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Abstract: We report a study of the effect of optical absorption on
generation of coherent infrared radiation from mid-IR to THz region from
GaSe cr¥$a1. The infrared-active modes of e-GaSe crystal at 236 cm™ and
214 cm™ were found to be responsible for the observed optical dispersion
and infrared absorption edge. Based upon phase matching characteristics of
GaSe for difference-frequency generation (DFG), new Sellmeier equations
of GaSe were proposed. The output THz power variation with wavelength
can be properly explained with a decrease of parametric gain and the
spectral profile of absorption coefficient of GaSe. The adverse effect of
infrared absorption on (DFG) process can partially be compensated by
doping GaSe crystal with erbiumions.
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1. Introduction

Generation of broadly tunable coherent mid-infrared (mid-IR) pulses is of considerable
interests in many disciplines ranging from molecular spectroscopy, bio-medical diagnostics,
to remote sensing of atmospheric trace constituents. The most important technique to generate
tunable coherent radiation in the mid infrared (mid-IR) is based on the second-order nonlinear
optical (NLO) processes in a non-centrosymmetric crystal. These NLO processes include
difference-frequency mixing, optical parametric generation and amplification [1-9].

The crystals used for mid-IR generation by frequency down conversion are still scarce and
only a few of them have become commercialy available [1-3]. Among these, GaSe is
particularly attractive as it exhibits afairly high effective nonlinear coefficient, de = 54 pm/V
a 10.6 um and a wide transparency range from 0.62 um to 20 um [10]. It has been
successfully employed for generation of coherent radiation in the mid-IR and even down to
the THz frequency range by difference-frequency generation (DFG) or phase-matched optical
rectification [5, 8]. Improvements in the optical nonlinearity of GaSe crystal with doping of
silver or sulphur have been reported [11, 12]. Recently, we also reported that the nonlinear
coefficient (de) of a GaSe crystal doped with 0.5 atom % erbium is 24% higher than that of a
pure GaSe crystal [13].

GaSe is a semiconductor with layered hexagonal structure belonging to the Dgh(PEmZ)

space group. Beyond mid-IR, the infrared absorption edge of the NLO crystal places a
practical limit on its frequency down conversion range. The infrared absorption edge of a
crystal is usualy attributed to infrared-active phonon modes or their combination modes.
Unfortunately, there have been very limited studies concerning the effect of infrared
absorption edge on the optical dispersion and frequency down conversion efficiency of NLO
crystals, GaSein particular.
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In this work, we investigate the effect of infrared absorption on the generation properties
of coherent infrared radiation from mid-IR to THz region using the GaSe crystal. Based upon
the experimentally determined phase matching curves, modified Sellmeier equations of GaSe
are proposed to more accurately describe the optical dispersion of this crystal in this spectral
region. We identify the phonon modes that are responsible for the resulting infrared
absorption edge. We also show that the absorption effect of these infrared active phonon
modes can be reduced by doping GaSe crystal with erbium ions. The scheme increases the IR
output and therefore extends the long wavelength tuning limit.

2. Experimental methods

The GaSe crystals used in this study were grown with the Bridgman method. For doped
crystals or Er:GaSe, up to 0.5 atom % of erbium (99.95%) was introduced into the melt. Raw
materials were placed in a well-cleaned quartz tube, sealed and then pumped down to below
10° Torr. The crystal growth was carried out under a thermal gradient of 30 °C/cm with a
growth rate of 2 cm/day. The resulting pure GaSe and Er:GaSe crystals exhibit the
characteristic appearance of hexagonal layered structure of (001) plane. The crystal qualities
were evaluated by measuring the X-ray rocking curve of the diffraction peak from the (008)
plane. The optical transmission of the crystals were determined with a Fourier-transform
infrared spectrometer (FTIR, Bomem DAS8.3) in the mid-IR region and a home-made THz
time-domain spectrometer (THz-TDS) [14] in the THz region, respectively. The crystal
quality of the pure and the 0.5% Er:GaSe crystals are excellent. This is confirmed by
measuring full-width-at-half-maximum (FWHM) widths of the (008) diffraction peaks,
estimated to be about 0.02° and 0.025° for the pure and the 0.5% Er:GaSe crystals.

The GaSe difference-frequency generator (DFG) was implemented with a collinear type-|
(oto—€) phase-matching geometry. The pump beam of the DFG was provided by the
fundamental output of an Nd: YAG laser (A=1.064 um) with pulse duration of 20 ps, a a
repetition rate of 10 Hz. The signal beam, with a pulse duration of 5 ps and tunable in the
range of 1.1-1.8 um was generated by the idler output of a B-BaB,O, (BBO)-based optica
parametric amplifier (OPA) pumped by the 355-nm output of the Nd:Y AG laser. The typical
pulse energy of the 1.064 um beam employed for DFG was about 750 pJ, while that of the
OPA was adjusted between 35 and 50 pJ. The spot size of the pump beam was measured to be
about 1.7 mm, corresponding to a maximum peak intensity of 1.7 GW/cm? on the GaSe
crystal. The spot size of the signal beam after focusing is about 2.5 mm. In order to prevent
optically induced damage, the samples are placed at the location of the focus of signal beam,
which is before the focus of the pump beam. Both GaSe and the Er:GaSe crystals used in this
study were not anti-reflection-coated and have a nominal thickness of 3.3 mm.

The generated mid-IR radiation was detected either with a cryogenically cooled mercury
cadmium telluride (MCT) detector or a silicon bolometer. The residual pump radiation was
blocked with a germanium (Ge) filter. The absolute pulse energies of the generated mid-IR
radiation were determined with a calibrated pyroelectric detector. The generated pulse
energies are corrected for the losses from Fresnel reflection and transmittance of the Gefilter.

3. Results and discussions

The absorption spectrum (see the solid curves) of the pure GaSe crystal from 5 to 1000 um is
presented in Fig. 1. For comparison, the experimental data taken from Ref. [15] (filled
symbols) and Ref. [9] (circles) are also included. A strong infrared absorption peak near 40—
50 um (200-250 cm™) can be clearly observed. Summarizing the lattice vibrational analysis
and the existing data for infrared active phonons of e-GaSe [15], severa longitudina and
transverse optical phonons modes were noticed to occur a 214 cm™ [E'(TO)], 237 cm™ (AY)
and 255 cm™ [E'(LO)]. Before the absorption edge, some other |R-active modes at 19.6 um
(510 cmY), 22.4 um (446 cm™), 24.4 um (410 cm™), 27.6 um (362 cm™), 30.4 um (329 cm™),
and 33.1 um (302 cm™) can also be identified. These modes are assigned as the difference-
frequency combinations of acoustic and optical phonons or the impurity-induced localized
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modes. For example, the band at 24.4 um is the overtone of the IR active mode at 46.7 um.
The band at 27.6 um has its origin from the multi-phonon processes, while the two bands at
19.6 um and 22.4 um are mainly due to the impurity-induced localized modes [16-19]. The
pre-edge | R absorption of Er*:GaSe is lower than that of pure crystal because the linear chain
structure of Se-Ga-Ga-Se-Se-Ga-Ga-Se [13] in pure GaSe crystd is disrupted by erbium
dopants. As a result, the induced vacancies or substitutional impurities in GaSe crystal are
shifted to lower frequencies. Consequently, the heights of overtone absorption peaks from the
unperturbed part of GaSe lattice are reduced.

—— FTIR & THz-TDS - Pure GaSe
=== FTIR - Er doped GaSe

B Ref [15]

O Ref[9]

H

o

™
T

[ ]

Absorption coefficient (cm™)

100 1000
Wavelength (um)

Fig. 1. Absorption coefficients of GaSe are plotted as a function of wavelength in the mid-IR
and far-IR. The filled squares and open circles are data taken from Refs. [15] and [9],
respectively. The solid curves show our experimental results measured by FTIR and THz-TDS
for pure and Er**:GaSe

Two absorption peaks at 271 um (37 cm™) and 503 um (20 cm™) in the THz region are
attributed to an interlayer vibration of GaSe with A;- and E'-type symmetries, respectively
[16, 17]. The presence of the low-frequency sharp peak of ‘‘rigid layer mode’’ at 20 cm'™
indicates our pure GaSe crystal to be in the e-phase. The broader feature at 37 cm™ is
associated with collective interlayer motion aong the z-axis of GaSe involving multiple rigid
layers. The absorption coefficients in the 130-270 um range measured by THz-TDS exhibits
an enhanced transmission near 200 um, which is in agreement with that reported in Ref. [9].
The typical interlayer distance of a GaSe crystal is about a few tens of micrometers. The
increasing transmission could therefore originate from the destructive interference effect of
multiple reflections in the Fabry-Perot cavity of GaSe layers with dlightly irregular
distribution of interlayer distances.

We have measured the conversion efficiency for second-harmonic-generation (SHG) from
a pure GaSe crystal excited with a pump wavelength of 6 um [13]. This is plotted as a
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function of the pump energy in the inset of Fig. 2. At each pump energy, the measurement
was conducted a number of times to reved the fluctuation range of the data. The type-l
(oto—€) phase-matching condition is satisfied with an external phase-matching angle of
30.2°. Following Boyd and Kleinman [20] and using the slope of the SHG conversion
efficiency, we have determined the nonlinear coefficient d,, of the pure GaSe crystal to be 56
pm/V, which agrees well with avalue of 54 pm/V reported in Ref. [10].

40
o - 10f
p = sk
X
c 30 g Jf
3 L 54
= b =="° of
- -
g , .7 ’ 00 OIguIse(I)é?]ergyo(ﬁJ) o
L 208
g
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5 = = Fit using Ref [21]
=3 10 - == Fit using Ref [22]
]
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30 45 60 75 90

External PM Angle(degrees)

Fig. 2. Type-l DFG output wavelength vs. external PM angle. The filled triangles show the
experimental data and solid curve is the fitting curve using the modified Sellmeier equation.
Dashed curve: calculated phase matching curve using dispersion of GaSe from Ref. [21].
Dotted curve: calculated phase matching curve using dispersion of GaSe from Ref. [22]. Inset:
Measured SHG efficiency of a 3.3-mm long GaSe crystal as a function of the internal pulse
energy

The tuning curve of a collinear type-l phase-matched GaSe DFG pumped at 1.064 um is
presented in Fig. 2. Thefilled trianglesin Fig. 2 are the experimental data. The broken linesin
red and green are the calculated results by using the Sellmeier equations reported in Ref. [21]
and Ref. [22], respectively. To characterize the phase matching (PM) curves, we prepare one
sample for each type of GaSe crystals. We first carefully determine the crystal orientation
with a zero external angle. The phase matching angles can be measured with an accuracy
limited by the rotational stage used. The tuning curves are highly reproducible for different
measurement runs with each data point having a measurement accuracy of +0.2° in crystal
orientation and 10 nm in wavelength. The difference between the phase matching tuning
curves of the pure GaSe and the Er:GaSe (not shown here) can not be distinguished within the
measurement accuracy. The Erbium doping appears to produce very small perturbation on the
lattice of GaSe and therefore its role can not be revealed in the Sellmeier equations and PM
curve.
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Thetuning curves shown in Fig. 2 indicate that by varying the external PM angle from 34°
to 80°, the DFG output can be tuned from 2.4 to 28 um. For the output wavelengths longer
than 20 um, however, the experimental PM angles show significant deviation from the two
calculated phase matching curves. Compared to the curve with Sellmeier equations taken from
Ref. [21], our measured data points deviate from the calculated curve by 2%-4% (0.7°-3.3°),
which are larger than the error bar of our experimental data. A uniform shift of the measured
data along the x-axis, which results in a deviation of 0.6°—2.6°, can not yield a satisfactory fit
to the PM curve from Ref. [21]. Furthermore the absolute crystal orientation with a zero
external angle can be measured to rule out this possibility. Therefore, to fit the PM curve for
DFG satisfactorily, we propose the following modified Sellmeier equations for GaSe.

For o-ray,

2 B C D EA
n"=A+—S+—+—o+5—
A A°-F

° FET ’ @

where A is the wavelength in micrometers, and A=6.8517, B=0.4558, C=0.0143, D=0.0043,
E=3.6187, F=2210.7. Smilarly, the modified Sellmeier equation for e-ray is given by

n2—A+E+E+E+i @
e /12 ﬂ,4 26 ﬂ,z—Fl'

with A" = 5.187, B’ = 0.4634, C' = - 0.232, D’ = 0.1083, E’ = 1.8105, and F’ = 1801.65. The
modified Sellmeier equations are expected to be accurate in the spectral range of 2.4-35 um
and had been experimentally verified from 2.4 to 28 um.

The phase matching curve based our modified Sellmeier equations is plotted in Fig. 2 as
the solid curve. Excellent agreement with experimental data points is achieved. The
improvement of our fit with Egs. (1) and (2) from that with Ref. [21] is statistically significant,
implying that our modified Sellmeier equations can be used to yield useful information about
the lattice vibrations responsible for the absorption edge. There have been very limited studies
concerning the origin and effect of infrared absorption edge on the optical dispersion of a
NLO crystal. The information reported is crucia in view that infrared absorption edge is an
important parameter for the design of new infrared NLO crystals.

The poles of the modified Sellmeier equations occur at 42.4 um for the e-ray and 47 um
for the o-ray, respectively. The pole of the o-ray dispersion corresponds to an infrared active
mode of E’-symmetry with vibration involving both Ga and Se atoms on the basal plane of
GaSe crystal. The optical field of the o-ray propagating through the GaSe crystal thus
experiences an index of refraction reflecting the intralayer covalent bonding structure of GaSe.
The pole of the e-ray dispersion corresponds to an infrared active mode of A, -symmetry with
vibration involving both Ga and Se atoms along the optical axis (c-axis). The optical field of
the e-ray then experiences an index of refraction, reflecting an optical dispersion from the
interlayer vibration in the GaSe crystal [23].

The parametric gain can be written as [24]
87%d %l
ri)= ——+*_, (3)
g,cnnn A4
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where |, is the intensity of the pump beam; d« is the effective nonlinear coefficient; ¢ is the
permittivity of free space; c is the light velocity in vacuum; np, ns, n; correspond to the indices
of refraction at the pump, the seeding and the generated |R wavelengths; A5 and 4 correspond
to the wavelengths of the seeding and the idler IR pulses, respectively.

The theoretical parametric gain and absorption coefficients of pure GaSe are plotted as a
function of wavelength in Fig. 3(a). The output pulse energies of a 3.3-mm-long pure GaSe
DFG from 2.4-28 um are presented as solid squares in Fig. 3(b). The energy of the infrared
pulses generated at 3.5 um was about ~13 uJ with a photon conversion efficiency of 7.3%.
This DFG system has stable output with +8% power fluctuation, which is due mainly to the
fluctuation of the laser and is treated as the error bars in the measurement. With the exception
of the absorption band around 40-50 um, the output pulse energy decreases monotonically
with increasing wavelength. This is attributed to a decrease in parametric gain and an increase
in linear absorption loss of GaSe crystal.

The generation of infrared pulses via down conversion can be modeled with a parametric
amplification process under a depleted pump beam condition [24]:

1,(r)= [(%)I @=s[(r—1,) /1, r])] xexp(—ar), @
l.w

where U1 =T(A) /1+—p : (5)
OX
1 | .

and r,/1 :Eln(16[l+|p—]) : (6)

In Egs. (4)- (6), I, is the pump intensity; | is the seeding intensity; I'(X) is the parametric gain
coefficient; o is the absorption coefficient; @, j = p, S, or i is the angular frequency of the
pump, the seeding and the IR pulses, respectively; r is length of the GaSe crystal. We note that
sn in Eq. (4) is the Jacobian elliptic function resulting from an inversion operation of the
elliptic integral [24].

By taking into account the experimentally determined temporal and spatial profiles of the
laser pulses, the calculated output pulse energy without considering loss due to absorption in
the crystal is presented as the dashed curve in Fig. 3(b). The theoretical prediction taking into
account the loss is shown as the solid curve. Clearly the solid curve exhibits better agreement
with the experimental data. This reflects significant effect of infrared absorption of GaSe on
the DFG output. The Er:GaSe DFG generated higher output pulse energy than the pure GaSe
DFG near 20 um, as shown by the open triangles in Fig. 3(b). This is attributed to lower
absorption loss of Er:GaSe near 20 um as well as an increased second-order optica
nonlinearity from erbium doping [13].

For comparison, the wavelength-dependent output data in THz region [see the open circles
in Fig. 3(b)] are taken from the data reported by Shi et al. [8]. Notice that the output THz
radiation peaks at a wavelength of 200 um, which overlaps with the enhanced transmission
region shown in Fig. 1. After reaching the maximum, the output pulse energy decreases with
increasing wavelength. Thisis mainly due to a decrease in parametric gain.
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Fig. 3. () Calculated parametric gain (dashed curve) and measured infrared absorption (solid
curve) as a function of wavelength. (b) Measured and calculated pulse energies of the DFG
generator versus wavelength. Solid squares show the measured infrared pulse energies for pure
GaSe, open triangles show the measured infrared pulse energies for Er®*:GaSe, solid curve and
dashed curve indicate the calculated pulse energies with and without considering the crystal
linear absorption coefficient, respectively. The open circles shown in the THz region are taken
from Ref. [8] for comparison.
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4. Conclusions

We report a study of the effect of optical absorption on generation of coherent infrared
radiation from mid-IR to THz region from GaSe crystal. The infrared-active modes of e-GaSe
crystal a 236 cm® and 214 cm* were found to be responsible for the observed optical
dispersion and infrared absorption edge. Based upon phase matching characteristics of GaSe
for difference-frequency generation (DFG), new Sellmeier equations of GaSe were proposed.
The output THz power variation with wavelength can be properly explained with a decrease
of parametric gain and the spectral profile of absorption coefficient of GaSe. The adverse
effect of infrared absorption on (DFG) process can partially be compensated by doping GaSe
crystal with erbiumions.
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