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The linear and nonlinear optical properties of one-dimensional photonic crystals containing ZnO
defects were studied by linear absorption spectroscopy and the femtosecond Z-scan technique.
Photonic crystals containing ZnO defects, 共Ta2O5 / SiO2兲5 / ZnO/ 共SiO2 / Ta2O5兲5, were prepared
using electron-beam deposition and magnetron sputtering. The transmission spectra of these
photonic crystals revealed a defect mode resonance and a broad photonic band gap. The observed
transmission spectra could be described by applying the optical transfer matrix formalism to the
multilayer structure. When compared with the Z-scan curve of the ZnO film, that of the resonant
photonic crystal exhibited a larger transmittance dip. The enhancement of the nonlinear absorption
in the resonant photonic crystal is due to the strong confinement of the optical field. © 2007
American Institute of Physics. 关DOI: 10.1063/1.2787161兴
I. INTRODUCTION

Due to their application in ultraviolet 共UV兲 photonic devices, blue-green laser diodes, and nonlinear optical devices,
wide band gap semiconductors have drawn considerable attention in recent years.1–7 Among them, ZnO has emerged as
a promising optoelectronic material due to its large exciton
binding energy of 60 m eV, and wide band gap of 3.3 eV. To
develop these materials, it is necessary to understand their
luminescent mechanism, dephasing dynamics, and optical
nonlinearities. Several research groups have studied the photophysical properties of ZnO. Hsieh et al. studied the structural and photoluminescence characteristics of ZnO thin
films using room temperature sputtering and a rapid thermal
annealing process.1 Huang et al. demonstrated room temperature UV lasing in ZnO nanowire arrays.2 Cao et al. reported the observation of random laser action with coherent
feedback in ZnO powder.3 Abrarov et al. studied the
temperature-dependent photoluminescence characteristics of
ZnO embedded in the voids of synthetic opal.4 Recently,
nanoscaled UV lasers based on ZnO nanostructures have
been reported.2,5 Although there are many studies on the luminescence and lasing properties of ZnO, little work has
been done on its optical nonlinearities. Lin et al. studied the
optical nonlinearities of ZnO thin films using the femtosecond Z-scan technique.6 Zhang et al. reported the measurea兲
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ment of the third-order optical nonlinearity of ZnO thin films
near excitonic resonance using the femtosecond degenerate
four-wave-mixing technique.7 The enhancement of optical
nonlinearities in ZnO is important in practical applications
such as optical limiting devices and all-optical switching elements. Therefore, it would be beneficial to study the enhancement of optical nonlinearity in ZnO.
In this study, we used the ZnO defect-containing onedimensional photonic crystals to enhance nonlinear optical
effects. ZnO defect-containing photonic crystals, were
prepared
using
共Ta2O5 / SiO2兲5 / ZnO/ 共SiO2 / Ta2O5兲5,
electron-beam 共e-beam兲 deposition and magnetron sputtering. The linear and nonlinear optical properties of ZnO
defect-containing photonic crystals were measured using linear absorption spectroscopy and the femtosecond Z-scan
technique. The linear optical properties were analyzed using
an optical transfer matrix formalism. The nonlinear optical
properties were described using the spatial distribution of the
squared field strength inside the multilayer structure. The
linear and nonlinear optical properties of the ZnO defectcontaining photonic crystals were compared with those of
ZnO film.
II. EXPERIMENT

One-dimensional photonic crystals containing ZnO defects were designed such that the defect mode resonance
could be produced near a wavelength of 800 nm. In order to
study the linear and nonlinear optical properties of ZnO, a
210 nm thick ZnO film was deposited onto fused quartz by
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III. RESULTS AND DISCUSSION

FIG. 1. Geometry of the ZnO-defect-containing photonic crystal. 共H, high
index layer; L, low index layer; ZnO, defect layer.兲

magnetron sputtering. To enhance nonlinear optical properties with the microcavity effect, photonic crystals containing
ZnO defects, 共Ta2O5 / SiO2兲5 / ZnO/ 共SiO2 / Ta2O5兲5, were prepared 共Fig. 1兲. First, a 共SiO2 / Ta2O5兲5 stack was deposited
onto a glass plate by alternatively evaporating SiO2 and
Ta2O5 using an e-beam method. Next, a ZnO defect
layer was deposited onto the 共SiO2 / Ta2O5兲5 / glass.
Finally, a 共Ta2O5 / SiO2兲5 stack was deposited onto the
ZnO/ 共SiO2 / Ta2O5兲5. The thicknesses of the defect layer, the
low-refractive index layer, and the high-refractive index
layer were adjusted so that the resonance wavelength of the
defect mode and the center of the photonic band gap were
located near 800 nm: peak共sample A兲 = 800 nm and
peak共sample B兲 = 810 nm. The existence of a defect mode
and a photonic band gap in the defect-containing photonic
crystals were investigated by measuring the optical transmission spectra. The transmission spectra of the films were measured over wavelengths ranging from UV to near-infrared
共NIR兲 using a UV-visible-NIR spectrophotometer 共Varian,
Cary 500兲. The nonlinear optical properties of the defectcontaining photonic crystals were investigated using the
Z-scan technique.8 The Z-scan experiment was performed
using 130 fs-laser pulses with a wavelength of 800 nm, a
repetition rate of 1kHz, and a maximum pulse-energy of 1
mJ.

Figures 2共a兲 and 2共b兲 show the transmission spectra of
the ZnO defect-containing photonic crystals. Figure 2共d兲
shows the transmission spectrum of a single 210 nm thick
film of ZnO. The oscillatory behavior of the transmission
spectrum in Fig. 2共d兲 is due to the interference of the waves
reflected from the front and back surfaces of the film. Although this transmission spectrum does not show a particular
transmission band, the transmission spectra of the defectcontaining photonic crystals 关Figs. 2共a兲–2共c兲兴 exhibit a defect
mode resonance and a broad photonic band gap. The defect
mode resonance occurs near 800 nm: peak共sample A兲
= 800 nm and peak共sample B兲 = 810 nm. The bandwidths of
the two defect mode are ⬃7.3 nm. To understand the underlying physics of the defect mode resonance, we performed a
numerical simulation of the transmission spectra of
multilayer structures. According to the optical transfer matrix
formalism, the transmittance, T PC, of the multilayer stack is
given by9,10

T PC =

冏
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.

共1兲

Here, the subscripts in pa and ps represent incident medium
共air兲 and substrate. In Eq. 共1兲, the matrix elements of the
multilayer stack are obtained from the overall transfer matrix
M as follows:
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If the jth layer is characterized by the refractive index,
n j, the extinction coefficient,  j, and the thickness, d j, then
the individual transfer matrix, M j, is given by

FIG. 2. 共Color online兲 Transmission spectra of 共a兲, 共b兲,
and 共c兲, the ZnO-defect-containing photonic
crystals, and 共d兲, 210 nm thick ZnO film: 共a兲
共Ta2O5 / SiO2兲5 / ZnO共210 nm兲 / 共SiO2 / Ta2O5兲5 共sample
A兲, 共b兲 共Ta2O5 / SiO2兲5 / ZnO共219 nm兲 / 共SiO2 / Ta2O5兲5
共sample B兲. The expanded view of 共a兲 and 共b兲 over
wavelengths from 780 to 830 nm is shown in 共c兲. The
solid and dotted lines in the transmission spectra are the
experimental and theoretical values, respectively. In the
calculated spectra, n共Ta2O5兲 = 2.086, n共SiO2兲 = 1.453,
n共ZnO兲 = 1.932, d共Ta2O5兲 = 95 nm, d共SiO2兲 = 137 nm,
d共ZnO兲 = 共a兲210 nm/ 共b兲219 nm.
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where
p j = N jcos  j .
Here N j = n j − i j is the complex refractive index of the jth
layer and  j is the angle of incidence for the jth layer. The
optical constants used in the calculation of the transmission
spectra were obtained with the spectroscopic ellipsometry.

The calculated transmission spectra are close to the measured
transmission spectra, as seen in Fig. 2. This means that it is
possible to describe the observed transmission spectra using
the optical transfer matrix formalism.
To understand the underlying physics of the enhancement of the nonlinear optical effects, we investigated the
spatial distribution of the optical field inside the multilayer
structure. The spatial distribution of the optical field can be
obtained from the following Helmholtz equation:11,12

ⵜ 2E +

冉冊

c

2

r共z兲E = 0,

共4兲

where r共z兲 is the relative permittivity as a function of the
position. By applying the Helmholtz equation to the
multilayer structure, we obtained the spatial distribution of
the squared field strength inside the multilayer structure. As
shown in Fig. 3共a兲, the field strength distribution at 800 nm is
strongly confined near the defect layer. These results support
the use of the ZnO defect-containing photonic crystal to enhance nonlinear optical effects. However, the detuned photonic crystal showed the weak confinement of the optical field,
as shown in Fig. 3共b兲.
Figures 4共a兲 and 4共b兲 show the open aperture Z-scan
curve of the ZnO defect-containing photonic crystals. In the
resonant photonic crystal 共sample A兲, in which the resonant
wavelength of the defect mode was adjusted to coincide with
the incident laser wavelength, the Z-scan curve exhibited a
transmittance dip 关Fig. 4共a兲兴. However, in the detuned photonic crystal 共sample B兲, where the resonance wavelength of
the defect mode was slightly detuned from the incident laser
wavelength, the Z-scan curve showed a transmittance peak
关Fig. 4共b兲兴. When compared with the Z-scan curve of the
ZnO film 关Fig. 4共c兲兴, that of the resonant photonic crystal
关Fig. 4共a兲兴 exhibited a larger transmittance dip. By applying
Eq. 共5兲 共Ref. 8兲 to the transmittance minima, Tmin, of the
Z-scan curves, we obtained the nonlinear absorption coefficients, ␤, of the samples as follows: ␤ = 2.7⫻ 10−9 cm/ W
共ZnO film兲, ␤ = 15.0⫻ 10−9 cm/ W 共defect-containing photonic crystal—sample A兲
⬁

Tmin =

FIG. 3. 共Color online兲 Spatial distribution of the squared field strength inside the ZnO-defect-containing photonic crystals: 共a兲 共Ta2O5 /
SiO2兲5 / ZnO共210 nm兲 / 共SiO2 / Ta2O5兲5 共sample A兲, 共b兲 共Ta2O5 / SiO2兲5 /
ZnO共219 nm兲 / 共SiO2 / Ta2O5兲5 共sample B兲. The incident wavelength was
800 nm.
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where q0 = ␤I0Leff and I0 is the intensity of the focused beam,
and Leff = 共1 − e−␣L兲 / ␣, with L being the sample thickness. As
can be seen in the spatial distribution of the squared field
strength inside the multilayer structure 共Fig. 3兲, the spatial
distribution of the optical field is strongly confined near the
defect layer. The strong confinement of the optical field by
the photonic crystal structure increases the nonlinear absorption of the ZnO defect. Therefore, a Z-scan curve of the
resonant photonic crystal 共sample A兲 produces a transmittance dip larger than that of the ZnO film. In order to understand quantitatively the enhancement of nonlinear absorption
by the confinement of optical field, we introduce an enhancement factor G defined as
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FIG. 4. Open-aperture Z-scan curves of 共a兲
and 共b兲, the ZnO-defect-containing photonic crystals,
and 共c兲, 210 nm thick ZnO film: 共a兲 共Ta2O5 /
SiO2兲5 / ZnO共210 nm兲 / 共SiO2 / Ta2O5兲5 共sample A兲, 共b兲
共Ta2O5 / SiO2兲5 / ZnO共219 nm兲 / 共SiO2 / Ta2O5兲5 共sample
B兲.
The
closed
aperture
Z-scan
curve
of 210 nm thick ZnO film is shown in 共d兲.
Incident wavelength= 800 nm, pulse energy= 1.6 J,
pulse duration= 130 fs,
repetition rate= 1 kHz,
beam diameter= 19.4 m.

G=

1
ddefect

冕

d

0

兩Edefect共z兲兩2
dz,
兩Eincident兩2

共6兲

where ddefect is the thickness of defect layer, Edefect共z兲 is the
amplitude of field in the defect layer as a function of position
z, and Eincident is the amplitude of incident field. By applying
the spatial distribution of optical field to Eq. 共6兲, we obtained
the enhancement factor of 18.4. The ratio of the nonlinear
absorption coefficient of the photonic crystal to that of the
ZnO film is smaller than the theoretical calculation considering the confinement effect in Fig. 3共a兲. One possible
cause of this discrepancy is that the spectral linewidth
共⬃13.0 nm兲 of femtosecond laser pulse is wider than the
bandwidth 共⬃7.3 nm兲 of defect mode in the photonic crystal. According to the optical transfer matrix formalism, the
confinement of optical field depends on the incident wavelength. For the resonant photonic crystal, the enhancement
factor has the maximum value at the center wavelength of
laser pulse. Meanwhile, the enhancement factor decreases in
the short or the long wavelength edge. Therefore, the effective value of enhancement factor becomes smaller than the
theoretical value by the confinement effect at the resonant
wavelength of 800 nm. Another possible reason is that nonlinear refraction can shift the band center of defect mode
away from the center wavelength of laser pulse. This detuning would weaken the confinement of optical field near the
defect layer. Next, we consider the Z-scan curve of the detuned photonic crystal 共sample B兲. As can be seen in Fig.
4共b兲, the detuned photonic crystal exhibited saturable absorption with increasing the intensity of incident laser beam.
From the transmittance maximum of the Z-scan curve,8 we
obtained the nonlinear absorption coefficient, ␤, of the
sample as ␤ = −6.6⫻ 10−9 cm/ W 共defect-containing photonic crystal—sample B兲. In the detuned photonic crystal, we
attributed the saturable absorption to the negative nonlinear
refraction of the defect. In the Z-scan experiment using a
single ZnO film 关Fig. 4共d兲兴, we found the sign of the nonlinear refractivity to be negative. By applying Eq. 共7兲 共Ref. 8兲

to the difference between the peak and valley transmittances,
⌬Tpv, in the closed aperture Z-scan curve, we obtained the
nonlinear refractive index, ␥ = −6.2⫻ 10−13 cm−2/W 共ZnO
film兲
⌬Tpv = 0.404共1 − S兲0.25兩⌬⌽0兩,

共7兲

where
⌬⌽0 = ␥共2/兲I0Leff .
Here, S is the aperture linear transmittance and ⌬⌽0 is the
nonlinear phase shift of the laser beam passed through the
sample film. The negative nonlinear refraction pushes the
resonance wavelength of the detuned photonic crystal toward
the incident laser wavelength. The shift in the resonance
wavelength of the defect mode gives the transmittance peak
in the Z-scan curve.

IV. CONCLUSIONS

ZnO
defect-containing
photonic
crystals,
共Ta2O5 / SiO2兲5 / ZnO/ 共SiO2 / Ta2O5兲5, were prepared by
e-beam deposition and magnetron sputtering, and their transmission spectra revealed a defect mode resonance and a
broad photonic band gap. The defect mode resonance occurred near 800 nm: 关peak共sample A兲 = 800 nm and
peak共sample B兲 = 810 nm兴. The observed transmission spectra could be described by applying the optical transfer matrix
formalism to the multilayer structure. When compared with
the Z-scan curve of the ZnO film, that of the resonant photonic crystal exhibited a larger transmittance dip. The enhancement of the nonlinear absorption in the resonant photonic crystal was due to the strong confinement of the optical
field. Meanwhile, the detuned photonic crystal 共sample B兲
showed saturable absorption with increasing the intensity of
incident laser beam. This is attributed to the fact that the
negative nonlinear refraction pushes the resonance wavelength of detuned photonic crystal toward the incident laser
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wavelength. The shift in the resonance wavelength of the
defect mode gives the transmittance peak in the Z-scan
curve.
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