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Fig. 1 ZGP single crystals grown by freezing method with ultralow gradient and ZGP OPO devices. (a) Crystals grown
by HGF; (b) crystals grown by VGF; (c¢) regular ZGP OPO devices; (d) large aperture ZGP OPO devices
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Fig. 3 OPO laser properties of ZPG. (a) Mid-IR output power; (b) beam quality at laser output power of 107 W
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Abstract

Objective

Nowadays, the optical parametric oscillator (OPO) technique through mid-infrared nonlinear optical

(NLO) crystals is an important way to generate tunable high power all-solid-state 3—5 pm mid-infrared laser sources

which have many important civil and military applications including atmospheric monitoring, medical diagnosis, and

photoelectric countermeasures. In OPOs, the infrared nonlinear optical crystal is critical as its quality determines the
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output power of a mid-infrared laser. Zinc germanium phosphide, ZnGeP, (ZGP), possesses a high nonlinear
coefficient, a high damage threshold, and good thermal conductivity and is transparent and phase matchable at 2 pm,
and thus it is called “the king of mid-infrared nonlinear optical crystals”. However, there is an abnormal optical
absorption band in the wavelength region of 0.7-2.2 pm that hinders the output power increase of ZGP OPOs. In
order to meet the demands of applications that require higher efficiencies and output powers, absorption losses at the
abnormal optical absorption band have to be further reduced.

Methods A highly-pure polycrystalline ZGP is synthesized by using a self-made two-zone tube furnace. Large ZGP
single crystals are grown by the gradient freezing method. ZGP OPO devices are fabricated after orienting, cutting,
post-growth thermal annealing, polishing, and coating. A spectrophotometer is used to measure the spectrum of
ZGP. The OPO laser experiment is carried out with one ZGP device pumped by a 2.09 pum Ho: YAG pulsed laser with
a pulse repetition rate of 20 kHz.

Results and Discussions In this study, high quality large ZGP single crystals with diameters of 3.8-5.0 c¢cm have
been successfully grown by the freezing method with an ultralow gradient (0.5—1 ‘C/cm) in the self-made furnaces
with growth yields over 95%. Figs. 1 (a) and (b) show the ZGP crystals grown by HGF and VGF, respectively.
The ZGP OPO crystal devices with various specifications [ Figs .1 (¢) and (d) ] are fabricated with the maximum size
up to 30 mm X 30 mm X 40 mm (the largest ZGP OPO device fabricated to date) after orienting, cutting, post-growth
thermal annealing, polishing, and coating. The absorption coefficients of ZGP devices prepared by the normal
electron-beam irradiation ( I ) and the freezing method with ultralow gradient ( Il ) are measured and compared, as
shown in Fig. 2. The absorption coefficients for | are 1.8 cm ' and 0. 04 cm ' at 1.064 pm and 2. 09 pm,

' and

respectively. As a comparison, the absorption coefficients for [ are much lower with values of 0.4 cm~
0.015 cm™', respectively. The ultralow absorption coefficients promote the improvement of conversion efficiency
and the increase of output power of ZGP OPOs. The OPO laser experiments are carried out with a 6 mm X 6 mm X 30 mm
ZGP device pumped by a 2.09 pm Ho:YAG pulsed laser with a pulse repetition rate of 20 kHz. A maximum average
output power of 107 W at 3—5 pm is obtained with a 173 W incident pump power, corresponding to a slope efficiency
of 75% and an optical-optical efficiency of 61.8%, as shown in Fig. 3(a). The beam quality factors (M*) are 3.13

and 3. 14 for horizontal and vertical directions [Fig. 3(b)], respectively.

Conclusions In this study, high quality ZGP crystals with diameters of 3. 8-5.0 cm have been grown by the
ultralow gradient freezing technique in self-made furnaces with growth yields over 95% . The crystal growth efforts
and post processing have resulted in ZGP OPO devices with an ultra-low absorption loss (0.015 cm ' @2.09 pm) and
a size of up to 30 mm X 30 mm X 40 mm. A high average output power (=>100 W) ZGP OPO with only one low
absorption ZGP device has been demonstrated, with no obvious limits to further scaling. The results indicate that the
combination of large aperture and low absorption losses makes our ZGP crystals extremely attractive for high average
power and high energy applications.

Key words laser technique; mid-infrared nonlinear optical crystal; ZnGeP, single crystal; ultralow gradient
freezing method; high power mid-infrared laser
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