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Linear and nonlinear optical properties of ZnO/PMMA nanocomposite films
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The nanoscale crystals (NCs) of ZnO were embedded into polymethylmethacrylate (PMMA)
polymeric matrix and nanocomposite films were prepared by modified spin coating method. The
surface of the ZnO/PMMA nanocomposite films has been investigated using atomic force and
scanning electron microscopy. The prepared films are highly transparent, the ultraviolet-visible
spectra show their high optical quality. The second and third harmonic generation (SHG and THG)
studies of ZnO/PMMA nanocomposite films with different concentrations of ZnO NCs were carried
out at A\=1.064 um and the effective values of the second and third order nonlinear susceptibilities
were estimated to be higher than that of ZnO bulk for the films at low concentration of ZnO NCs.
This could indicate that surface effects in ZnO/PMMA nanocomposite films have a dominant role

over bulk effects for the SHG and THG processes. © 2009 American Institute of Physics.

[doi:10.1063/1.3253745]

I. INTRODUCTION

Semiconductor materials are of current interest because
of their unique electrical and optical properties. In particular,
their nonlinear optical (NLO) properties suggest potential ap-
plication as frequency converters, logic elements in the nano-
scale optoelectronic circuitry. Over the past few years, one-
dimensional structures with nanoscale diameters such as
nanowires, nanorods, and nanotubes have attracted consider-
able attention due to their peculiar structure characteristics
and size effects.' These materials often exhibit remarkable
mechanical as well as electrical, optical, and electromagnetic
properties that are quite different from those of the corre-
sponding bulk materials.> In the nanometer regime, various
quantum mechanical effects, such as an increase of the band
gap of a semiconducting material with a reduction of the
nanoparticle size, are observed. As a result, there exists a
possibility of a continuous tuning of the optical and elec-
tronic properties by varying the size of the particles. That is
why such materials can be viewed as promising candidates
for future applications in the field of catalysis, sensor tech-
nology, transistor, electrode materials, logic circuits, and la-
ser Working.1 It is necessary to note that ZnO shows quantum
confinement effects in the experimentally accessible range of
sizes (less than 7 nm*”). Furthermore, ZnO is a technologi-
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cally important material with widespread use and there has
been much interest in synthesizing ZnO nanocrystals of vari-
ous sizes in the past few years.8

Coherent NLO phenomena such as second and third har-
monic generation (SHG and THG) depend explicitly on the
crystal lattice structure of the medium, which could yield to
a very high polarization selectivity. In addition, the temporal
response of the nonresonant harmonic generation is similar
to the pulse width of the pump laser (even in femtosecond
regimeg), while the incoherent processes are at least 2—4 or-
der of magnitude slower. Moreover, nonresonant SHG is es-
sentially independent on wavelength below the energy band
gap of semiconductor materials, most often including wave-
length region typically used in the optical fiber communica-
tions. Hence, characterizing the NLO response is crucial for
evaluating of the potential applications. However, there are
no enough data in the literature concerning the NLO proper-
ties of the nanocomposites based on zinc oxide.>'?

In this paper, therefore, we investigated the effect of
ZnO NCs size and concentration on the NLO properties such
as SHG and THG together with the surface morphology and
optical absorption investigations. This work is a continuation
of our previous work connected with NLO properties in ZnO
films and structures.'™*

Il. EXPERIMENTAL DETAILS

The investigated samples were manufactured on the ba-
sis of ZnO nanoparticles embedded into polymethyl-
methacrylate (PMMA) polymeric matrix. The two types of
the nanocomposite films namely ZnO/PMMA 1 and ZnO/
PMMA 2 were prepared with various concentrations of ZnO
NCs. Their difference consists also in dimensions of ZnO

© 2009 American Institute of Physics
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nanocrystals (50-100 nm and about 100 nm, respectively).
Besides, the samples ZnO/PMMA 1 were additionally
treated by laser.

The first type of nanopowder was additionally separated
by sizes using nanoporous filter from polystyrrole. The
samples before embedding have been annealed in the argon
atmosphere during the 5, 10, and 15 h until the electron
paramagnetic resonance control showed existence of dou-
bling bonds. The spin coating method was modified by si-
multaneous heating of the mica substrate and varying the rate
of the PMMA solution deposition. We have developed
steeply slowing of the deposition process with increasing
thickness of the film. Their average thickness was equal
about 1 um, however several deviations existed on the bor-
ders of the films. The weight concentration of ZnO nanocrys-
tals in PMMA were 3, 7, 12, and 16%. After evaporation of
the tetrahydrofuran during the process of spin coating, the
samples were held at fixed temperature about 60 °C and
afterward they were steeply cooled. The films prepared by
such a way after the full cooling were treated by additional 4
kV/cm and 50 kHz dc electric field and 0.6 GW/cm?, 337
nm, 10 ns laser field. The band energy calculations have
shown that on the interfaces ZnO/PMMA there occurs a
large gradient of the electrostatic potential due to difference
of the Fermi energy levels. So, to avoid any destruction of
the border bonds, additional treatment was repeated after 5-6
days of their preparation. The control by differential scan-
ning calorimetry did not show any presence of phase trans-
formation.

The second type of nanopowder used for nanocomposite
films preparation was purchased from Aldrich Co.
(<100 nm in size). The glass substrates used were carefully
cleaned in a commercial surfactant using ultrasonication. The
cleaning procedure was ended by baking in a 200 °C oven
for 60 min. Spin coating was used to fabricate nanocompos-
ite films with dispersed ZnO in PMMA. The solution of
1,2,2-trichloroethane containing PMMA 100 g/L. and ZnO
coated on BK7 glass slides. The weight concentration of
ZnO nanocrystals in PMMA were 5, 10, and 15%. The prin-
ciple of deposition (of the mixture with certain viscosity) is
based on a homogeneous spreading out of the solution on the
rotating substrate with an angular speed of 1000 rpm during
60 s. Immediately after the deposition, the thin films were
cured in a 60 °C oven for 60 min in order to eliminate any
remaining solvent.

The thickness of the nanocomposite films was verified
by a Dektak surface stylus profiler (Veeco) and was found to
be about 1 um. The atomic force microscopy (AFM) images
were recorded in tapping mode at 1 Hz scan rate with a CP
Research (Thermomicroscope/Veeco). Scanning electron mi-
croscopy (SEM) images were recorded on a JSM-6301F
(JEOL) scanning electron microscope with resolution of 1.5
nm, working at 3.0 kV dc acceleration voltages in vacuum
ambient. The optical absorption spectra in visible and near
ultraviolet (UV) region were measured using a spectrometer
Lambda 19 from Perkin Elmer.

SHG and THG measurements were carried out by means
of the rotational Maker fringe technique15 in the transmission
scheme (Fig. 1) for the s-polarized fundamental beam. A
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FIG. 1. Experimental setup for SHG and THG measurements: the beam
splitters (BS;, BS,), the synchronization and control photodiodes (Ph,, Ph,),
(\/2), the Glan polarizer, the converging lens, RS, the filters, IF, and PMT.

y-cut crystalline quartz plate has been used as a reference
material for SHG and fused silica plate for THG measure-
ments.

As a fundamental beam, we used the output beam of a
Q-switched Nd doped yttrium aluminum garnet laser (model:
Quantum Elite) generating at A\=1064 nm with 16 ps pulse
duration and 10 Hz repetition rate. The incident polarization
was selected with a half-wave plate (\/2) and polarizer in
front of the focusing lens. The intensity at the input face of
the sample is assumed to be a Gaussian distribution in space
and time. The beam diameter was 0.4 mm at the film and the
applied power density was in the range of 5-23 GW/cm?.
The beam was focused onto the sample with lens of 250 mm
focal length. A motorized rotation stage (RS) with the
mounted sample allowed the variation of the incidence angle
with a resolution of 1.0°. After passing the sample, the inter-
ference filter (IF) (at 532 nm for SHG or at 355 for THG)
was used to cut the pump beam before the photomultiplier.
Detector saturation was prevented using linear neutral den-
sity filters, whose transmittance value was taken into account
during data fitting. The second and third harmonic signals
were detected by the photomultiplier tube (PMT) (model:
Hamamatsu), which was connected to a boxcar and pro-
cessed by a computer. A portion of the input beam was se-
lected and measured by a fast photodiode Ph, to monitor the
input energy. Finally, we got the angular dependences of
SHG and THG by rotating the sample toward the normal.

lll. RESULT AND DISCUSSION
A. Microscopy analysis

Figure 2 presents AFM and SEM images recorded from
ZnO/PMMA 1 (16 wt. %) nanocomposite film. Figure 2(a)
shows the AFM image where surface topography was ac-
quired by scanning over the area of 2 X2 um?. The porous
surface of PMMA host system seems suitable for incorpora-
tion of ZnO NCs. The magnified SEM image of the top view
is shown in Fig. 2(b), the NCs of ZnO are clearly identified
inside the porous cells of PMMA and their dimensions are
about 50-100 nm or less. Figure 2(c) demonstrates the view
of conglomerate of several microns in size created in some
cases from the nanocrysatals of zinc oxide that confirms the
possible agglomeration of ZnO NCs at their high concentra-
tion.

B. Optical absorption measurements

The optical absorption spectra of two types of nanocom-
posite films were measured and the results are shown in Figs.
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FIG. 2. AFM surface image (a), SEM image of ZnO NCs inside porous
PMMA polymeric matrix (b) and SEM image of the agglomerated ZnO NCs
(c) in ZnO/PMMA 1 (16 wt %) nanocomposite film.

3 and 4. The ZnO/PMMA films with NCs of lower dimen-
sions demonstrate overall growth of absorption in the region
from 300 to 400 nm as compared with pure PMMA film and
no exciton absorption peaks characteristic to ZnO are ob-
served. Quite wide dispersion of sizes of ZnO NCs together
with their partial agglomeration cause the considerable light
scattering in the investigated spectral range preventing obser-
vation of the exciton absorption corresponding to ZnO.
Contrary to the previous case, the absorption spectra of
ZnO/PMMA nanocomposite films 2 (Fig. 4) clearly demon-
strate the absorption peaks at 377 nm (3.29 eV) correspond-
ing to the exciton state in the bulk Zn0.'® Since the size of
ZnO NCs is nearly 100 nm, that is much more than the
exciton Bohr radius in ZnO (az=2.34 nm) (Ref. 17), we do
not observe in our NCs system any shift of the corresponding
peak as manifestation of the quantum confinement effect.
The intensity of the peaks enhances with increasing of ZnO
NCs concentration. The absorption spectra were measured in

0.9 : : . , - ,
—0—PMMA
0.8+ —0—ZnO/PMMA 3 Wt.%
- —v—ZnO/PMMA 7wt.%
o —A—ZnO/PMMA 12wt.%
3 06 —0—ZnO/PMMA 16wt.%
2 0.
S 051 NS ]
© AANW o .
£ 04+ o B DT ]
3 OB X Doy i
Qo 0.3 D'OD.O XXX’Z:D.D.D.D'D'D'D'D i
< "00r0.5. . XXX‘XX:Z,X‘Z:D.D'D'E
'O'O’O'O-o.o.o 'Z:Z:ZZE
0.2 R Y *0-0:0:0.04
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0.0 : . : . i . , .
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FIG. 3. UV spectra of PMMA and ZnO/PMMA 1 nanocomposite films with
different ZnO NCs concentrations: 3, 7, 12, and 16 wt %. The thickness of
all films is about 1 um.
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FIG. 4. UV-vis spectra of ZnO/PMMA 2 nanocomposite films with different
7ZnO NCs concentrations: 5, 10, and 15 wt %. The thickness of all films is
around 1 um.

order to estimate the ideality rate of ZnO/PMMA nanocom-
posite films and the presence of excitonic peak indicates the
high crystallinity of dispersed ZnO NCs inside PMMA.

C. SHG measurements

The SHG measurements were performed by rotational
Maker fringe technique for the s-polarized fundamental
beam. According to the structure of ZnO, which belongs to a
hexagonal, noncentrosymmetric space group P6imc, ZnO
nanocrystals should have nonzero second-order NLO effi-
ciency. Figure 5 shows the dependences of SH intensity from
ZnO/PMMA nanocomposite films of both types on its ZnO
NCs concentrations (and ZnO equivalent thickness). In an-
gular dependences of SHG, a nonzero intensity at normal
incidence of fundamental beam was observed due to the vari-
ous crystalline orientations of ZnO nanocrystals inside film.
The observed angular dependences are related to the crystal-
line symmetry when there is no preferred axis orientation of
nanocrystals but only their disorder. Films with higher con-
centration of ZnO nanocrystals generate stronger second-
harmonic signal for the identical input intensities due to the
larger interaction thickness of the nonlinear medium. It

deq (nm)
5 00.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0
o T T T T T T T T
—0=—2ZnO/PMMA 1
—0O—2ZnO/PMMA 2
2.5 4
—~ 204 §
3 O
8,
N_E 154 / ]
T H o
- O /
1.0 / 0
0.5- © i
0‘0 T ! 1] T T T T

N
-~

0 6 8 10 12 14 16 18

Concentration (% wt.)

FIG. 5. SH intensity per square of input laser intensity in ZnO/PMMA
nanocomposite films on its ZnO NCs weight concentrations and ZnO
equivalent thickness.



093102-4 Kulyk et al.

should also be noted that, even for input intensities in the
range of 23 GW/cm?, no structural change or damage of the
samples occurred.

For an isotropic, absorbing nonlinear material, deposited
on the substrate and neglecting reflections, we have the fol-
lowing expression for transmitted SH intensity:15

s—»l)(a) 128775 [t ]4[tfp] [t ]2

n3,, cos’ by,

sin? ® + sinh? W
ORES R

P(Lx3)%exp[-2(5,

+6)] (1)
where [, is the intensity of the pump wave, \ is the wave-
length of pump wave, y ff) is the effective second order non-
linear susceptibility, L is the material thickness, and 7., 727,
2P are the Fresnel transmission coefficients (air-film-
substrate-air system) for fundamental and SHG beams. The
phase angle ® and ¥ can be expressed as"

L
= %(nw cos 6, —ny, cos b,,), (2)
2mL
- 5] _ 62: . ( NyKe _ nZwKZa)), (3)
N \cos 6, cos 0,,

where 6, 6,, are the fundamental and generated beams re-
fractive angles determined by Snell’s law: sin 8=n, sin 6,
=n,, sin 6,,, n,, n,, and k,, K, are the refractive indices
and extinction coefficients of the nonlinear material at fre-
quencies w and 2w. The refractive indices of ZnO have been
evaluated according Sellmeier model. 18.19

In our case, the nonlinear material is neither bulk nor
film, it is crystalline particles inside the polymeric film. In
order to make the calculations of the nonlinear susceptibility
of ZnO NCs, we used the notion of equivalent thickness of
nonlinear medium inside PMMA as the thickness, which
could have ZnO nanocrystals without host PMMA. It has
been used in Eq. (1) instead of ordinary thickness and can be
expressed as

%WthO

PPMMA (4)

d d 9
0= 100_ % Wigao Prap  TMMAZAO

where ppyvas Pzno are densities of PMMA and ZnO, respec-
tively, %wtz,o is the weight concentration of ZnO nanocrys-
tals inside a polymeric matrix, dpymaszno 1S the thickness of
ZnO/PMMA nanocomposite film. As one can see, the inten-
sity of SH (Fig. 5) increases with growth of ZnO amount in
both nanocomposites but the shape of these dependences is
not quadratic as predicted by NLO theory where the SHG
depends quadratically on the thickness of a nonlinear me-
dium [Eq. (1)]. Such a behavior can be connected with the
creation of the large agglomerates from ZnO nanocrystals at
high enough their concentration that reduce the overall SHG
response interacting with fundamental laser beam.

A considerable contribution to the nonlinear effects can
stem from a photothermal heating, which can be considered
as a result of energy transfer from a heated nanoparticle to
the entire medium. Although the response time of this pro-
cess is much longer in comparison with pulse duration (it is

J. Appl. Phys. 106, 093102 (2009)
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FIG. 6. Calculated values of the effective second-order NLO susceptibilities
of ZnO NCs of different size as a function of ZnO NCs concentration.

determined by the ratio of the focused laser beam radius to
the value of the sound velocity in the dielectric matn'x)20 but
high optical transparency of both ZnO-nanoparticles and
PMMA matrix diminish the manifestations of the thermal
effect. A cumulative thermal effect did not take place in our
experiments because the low repetition rate of the laser has
been used. Besides, in our experiments, the role of photoin-
duced Kerr effect, photoinduced anharmonic effect cannot be
neglected. Thus, the measurements are a superposition of
both local reconstructed NCs surfaces as well as the other
effects.

To estimate the absolute value of the effective second-
order nonlinear susceptibility of the ZnO/PMMA nanocom-
posite films, we used the Eq. (1) and calculations were made
at the normal angle of incidence. Figure 6 shows the ob-
tained effective values of the second order NLO susceptibil-
ity of ZnO/PMMA nanocomposites plotted versus ZnO
weight concentration. The decrease of ng) is observed for
both types of films. At the ZnO NCs concentration of 5% wt.
and less, the values of Xeff are higher than that of ZnO bulk
which is about 2.5 p.m./V for the same experiment geometry
in c-oriented ZnO (:rystal.21 It is necessary to note that the
NLO response of the films embedded with larger ZnO nano-
crystals (~100 nm) was found to be a little higher than
those for the films with smaller ZnO nanocrystals (
<100 nm). If the dimensions of nanocrystals are small in
comparison with their coherent length (d<1..;,) in any nano-
crystal orientation, the interaction will be always phase
matched since in such small distance the phase shift is neg-
ligible. In this case, the SH power will be proportional to the
radius of the nanoparticle. Thus, the efficiency of the nonlin-
ear interaction quickly increases with growth of the nanopar-
ticle radius but at the expense of decrease of nanoparticles
this increase is a little compensated.22 In materials which do
not allow phase matched SHG at the dimensions of particles
larger than their average coherent length, the power of SH
changes inversely to the particles radius.

As one can expect, the Xeff is larger than that of bulk
material when the surface effects give a larger contribution
than the volume effects due to the decrease of the character-
istic material size to nanoscale. Such a behavior was ob-
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FIG. 7. TH intensity per cube of input laser intensity in ZnO/PMMA nano-
composite films as a function of ZnO NCs weight concentrations.

served in our samples at low ZnO concentration. Increasing
of ZnO concentration leads to the opposite effect due to the
strong agglomeration of ZnO nanoparticles, redistribution of
their density within the polymeric matrix that generate the
extraneous processes like light scattering.

D. THG measurements

The third-order optical nonlinearities of ZnO nanocrys-
tals were investigated by THG technique in order to study
the effect of particle dimensions on the cubic nonlinear re-
sponse. Figure 7 shows the dependences of THG intensities
in ZnO/PMMA films on the ZnO concentration. In both
films, the THG intensity increases with concentration. Be-
sides, for the films containing larger ZnO NCs (~100 nm)
this increase was found to be more pronounced. The THG
originates from the nanocomposite ZnO together with the
PMMA matrix, since the THG process can occur in any ma-
terial regardless of its symmetry.

According to the work of Wang et al.” the intensity of
the THGS in a nonlinear film upon a substrate in air ambient
neglecting the scattering is given by the following equation:

41 .3)
30 _ 64;7 Xs (Iw)3|ei(¢3w+¢?)[T1 (e 1)
c” | Agg
+ pei¢T2(l - e_imbf)] + Cair 2v (5)
where
€) 3)
pei® = LA . (6)
Agf Ass
)(}3), X_(f) are the third order effective nonlinear susceptibili-

ties of the film and substrate, Asf, Ag, are the dispersions of
the dielectric constants, Cy;, is the contribution of air, AW,
AW, are the phase angles in substrate and film, respectively.
Thle1 detailed description is given in the work of Kulyk et
al.

Using Eq. (5), we calculated the effective values of the
cubic nonlinear susceptibilities for the films with diverse
concentration of ZnO nanocrystals. Figure 8§ demonstrates
the ZnO NCs concentration dependences of ng) Similar to

the quadratic susceptibility, Xgr) decrease with ZnO NCs con-

J. Appl. Phys. 106, 093102 (2009)

16 T T T T T T I T
—0—2ZnO/PMMA 1
14 o) —0—ZnO/PMMA 2 |
12 -
S 10 .
EE O
o 81 .
=
58 64 4
= /D
4 i
o! o)
2 4
o T T T T T T T T
0 2 4 & 8 10 12 14 16 18

Concentration (% wt.)

FIG. 8. Calculated values of the effective NLO susceptibilities of third order
in ZnO/PMMA films with different concentrations of ZnO nanocrystals.

centrations and at the concentration more than 10% wt. the
ZnO nanocrysatals with size of about 100 nm are character-
ized by higher third order nonlinearity. These values are one-
two orders of magnitude higher than that of ZnO bulk crystal
[)((3) =1.7Xx 107" m?/V?] (Ref. 24) and correlate fairly

7Zn0O bu!k_ .
well with those obtained for the nanostructured ZnO

films. '

The film structure is believed to be tightly correlated
with the nonlinearity. In the case when the structure has no
preferred crystalline orientation and consists of the dispersed
particles of nanosizes comparative with Bohr radius, an en-
hancement of some properties like optical nonlinearities
should be observed. Indeed, we have obtained quite high
second and third order NLO response for nanodispersed
7ZnO. The reason of )(Sct) enhancement could be related to the
fact that the electric field amplitude of an incident laser beam
becomes nonuniformly distributed between the two constitu-
ents of the composite, and under suitable conditions the elec-
tric field strength within the more nonlinear constituent will
exceed the spatially average field strength.25 Under these
conditions, the effective third-order susceptibility )(Sf) of the
composite can exceed that of either of its constituents.

IV. CONCLUSIONS

We have demonstrated the properties of the ZnO/PMMA
nanocomposite films for second and THG of picosecond op-
tical pulses. It has been shown that SHG as well as THG
signal increases with ZnO NCs concentration. Nevertheless,
the concentration dependences of NLO susceptibilities have
inverse character, i.e., ng and )(gf) decrease with ZnO NCs
concentration. The nanoparticles of ZnO embedded into
PMMA show quite high second and third order nonlinearity
at low ZnO NCs concentration and high resistance to the
intensive laser light which make this material very interest-
ing for other investigations and further possible application.
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