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Abstract

ZnO thin films with different micro-/nano-structured morphologies have been
fabricated using thermal evaporation technique. The micro-/nano-structures
ranged from dense grains to nanorods and nanowires. The fabricated films were
characterized using x-ray diffraction and field emission scanning electron
microscopy (FE-SEM) techniques for determining their crystalline behavior and
evaluating their morphology, respectively. Photoluminescence (PL) studies
revealed two emission peaks in these films, one in the UV region due to exciton
emission and the other in the visible spectral region due to Zn or Oxygen
vacancies/defects. The effect of these different micro-/nano-structures on the
third-order nonlinear optical (NLO) response has been scrutinized using the Z-
scan technique with femtosecond (fs), MHz and picosecond (ps), kHz pulses at a
wavelength of 800 nm. Various NLO coefficients such as two-photon absorption
(), nonlinear refractive index (n,), Re [y &1, Im F% 37 and X 4 were evaluated.
The obtained ¥ values were ~1077 e.s.u. in the fs regime and ~107'° e.s.u. in
the ps regime. Optical limiting studies of these films were also performed and
limiting thresholds were estimated to be 15-130 uJ cm™ in the fs regime while
in ps regime the corresponding values were 1-3 Jcm™. The NLO data clearly
designates strong third-order nonlinearities in these ZnO thin films with possible
applications in photonics.
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1. Introduction

Zinc Oxide (ZnO) is one of the most efficient [I-VI semiconductors because of its large optical
band gap, high linear refractive index and electrical properties which are responsible for a
variety of applications in electronics, acousto-optic devices, photonic devices, sensors, solar
cells, and optoelectronic devices [1-4]. ZnO is a direct band gap (3.37 ¢V) semiconductor with
large exciton binding energy (60 meV), which is much higher than that of ZnSe and GaN,
leading to room temperature UV laser emission. ZnO also finds applications in UV laser diodes,
and several other varieties of applications such as in exciton related photonic devices [5-8]. The
advantage of wide band gap incorporates high-temperature/high-power operation, lower noise
generation, higher breakdown voltages and ability to sustain large electric fields. ZnO
nanowires (NWs) and nanorods in structured films have fascinating applications in nano-lasers,
random lasers, biosensors, UV-LEDs, self-lighting photodynamic therapy for treatment of
cancer, and innovative nano-devices to name a few [9-15]. Optical nonlinearities in
semiconductors are of particular interest due to the possibility of application in optical
switches, optical limiters, and all-optical signal processing [16]. It has been demonstrated over
the years that nanostructuring of materials leads to significant enhancement in nonlinear optical
(NLO) behavior [17]. Several groups have proposed that composite materials in thin film form
would exhibit enhanced NLO behavior [18, 19]. The higher order NLO susceptibilities are
known to be a sum of the contributions from the bulk and surface and it is well documented that
surface roughness plays an important role in determining the NLO response of metals [20]. Zn—
Zn0O based composites have recently shown promise with the demonstration of enhanced
emission in UV and visible region [21].

NLO properties of a variety of ZnO films and nanostructures grown using different
techniques and growth conditions have recently been reported [7-9, 11, 22-38]. Chan et al [8]
studied ZnO thin films and observed two-photon absorption (2PA, f) values of 107°-
10~ cm W™ in the wavelength range of 390-420 nm using 82 MHz, 100 fs pulses. Han ez al [9]
have reported ZnO thin film data with # of 107°-10~" cm W™ "at 790 nm using 76 MHz, ~140 fs
pulses. Irimpan et al [23-26] have reported NLO properties of nanostructured ZnO thin films
with 2PA coefficients of ~10™*~10 cm W™ and ¥ of ~107°-107'" e.s.u. with ns pulses.
Ouyang et al [31] studied the 2PA and optical limiting properties of graphene/ZnO composites
in organic glasses and reported a NLO coefficient (@) of 1530cmGW™'. Lee et al [35]
synthesized ZnO nanorods with different rod diameters (50, 110, 240 nm) and investigated their
fs NLO properties and time response of the nonlinearity. However, most of the studies were
performed using (a) single (ns/ps/fs) pulse excitation (b) MHz, fs pulse excitation and very few
of them attempted investigating exhaustive structure—property relationship. Furthermore, with
fs pulses and MHz excitation one expects thermal contribution to the observed nonlinearities
without clear contribution of electronic nonlinearity. The objective of current work was to
fabricate ZnO films with different micro-/nano-structures and investigate the NLO response
keeping crystallographic details the same in all cases. We have performed both femtosecond (fs)
NLO studies with MHz/kHz repetition rate in conjunction with picosecond (ps) NLO studies
with kHz repetition rate for all the fabricated films. It is demonstrated that the NLO response of
Zn0 films can be controlled by manipulating their microstructures. Our earlier studies on such
Zn0O films investigated the wettability, Raman, Photoluminescence (PL) properties in
detail [15, 21].
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2. Experimental details

Zn0 films were grown by thermal evaporation technique on borosilicate glass (BSG) substrates
by four different annealing approaches. ZnO films were prepared by two different routes to
achieve different micro-/nano-structures. In the first process, deposition of ZnO film was
achieved using zinc oxide powder as the source material followed by annealing at 150 °C in air
(sample named as ZnO-film; ZnO1). The second process involved thermal oxidation of metallic
Zn films in air or oxygen atmosphere at 500 °C. Three different types of thermal oxidation
routes were followed: 1) annealing of Zn film at 500 °C maintaining a heating rate of 5 °C min™"
followed by soaking time of 30 min at the same temperature (sample named as ZnO-Air; ZnO2)
2), the same as 1 except the annealing is carried out in an oxygen rich atmosphere (sample
named as ZnO-oxygen; ZnO3) 3) Zn film was rapid annealed at 500 °C in air atmosphere. i.e.,
initially the furnace was heated to 500 °C at the rate of 10°Cmin~" and then the sample was
loaded and maintained at the same temperature for 30 min followed by natural cooling in
normal furnace atmosphere (sample named as ZnO4). Thicknesses of these films were measured
using a surface profilometer (XP 100 of Ambios Technology, USA). Post annealing, the
thicknesses of films were ~250 nm, ~980 nm, ~670 nm and ~1500 nm for ZnO1, ZnO2, ZnO3,
and ZnO4, respectively. The crystal structures of ZnO films were characterized by a high
resolution x-ray diffractometer (XRD) using Cu Ka radiation of wavelength 0.15408 nm. The
effect of annealing routes on surface morphology was investigated by field emission scanning
electron microscopy (FE-SEM) (Carl Zeiss Model Ultra 55).

Optical absorption of the films was measured in the 200-2500 nm spectral range using a
UV-vis-NIR spectrophotometer (JASCO V-570). The Raman spectra were recorded in air
using a Nd:YAG laser at 532nm in the back scattering geometry in a CRM spectrometer
equipped with a confocal microscope and 100X objective with a CCD detector (model alpha
300 of WiTec, Germany). The PL spectra were recorded in air in the same spectrometer using a
355 nm diode laser with ~7 mW input power in reflection configuration and 40X UV objectives
with a CCD detector (WiTec, Germany). NLO characterization was accomplished using the
standard Z-scan technique [39]. In the fs regime, a Ti: sapphire oscillator (Chameleon Ultra II,
Coherent) producing ~140 fs pulses with a repetition 80 MHz at 800 nm was used. The sample
was scanned along the Z-direction through the focus of a 100 mm focal length lens. The input
beam was spatially filtered to obtain a pure Gaussian profile in the far field. The sample was
placed on a 10um resolution translation stage and data was collected manually using the
detector (Field-Max). The transmitted intensity was recorded as a function of the sample
position. The beam waist (w,) estimated at the focus was ~25um with a corresponding
Rayleigh range of ~2.54 mm. In the ps regime, studies were performed by using Ti: sapphire
amplifier delivering ~2 ps, 1 kHz pulses at 800 nm. The amplifier was seeded with ~15 fs pulses
from an oscillator (MICRA, Coherent, 1 W, 80 MHz, 800nm). The average power from
amplifier was ~2 W. The laser beam was focused by a 200 mm focal length lens. The output
transmittance was recorded by using a photodiode in combination with a lock-in amplifier.
Complete details of the ps experiments have been reported in our earlier works [40—43]. The
NLO studies were performed on all the samples with linear transmittance of ~60-75% at
800 nm. All the closed aperture scans were performed at lower peak intensities so as to avoid
any contribution from higher order nonlinear effects (the value of A¢ estimated in all the cases
was <r). The experiments were repeated more than once and the average nonlinear optical
coefficients were retrieved from the theoretical fits to experimental data.
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Figure 1. XRD pattern of thin films of (a) ZnO1 (b) ZnO2 (¢) ZnO3 and (d) ZnO4.

3. Results and discussion

The XRD data of ZnO1, ZnO2, ZnO3, and ZnO4 are shown in figure 1. The diffraction peaks of
all samples exactly coincided with that of hexagonal ZnO structure and the peaks were indexed
according to JCPDS No. 89-1397. We did not observe any significant Zn residue from the XRD
patterns of ZnO2, ZnO3 and ZnO4 [figures 1(b)—(d)], which confirmed that there was a
complete phase transition from hexagonal Zn (as deposited) to hexagonal ZnO at 500 °C
annealing temperature [15].

The hexagonal ZnO unit cell parameters were calculated from the XRD patterns and were
independent of oxidation history of the samples. The calculated unit cell parameters were,
a=32+0.2A and c=5.2+0.2 A. The average crystallite sizes were calculated from FHWM of
Zn0O peaks using Scherrer’s formula [44] and the obtained value was 36 +2nm for the three
films of ZnO2, ZnO3, and ZnO4 and independent of different oxidation approaches used.
However, ZnO1 had a crystallite size of 8 +2 nm. The lower value of the crystallite size in the
case of ZnO1 can be attributed to the lower annealing temperature as well as the lower thickness
of this film.

The morphology of ZnOl1 is displayed in figure 2(a). The SEM data revealed a dense
microstructure with flakes emerging out of the surface. Closer examination revealed that there
were pores in the film which were randomly distributed. Morphology of ZnO2 (depicted in
figure 2(b)) also resulted in dense microstructure but there was evidence for formation of
aggregates on the surface which rendered the surface rough. The microstructure of ZnO3 (data
presented in figure 2(c)) depicts formation of micro/nanorods that grew along the plane of the
film surface. However, the most drastic change occurred in the microstructure of ZnO4, shown
in figure 2(d). There was transformation into nanowires with diameters of ~15-100 nm and
lengths extending to a few ym emerging from the film surface. From the high resolution images
presented in figures 2(e)—(h) it is evident that the annealing route had a significant effect on the
surface morphology of ZnO films. The microstructures ranged from dense films to slightly
porous microstructures, micro/nano rods and nanowires. Hence, these samples provided good
examples for investigating the effect of differing microstructures on NLO properties of resulting
ZnO surfaces.

To know the growth direction of obtained ZnO nanowires, ZnO4 sample was examined
under TEM. Figure 3(a) shows the bright field TEM image of ZnO nanowire selected from
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Figure 2. FE-SEM images of (a), (¢) ZnO1 (b), (f) ZnO2 (c), (g) ZnO3 (d), (h) ZnOA4.
(a)-(d) are in 1 ym scale and (e)-(h) are in 200 nm scale.

Zn0O4 sample. The bright field image shows the nanowire of diameter 30 nm and length 800 nm.
Selected area electron diffraction (SAED) pattern of the ZnO nanowire shows that the Wurtzite
structure of ZnO was formed (inset of figure 3(a)). Figure 3(b) shows the HRTEM image of the
same single ZnO nanowire presented in the bright field image of figure 3(a). From the fast
Fourier transform (FFT) (inset of figure 3(b)) analysis of the high resolution TEM (HRTEM)
images, the d spacing between lattice planes was calculated as 0.28 nm, indicating that the ZnO
nanowires were grown in [1 O —1 0] direction. Our results are in good agreement with the
previous reported results [45-47].
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Figure 3. (a) Bright field image, inset SAED and (b) HRTEM image, inset FFT of
single ZnO nanowire of ZnO4 sample.

The absorption coefficient a is related to incident photon energy ‘hv’ by the Tauc’s relation
[48] (ahv)=(const) (hv-E,)". n=1/2 and n=2 for the direct and indirect transitions in
crystalline semiconductors, respectively. Optical band gap E, was calculated by linear
extrapolating the plot of (ahv)"" versus hv and finding the intersection with abscissa [49]. The
optical band gap values (E,) of ZnO thin films were calculated from absorption spectra
presented in figure 4(a). The E, values of ZnO1, ZnO2, ZnO3, and ZnO4 determined from the
Tauc plots shown in figures 4(b) to (e) were 3.69eV, 3.53eV, 3.50eV, and 3.15eV,
respectively. It is to be noted that the large difference in thickness of ZnO1 (250 nm), ZnO2
(980 nm) and ZnO3 (670 nm) samples has a very negligible effect on the band gap. The lower
value of the optical band gap, 3.15 eV, of the ZnO4 sample (which consists of nanowires) is due
to the partial oxidation of the sample leading to oxygen non-stoichiometry. However, in all the
cases there is clear evidence for the presence of defect states in the range of 2.5-3.1 eV range
(see figures 4(b)—(e)) which manifests itself as the UV peak in the PL spectra (see discussion
below) and the 2PA data (see discussion below).

PL spectra of ZnO1, ZnO2, ZnO3 and ZnO4 thin films excited at a photon energy of
3.49eV (355 nm) are presented in figure 5. It is well established that bulk and thin film ZnO
exhibit three PL peaks, a UV near band-edge emission peak near 380 nm, a green emission near
510nm and a red emission in the vicinity of 650 nm [50-52]. In our earlier work on similar
films, the dominant near band edge emission peak in 370-380 nm spectral region has been
ascribed to exciton—exciton scattering process from the n=1 state to the exciton continuum
state (P-line) while the broad emission observed near 550 nm is assigned to oxygen vacancies
(Vo) [21]. The broad green-yellow band near 505 nm is due to deep level emissions in green
region, which is ascribed to oxygen vacancies, zinc interstitials or zinc vacancies [53]. In the
present study we have observed UV near band edge emission peak in the 383-394 nm range
and visible emission in the 489-543 nm range from the films. These two peaks are frequently
originating luminescent peaks reported in all ZnO samples. Thus, the results of the present
study are in excellent agreement with earlier reports on thin films and bulk ZnO [21, 52, 54-58].
It should be noted that the appearance of sharp, narrow UV emission splitting into two is an
indication of better crystallinity and good quality of ZnO nanowires growth [21, 59] which is in
excellent agreement with XRD and FE-SEM results. We repeated the PL measurements for
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Figure 4. (a) Absorption spectra of ZnO1, Zn02, ZnO3, and ZnO4 thin films. Substrate
absorption spectrum (solid line) is also included. (b)—(e) Tauc plots for ZnO1-Zn0O4; red
(solid line) indicates the band gap, blue (dotted) line represents the presence of defect
states.

Zn0O1 and ZnO4 samples after four months and did not find any significant changes in the
recorded spectrum. This suggested that the samples were stable and devoid of any aging effects.

Wurtzite ZnO belongs to C6V (P63mc) space group for which the possible vibrational
modes [60] are

Uope = Al + 2B1 + E1 + 2E2

where Al, El, and E2 are Raman active and B1 is Raman forbidden. The room temperature
Raman spectra of ZnO thin films are shown in figure 6. The first order optical modes of ZnO at
380.8 cm ™' and 437.5cm™" are assigned to the Al (transverse optical (TO)) and E, high, optical
phonons, respectively [60—62]. The most intense peak at 437.5 cm™" is the characteristic peak of
ZnO Wurtzite phase and can be attributed to the E, high mode. The peaks at 299.8 cm™,
329.7cm™’, 550.6cm™' and 674.6cm™ have earlier been observed in bulk ZnO by other
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Figure 5. PL spectra of (a) ZnO1 (b) ZnO2 (¢) ZnO3 and (d) ZnO4 thin films excited
with above band gap energy (355 nm) of ZnO.
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Figure 6. Raman spectra of ZnO1, ZnO2, ZnO3 and ZnO4.

workers and assigned to By low, E,y-E>;, By high and transverse acoustic (TA) + longitudinal
acoustic (LA) modes, respectively [56, 63, 64]. The peak at 486.9 cm™! has been attributed to
surface optical phonons from earlier works [62]. The peak at 270.7 cm™" is the laser plasma line
[60] while the peak at 583.8 cm™! assigned to E; (LO) has been inferred to arise from the
formation of defects of oxygen vacancies [60, 65, 66].

Evidently both the Raman and PL spectra demonstrated the presence of oxygen related
defects/vacancies. The corresponding energy level diagram inferred from these spectra is
displayed in figure 7. From this energy level diagram and the calculated band gaps, it is
expected that all the films would exhibit two-photon absorption (2PA) in the nonlinear
absorption studies performed with ps and fs pulses.

In the fs regime, Z-scan data was recorded for ZnO1, ZnO2, and ZnO3 at 800 nm. The
signatures are shown in figure 8 and corresponding NLO coefficients obtained from the fits to
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Figure 7. Typical energy level diagram of ZnO films studied. Zn; and O; are the Zn and
Oxygen interstitials, V2, and V, are the Zn and Oxygen vacancies.

experimental data are presented in table 1. As stated earlier (based on the PL. and Raman data)
2PA was observed for all films. We obtained § values of 0.99-1.3x 10*cm W™ for data
recorded with peak intensities of 0.2-0.3 GW cm™2. The values of nonlinear refractive index, 75,
were ~14-27x107'%cm? W™ obtained with peak intensity of ~0.034 GW cm ™. These values
represent one of the highest reported values for ZnO nanostructures in literature. There could be
contributions from various sources to the nonlinear refractive index including electronic,
molecular, electrostriction, and excited state absorption population. In the fs (MHz) regime
Zn0O1 and ZnO3 depicted negative nonlinearity (self-de-focusing type) as evident from the
peak-valley signature while ZnO2 depicted positive nonlinearity (self-focusing type) as evident
from the valley-peak signature. The peak valley distance (~4.4 mm) was ~1.7 xZ, in the case
of ZnO1 and ZnO3 which confirms the presence of Kerr (purely electronic) type of nonlinearity.
Earlier studies suggest bound electrons being responsible for negative n, in ZnO single crystals
[29]. In the case of ZnO2 there could be contribution from thermal or excited state population
[29, 30]. The reason for this discrepancy requires further detailed investigation. The Z-scan data
for ZnO1 was also examined using a 1kHz optical chopper (original repetition rate was
80 MHz) and the data is shown in figure 9. One should note that these are not the regular 1 kHz
pulses obtained from fs amplifiers. We observed that there were no significant changes in the
order of magnitude of NLO coefficients.

In the ps regime, Z-scan data was recorded for ZnO1, ZnO2, ZnO3 and ZnO4 at 800 nm
and the data is presented in figure 10. We again observed 2PA behavior in all the films. f values
retrieved from the fits were ~1.15-9.5x10cm W™ achieved with peak intensities of
~100-152 GW cm™ while the n, values were 6.8-39x 1072 cm® W™ achieved with a peak
intensity of ~28 GW cm™>. Interestingly ZnO1 and ZnO3 demonstrated positive nonlinearity
(self-de-focusing, valley-peak signature) while ZnO2 and ZnO4 exhibited negative nonlinearity
(self-focusing, peak-valley signature). The peak-valley distance was ~1.7 xZ, in the case of
Zn02 and ZnO4 which confirms the presence of Kerr (purely electronic) type of nonlinearity. In
the case of ZnO3 and ZnO4 the switchover of sign could possibly be related to their band gaps
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Figure 8. The fs open aperture Z-scan data of (a) ZnO1 (open triangles) (b) ZnO2 (open
diamonds) (¢) ZnO3 (open circles). Peak intensity used was ~0.21 GW cm™2. Closed
aperture Z-scan data of (d) ZnO1 (open triangles) (e) ZnO2 (open diamonds) (f) ZnO3
(open circles). Peak intensity used was ~0.034 GW cm™2. Solid lines (red) in all graphs
represent theoretical fits.

and/or excited state population resulting from 2PA. The excitation was with 1.55 eV photons in
all the cases. Earlier studies [35] indicated that the local field enhancements through size- and
structure-dependent interfacial interactions influence the magnitude of n,. The Z-scan data was
fitted using standard equations reported in literature [67]. The NLO coefficients retrieved from
ps data are summarized in table 2. All the coefficients were estimated with £15% uncertainty
arising from errors in beam waist measurements and calibration of filters. Tables 1 and 2 also
present some of the recently reported NLO coefficients of ZnO films and composites by various
groups. With ps (kHz excitation) and fs (kHz excitation) excitation ZnO1 depicted the strongest
NLO properties amongst all four samples [including f3, n, and »**].

A survey of literature shows that the values of f and n, are strongly dependent on the
processing technique leading to a large scatter in the values of these coefficients. This is also a
consequence of the fact that microstructural evolution of thin films is, in general, process
dependent. Therefore, not surprisingly, the values of # and n, for our samples (ZnO1-Zn04)

10
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Table 1. Estimated NLO coefficients f3, n,, y ® of ZnO films in the fs regime. Negative sign indicates negative nonlinearity. Some
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ZnO1 fs MHz pulses 99.0 -2.70 0.55 -2.43 249 This work

Zn0O2 fs MHz pulses 12.5 1.40 0.07 1.21 1.21 This work

ZnO3 fs MHz pulses 130 -1.74 0.72 -1.51 1.67 This work

ZnOl1 fs, kHz pulses 175 -3.70 0.96 -3.20 3.30 This work

Zn0O nanorods fs, MHz -0.6-5.6 0.056-0.31 — — — [35]
pulses

7ZnO films fs, MHz pulses  120-1100 x 1073 — — — — 9]

ZnO films fs, MHz pulses 91-681x 107> 1.35-2.65x 1072 — — — [68]

ZnO nanoholes fs, MHz 180x 1073 — — — — [27]
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ZnO/graphene ns pulses 1.56 — — — — [31]
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Figure 9. Open aperture data of ZnO1 using 1 kHz chopper (open circles) recorded at
peak intensity 0.21 GW cm™2. Solid line (green) represents the 2PA theoretical fit.
Closed aperture data of ZnOl (open squares) recorded at peak intensity of
0.034 GW cm2. Solid line (red) represents the theoretical fit.

are slightly different to that of the values reported earlier [68]. For example, Lin er al [68]
studied fs NLO absorption of ZnO thin films grown by laser molecular beam epitaxy and
obtained g values of 3000 cm GW™! at 390 nm (or 3cm MW ™) which was much larger than that
of ZnO bulk measured at 532 nm. In contrast, Lee et al [35] synthesized vertically aligned ZnO
nanorods with different rod diameters (50 nm, 110 nm, 240 nm) and investigated their fs (MHz)
NLO properties. They obtained NLO coefficients () with magnitudes of 2.91 x 10°cm W™ to
5.61x10°ecmW™! (ie. 2.91-5.61 cmMW™) at 815 nm. They argue that the high 2PA values
may have originated from the large residual absorption at the fundamental and TPA
wavelengths and the band-edge local field enhancement due to surface trapped states. They
further convey that 2PA-induced thermal nonlinearity could not be fully excluded because of
the large absorption at TPA wavelength. In our case too we observe residual absorption at two
photon wavelength of 400 nm (Z-scan excitation was at 800 nm). They also reported n, values
0f 0.92-3.11 x 107%cm?* W™ (i.e. 0.092-0.311 cm®* GW™') whereas we observed values in the
range of 1.4-3.7 cm?GW™! in our case. However, in their case the rod diameters (vertically
aligned) were 50nm, 110nm, and 240 nm, whereas in our case the films morphology was
completely different. Lee et al [35] further summarize that the geometric arrangement of
nanostructures strongly varies with the sample thickness and is one of the crucial factors
contributing to the observed overall optical nonlinearity, confirming our observation of
morphology dependent NLO properties.

Porosity is the property of materials which affects the nonlinear optical response at
nanoscale. Earlier studies have indicated that nanoporous Si [69], aluminum oxide
nanostructures [70] exhibited large ;((3) values depending on the pore structure, size, and
density. In the case of our samples ZnO1 had well sorted pores, compared to others, probably
resulting in a higher ¥ for ZnO1. The porosity was highest in ZnO1 films, which leads to the
inference that largest ¥ value observed for ZnOl in ps/fs measurements is, possibly, a
consequence of its denser microstructure. Similar results were obtained in porous Al oxide
nanostructures [70] wherein they demonstrated that the local electric field enhancement was due

12
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Figure 10. Open aperture Z-scan data of (a) ZnO1 (open squares) at ~100 GW cm~2 (b)
Zn0O2 (open diamonds) at ~119 GW cm™> (¢) ZnO3 (open circles) recorded at
~144 GW cm™ (d) ZnO4 (open triangles) at ~152 GW cm”. Closed aperture Z-scan
data of (e) ZnO1 (open squares) (f) ZnO2 (open diamonds) (g) ZnO3 (open circles) (h)
ZnO4 (open triangles). Peak intensity used was ~28 GW cm 2. Solid lines (red) in all
graphs represent the theoretical fit.

to pore size, pore shape, and surface state effects which in turn enhanced the optical nonlinearity
[69]. Han et al [9] reported f values of 1.1 cm MW~™! for ZnO films annealed at 950—1050 °C
and attributed the increased nonlinearity due to the interfacial state enhancement. Trejo et al
[30] prepared nanostructured ZnO thin solid films by electro deposition of hydrothermal sol-gel
solutions and obtained a  value of 4750 cm GW™' but measured at 532 nm and using 180 ps
pulses (as against a value of 95cm GW ™" in our case measured at 800 nm and ~2 ps pulses).
The higher value obtained in their case can be attributed to (a) different wavelength and (b)
longer duration pulses. The ¥** values obtained in the present studies (10~ esu) are similar to
that that of y® values of ZnO microcrystallite thin films [71] studied near the excitonic
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Table 2. Estimated NLO coefficients £, n,, ¥  of ZnO films in the ps regime. Negative sign indicates negative nonlinearity. Some

of the recent works are also highlighted.

Re ¥ x107'° (e.

Sample p(emGW™)  np cm®TW™) Im y¥x107'° (e.s.u.) s.u.) Total ¥ x107'° (e.s.u.) Reference
ZnOl1 ps, 1 kHz 95.0 3.9 0.530 3.38 343 This work
Zn02 ps, 1 kHz 30.0 -2.2 0.160 -1.89 1.90 This work
ZnO3 ps, 1 kHz 19.5 3.0 0.110 2.59 2.60 This work
ZnO4 ps, 1 kHz 11.5 -0.7 0. 064 -0.60 0.60 This work
ZnO-PS ns pulses 0.082-0.281 0.43-1.33 — — 5.71-14x107° [34]

ZnO films ps pulses ~ —4.75x 10° 7.1x1073 — — 0.0123 [30]

ZnO films

ns pulses 2.9-103.7 x 10° — — — 2.3-13.4x10* [25]

ZnO nanocones

ns pulses 18, 4.6 — — — — [36]

102970 (#102) | ssaidx3 'say “1ejely
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Figure 11. (a) Optical limiting data of ZnO1 (open circles) using ~2 ps pulses. Solid
line (red) represents the theoretical fit, (b) optical limiting data of ZnO1 (open triangles)
using ~140 fs pulses. Solid line (red) represents the theoretical fit.

resonance at various temperatures using fs (MHz pulses) degenerate four-wave-mixing
technique. Further detailed studies are necessary to exactly identify the mechanism for superior
nonlinearities in our case. The values of # and n, for pure ZnO thin films measured with fs MHz
pulse excitation were ~107°cm W™ and ~107"" cm? W™, respectively [35]. The values of f
and n, for bulk ZnO measured using 25 ps, 532 nm excitation were found to be ~4.2cm GW ™"
and ~9 x 107" cm® W', respectively [28, 29]. The NLO coefficients 8 and n, of NLO crystals
such as KDP and BBO are ~0.9cmGW ™" and 5-6 x 107 '®cm®* W™! [72, 73].

Optical limiting (OL) behavior [32, 33] of ZnO thin films in the fs and ps time domains
was evaluated and the data is presented in figures 11(a) and (b), respectively. OL threshold
values in fs domain were estimated to be 15-130 uJ cm™2, while in ps regime the values were
1-3Jcm™. Such small limiting threshold values in the fs regime could find practical
applications in OL devices. Though many earlier OL studies on pure ZnO films and composites
were confined to the ns regime it also imperative to identify materials for OL in the ultrafast (ps/
fs) time domain since the detectors/sensors are usually equally prone to laser induced damage
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with those pulses associated with large peak intensities. In the fs case the threshold for OL was
lower since the magnitude of nonlinearities was large due to thermal contribution. In the ps
regime the measurements were performed with kHz pulses and, therefore, the thermal
contribution could be negligible.

We have also evaluated the contribution of thermal effects [68] for data recorded with
MHz repetition rate. Thermo-optical nonlinearity is an important parameter while calculating
the nonlinear index of refraction. In particular, thermo-optic contribution is added by non-local
nonlinearity while using ultra short laser pulses. For some materials this contribution becomes
significant. It depends on the thermal characteristic time and thermo-optic coefficient. In the first
case contribution is significant, if thermal characteristic time 7. is longer than the time period of
the laser. Thermal characteristic time 7. was calculated using the parameters of beam waist (w,,),
density (p), specific heat (cp), and thermal conductivity (k) [68]

9

The estimated 7, was ~8.3 x 10~ s for the fs data. The thermo-optic coefficient values for
Zn01, ZnO2, and ZnO3 in the fs regime were calculated using the relation

= 2)

Fy is the fluence, p is the density, ¢, is the specific heat, and % denotes the fluence averaging

factor. Thermo-optic coefficient [:—;] values estimated were (a) ZnO1: 2.14 x 1074 K™! (b)

Zn02: 2.41x107*K™" (c) Zn0O3: 2.01x10™*K™'. In the ps regime we performed the
measurements with 1kHz pulses (1 ms time between consecutive pulses) and, therefore, we
expect minimal thermal contributions to the observed nonlinearity and it predominantly has
electronic contributions.

Our future studies will focus on (a) recording the spectral dependence of the nonlinearities
in the ps regime, (b) understanding the excited state dynamics in these thin films using ps/fs
degenerate and non-degenerate pump-probe studies [40, 74, 75] and (c) estimating the figures of
merit for NLO application over the entire visible spectral range using ps/fs kHz pulses.

4. Conclusions

NLO characterization in the fs and ps regimes has been performed on ZnO thin films fabricated
with different morphologies. The micro-/nano-structures were characterized using XRD
(crystalline behavior) and FE-SEM (morphology). All the films exhibited 2PA at 800 nm in
both the regimes with magnitudes of ~10"*cmW™', ~10®cmW™' in fs, ps regimes,
respectively. The n, values were ~10™ cm® W' in ps and ~10™'?cm® W! in fs regimes. Third
order nonlinearity [¥”] values were also estimated. Very low limiting threshold values
(15-130 pJ cm™2) were recorded with fs pulses. It is demonstrated that NLO response of ZnO
films can be controlled by manipulating their microstructures.
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