
APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 17 27 OCTOBER 2003
Second-harmonic green generation from two-dimensional x „2… nonlinear
photonic crystal with orthorhombic lattice structure

L.-H. Peng,a) C.-C. Hsu, and Y.-C. Shih
Department of Electrical Engineering and Institute of Electro-Optical Engineering,
National Taiwan University, Taipei, Taiwan, Republic of China

~Received 20 March 2003; accepted 2 September 2003!

We report the synthesis of nonlinear photonic crystals~NPCs! with a periodical distribution of
inverted x (2) nonlinearity having an orthorhombic lattice structure onZ-cut congruent-grown
lithium niobate (LiNbO3) substrate. The quasiphase-matching~QPM! mechanism of nonlinear
wave interaction is examined by monitoring the far-field emission pattern of second-harmonic
generation~SHG! as the NPC is pumped by a Nd:yttritium–aluminum–garnet laser beam. We
observe~i! a series distribution of green SHG in a direction transverse to the fundamental beam, and
~ii ! an increase of phase-matching temperature in the SHG peak signal with the azimuth rotation
angle in thex–y plane. These observations are ascribed to the high-order reciprocal lattice vectors
assisted QPM–SHG process in a NPC that has a distribution ofx (2) nonlinearity with an
orthorhombic crystal symmetry. ©2003 American Institute of Physics.
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Photonic crystals~PCs! are known for their capability to
manipulate the light localization and emission propert
such that optical function of switch1 and laser,2 and enhanced
nonlinearity for solitary wave3 and frequency conversion4

can be resultant. These phenomena can be ascribed
unique dispersion of photonic subbands in the crystal.5 Cur-
rent technology has shown that linear or nonlinear PCs
be constructed by maximizing the index contrast in a p
odical modulation of either or bothx (1) andx (2) in the con-
stituent materials6 or via Kerr nonlinearity7 at a lattice spac-
ing on the order of optical wavelength (l/n). To reduce the
stringent requirement of size control in the unite cell co
struction, another class of nonlinear photonic cryst
~NPCs! has been proposed. In such NPC one maintain
constant dielectric function in space but periodically rever
the sign ofx(2) nonlinear tensor at every coherent lengthl c

5lv/4(n2v2nv).8 The reciprocal lattice vectorG of a NPC
can further support a momentum conservation mechan
i.e., via quasiphase-matching~QPM! of k11k25k31G to
ensure energy conversion among the interacting wave
vectorsk1 , k2 , andk3 when the corresponding Fourier com
ponent ofx(2)(G) has a nonzero value.9,10

Here we report the synthesis, characterization,
analysis of QPM–NPCs with orthorhombic lattice site
lithium niobate (LiNbO3) substrate. We note a series
green second-harmonic generation~SHG! can be excited in a
direction transverse to the fundamental Nd:yttritium
aluminum–garnet~YAG! laser pump beam. The phas
matching temperature (T) of the peak SHG signal is found t
increase with the azimuth rotation angle~f! of the crystal
but decrease with the lattice spacing. These observations
be ascribed to a unique dispersion ofGmn(T,f) in the
QPM–NPCs and suggestive of promising nonlinear opt
applications for two-dimensional ~2D! wave front
engineering11 and coherent light deflection.12
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3440003-6951/2003/83(17)/3447/3/$20.00
s

a

n
i-

-
s
a
s

m,

of

d

an

l

The including of a QPM scheme on NPC can furth
enable a direct access to the largest tensor componen
x(2).13 This mechanism differs from that of conventional b
refringent phase matching by allowing the interacting wav
to polarize in the same direction and thus lead to a maxim
use of the nonlinearity effect due to the enhanced overlap
optical field in space.14 A physical mechanism that can cau
a periodical sign reversal ofx(2) in crystal can also render
polarity change inPs as well.15 This effect suggests that on
can take advantage of the reversible polarization status oPs

in the ferroelectric domains, i.e., via domain reversal, to
alize a QPM–NPC.16 To initiate such a polarization switch
ing process, one can conveniently apply an electric field
overcome the crystal’s coercive field (Ec) and to nucleate an
inverted domain on the polar surface.17 With additional sup-
ply of switching current of 2AdPs /dt via an external circuit,
one can further compensate the depolarization field in b
crystal and result in the stabilization of inverted crystall
with areaA.18

Albeit electrical poling has been regarded as a mat
technique to produce bulk single domain ferroelect
crystals,19 an extension of this method to make an arran
ment of rod- or grid-likex(2) crystallites and register them i
a two- or three-dimensional lattice structure to form a QPM
NPC still remains a great challenge. One such difficu
arises from the existence of large internal field (Eint) due to
the nonstoichiometric defects for crystals grown from t
melt. The Eint value amounts to 15%–25% ofEc in the
widely used lithium niobate (LiNbO3)20 and lithium tanta-
late (LiTaO3)21 nonlinear crystals of congruent compositio
Such a giant internal field can cause a serious back switc
of inverted domains as one terminates the poling field.18 The
most troublesome, however, is the loss ofx(2) patterning and
therefore the destruction of nonlinear photonic structure
to the incontrollable merging of inverted domains. Such
unwelcome domain motion is caused by an inherent fring
field effect when the corrugated ferroelectric surface cove
7 © 2003 American Institute of Physics
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with a photo-resist pattern is subject to a field action (Ez).
22

We have recently shown that an electrostatic compen
tion mechanism to counteract the aforementioned tange
field effect can be effectively realized by surrounding t
x (2) lattice site with a sheet of positive charge prior to in
tiate the electrical poling.23 Our device processing steps b
gin by letting an aluminum~Al !-patterned LiNbO3 substrate
undergone a heat treatment at 1050 °C for 5 h. The micro
sure formed in the oxidized Al2O3 pattern during the hea
treatment can further provide an electric contact path to
underlying LiNbO3 and therefore can initiate the nucleatio
of inverted domain at the designated lattice site. The ca
bility of ~i! selectively nucleating the inverted domain, a
~ii ! restricting the transverse motion of inverted domain c
stitutes the major advantages in our construction ofx (2)

QPM–NPCs.
Illustrated in Fig. 1~a! is a 2Z face micrograph of a

NPC showing a rod-like distribution ofx (2) nonlinearity
with a 2D periodicity of 6.6313.6mm2. A close examina-
tion of the etched micrograph indicates that such rods, w
an inverted area as small as 3.333.3mm2, indeed are re-
sided on the rectangular~i.e., orthorhombic! lattice site and
periodically distributed in thex–y plane. The observation o
periodically poled inverted domains with a high aspect ra
over 150 on a 500-mm-thick substrate has proven the use
the two-step poling process in the synthesis ofx (2) NPCs.

FIG. 1. ~a! Etched-Z face micrograph showing a rod-like distribution ofx (2)

NPC on 500-mm-thick LiNbO3 with a 2D periodicity of 6.6313.6mm2. ~b!
QPM–SHG process in the reciprocal space of NPC having an orthorho
lattice structure.~c! Schematic draw of wave propagation and generation
the x (2) NPC of ~a!.
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We further note the spatial distribution ofx (2) nonlinear-
ity in the NPC of Fig. 1~a! has a structure symmetry (C2v)
different from that ofC3v in the host crystal of LiNbO3.
This would affect the generation and propagation of non
ear interacting waves in the QPM process as shown in F
1~b! and 1~c!, respectively. In order to examine such effec
we use the SHG technique to monitor the intensity distrib
tion in the far-field emission pattern as the incident angle
the pump laser and the crystal temperature of NPC
changed. A fundamental pump beam of Nd:YAG laser w
;10 ns pulse width~New Wave Technology, USA! was
lightly focused onto the end-facet polished sample. An
house temperature controller unit was attached to a rota
stage which allows a variation of crystal temperature from
to 240 °C and a change of incident angle to615°.

First shown in Fig. 2 are the~a! charge coupled device
~CCD! images, and~b! corresponding far-field intensity dis
tribution of the SHG signals taken from the 6.6313.2mm2

period sample and at a crystal temperature of 152, 165,
214 °C, respectively. The data were measured at a nor
incident configuration with the pump Nd:YAG laser bea
~of a peak intensity;2 MW/cm2) propagating along the
short period~i.e., 6.6mm! side of the NPC sample. Albeit th
green SHG resembles that in the conventional o
dimensional~1D!–QPM PPLN,22 the appearance of a serie
of SHG signals withunequalintensity signifies the partici-
pation of transversereciprocal lattice vectors, as shown
Fig. 1~b!, that are absent in the 1D case. Moreover, as
increases the crystal temperature, an interesting shift of
SHG peak intensity to a larger far-field angle, i.e., from 0°
4.5°, can be clearly resolved. These phenomena sugges
the high-order transverse reciprocal lattice vector becom
dominant in the nonlinear interaction of QPM–SHG proce
as one increases the crystal temperature.

In order to grant a further understanding of the earl
mechanism, we slightly rotate the crystal in thex–y plane
such that various reciprocal lattice vectors and their non
ear activities can be addressed. Illustrated in Fig. 3 are the~a!
CCD images, and~b! far-field intensity of the SHG signals
taken from another QPM–NPC sample having a larger
riod of 6.9313.6mm2. The data were measured at a crys
temperature of 10 °C and an azimuth rotation angle off
50° and61.45°, respectively. Note the SHG patterns in t
f561.45° measurements take a mirror image to each ot
This leads to an observation of peak SHG signal at a far-fi
angle of62.3° but overlaid with discrete weak green spo
that appear not phase matched. In the normal incident c
dition (f50°), however, only weak SHG signals can b

ic

FIG. 2. ~a! CCD image, and~b! far-field intensity pattern of a 6.6
313.6mm2 QPM–SHG NPC pumped by a Nd:YAG at 152, 165, an
214 °C, respectively, and at normal incidence configuration.
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resolved, indicating a loss of phase-matching condition.
For a quantitative analysis of the earlier observations,

consider a ray tracing method in geometrical optics to
solve the reciprocal lattice vector effects on the spatial d
tribution of the QPM–SHG process. This is equivalent
solving a problem ofGmn(T,f), where the phase-matchin
temperatureT becomes an index of the reciprocal lattice ve
tor Gmn and the azimuth rotation anglef in the x–y plane.
Here the material dispersion in the refractive indexn(v,T)
is taken from Ref. 24 and a QPM condition ofk2v22kv

2Gmn50 is used to evaluate the structure effect. Shown
Fig. 4 are the derived dispersion curves revealing the dep
dence of phase-matching temperature on the azimuth rota
angle. A general trend inferred from Fig. 4~a! of the 6.6
313.6mm2 period sample is a monotonic increase of pha
matching temperature with rotation angle. This findi
agrees with most of the experimental observations excep
theG10(T,f) assisted QPM–SHG process which is less s
sitive to the variation of incident angle. On the other ha
we also have an increase of phase-matching temperature

FIG. 3. ~a! CCD image, and~b! far-field intensity pattern of a 6.9
313.6mm2 QPM–SHG NPC pumped by a Nd:YAG at an incident angle
1.45°, 0°,21.45°, respectively, and at a crystal temperature of 10 °C.

FIG. 4. Dispersion curves ofGmn(T,f) illustrating the phase-matching
temperature dependence on the azimuth rotation angle for the recip
lattice vectorGmn involved QPM–SHG process on NPC samples of~a!
6.6313.6 and~b! 6.9313.6mm2 period.
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the magnitude ofGmn involved in the nonlinear wave inter
action. This effect can further translate into an increase
far-field emission angle of the peak QPM–SHG signal in
direction transverse to the fundamental Nd:YAG pump
beam. By increasing the lattice spacing in the structuredx (2)

nonlinearity, we note a linear dispersion relation
Gmn(T,f) can be maintained over the 6.9313.6mm2 period
sample of Fig. 4~b!. The corresponding phase-matching te
perature, however, is roughly lowered by a factor of 2 co
pared with that of the 6.6313.6mm2 period sample of Fig.
4~a!. Last but not least, we note theGm6n(T,f) dispersion
curves do reveal an axial symmetry as one varies the rota
angle in thex–y plane. This can be related to the fact th
the x (2) nonlinearity in the QPM–NPC has an orthorhomb
lattice structure ofC2v symmetry.

In summary, we have demonstrated a promising route
constructing thex (2) QPM–NPCs by using the two-step po
ing technique. From the SHG measurement and geome
optics analysis, it is shown that the dispersion relation
Gmn(T,f) in the nonlinear wave generation process can
engineered by a suitable design of the lattice structure
periodicity of x (2) nonlinearity in the NPCs.

This research was supported by the National Scie
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