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Optical properties and application of GaSe: AgGaSe, crystal
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Abstract; The nonlinear optical crystal grown from the melt GaSe: AgGaSe, (10% , mass percent) is identified
as acentrosymmetric £-GaSe: Ag( <0.04% , mass percent) and is used for phase matched frequency conver-
sion. The silver presence results in 30% increase in microhardness, which allows the crystal to be cut and
polished at arbitrary direction. The optical properties from visible to mid-IR and further THz ranges are studied
in detail. It demonstrates that the absorption coefficient of GaSe: Ag( <0.04% , mass percent) crystal is twice
that of a pure GeSe, and the CO, laser Second Harmonic Generation( SHG) efficiency is about 1.7 times that
of ZnGeP, crystal.
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1 Introduction

In the early 80s, Allakhverdiev''' et al. had shown
that S-doping in GaSe resulted in the decrease of the
nonlinearity coefficient d,,. For the first time 84%
improvement in the efficient nonlinearity in GaSe
doped with In was reported by Suhre et al'*’. and
confirmed in Ref. [3]. It is ascertained that the in-
crease is caused by the improvement in the crystal
optical quality. Later Hsu et al. "*' reported that do-
ping with 0. 5% ( mass percent) heavier erbium led
to 24% increase in intrinsic nonlinearity. Besides,
in spite of the nonlinearity decreasing''', it was es-
tablished that the set of modified physical properties
of S-doped GaSe yielded 2.4-fold increase in CO,
laser Second Harmonic Generation ( SHG ) efficien-
ey

The intricate ternary compounds AgGaSe, and
AgGaS, with 42 m point group symmetry were also
used as the doping agents in the GaSe crystals of
62 m point group. In 1999, Singh et al. grew the
crystal from the GaSe: AgGaSe, (10. 1% , mass per-
cent) melt with the highest nonlinearity among the
doped GaSe crystals:ﬂ , which generates twice larger
efficient figure of merit “ d’/n’” than that of
ZnGeP,. However, there is still no further informa-
tion about the real composition, optical properties,
and phase matching in this crystal. Recently, the
crystal was grown from the melt of GaSe: AgGaS,

(10.6% , mass percent)'”) whose nominal charge

doi;10.3788/C0.20120501. 0057

composition of Ag, s Ga, o5 Se, oS, ; is close to that
described in Ref. [6]. Grown crystal was identified
as GaSe:S (2% , mass percent) and almost identi-
cal in CO, laser SHG efficiency to GaSe: S (2%
mass percent) crystal grown by conventional S-do-
ping technology *""".

In this research chemical composition, crystal
structure , optical properties of the crystal grown from

the GaSe: AgGaSe, melt (10% , mass percent) are

studied for the first time.

2 Crystal growth and characterization

2.1 Crystal growth

Pure GaSe crystals were grown in a two-zone vertical
Bridgman furnace in evacuated quartz ampoules with
10 mm in diameter by conventional technique similar

to that described elsewhere*!"!

. The starting materi-
als for the GaSe synthesis were Ga (99.999 9% )
and Se (99.999 9% ).

percent) of stoichiometric AgGaSe, was added to a

As a dopant, 10% ( mass

charge of pre-synthesized GaSe. The temperature
gradient at the crystallization front was 10 “C/cm
and the crystal pulling rate was 10 mm/d. For
doped crystals, a heat field rotation during crystal

"1, All z-cut specimens studied

growth was used'
were cleaved from the nose part of the as-grown ingot
and used without any additional treatment.

2.2 Composition

The composition of the crystals grown was estimated

by Electron Probe Microanalysis( EPMA) with aver-
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aging over an area 100 pwm x 100 pm that reveals
clear signal of sulphur(S) and gallium( Ga), and
no signal related to the silver( Ag) in GaSe: AgGaSe,
(10% mass percent). Silver content determination
was provided by atomic-absorption spectrometry with
7-8000 Hitachi spectrometer ( air-acetylene flame )
and sulphur content by Inductively Coupled Plasma
Optical Emission Spectrometry ( ICP-OES ) with
spectrometer iCAP 6500, thermo scientific after dis-
solution of sample weights in nitric acid. In that
case, the composition is identified as GaSe: Ag with
Ga(44.59% , mass percent), Se(55.37% , mass
percent) and Ag( <0.04% , mass percent) both in
NCTU, Hsinchu, Taiwan, China and TSU, Tomsk,
Russia. As it was reported, low miscibility gap in
the Ag,Se and GaSe phase-diagram resulted in Ag-
precipitation'®’ that was not so evidently observed in
this study.

2.3 Crystal structure

Structural properties of the crystals were observed by
Transmission Electron Microscopy ( TEM) with TES-
LA BS-513A microscope at an electron accelerating
voltage of 100 kV. Only &-GaSe crystalline phase
was detected by TEM. The electron diffraction pat-
terns confirm the high quality of pure GaSe lattice
that reflexes are round and symmetrically disposed

circles. The electron diffraction patterns for GaSe:
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Ag ingot are evidently attributed to £-GaSe struc-
ture. Diffraction patterns of GaSe: Ag( <0.04% ,
mass percent) are something deformed ( polar split-
ting angle is ~0.3°) due to Ag presence.

The e-polytype structure of the observed speci-
mens was also identified by proposed non linear
method through the ¢-angle dependence of CO, laser
type SHG signal ™', For all crystals, CO, laser SHG
signal versus @-angle was clear six-petal-flower type
similar to that in £-GaSe, as it goes from the relation
for efficient nonlinear susceptibility coefficient d, =
d,, cosf sin3¢@ for the I type of interaction.

2.4 Hardness

The crystal hardness was measured by CSEM Nano
Hardness Tester. It is established that GaSe: Ag( <
0.04% , mass percent) hardness in 10. 6 kg/mm” is
30% higher than that of GaSe in 8 kg/cm’. It is
possibly due to Ga vacancy occupation and substitu-
tion, interstitials and the intercalation between the
growth layers. Due to improved hardness the crystal
can be cut and polished at arbitrary direction.

2.5 Visible to mid-IR absorption

UV-visible optical density of the specimens observed
was recorded by Cary 100 Scan( Varian, Inc. , Aus-
tria) spectrometer. The wavelength range is 190 —
900 nm, spectral resolution is 0.2 —4 nm, wave-

length deviation is +1 nm(see Fig. 1(a)).
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Fig. 1 Optical density spectra of GaSe and GaSe: Ag ( <0.04% , mass percent) crystals at short-wavelength(a) and long-

wavelength ends of the transmission range(b). The crystal thicknesses are identified in the figure insets.
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Mid-IR optical density was recorded by FTIR
Nicolet 6700 ( Thermo Electron Corp. ) spectrome-
ter. The operation wavelength range is 11 000 —375
em ™", spectral resolution is 0.09 c¢m™'. Selected
spectra are displayed in Fig. 1(b).

The absolute value of attenuation coefficients at
maximal mid-IR transparency range o = 0.2 cm ™'
was measured at chosen points on the crystal face
with a low power ¢1.0 mm beam at a wavelength of
9.6 pm CO, laser band to minimize the influence of
surface defects on the measurement results.

2.6 Optical properties in THz range

The absorption coefficient in Terahertz range and n,
spectra in the crystals were determined by a home-
made THz-TDS spectrometer with a 50 fs Ti: sap-
described

THz beam was normally incident to

phire laser system ( 797 nm )

elsewhere ™’ .

the crystal face. THz absorption spectra are shown in

s
o .
=3
E
(2]
=
g E
B~ | —— Experiment
S 32 —— Model
3.1 L I | L I | L
04 08 12 16 20 24 28 32
Frequency/THz
(a)
3.5 . T . T -
!
34 l' b

Ordinary refractive index

04 0.8 1.2 1.6 2.0 24 2.8
Frequency /THz

(c)

3.1 : -

]l —— GaSe i
--=-- GaSe:Ag

Absorption/cm ™!

0 . . .
04 08 12 16 20 24 28 32

Frequency /THz

Fig.2  Absorption spectra of GaSe and GaSe: Ag( <
0.04% , mass percent).

Fig. 2. Ordinary refractive index(n,) determined at
normal incidence of the THz beam on the grown z-cut
crystal surface was presented in Fig.3(a) and Fig.3
(b). Scattering in the determined n, dispersions in
the grown and different origin crystals were also stud-

ied in comparison(see Fig.3(c) and Fig.3(d)).
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Fig.3 Measured and calculated n, dispersions in grown GaSe (a), grown GaSe and GaSe: Ag (0.04% , mass percent)

(b), different origin GaSe (c¢) and three samples GaSe: Ag( <0.04% , mass percent) in comparison(d).
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Then modified method as described below was
used to measure both n, and n, dispersions in GaSe
and GaSe: AgGaSe, ( <0. 04% , mass percent) crys-
tals(see Fig.4).
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n, and n, (45°) dispersions in GaSe: Ag( <

When n, is determined (see Fig.2) in the same
measurement manner, but for an inclined incident
THz beam, dispersions n_(6) has to be determined.
Further, n, is calculated by using well known rela-

n,(0) =n, n/

tion"”) between n, and n, :

(nlcos’@ +n’sin’f). The modified method was
first tested by application to a pure GaSe crystal for
check and then to GaSe: Ag( <0.04% , mass per-
cent) through measurement at an incident angle of
45°(see Fig.4).

2.7 CO, laser SHG

The CO, laser SHG efficiency was studied by using
GaSe and two GaSe: Ag( <0.04% , mass percent)
specimens that were cleaved from the beginning and
middle parts of the grown ingot. Optical faces of
every specimen were cleaved for giving close interac-

tion lengths of (2 £0.02) mm. 2 mm long ZnGeP,

" at the maximal transparency

crystals(@<<0.1 cm~
range of 2.5 —8.5 wm, about 1 em ™" at CO, laser
wavelength ) was also applied in the experimental
study.

Low pressure tunable CO, laser with electroni-
cally controlled pulse repletion rate was used as a

pump source. The laser emits highly-stabilized

250 ns and 5 kW peak power pulses with a pulse re-
pletion rate up to 1 kHz in the ¢ 6 mm smooth-ener-
gy-distribution beam. SHG pulses were recorded by
RT pyroelectric detector MG-30, Russia (D =7 X
10* ¢m - Hz'?/W at the range of 2 =20 wm) with
selective nanovoltmeter Unipan-237, Poland (1 or
10 Hz spectral bandwidth) and displayed with TDS
3052 oscilloscope ( see Fig.5).

Fig.5 External view on CO, laser SHG facility(a) and
SHG nod(b).

3 Results and discussion

Crystal grown from the GaSe: AgGaSe, melt (10% ,
mass percent) is identified as &-polytype low silver
doped GaSe: Ag( <0.04% , mass percent) that is
useful for nonlinear applications. The lattice quality
of the sample is close to that of the pure GaSe crys-
tal. So, the growth technology from the melt of GaSe
with 62 m point group and AgGaSe, with 42 m point
group is the new doping technology in fact.

GaSe: Ag( <0.04% , mass percent) is charac-
terized by 30% improved hardness to that in the
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pure GaSe and can be cut and polished at arbitrary
direction. It is also characterized by 2-fold absorp-
tion coefficient both in mid-IR and THz(see Fig.2)
ranges and nevertheless demonstrated about 1. 7-fold
CO, laser SHG efficiency of that in ZnGeP, that is in
coincidence with data in Ref. [2]. Tt looks like it is
simply due to still much lower absorption losses at
the range of 9 =11 pm.

Measured and estimated n, dispersions are in
reasonable agreement ( see Fig.3(a) ) and it is much
better for n, dispersions. No sample-to-sample varia-
tions in dispersions are found in grown crystals ( see
Fig.3(d)) in difference to significant variation in
different origin GaSe crystals (see Fig. 3(c¢)). n,
dispersion properties in GaSe: Ag( <0.04% , mass

SE Ik

percent) are identical to that in GaSe ( see Fig. 3
(b) ). Proposed modified method allows every body
to measure both n, and n_ dispersions in z-cut pure

and doped GaSe crystals.

4 Conclusion

Acentrosymmetric £-GaSe: Ag crystal is grown from
the melt GaSe: AgGaSe,. The chemical composition,
crystal structure and optical properties of GaSe: Ag
crystals are studied. The silver presence resulted in
30% increase in microhardness. The absorption co-
efficient of GaSe: Ag crystal is twice that of a pure
GaSe crystal and the CO, laser SHG efficiency is a-
bout 1.7 times that of ZnGeP, crystal.

[1] ALLAKHVERDIEV K R,GULIEV R I,SALAEV E Y,et al.. Investigation of linear and nonlinear optical properties of
GaS, Se,_, crystals[J]. Sov. J. Quantum Electron. ,1982,12.:947-948.
[2] SUHRE D R,SINGH N B,BALAKRISHNA Vet al.. Improved crystal quality and harmonic generation in GaSe doped

with indium[ J]. Opt. Lett. ,1997 ,22.775-777.

[3] FENG Z S,KANG Z H,WU F G,et al.. SHG in doped GaSe:In crystals[ J]. Opt. Express,2008,16:9978-9985.
[4] HSUY K,CHEN C W,HUANG J Y et al.. Erbium doped GaSe crystal for mid-IR applications[ J]. Opt. Express,2006,

14 :5484-5491.

[5] ZHANG H Z,KANG Z H,JIANG Y ,et al.. SHG phase matching in GaSe and mixed GaSe,_ S, ,x<0.412, crystals at

room temperature[ J]. Opt. Express,2008,16:9951-9957.

[6] SINGH N B,SUHRE D R,ROSCH W,et al.. Modified GaSe crystals for mid-IR applications[J]. J. Cryst. Growth,

1999,198 :588-592.

[7] ZHANG Y F,WANG R,KANG Z H,et al.. AgGaS,- and Al-doped GaSe crystals for IR applications[]J].

mun. ,2011,284:1677-1681.

Opt. Com-

[8] DAS S,GHOSH C,VOEVODINA O G,et al. . Modified GaSe crystal as a parametric frequency converter[ J|. Appl. Phys.

B,2006,82:43-46.

[9] ANDREEV Y M,ATUCHIN V V,LANSKII G Vet al. . Growth, real structure and applications of GaSe, _ S_crystals[ J].

Mat. Sci. Eng. B,2006,128:205-210.

[10] WANG T J,GAO J C,ANDREEV Y M, et al.. GaSe,__S, solid solutions[J]. Rus. Phys. J. ,2007,50:560-565.
[11] QU Y,KANG Z H,WANG T J,et al.. GaSe,__S, second harmonic generators for CO, lidars[ J]. Atmos. Oceanic Opt. ,

2008,21:146-151.

[12] KU S A,LUO C W,LIO H L,et al.. Optical properties of nonlinear solid solution GaSe, _ S (0 <x<0.4) crystals[J].

Rus. Phys. J. ,2008,51:1083-1089.

[13] MAYER G V,KOPYLOVA T N,ANDREEV Y M, et al.. Parametrical conversion of the frequency of organic lasers into
the middle-IR range of the spectrum[J]. Rus. Phys. J. ,2009,52.640-645.
[14] CHU L L,ZHANG I F,KANG Z H,et al.. Phase matching for the second harmonic generation in GaSe crystals[J].

Rus. Phys. J. ,2011,53:1235-1242.

[15] SARKISOV S Y,NAZAROV M M,SHKURINOV A P,et al.. GaSe, S, and GaSe,  Te, solid solutions for terahertz gen-



F KU Shin-an,et al. ;Optical properties and application of GaSe: AgGaSe, crystal 63

eration and detection[ C]//Proc. of the 34" Int. Conf. IRMMW-THz-2009 , Busan , Korea,2009 , paper M1A02. 0370.

[16] KOKH K A,ANDREEV Y M,SVETLICHNYI V A, et al.. Growth of GaSe and GaS single crystals[ J]. Cryst. Res.
Technol. ,2011,46.327-330.

[17] ZHANG L M,GUO J,LI D J,et al.. Dispersion properties of GaSe, S in the terahertz range[J]. J. Appl. Specir. ,
2011,77 :850-856.

[18] ANDREEV Y M,KOKH K A,LANSKII G Vet al.. Structural characterization of pure and doped GaSe by nonlinear op-
tical method[J]. J. Cryst. Growth,2011,318:1164-1166.

[19] ANDREEV Y M,KOKH K A,LANSKII G V. Handbook for Nonlinear Optical Crystals| M]. 3rd ed. Berlin; Springer,

1999.

Author’s biography : KU Shin-an(1985—), M. Sc., Post-graduate student, National Chiao Tung University, Taiwan, China.

His research interests include nonlinear optics and THz spectroscopy. E-mail :ksa7471@ hotmail. com

CHU Wei-chen(1989—) , Master Student, National Chiao Tung University, Taiwan, China. Her research
interests include nonlinear optics and THz spectroscopy. E-mail :s. daffodil@ hotmail. com

LUO Chih-wei(1975—), M. Sc. , Professor, National Chiao Tung University, Taiwan, China. His research
interests include THz spectroscopy, thin film, superconductor and topological insulator.

E-mail ; cwluo@ mail. nctu. edu. tw

ANGELUTS Andrey(1965—), M. Sc., Dr. His research interests include non-linear optics, fs frequency
conversion, THz generation and biomedical application. E-mail; andrew_aa@ inbox. ru

EVDOKIMOV Maxim(1992—) , Student, Moscow State University, Russia. His research interests include
non-linear optics, fs frequency conversion, THz generation. E-mail;yyaasshhiikk@ yandex. ru

NAZAROV Maxim(1976—), M. Sc., Dr. , Moscow State University. His research interests include fs pul-
ses, non-linear surface optics, plasmons and THz pulses. E-mail: maxim@ lasmed. phys. msu. ru
SHKURINOV Alexander(1962—), M. Sc., Dr., Moscow State University. His research interests include
non-linear optics, fs frequency conversion, THz generation and biomedical application.

E-mail ; ashkurinov@ gmail. ru

ANDREEV Yury(1946—), M. Sc., Professor, Institute of Monitoring of Climatic and Ecological System,
SB RAS, Russia & Visiting Professor, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese
Academy of Sciences, China. His research interests include nonlinear optics, crystal characterization, fs and
THz pulses, molecular spectroscopy, DAS lidar, force optics systems. E-mail:yuandreev@ yandex. ru
LANSKII Grigory(1980—), M. Sc., Dr., Institute of Monitoring of Climatic and Ecological System, SB
RAS, Russia. His research interests include mathematical modeling of nonlinear optics and programming.
E-mail ; lansky@ yandex. ru

SHAIDUKO Anna(1979—), M. Sc., Dr., Institute of Monitoring of Climatic and Ecological System, SB
RAS, Russia. Her research interests include mathematical modeling. E-mail ;an1579@ yandex. ru
SVETLICHNYT Valery(1970—), M. Sc., Dr., Siberian Physics-Technical Institute of TSU, Russia. His
research interests include laser physics, spectroscopy, nanostructure. E-mail ;an1579@ yandex. ru

KOKH Konstantin(1982—) , M. Sc., Dr., Institute of Mineralogy ang geology, SB RAS, Russia. Her re-
search interests include crystallography, crystal chemistry, crystal growth and phase equilibrium.

E-mail : k. a. kokh@ gmail. com



