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Abstract

We measured two-photon absorption (TPA) coefficients, at room temperature, for two noteworthy mid-infrared
nonlinear-optical crystals, namely GaSe and CdGeAs, in the wavelength range corresponding to Ey;/2 <7 w < Ey. We used
the nonlinear transmittance technique, employing different types of nano- and picosecond lasers with wavelengths ranging
from 0.68 to 2.8 um, and the dynamic range of laser intensities spanning 6 orders of magnitude. TPA coefficients were
found to be B=(6+ 1.2) X 10™° cm/W for GaSe (at A = 700 nm) and 8= (2.5 + 0.5) X 10~ 7 cm/W for CdGeAs, (at

A= 2.8 pm). © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

GaSe and CdGeAs, belong to the class of the most
promising nonlinear-optical crystals for middle-infrared
frequency conversion [1]. For example a IlI-VI GaSe
crystal has a very broad transmission range, 0.62—-20 um,
high nonlinear-optical coefficient dy, (see Table 1) and is
phase-matchable (due to its extremely high birefringence)
for most of three-wave nonlinear-optical processes over its
transparency range. These processes include: efficient sec-
ond harmonic generation, sum- and difference-frequency
generation [1] (see also the comprehensive review of Fer-
nelius [2]), and superluminescent optical parametric gener-
ation [3].

The chalcopyrite structure of the CdGeAs, crystal, on
the other hand, has a bandgap almost four times smaller, as
compared to GaSe, with its transmission window lying
predominantly in the mid-IR (2.4-20 pm, Table 1). Its
major merit, however, is the highest known nonlinear-opti-
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cal coefficient for a phase-matchable crystal, with the
exception of tellurium. So far CdGeAs, was used for
mid-IR sum- and difference-frequency generation and for
second harmonic generation [1]. Recently highly efficient
frequency doubling of CO, laser radiation [4] and differ-
ence frequency generation in the 7—20 wm spectral range
[5] in this crystal have been reported. Potentially CdGeAs,
is also a very promising material for optical parametric
oscillators/amplifiers pumped at A > 2.4 pm [6].

Due to remarkable progress in the crystal growth tech-
nology in the last decade it became possible to grow
defect-free GaSe and CdGeAs, crystals of appreciable
sizes, and with low absorption, < 0.1-0.2 cm™1, in the
middle of their transmission window.

The purpose of the present work is to study two-photon
absorption (TPA) in GaSe and CdGeAs,, a phenomenon
of fundamental nature, which can set the limit to the
performance of nonlinear-optical devices (both TPA and
parametric gain are intensity-dependent and give contribu-
tions of opposite sign), based on these crystals. The two-
photon absorption, corresponding to band-to-band transi-
tion, is non-zero when the laser photon energy #w is
larger than half of the bandgap of the crystal (£ w > Ey/2).
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2. TPA in GaSe

The phenomenon of two-photon absorption in GaSe
was first observed by Abdullaev et al. [7,8] via two-photon
photoconductivity, luminescence, and superluminescence
(Nd laser with A =1.06 um was used for excitation),
although no estimates were made on the TPA absorption
coefficient. Baltramigjunas [9,10] found that two-photon
Nd laser (1.06 pwm) excitation in GaSe may cause dramatic
induced absorption (e.g. due to inter-valence-subband ab-
sorption by nonequilibrium free carriers generated by TPA
of laser radiation) and spectra of this induced absorption
were studied. For example it was found that irradiation of
GaSe with laser pulses of 6 MW /cm? intensity caused
induced absorption of 0.75 cm™! near A =1 wm at room
temperature. Adduci and co-workers [11] measured TPA in
GaSe with the nonlinear transmittance method using a Nd
laser (1.06 wm). TPA coefficient was found to be 1.1 X
10~7 cm/W (see Table 1).

For the study of TPA in GaSe we used several types of
lasers to match the condition E,/2 <% w < E, (here the
bandgap E, corresponds to A,=0.62 wm). The lasers
used were: (i) Flashlamp-pumped Alexandrite laser (PAL
101 from Light Age), with A = 800 nm, pulse duration of
60 ns, close to TEM ,,-mode beam quality, and repetition
rate of 20 Hz; (ii) Raman-shifted (using high-pressure H,
cell) second harmonic (SH) of a Nd:YAG laser (Spectra
Physics — Quanta Ray GCR-230), with A = 683 nm, pulse
duration of 6 ns, TEM y-mode, repetition rate of 20 Hz;
(i) Fourth harmonic (FH) of a mode-locked Er,Cr:Y SGG
(A =2.8pm) laser, A(FH) = 700 nm, pulse duration of 70
ps, TEM o-mode, repetition rate of 3 Hz.

The GaSe crysta was cleaved along the (001) plane
(the principal c-axis is normal to the surface, ‘‘ z-cut’’),
was L =13 mm long, and had linear absorption a= 0.1
cm~! a 700-800 nm. The laser radiation was focused
onto the crystal using a f=10 cm glass lens and the
Z-scan method was employed to measure the crysta’s
transmission as a function of the peak incoming laser
intensity (1 ). The pyro-detector which was used to regis-
ter the transmitted laser radiation in the Z-scan method had
sufficiently large aperture (10 mm) and was sufficiently
close to the crystal (so-called open aperture Z-scan) to
neglect the effects of nonlinear refraction.

With nanosecond laser pulses (Alexandrite and
Raman-shifted SH of Nd:YAG) we did not observe notice-
able changes in the transmission (Fig. 1) upto the maxi-
mum |, set by the GaSe surface damage threshold (10—
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Fig. 1. GaSe transmission versus incident peak laser intensity,
obtained using the Z-scan method. Squares — Alexandrite laser
(A =800 nm, 60 ns); triangles — Raman-shifted SH of a Nd:YAG
laser (A=683 nm, 6 ns); circles — fourth harmonic of an Er,
Cr:YSGG laser (A =700 nm, 70 ps). Solid line — TPA theoretica
fit.

100 MW /cm?, see below). With picosecond laser pulses
at 700 nm (FH of an Er-laser) we observed a clear (and
reversible) decline of the crystal’s transmission with in-
creasing intensity, as can be seen in Fig. 1. Again, the limit
for the highest achievable laser power density I, was set
by the GaSe crystal’s surface damage threshold.

We found in our experiments that the GaSe surface
damage, within the range of laser durations used, depends
solely on the fluence (energy density) of laser radiation,
and not on its intensity. The damage threshold fluence (for
the typical exposure of 100 laser shots) was found (A =
700-800 nm) to be approximately 1 J/cm?. This corre-
sponds to the damage threshold intensity 1, = 7 GW /cm?
for pulses with 70 ps duration, 82 MW /cm? for 6 ns
pulses, and, correspondingly, 8 MW /cm? for 60 ns pulses.

3. TPA in CdGeAs,

The TPA phenomenon in CdGeAs, was studied by
Guha et d. [12], where the authors utilised 75 ns pulses at
A=46 pm and have shown that the TPA process is
dominantly dependent on the free-carrier concentration, so
that improving the linear absorption properties of the
material by decreasing the free-carrier concentration re-
duces the TPA effect. For the best samples, with room
temperature carrier concentration of 0.4 X 10*® em~2 and

Table 1

Crystal E, (eV) Transparency dy. B from literature (cm /W) B measured (cm /W)
range (um) (pm/V)

GaSe 2.0 0.62-19 54 11X 1077 at 1.06 pm[11] 6x107°%at 0.7 pm

CdGeAs, 0.52 2.4-20 247 (0.7-35) x 1077 at 4.6 pm[12] 25%x10""at 2.8 um
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Fig. 2. CdGeAs, transmission versus pesk incident laser intensity

a A=2.8 pm, 100 ps in the Z-scan method. Solid line — TPA
theoreticdl fit.

a linear absorption of ~1 cm™! a 4.6 pm, the TPA
coefficient was found to be in the range (0.7-3.5) X 107
cm/W.

For the study of TPA in CdGeAs, (E, corresponds to
Ag=24 wm) we have used the fundamental wavelength,
A =28 um, of a mode-locked, Q-switched and cavity
dumped Er,Cr:Y SGG laser [13], emitting single pulses of
approximately 100 ps duration in a TEMy, mode. The
CdGeAs, crystal (cut at 41° with respect to the principal
c-axis, no AR-coating), was L =5.8 mm long, and its
linear absorption was ay=15 cm™* a 2.8 pwm (and
~02 cm~! a 10 wm). The crystal was kept at room
temperature. We have used a f = 10 cm BaF, lens to focus
the laser beam (polarized perpendicular to the crystal’s
c-axis, i.e. ‘‘o-wave’’) onto the crystal. Fig. 2 shows the
results of the Z-scan measurement of the transmission
versus intensity dependence. Similar to the GaSe case, a
pronounced reversible decrease of the transmission with
intensity, due to interband two-photon absorption, can be
observed, up to the crystal’s surface damage threshold of
~ 2.7 GW /cm? for 100 ps A = 2.8 pm pulses.

4, Results

To find best fitted TPA coefficients 8 from our experi-
mental data we modelled the nonlinear transmission be-
haviour in Figs. 1 and 2 by numerical integrating the
differential equation
di, = I (ap+pl )dz D
over time, z-coordinate (along the beam) and transverse
xy-coordinates. Here «, is the low-signal absorption, and
B the TPA coefficient. We took into account Fresnel
reflection losses and assumed Gaussian distribution of the
laser intensity I, =1.(t, X, y, 2), both in time and in
transverse coordinates.

Solid lines in Fig. 1 and Fig. 2 represent the best fitted
curves (with a single adjustable parameter 8) for both

GaSe and CdGeAs, crystals with TPA coefficients 8 = (6
+1.2)x107° cm/W for GaSe and 8= (25+ 0.5) X
10~7 cm/W for CdGeAs,. One can see (Figs. 1 and 2)
that in both cases the local dependence (1) accounts very
well for the observed nonlinear transmission. A small
deviation from the theoretical curve at > 2 GW /cm? for
GaSein Fig. 1 is likely to be the result of thermal effects
emerging when | becomes too close to the surface
damage threshold (7 GW /cm?). We estimate the accuracy
of the measurement of TPA coefficients in our experiment
to be 20% which is mainly set by uncertainties in the
measurements of the laser intensity.

Our experimental TPA coefficient B8 for GaSe is 18
times smaller than the value of §=11X10"7 cm/W
determined by Adduci et a. [11] for 20 ns pulses at
A =1.06 pwm. This discrepancy is likely to be the result of
poor quality of the samples used in Ref. [11] (so that the
role of impurities, free-carrier absorption and surface ef-
fects might have played a role); smal sample length (2.5
mm), reducing the accuracy of the measurements; and
small dynamic range (< 2 orders of magnitude) of the
laser intensities. On the other hand, our measured TPA
coefficient for GaSe is much closer to those measured for
other materials with asimilar bandgap, e.g. 8= 1.4x 10~ °
cm/W at 1.06 pm (AgGaSe,, E,=1.75 eV) [14] and
B=58x10"° cm/W at 0.53 pm (ZnSe, E;=25 eV)
[15].

As far as CdGeAs, is concerned, our measured TPA
coefficient fits well into the range given in Ref. [12] (see
Table 1).

5. Conclusion

We found experimentally TPA coefficients to be g =
(6+12)x107° cm/W (GaSe) and B=(25+ 0.5 X
1077 cm/W (CdGeAs,) using nonlinear transmittance
measurements in the dynamic range of 6 orders of magni-
tude of laser intensity.

The practical implication of the results presented in this
work is that, although the TPA losses in GaSe would be
small (< 1%) for pulsed nanosecond OPO applications,
with pump intensities typically ~ 10 MW /cm?, it may
become a serious obstacle when pulsed pico- and femto-
second parametric down-conversion schemes are used,
where pump intensities may be larger than 1 GW /cm?,
The result of TPA in this case may not only be absorption
at shorter *‘pump’’ wavelengths, but also induced losses,
due absorption by nonequilibrium free carriers generated
by TPA, at longer (e.g. signa and idler) wavelengths. As
far as CdGeAs, is concerned, the two-photon effects can
be substantial even at 1, ~ 1 MW /cm? (corresponding to
TPA losses of 25% at L = 1 cm); thus pump radiation with
lower photon energies, i < Ey/2 (corresponding to A >
4.8 ..m), should be employed.
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