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Abstract

Second-harmonic generation has been studied for fundamental wavelengths
from 720 to 1100 nm on high-quality ZnO thin films deposited on sapphire
substrates by laser molecular beam epitaxy. The second-order nonlinear
susceptibility components increase dramatically as the second-harmonic
frequency approaches the ZnO bandgap. The increase is most likely due to
a resonance of the second-harmonic frequency with the critical point transition
associated with the direct bandgap transition. Large second-order nonlinear
susceptibility components were determined to have a nonresonant background
value of —83.7 pm V! for ds3, 14.7 pm V! for ds; and 15.2 pm V! for ds
for a fundamental wavelength of 1064 nm. The value of ds3 for the film was as
high as 14 times that of bulk material in the nonresonant region. The difference
in values between the second nonlinear coefficients of the bulk and the film
may originate from the microcrystallite structure.

For optical storage and information processing, compact short-wavelength coherent light
sources are required. Recently, blue—green and blue light-emitting laser diodes based on
ZnSe and GaN were demonstrated [1-4]. However, these lasers are still at the experimental
stage, so it is advisable to also think about other techniques for attaining this target. Nonlinear
optics offers the possibility of doubling the light frequency of already well-developed near-
infrared laser diodes. Wide-bandgap II-VI semiconductors are promising materials for
efficient second-harmonic generation (SHG), since they possess strong second-order nonlinear
susceptibilities x®. Their large bandgaps allow frequency doubling into the blue spectral
region without absorption. Furthermore, high-quality single-crystalline II-VI compound
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semiconductor films can be grown using modern growth techniques such as metal organic
vapor phase epitaxy [5] and molecular beam epitaxy [6—8].

For frequencies near the exciton resonance, the large and interesting effects of spatial
dispersion on the linear optical properties are well known and have been studied extensively. In
contrast, significant effects of the exciton spatial dispersion on the nonlinear optical properties
have not been demonstrated clearly. Additionally, ZnO has a large bandgap energy and is
therefore suited to short-wavelength applications. Despite this potential, little is known about
is its nonlinear optical properties. For this reason, in this paper we report the frequency-
dependent measurement of the second-order optical nonlinearities of ZnO thin films deposited
on sapphire substrates by laser molecular beam epitaxy (L-MBE) for fundamental wavelengths
in the range 720—-1100 nm using an optical parametric amplifier (OPA) system, which increase
dramatically as the second-harmonic wavelengths approach the edge of the ZnO bandgap. The
magnitude of the second-order nonlinear susceptibility component d33 is determined to have a
uniform value of —83.7 pm V~! for the fundamental wavelength 1064 nm in a ZnO thin film
with a thickness of 44.4 nm. This is about 14 times the value for bulk ZnO [9]. The difference
between the values of the second-order nonlinear coefficients for bulk and film may originate
from the microcrystallite structure.

Second-order nonlinear susceptibilities for bulk ZnO have been reported by some research
groups [8—10]. In this work, self-assembled high-quality ZnO microcrystallites were grown
on sapphire substrates using the L-MBE technique [11] at a deposition temperature of 500 °C
and an oxygen pressure of 1 x 107% Torr. A pure ceramic ZnO target (99.999%) was
ablated in an ultra-high-vacuum chamber using a KrF excimer laser. A reflection high-energy
electron diffraction pattern showed well-defined streaks at the initial growth stage. An x-ray
diffraction measurement revealed that the ZnO microcrystallites have high crystallinity with
c-axis orientation. The atomic force microscope topography show that the thin films consist
of close-packed hexagons. The hexagonal column structure is also confirmed by transmission
electron microscope observations [6]. The facets of the hexagons correspond to the {1100}
plane and they are strictly parallel to the {1120} plane of the sapphire substrate.

SHG properties were studied for fundamental wavelengths in the range of 7201100 nm
from an OPA [12, 13], which was pumped by the frequency-tripled output of a Q-switched,
mode-locked Nd: YAG laser with a pulse duration of 35 ps and a repetition rate of 10 Hz at a
wavelength of 355 nm. The OPA output was continuously tunable between 400 and 2000 nm.
The second harmonic was measured in transmission. The laser beam is split so that the second-
harmonic intensities from the sample (/) and from a Y-cut quartz wedge (/p), as in [14, 15],
can be measured simultaneously. To eliminate the influence of the frequency dependence of
the OPA output as well as laser power fluctuations, the sample-to-reference intensity ratio
(Is/1y) was taken to be the measured result. The polarization of the fundamental beam could
be changed by rotating a half-wave plate placed in front of the sample. Glass filters were used
to remove either the idler or the signal component of the OPA output. Wide-band filters were
placed after the sample to ensure that only the second-harmonic intensities were measured.
The polarization of the second-harmonic signal was checked using a linear polarizer placed
behind the filter. The thin film normal is tilted 45° to the incident laser beam. Finally, the
intensities of SHG from the ZnO film and that from the quartz wedge are detected by two
identical monochrometers and photomultiplier tubes, averaged by a box-car integrator, and
then recorded by a computer. Ensuring uniform spectral response in the two detection arms,
the spectral responses of the reference and sample arms include the effects of the spectral
response of the identical glass filters, monochrometers, and photomultiplier tubes in each arm.

To determine the absolute value of the x ® of a sample, the relative SHG signal is calibrated
against that generated in a Y-cut quartz plate placed at the same location as the sample and
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oriented at a peak in the Marker fringe pattern. Since the dispersion of x ¥ in quartz is negligible
in the wavelength range involved, it is sufficient to make the calibration at one wavelength.

To deduce the second-order nonlinear coefficients of ZnO thin films, the SHG data were
analysed with the assumption that absorption was negligible at the fundamental but not at the
second-harmonic wavelengths. The linear absorption in these films is only significant near the
bandgap. For a ZnO film with a thickness much less than the coherence length, the intensity
of SHG was measured and compared to SHG from a quartz wedge. The ratio of the intensities
of the SHG from the ZnO film and the Y-cut quartz wedge is given by

LQw) [12;12} [ ng(@)ng(2w) ] [4eﬂ’(1 - eﬂl/2)2} [ngg ) T

I,Qw) | 22 || n2(@)ns(w) cos?(6) (Bl)? x&

where S is the linear absorption coefficient at the second-harmonic wavelength, /. is the quartz
coherence length, Xe(?f) is the measured effective second-order nonlinear optical susceptibility,
n(w) and n(2w) are the index of refraction at frequencies w and 2w, respectively, [, = 20 um
is the coherent length of the quartz, and / is the film thickness.

For hexagonal materials with 6 mm symmetry, the effective second-order nonlinear
susceptibility of p-polarized SHG versus the fundamental wave polarization angle o at an
incidence angle of ~45° is given by [16—18]
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Xeffp(a) = 2[d31 sin” a + (2d;5sin 0 cos 6 + d31 cos™ 0 + d33 sin” 6) cos” a]”. 2)
The effective second-order nonlinear susceptibility of s-polarized SHG versus the
fundamental wave polarization angle « at an incidence angle of ~45° is given by

X2 (ar) = 4d’ sin” 2 sin” 0 3)
where d33, d3; and d;s are the second-order nonlinear susceptibilities, respectively.

The polarization dependence of the second harmonic of 1.064 pum incident light in ZnO
films was measured at room temperature for an incidence angle of ~45°. Figure 1 shows a
plot of the p-polarized transmitted SH intensity in a ZnO thin film with a thickness of 44.4 nm
versus the input polarization angle of the incident fundamental light, where the solid squares
represent the experimental data and the solid curve is a fit to equation (2). As shownin figure 1,
the fit was quite good. As shown in figure 2, the polarization dependence of the s-polarized
transmitted SH intensity of 1.064 pum incident light could also be fitted well using equation (3).

Equation (1) can therefore be applied to determine ds3, d3; and d5 as a function of d g1, the
second-order nonlinear coefficient for quartz (dg;; = 0.3 pm V~!). For the ZnO thin film, the
second-order nonlinear coefficients are found to be ds3 = —83.7pm V™!, d3; = 14.7pm V™!
and djs = 15.2 pm V~'. The nonzero second-order optical nonlinear coefficients of bulk ZnO
are reported to be d33 = —5.86 pm V1, dy =1.76 pm V~'and d;5s = 1.93 pm v-119,19].
Compared with bulk crystal ZnO, we find that the d33 in film increases by about 14 times.
This tremendous difference may originate from the difference in the microcrystallite structure.
The second-order nonlinear coefficients were enhanced significantly by the effect of grain and
grain boundaries. In the thin films, the grain crystallites have close-packed hexagonal column
structure. There are no domain walls in the z direction. This will increase the macroscopic
effect of the second-order process [8, 20, 21].

The second-order nonlinear coefficients are different in ZnO thin films of different
qualities. For ZnO thin film with a thickness of 45 nm deposited on sapphire substrates by
pulsed laser ablation, Cao et al [8] reported second-order nonlinear coefficients of 6.7 pm V!
for d33 and 1.8 pm V~! for ds;, which are close to the values in the bulk. In our sample,
x-ray diffraction measurement revealed that the ZnO microcrystallites have high crystallinity
with a c-axis orientation. The atomic force microscope topography showed that the thin films
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Figure 1. Experimental and theoretical plots of the p-polarized second-harmonic signal intensity
versus the polarization of the incident light. The solid squares are the experimental points. The
solid curve corresponds to a theoretical fit.
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Figure 2. The s-polarized second-harmonic signal intensity versus the polarization of the incident
light. The solid squares are the experimental points. The solid curve corresponds to a theoretical
fit.

consisted of close-packed hexagons. The hexagonal column structure is also confirmed by
transmission electron microscope observation [6]. The facets of the hexagons correspond to
the {1100} plane, and they are strictly parallel to the {1120} plane of the sapphire substrate.
The crystallinity of the ZnO microcrystallite thin films is improved, thus the magnitude of the
second-order nonlinear coefficients may be further increased.

Figure 3(a) shows the absorption spectra in the ZnO thin film at room temperature. The
microcrystallite ZnO thin film shows a clear exciton absorption peak at 3.34 eV even at room
temperature, indicating the excellent quality of the sample. Compared with the band-edge
absorption near 3.4 eV, this exciton absorption shows that the exciton binding energy is in the
60 meV range for this microcrystallite ZnO thin film. The energy dependence of the refractive
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Figure 3. (a) Absorption spectra in ZnO thin film at room temperature. (b), (c) and (d) Second-

order nonlinear susceptibility components as a function of the second-harmonic wavelength for

ZnO thin film at room temperature.

index for ZnO is taken from [22]. From the SHG data in the excitonic region, its resonance
behaviour can be obtained. The deduced ds3, d3; and d;5 values are plotted as a function
of SHG wavelength in figures 3(b)—(d), respectively. An almost uniform background value
characterizes the second-order response from the SHG wavelength at 400 nm and longer. Below
this wavelength the response appears to be resonant in nature, increasing rapidly as the bandgap
is approached. This increase is most probably due to a resonance of the second-harmonic

frequency with the critical point transition associated with the direct bandgap transition.

In conclusion, we have measured the wavelength dependence of the SHG from ZnO
thin films deposited on sapphire substrates by L-MBE at fundamental wavelengths from
720 to 1100 nm. Second-order nonlinear susceptibility components are substantial over this
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wavelength range and increase dramatically as the second-harmonic frequency approaches the
edge of the bandgap. This is most probably due to resonance of the second-harmonic frequency
with the critical point transition associated with the direct bandgap of the ZnO thin film. The
magnitude of the second-order nonlinear susceptibility components ds3 is determined to have
a uniform value of —83.7 pm V~! for fundamental wavelengths in the infrared region. This is
14 times the value of bulk ZnO. The different values of the second-order nonlinear coefficients
for bulk and film may result from the microcrystallite structure. The second-order nonlinear
coefficients were enhanced significantly by the effect of grain and grain boundaries. These
results demonstrate that the ZnO thin films prepared by L-MBE are very promising candidates
for short-wavelength nonlinear optical device applications.
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