 12th pulse and unidirectional at the 10th pulse. In the process of laser irradiating, the
expansion velocity on the back surface is slow in the initial period and increases in the later
period. In the early period of material penetration, only few laser energies can penetrate the
plasma inside the keyhole and act on the back surface, thus producing insufficient energy.
When the backside material is badly ablated, more laser energy can penetrate the material
and act on the plasma on the back surface, so the combustion wave velocity is faster. This
process is similar to the situation on the front surface in which the speed first increases and
then decreases. This phenomenon conforms to the law of energy conservation. At the same
time, by comparing the two different structures, the material of the bidirectional structure
was broken down in the 12th pulse, while the unidirectional material was broken down in
the 10th pulse. From Figure 3c,d, due to the number of pulses, the bidirectional structure is
less likely to be damaged for the CFRP material.

Figure 3. Combustion wave expansion velocity changing with time (τp = 1 ms, N = 20, d = 2 mm,
F = 392 J/cm2). (a) Bidirectional CFRP; (b) Unidirectional CFRP; (c) Bidirectional GFRP; (d) Unidirec-
tional GFRP.

Figure 3c,d show the combustion wave expansion velocity of GFRP materials during
20 pulses. By comparing that to the CFRP materials, the trend is similar. However,
bidirectional material is broken at the 5th pulse, while the unidirectional GFRP is broken at
the 7th pulse. Under the same laser conditions, the bidirectional structure GFRP material is
more easily broken down.

Figure 4 shows the relationship of combustion wave expansion velocity changing with
time of FRP materials, and the dots in the figure show the breakdown time of the material.
By comparing the action law before breakdown, the plasma expansion velocity of CFRP
material decreases with the increase in the number of pulses and only increases when the
second or third pulse occurs. However, GFRP material increases with the number of pulses.
By comparing the breakdown time of the two materials, GFRP material was broken before
CFRP material, regardless of the material structure. In addition, the comparison of the
expansion velocity shows that the velocity of CFRP in the early stage is greater than that of
GFRP, and that of GFRP in the late stage is greater than that of CFRP.
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Figure 4. Combustion wave expansion velocity changing with time (τp = 1 ms, N = 20, d = 2 mm,
F = 392 J/cm2), (a) Unidirectional; (b) Bidirectional.

3.2. Temperature Analysis

In the experiment, the surface area of material was measured. Under the action of the
multi-pulse laser, the material is injected with laser energy, so that the temperature of the
material rises until decomposition, gasification, and even ionization. When the pulse laser
fluence is 392 J/cm2, a single pulse can gasify and ionize the FRP material, resulting in an
ablative zone. Therefore, plasma is sensitive to laser conditions; because of the generation
time of the plasma difference in the two materials the plasma is sometimes beneficial to
heat conduction, but sometimes it can be the opposite due to the plasma shielding effect.

In laser processing of composite materials, a multi-pulse laser is often used to irra-
diate them to improve the processing efficiency by utilizing the accumulation effect of
temperature and plasma. Therefore, in the research of multi-pulse laser processing, the
residual temperature of the material surface after each pulse ends while the next pulse
arrives is considered to represent the temperature accumulation effect of the material, so as
to analyze the temperature during the processing of the material.

Figure 5 shows the curve of the residual temperature of CFRP and GFRP during
20 laser pulses. The overall trend is that the residual temperature increases with the
number of pulses, and the accumulative trend is obvious. However, at the same laser
fluence, the residual temperature of GFRP material is higher than that of CFRP, and the
temperature of GFRP decreases in the second pulse, while that of CFRP continues to rise.

Figure 5. Residual temperature changing with time when laser damaged FRP materials (τp = 1 ms,
N = 20, d = 2 mm, F = 392 J/cm2).

From the figure, the residual temperature of the two materials is quite different. The
CFRP materials fall in temperature below the gasification temperature (3500 ◦C), which
is higher than the plasma temperature (104 ◦C). This shows that when the next pulse
arrives, plasma dissipated toward an inverse direction of laser propagation. Thus, the
plasma density is low, which cannot form the plasma shielding effect of the laser. On the
contrary, the residual temperature of GFRP material is much higher than that of the material
gasification point (1000 ◦C), so the measured temperature should be a mixture of material

161



Crystals 2021, 11, 545

decomposition and plasma. This is because when compared to carbon fiber, glass fiber is
mainly composed of SiO2, which is usually amorphous and has a higher melting point
and damage threshold. Thus, GFRPs are more likely to produce a higher concentration
of the mixture than CFRPs, while the mixture shields the incident laser. After that, laser
energy irradiated on the composite material surface decreases, and the cumulative effect
becomes weak in a short period of time. However, when the subsequent pulsed laser
continues to irradiate, the mixture in front of the material surface is ignited by the laser, and
the combustion wave propagates in the opposite direction, which weakens the shielding
effect. Thus, the laser energy can re-pass through the mixture and act on the surface of the
material, thus intensifying the effect and promoting the temperature accumulation.

3.3. Correlation Analysis

Based on the analysis of plasma plume and temperature, these two dependent vari-
ables both appear as singularities with the increase in the number of pulses. However,
the difference is that for CFRP, the residual temperature curve is relatively smooth and
there is no singularity. This is because the damage mechanism of the two materials is
different when they are damaged by laser. Comparing the material properties of carbon
fiber and glass fiber, we can see that the damage mechanism of carbon fiber and glass fiber
is quite different.

The epoxy resin attached to the surface of the fiber has a higher laser transmittance
than the fiber, so the laser directly acts on the fiber through the epoxy resin on the surface
of the material [8]. Carbon fiber is an opaque medium, while glass fiber is a translucent
medium. This difference results in the different transmittance of the material to the laser,
that is, the transmittance of glass fiber is much higher than that of carbon fiber.

The electronic drift in CFPR and GFPR is disordered. The main reason for the differ-
ence between the two curves is lattice–lattice coupling. It is well known that the lattice of
carbon in CFPR is periodic, while that of SiO2 in GFPR is aperiodic. Therefore, the thermal
conductivity of the two materials is different under the same laser conditions.

Comparing the two kinds of fibers, the thermal conductivity of carbon fiber is
60 W/m·K, while that of glass fiber is only 1.09 W/m·K. According to the above two
parameters, the speed of CFRP rising to the gasification point is much higher than that
of GFRP during the heating process of laser activated material. However, the gasification
point of the two is different. As we discussed above, glass fiber is mainly composed of
SiO2, which is usually amorphous, it has no fixed melting point; when the same energy
laser acts on the surface of the material and causes the material to heat up, the glass fiber is
more likely to heat up to its gasification temperature and ionize. Glass fiber or other forms
tend to form stable melts within a large range, and also change their viscosity gradually
before they reach a liquid state. Carbon fiber tends to oxidize in air and pyrolysis in Ar
atmospheres. In fact, the absorption of pure glass at 1064 nm is relatively low [16,17].
The plasma temperature produced by ionization is much higher than that of the surface
temperature of the material. Meanwhile, based on the thermal conductivity factor, the
cooling rate of CFRP materials is also faster. Therefore, at the end of each pulse, the residual
temperature of CFRP is much lower than GFRP.

The plasma and temperature changes of the two materials were compared. There are
singularity effects on temperature and plasma plume of GFRP materials. At the second
pulse, the plume has a higher velocity and a lower temperature. Both defy the overall trend.
When the laser acts on the material, the fiber acts as the main medium for heat exchange.
Its temperature is first raised, and then the heat is transferred to the surrounding epoxy
resin through heat conduction. Therefore, at the first pulse, although the temperature of the
fiber first rises, it does not reach the gasification point, but the surrounding epoxy resin has
decomposed and ionized. Under the continuous action of the laser, the fiber is vaporized
and decomposed along with the epoxy, resulting in a flocculent mixture that floats on the
surface of the material, which is dense and difficult to disperse. When the second pulse
acts on the material, the mixture on the surface first receives the laser energy for secondary
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decomposition and ionization, which accelerates the propagation speed of the plasma
plume. At the same time, due to the shielding of this part of the mixture, the material table
can receive less laser energy, so there is an obvious cooling phenomenon. After that, when
the subsequent pulses arrive, the shield on the surface of the material is thin because the
previously thick mixture has largely decomposed and ionized. While there is still a case for
absorbing subsequent lasers, most laser pulses can penetrate the shield and hit the material.
Therefore, when the laser distribution of the two parts reaches a relatively balanced state,
the subsequent variation trend of plasma plume and temperature tends to be monotonous.

4. Conclusions

In this paper, the temperature and combustion wave changes in FRP materials pro-
cessed by a long pulse infrared laser are studied.

Under the multi-pulse conditions, the residual temperature of the material increased
with the increase in the number of pulses for the two materials. In addition, the morphology
of the plasma combustion wave was also analyzed when the material was broken down,
and the phenomenon of the ejected vapor shadow and the deviation of the combustion
wave propagation direction was found. However, the residual temperature of GFRP
material was higher than that of CFRP under the same laser fluence. Moreover, the residual
temperature of CFRP continued to rise, but the temperature of GFRP dropped in the second
pulse due to the shielding effect. Finally, under the same laser conditions, CFRP material
of a bidirectional structure was less likely to be damaged by the pulse train laser, while
GFRP material of a bidirectional structure was more likely to be broken down. Due to the
different structure of the materials, when the multi-pulse laser irradiates the surface of
the carbon fiber material, the glass fiber material was decomposed before the carbon fiber
material. As a result, when the laser parameters are precisely controlled, multi-pulse laser
can process FRP materials more effectively due to the temperature accumulation effect and
the formation of plasma.
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