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ABSTRACT

The nonlinear absorption properties of direct (GaN) and indirect (Cdl,) band gap crystals have been studied by using an
open aperture Z-scan technique under fundamental (1064 nm) and frequency doubled (532 nm) wavelength respectively
with 10 ns or 60 ps pulse durations. Direct band gap crystal exhibits two and three photon absorption at all input irradi-
ances. On the other hand, at low input irradiance the indirect band gap crystal exhibits saturable absorption (SA). At
higher input irradiances two and three photon absorption becomes dominant. A monotonic increase of the nonlinear
absorption coefficients with increasing laser pulse duration from 60 ps to 10 ns is observed for GaN and CdI, crystals.
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1. Introduction

Nonlinear optical (NLO) materials play a major role in
nonlinear optics and in particular they have a great im-
pact on information technology and industrial applica-
tions. In the last decade, however, this effort has also
brought its fruits in applied aspects of nonlinear optics.
This can be essentially traced to the improvement of the
performances of the NLO materials. The aim is to de-
velop materials presenting large nonlinearity and satisfy-
ing at the same time all the technological requirements
for applications such as wide transparency range, fast
response, and high damage threshold.

Direct band gap semiconductors Gallium Nitrate (GaN)
with wurtzite crystal structure have a band gap 3.39 ev.
The wide band gap of GaN enables this crystal to exhi-
bits special properties for applications in optoelectronics
and high power and high frequency devices. On the other
hand, many fundamental physical parameters of GaN are
still scarcely investigated. Nonlinear optical processes in
GaN, such as two and three photon absorption, can lead
to optical power limitations and optical damage in nitride
based optoelectronics. These processes can be also used
in numerous applications: optical limiters, photonic swit-
ches and nonlinear autocorrelation systems for ultrafast
laser pulse characterization because of these potential
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applications extensive research efforts have been made
on the properties of GaN.

Further cadmium iodide (Cdl,) with band gap 3.2 ev is
a wide indirect band gap semiconducting material. The
optical properties have attracted much attention during
the last few years due to its applications as a semicon-
ductor materials detector which may be used in a photo
cell or as an x-ray and y-ray detector. Ultra fast devices
are the key component for the next generation. In this
case the wide direct and indirect band gap semiconductor
is the suitable candidates to calculate the nonlinear ab-
sorption parameters. The Z-scan method has been em-
ployed to measure the nonlinear optical parameters in
number of direct band gap crystals [1-7]. Further there is
a lack of measurements on nonlinear parameters in case
of indirect band gap crystals because the lattice vibra-
tions and carrier concentration makes the calculations
more difficult.

In this paper, we report a systematical investigation on
the nonlinear intensity dependent optical absorption co-
efficients in GaN (direct band gap) and CdI, (indirect
band gap) crystals using nanosecond and picosecond
fundamental and frequency doubled Nd:YAG laser by
open aperture Z-scan technique. We observed an increase
in the value of nonlinear absorption coefficients with
increasing laser pulse duration from 60 ps to 10 ns for
both the direct and in direct band gap crystals also we
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observed a switching from saturable absorption (SA) to
two and three photon absorption in Cdl, indirect band
gap crystal by increasing input irradiances.

2. Z-Scan Theorieson Two and Three
Photon Absorbers

Under the condition that the photon energy of laser
pulses is less than the band-gap energy (Epnoon < Ey), the
multi-photon absorption (MPA) coefficients may be eva-
luated by conducting Z-scans. By using both thin sample
approximation and slowly varying envelope approxima-
tion, the wave equation can be separated into two equa
tions: one for the nonlinear phase and the other for the
irradiance: [8,9]

d¢ _ K, 1" +ko,N,., (1)
dZ j=2
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where £ is the magnitude of the wave vector in free space;
My, is the nonlinear index of refraction (j = 2, 3 for the
third and fifth order nonlinearity respectively); o, and o,
are the refractive and absorptive cross sections of photo-
excited charge carriers (or photo-excited electron-hole
pairs), respectively; N, is the number density of the
photo-excited charge carriers, ay is the linear absorption
coefficient, a;is the MPA coefficient (j = 2 for 2 PA; j =
3 for 3 PA, and so on); and / is the irradiance within the
sample. If we keep the 2 PA term and ignore all other
terms on the right side of Equation (2), we can analyti-
cally solve Equation (2) for OA Z-scans on two-photon
absorbers. Similarly, by keeping the 3 PA term and ig-
noring the other terms, we can have an analytical expres-
sion for OA Z-scans on three-photon absorbers. By as-
suming a spatially and temporally Gaussian profile for
incoming laser pulses, the normalized energy transmit-
tance, Toa(z), for 2 PA and 3 PA can be derived as Equa-
tions (3) and (4), respectively [10],
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the excitation intensity at position z; z, = nw; / A is the
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Rayleigh range; w, is the minimum beam waist at the
focal point; 4 is the wavelength of the laser used; L.y =

[l —exp (—aOL)J/aO ; Ly = [1 - exp(—2a0L)]/2a0 are
the effective length of samples for 2 PA and 3 PA proc-
esses, respectively; and L is the sample length. The 2 PA
and 3 PA coefficients can be extracted by the best fit
between the above equations and the OA Z-scan curve at
different intensities, as shown in Figures 1-4 respec-
tively.

It has been pointed out that 3PA Z-scans are signifi-
cantly different from 2PA Z-scans [11]. If go < 1 or po <
1, Equation (3) or (4) can be expanded in a Taylor series
as

% SR q({
Ny n'”
o _;( g 2j-D2j -1 ©

Furthermore, if the higher order terms are ignored, we
obtain:

To, =1-p,1, Le_[/'/23/2 (7

T, =1-BI; L, /33/2 (®)

By the use of the plot of Ln(1 — Tp,) vs Ln(Iy) as shown
in Figure 5 indicative of 2PA process showing slope 1.86
and 1.92 in case of GaN and Cdl, crystals respectively.
Similarly in Figure 6, the plot of Ln(1 — Ty,) vs Ln( 15)
showing slope of 2.9 and 3.0 indicative of 3 PA process in
case of GaN and CdI, crystals respectively.

3. Experimental Details

To obtain the nonlinear absorption properties of the sam-
ples, the open aperture Z-scan technique shown in Fig-
ure 7 has been employed because of its characteristics
advantages: simplicity, high sensitivity and simultaneous
determinations of both sign and magnitude of the absorp-
tive nonlinearity [12]. In open aperture Z-scan experi-
ments, an optical thin sample moves along the Z-axis
near the focal point of the laser beam and the transmitted
pulse energy was completely probed as a function of the
sample position z and collected with the help of photo-
diodes. The data only reflect the information on the ab-
sorptive nonlinearity because the open aperture Z-scan
experiments are insensitive to nonlinear refraction effects
such as self phase modulation and harmonic generation
[13]. In our experiments the source is fundamental (1.17
eV) and frequency doubled (2.34 ev) Nd:YAG laser pro-
duces 10 nsec and 60 psec pulses at 10 Hz repetition
rates. All Z-scan measurements reported here at room
temperature and radiation for both nanosecond and pico-
seconds Z-scan experiments was focused by 200 mm
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Figure 1. Relative transmittance at 532 nm wavelength for (a) 10 nsec and (b) 60 psec pulse duration of the GaN crystal. Solid
lineisatheoretical fit to experimental data.
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Figure 2. Relative transmittance at 532 nm wavelength for (a) 10 nsec and (b) 60 psec pulse duration of the Cdl, crystal. Solid
lineisatheoretical fit to experimental data.
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Figure 3. Relative transmittance at 1064 nm wavelength for (a) 10 nsec and (b) 60 psec pulse duration of the GaN crystal.
Solid lineis a theoretical fit to experimental data.
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Figure 4. Relative transmittance at 1064 nm wavelength for (a) 10 nsec and (b) 60 psec pulse duration of the Cdl, crystal.

Solid lineis a theoretical fit to experimental data.
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Figure 5. Plot of Ln(1—Toea) VsLn(lp) showing 2 PA in case
of GaN and Cdl, crystals having slope of a) 1.86 b) 1.92
respectively.
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Figure 6. Plot of Ln(1 — Toa) vs Ln(12) showing 3 PA in

case of GaN and Cdl, crystals having slope of (a) 2.9 (b) 3.0
respectively.

focal length lens. The Rayleigh length was measured to

be 24.4 um and the Rayleigh length was found to satisfy
the basic criteria of Z-scan experiment.

Copyright © 2012 SciRes.
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Figure 7. Schematic diagram of experimental Z-scan arran-
gement. BS beam splitter, FL focusing Lens, S investigated
sample, TS trandlation stage, PD1 and PD2 photodiodes, A
aperture.

4. Result and Discussion

Nanosecond and picoseconds open aperture Z-scan mea-
surements show similar behavior for both GaN (direct
band gap) and Cdl, (indirect band gap) crystals. Norma-
lised transmittance results of the open aperture Z-scan for
an irradiation wavelength of 532 nm of energy 2.34 ev
indicating two photon absorption (2 PA) with 10 nsec
and 60 psec pulse duration, in case of GaN and Cdl,
crystals are shown in Figures 1 and 2 and for wavelength
of 1064 nm of energy 1.17 ev indicating three photon
absorption (3 PA) with 10 nsec and 60 psec pulse dura-
tion in case of GaN and CdI, crystals are shown in Fig-
ures 3 and 4 respectively.

Nonlinear absorption can be classified into two types:
first, transmittance increases with increasing optical in-
tensity; this nonlinear absorption corresponds to SA. Se-
cond, transmittance reduces with increasing optical in-
tensity, this nonlinear absorption includes two and three
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photon absorption. In the presence of SA, the intensity
dependent absorption coefficient, a(/) is given by

a() =aq, / [1+(1/15) ] )

where, I is the saturation intensity. If the excitation in-
tensity [/ is less than I, SA can be considered as a
third-order process and in such cases —a//; is equivalent
to two and three photon absorption [14].

The values of the 2 PA and 3 PA coefficients for nano-
second and picosecond pulse duration at 0.052 cm/GW?
to 0.104 cm/GW? input intensities with theoretical fit are
given in Tables 1 and 2 for both the direct and indirect
band gap crystals. The value of 2 PA and 3 PA coeffi-
cients in case of indirect band gap crystals in both the
nanosecond and picosecond regime’s are smaller as com-
pared to direct band gap crystals. This fact can be easily
be understood as reported earlier [15] due to phonon as-
sisted transition in case of indirect band gap crystals.
With increasing input irradiances the 2 PA and 3 PA co-
efficients of GaN and Cdl, crystals increases in magni-
tude for nanosecond and picosecond pulse duration. The
indirect band gap crystal exhibited a switching from
saturated absorption to two and three photon absorption
by increasing input intensities. It is found that in general,
they exhibit either saturated absorption or 2 PA and 3 PA
depending on the intensity of the excitation. For 0.052
cm/GW? and 0.060 cm/GW? input intensities, the domi-
nant nonlinear absorption is saturated while for 0.068
cm/GW? to 0.104 cm/GW? 2 PA and 3 PA is dominant.
Saturable absorption characteristics depend on the pro-
perties of a materials and the parameters such as intensity
and pulse duration of laser used [16-18]. It is well known
that when the photon energy hv is less than the band gap
Eg, 2 PA and 3 PA processes are dominant mechanisms
as observed in semiconducting materials [19-21]. At low
input irradiance, Figures 2 and 4 in case of indirect band
gap crystals in our open aperture Z-scan measurements,
the 532 nm and 1064 nm laser radiation yielding SA. SA
is dominant at low input irradiance, although 2 PA and 3
PA always exist. However, at higher input irradiance, the
absorption from the free carriers becomes significant and
2 PA and 3 PA becomes dominant. The intensity de-
pendence SA, 2 PA and 3 PA at the same wavelength in
the crystals may be used for optical pulse compression
[22]. Results in Tables 1 and 2 for both direct and indi-
rect band gap crystals show that f, and f; values for
nanosecond pulse duration at the same input irradiance
are about one order of magnitude larger than £, and f;
values for picosecond pulse duration. It is known that the
third order nonlinearities arising from bound electronic
effects are important in the femtosecond time region,
while the free carrier nonlinearities become significant
for laser pulses of nanosecond durations and larger.

It was found previously that free carrier generation

Copyright © 2012 SciRes.

Table 1. Comparison of the nonlinear two photon absorp-
tion coefficients of the GaN (direct band gap) and Cdl, (in-
direct band gap) crystals, for nanosecond and picoseconds
(4 =532 nm) laser excitation at variousinput intensities.

. Nanosecond Picosecond
Crystals Intensity ZI 0 results results

(GWlem') 4 cm/GW) Ba(cm/GW)
0.052 +1.129 +1.435x 10"

0.060 +1.824 +2.876 x 10"
GaN (direct 0.068 +2.353 +3.245 % 107!
band Gap) 0.076 +2.945 +3.937x 10"
0.088 +3.572 +4.635x 10"
0.104 +4.187 +5.538 x 107"
0.052  -1.001x10" ~1.345x 102
0.060  -5.051x 107 ~6.886 x 107
Cd, (indirect 0.068  +8.045x 10"  +7.567x 107
band Gap) 0076  +1.553x 107" +1.567 x 107
0.088  +1.832x 10" +2.873 x 107
0.104 +3.583x 10"  +4.678x 102

Table 2. Comparison of the nonlinear three photon absorp-
tion coefficients of the GaN (direct band gap) and Cdl, (in-
direct band gap) crystals, for nanosecond and picoseconds
(A =1064 nm) laser excitation at variousinput intensities.

. Nanosecond Picosecond
Intensity 7,
Crystals (GW/em?) results results

B3(cm’/GW?) Bi(cm’/GW?)

0.052 +3.142x 107" +2.336x 107"

0.060 +4.164 x 107" +2.374 x 107"

—10 —11

GaN (direct 0.068 +4.553 % 10 +3.235 % 10

band Gap) 0.076 +5.845x 101" +3.809 x 107"
0.088 +6.272 x 107" +4.535x 107"
0.104 +7.937 x 107'° +6.008 x 107"

0.052 —1.001 x 107" —2.433x 107"
0.060 —4.051x107" —4.583x 107"
Cd/, (indirect 0.068 +8.034 x 107" +7.852 x 107
band Gap) 0076  +4263x102  +2.739x 10
0.088 +4.813 x 107" +3.678 x 107
0.104 +5.157 x 107" +4.116 x 107"

under high laser intensities in the picosecond time regime
should be included in the consideration of nonlinear op-
tics in semiconductors [23]. Longer pulses can make
nonlinear absorption processes such as two and three
photon induced free carrier absorption dominant. If pulses
have the same peak intensity with different temporal
width are incident on a materials, longer pulses will cre-
ate more carriers, thus the longer pulse will include more
free carrier absorption with small carrier decay times
[22]. For example, electron-hole recombination times for
CdS and ZnSe were found to be of the order of 0.6 - 4.0
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ns [23-27] and the contribution of free carriers to third-
order nonlinearities was found to be significant for laser
pulses of nanosecond duration. In our Z-scan experi-
ments, the same low intensity value (0.052 GW/cm?) was
used for both 60 psec and 10 nsec pulse durations.
Therefore, the results in Tables 1 and 2 indicate that the
free charge carrier contributions to the third order non-
linearities in the nanosecond Z-scan experiments are
much larger than that of picosecond Z-scan experiments.

5. Conclusion

The nonlinear absorption of GaN (direct band gap) and
CdI, (indirect band gap) crystals have been calculated by
the open aperture Z-scan technique under 532 nm and
1064 nm wavelength with 10 nsec and 60 psec pulse du-
ration. Smaller values of two and three photon absorption
coefficients in case of indirect band gap crystals as com-
pared to direct band gap crystals have been attributed to
phonon assisted transition. Direct band gap crystals ex-
hibited two and three photon absorption while indirect
band gap crystal exhibited a switching from negative
nonlinear absorption (saturated absorption) to positive
nonlinear absorption (two photon and three photon ab-
sorption) by increasing input irradiances. The saturable is
dominant at low input irradiance in case of indirect band
gap crystal while two and three photon absorption is
dominant for high input irradiances. The intensity depen-
dent saturable absorption, two and three photon absorp-
tion in the indirect band gap Cdl, crystal may be used for
optical pulse compression.
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