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Abstract: The defect and impurity states in ZnO nanocrystals synthesized
using the plasma arc technique can be modified to optimize the nonlinear
optical properties for optoelectronic and biophotonic applications. Highly
efficient second harmonic signals over a wide range of near-infrared
wavelengths, spanning from 735 nm-980 nm, has been observed and can be
used in biological imaging. The use of further high energy excitation
ranging from 700 nm-755 nm leads to two-photon absorption and yields
broadband two photon emission extending from the 370 nm-450 nm
wavelength regime which can be useful for therapeutic applications.
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1. Introduction

Owing to the high exciton binding energy (~60 meV) and direct bandgap, ZnO exhibits bright
photoluminescence at room temperature. ZnO thin films and nanocrystals have potential
application in light emitting diodes, laser diodes, detectors, white light sources, and biological
markers [1-4]. The low toxicity of ZnO nanocrystals and the tunable properties of its
photoluminescence in the UV and visible wavelength range make it viable for in vivo imaging
[2,5,6]. However, due to the wide bandgap of ZnO (~3.34 eV), single photon excitation and
subsequent PL emission in the UV range make ZnO less efficient for use as markers for
imaging of biological systems. This has led to the increased interest in the study of nonlinear
optical properties of ZnO which require optical excitation, or generation for harmonics, in the
near-infrared wavelength regime [2,5,7-9].

However, the nonlinear optical properties, including second-harmonic generation (SHG)
and the two-photon emission (TPE) process in ZnO nanomaterials, such as nanoparticles,
nanowires and nanotubes, are not well understood. In most reports, ZnO materials are
reported to exhibit either SHG or TPE depending on the surface orientation or nature of defect
states within the nanostructures [4,5,10-16]. As the linear and nonlinear absorption depends
on the impurities and crystal defects at the surface and inside the crystal structure, a
systematic control of the synthesis process can provide a means to tailor the optical properties
of the system. The induction of oxygen related vacancies in ZnO has been reported to lead to
green emission [4,5,12] only when electrons are excited into the conduction band, providing
additional states for the two-photon process.

In this article, we investigate the defects in ZnO created during its synthesis and its affect
on the second [¢®] and third-order [x®] nonlinear processes. We present the characteristics of
the tunable and narrow spectral width of the second-harmonic generated signal, which is
suitable for biological tracking and imaging. The TPE, which can be used for localized
heating of the intracellular regions, is also presented. Our crystals are susceptible to nonlinear
processes in a continuous range from visible to infrared.

2. Experimental

ZnO nanocrystals, in powder form, were created at different conditions using an arc plasma
method [10]. In this paper, we present the results of optical nonlinearity in ZnO nanocrystals
synthesized under four different conditions. One sample was made at atmospheric pressure in
an air ambient with an arc current of 90 A (sample 1). A second sample was made at a
pressure of 305 Torr with an arc current of 90 A (sample 3). Sample 1 and sample 3 were then
annealed in atmosphere at 1000° C for 1 hour (sample 2 and sample 4, respectively). The
structural properties, including the interface or surface quality, were studied using electron
microscopy. The particle size was analyzed using high resolution scanning electron
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microscopy and dynamic light scattering measurements. The internal strain and the presence
of impurities were studied using Raman spectroscopy and X-ray diffraction (XRD). The
nonlinear optical processes in the ZnO samples were studied using a Ti:Sapphire laser with a
pulse width of 80 fs and a Hamamatsu streak camera with 15 ps resolution to measure the
time-integrated second harmonic generation (SHG) and two photon time resolve photo
luminescence (TRPL). A description of the crystal shapes and size distributions are given in
Figs. 1, 2 and 3. The optical setup for measuring the TPE and SHG processes is shown in Fig.
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Fig. 1. SEM pictures of samples 1(a), 2(b), 3(c) and 4(d). After annealing at high temperatures
the shapes of the crystals change from nanorods, tetrapods and nanopatrticles to that of semi-
spherical particles. The white scale in the SEM pictures is 100 nm.
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Fig. 2. (a) shows the TEM image at the interface of a annealed particle, whereas (b) shows the
high resolution TEM surface image of the same ZnO particle. The scale bar is 2 nm for both

TEM figures. One can see structural defects at the surface.
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Fig. 3. The size distribution of samples 1 (a), 2 (b), 3 (c) and 4 (d) measured by dynamic light
scattering. The ZnO nanocrystals of dimensions less than 20 nm were homogenized into a
colloidal solution by centrifugation, and the particle size was reconfirmed by the SEM images.
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Fig. 4. A schematic of the experimental setup used to measure the TPE and SHG of all
samples. A special holder for the cuvette was made to allow it to return to the same position
after removing it to change samples. Samples were packed into the cuvette to get the same
densities. However, both annealed sampled proved to be less dense after taking volume and
weight measurements of the samples in the cuvette.

3. Results and Discussion

The presence of impurities studied by Raman and XRD analysis is shown in Figs. 5 and 6.
According to Raman and XRD data, hydrogen is significantly present only in the as prepared
atmospheric sample (sample 1). All common Raman peaks associated with crystalline ZnO
were present [4], however excess XRD peaks indicating Zn(OH), complex were observed
only in sample 1. In the Raman spectrum, a large peak is observed at 1057 cm™ and several
other peaks from 3200 — 4000 cm™ for sample 1, indicating the presence of C-O, O-H and
Zn(OH), complex in the sample [11,17] (Fig. 6). Since the bonding energy of Zn(OH),, C-O
and O-H are weak, these defects are easily removed in the annealing process [18,19]. Because
of the fabrication conditions, sample 1 is oxygen rich and sample 3 is oxygen deficient. This
is confirmed by the XRD data.
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Fig. 5. The graph represents the average deviation of each sample from the JCPDS standard 26
values and the average FWHM of all standard peaks of ZnO in the powder form.

1.0+—

| Sample 1
- = Sample 2
0.8- - - - Sample 3
— 1 —-—S8ample 4
= 06-
S / |l
1 ~ o ——— o ———
3 A e e e PG . - — e
.a 0 . 4 . . S o St 00 gaet Wy ragatet et aoriegersats’ &
C LT
GJ .
e k
= 0.2 N e e et ———— -

00'# A —— : :
1000 1500 2000 2500 3000 3500
Wavelength (cm-1)

Fig. 6. Raman spectra of all ZnO samples taken using the 514 nm beam of an argon ion laser.
Sample 1 clearly shows a peak around 1057 cm™ and several hydrogen related peaks around
3500 cm™. The Raman signal for sample 3 was weaker compared to the other samples and
therefore has a larger background. The reason is believed to be due to the poor crystal quality
of sample 3, creating less phonon-photon interactions.
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All samples showed a second harmonic property. A comparison of their PL emission
shows that unannealed samples exhibit a higher bandedge emission relative to the broadband
defect level emission in the visible wavelength. Annealing results in an increase of the defect
related emission, Fig. 7. However, the second harmonic intensity and range increased after
annealing for all samples, see Figs. 8 and 9. Samples 1, 2 and 4 had a strong second harmonic
that was clearly visible to the human eye, even at average laser powers less than 10 mW. For
ZnO nanocrystals, SHG is an internal structural property that has to do with the birefringent
noncentrosymmetric crystal structure and phase matching ability of the crystal. To determine
the cause of the increase in SHG, we correlated the SHG efficiency with the XRD data.

Sample 1
. — — Sample 2
-+ - Sample 3
— - —=Sample 4

PL Intensity A.U.

350 400 450 500 550 600
Wavelength (nm)

Fig. 7. Single photon photoluminescence from ZnO nanoparticles showing bandedge and
surface defects relate emission from each sample due to the change in absorption efficiency of
photons above the bandedge.
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Fig. 8. A comparison of all the four samples at a power of 500 mW with identical focusing
conditions at the fundamental wavelength ~850 nm. It demonstrates the increase in SHG after
annealing.

According to XRD FWHM calculations, removing the hydrogen impurities in sample 1 by
annealing increased the crystal quality, giving a more efficient second harmonic, see Fig. 8
[20-22]. The increase in the SHG is not believed to completely be due to the increased size of
the crystals because the packing fraction for smaller crystals is higher compared to that of
larger crystals. Comparing the ratios of the XRD peaks and the 20 measurement to the
JCPDS standard also suggests sample 2 has a higher crystal quality compared to all other
samples. Annealing sample 3 did not necessarily increase the quality of the sample according
to FWHM calculations. Certain crystal orientations were improved by the annealing process,
but others were actually degraded. It was also found that the peaks for sample 4 deviated
further from the JCPDS standard than all other samples suggesting higher stress on the crystal
structure, see Fig. 5.
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Fig. 9. Tunable range of SHG emission for various fundamental wavelengths from sample 2 at
500 mW. The quadratic SHG power dependence on the input intensity was also confirmed.

Two photon TRPL measurements show a dominant 420 nm peak for sample 4 indicating a
high number of internal Zn;, see Fig. 10 [12]. Therefore, the increase in SHG is due to an
increase of crystalline structure along certain orientations, but not crystal quality since a high
number of Zn; were also created, causing degradation along other orientations. For samples 1
and 2, SHG was visible starting from fundamental wavelengths ranging from 755 nm to about
980 nm. However, after 980 nm the laser power became too weak to detect the second
harmonic. Part of the range of the second harmonic signal is shown in Fig. 9. The SHG
efficiency was measured after considering the gratings, filter and laser power at the various
wavelength, see Table 1.

It was observed that the SHG output increased slightly at the higher IR wavelengths of the
laser, Fig. 9. However as the fundamental laser power was too weak to induce SHG beyond
980 nm, the full range of the SHG process that can be realized from these ZnO samples is yet
to be ascertained. The minimum SHG signal was observed to be more than 0.10 mW for an
incident fundamental incident beam of 500 mW at 820 nm.
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Table 1. Summary of the Effect of Hydrogen Content and Defects on the SHG, Single

Photon and TPE Processes

Sample 1 Sample 2 Sample 3 Sample 4
Conditions . Atmospheric . Atmospheric . 305 Torr . 305 Torr
Pressure Pressure . Arc . Current of
. Arc Current of . Arc Current of Current of 90 A
90 A 90 A 90 A . Annealed at
. Annealed at 1000° C in
1000° C in atmosphere
atmosphere
Single Intense UV peak due to a | Broad and intense visible | Intense UV peak with | Broad and intense
Photon lower number of surface | emission due to a high | low green emission | visible emission due to
Excitation defects number of surface defects due to a low number | a high number of
of surface defects surface defects
Two Photon | Comparatively the most | Higher crystal quality than | Poor UV TPE due to | Increased integrated
Excitation intense UV TPE signal | sample 1, but lower UV | low crystal quality. | TPE compared to
due to the high hydrogen | TPE due to fewer DAP | Low Raman signal | sample 3 due to a high
content and quality of the | after the release of | and XRD confirmed | number of Zn; being
crystal according to | hydrogen according to | these results created by the
Raman and XRD studies Raman and XRD studies annealing process.
XRD shows an
increased crystal
quality along only
certain orientations
Second A high SHG was | Removing the hydrogen by | A very weak SHG | A high SHG was
Harmonic observed due to the high | annealing created a higher | was observed due to | observed due to the
Generation crystal quality. SHG is | quality crystal, giving the | poor crystal quality | increase in
dominant from 750 nm to | highest  SHG signal | of the sample. SHG | crystallization, but not
more than 980 nm compared with all other | was dominant from | simply due to the
samples. SHG is dominant | 810 nm to 960 nm crystal quality. SHG
from 750 nm to more than was dominant from
980 nm 770 nm to more than
980 nm.
Properties . High crystal . Comparatively . Poor . Crystal
quality the highest crystal quality
. Large crystal quality quality improved
hydrogen . No  hydrogen . No along
content was detected by hydrogen certain
. High SHG Raman or XRD detected orientations
. Comparatively . Comparatively by Raman compared
the most the most or XRD to sample 3
efficient UV efficient SHG . Weakest . High SHG
TPE signal signal SHG due to
. Slight loss of signal  of improved
uv TPE all crystal
compared  to samples structure
sample 1 due to due to along
the loss of poor certain
hydrogen crystal orientations
quality . Red shifted
TPE due to
a high
number  of
Zn;
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Fig. 10. TPEF spectra of all samples taken with the 736 nm beam of a pulsed laser at a power
of 1.5 W. The units are absolute with respect to each other.

380

It is also possible to induce a third order nonlinear process, [X‘S)] in the ZnO nanocrystals
due to two photon absorption, which results in two-photon excitation (TPE), Fig. 10 and Fig.
11(d). The TPE for these samples ranged from less than 710 nm to 755 nm. All TPE spectra
shown in Fig. 9 was obtained using femtosecond laser pulses at 736 nm wavelength with an
average power of 1.5 W and showed almost no green emission despite the high concentration
of defects at the surface of the annealed samples, see Fig. 7. Since the TPE is created
internally, and the emission is mostly below the band edge needed for the deep level defect
filled surface states to be excited, relatively little visible emission is observed.

\

(c) IS d

Fig. 11. (a) SHG as seen from a non-sensitive CCD camera, being generated by the 955 nm
light. (b) SHG seen from the same CCD camera, generated using 800 nm pulsed laser. The
signal is saturating the detector and shows the diffraction pattern of the incident beam. (c)
Simultaneous SHG and TPEF at incident wavelength 755 nm. The yellow arrows mark TPEF
spots. (d) TPEF using the 750 nm beam of a pulsed laser.
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The higher energy TPE intensity of sample 1 is reduced after annealing, but the peak
width does not drastically change. It is unlikely that the decrease is due to a higher number of
non-radiative internal defects or radiative visible decay defects since the annealing process
increased the internal crystal quality and visible emission was negligible for all samples in the
TPE process.

The structure of the crystals changed after annealing, but only the single photon properties
were drastically affected, Figs. 1, 2, 5, 8 and 10. Both annealed samples had similar, single
photon PL spectra due to the same surface defects created during annealing. The high
hydrogen content, which is known to increase the electron concentration, created more DAP
emission in sample 1 [4,13,14]. The mechanism for the increase in TPE in sample 1 is
therefore believed to be the increased electron concentration due to the high hydrogen content
and a higher concentration of internal V,, [15,16,21]. The TPE from sample 4 is associated
with a large and dominant number of internal Zn; [12].

4, Conclusion

We fabricated ZnO crystals that have controllable properties for biophotonic applications. The
SHG and TPE processes of ZnO have been shown to be useful for biological applications. The
crystals that we fabricated have strong emission and efficient SHG at wavelengths from less
than 710 nm to more than 980 nm. We have demonstrated it is possible to tune the nonlinear
optical properties of ZnO using different fabrication conditions. TPE and SHG drastically
increase to the point where both processes are easily visible with the human eye in
nanocrystals. Heat from TPE can also be used to destroy cells. Because the wavelengths for
nonlinear optical processes are tunable from visible to IR, it is ideal for in vivo studies.
Furthermore, SHG from ZnO easily exceeds the limitations of current biological dyes and can
be tuned to fit the biological window of the specimen.

Acknowledgments

The authors acknowledge the support from the National Science Foundation IRES program
for the support of students. We would like to acknowledge the cooperation of Dr. Taisuke
Hayashi of the Center for Integrated Research in Science at Shimane University for providing
the FE-SEM facilities which was made possible through the Tatara Project, supported by the
Ministry of Education, Culture, Sports, Science and Technology of Japan.

#148333 - $15.00 USD Received 27 May 2011; revised 11 Jul 2011; accepted 11 Jul 2011; published 21 Jul 2011
(C)2011 OSA 1 August 2011/ Vol. 1, No. 4/ OPTICAL MATERIALS EXPRESS 669





