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We study experimentally second harmonic generation in a one-dimensional nonlinear photonic

crystal with randomized inverted-domain structure. We show that the randomness enables one to

realize an efficient broadband emission of high-quality second harmonic beam. VC 2011 American
Institute of Physics. [doi:10.1063/1.3614558]

Quasi-phase matching (QPM) (Ref. 1) is nowadays the

method of choice for efficient frequency conversion of a

laser radiation. In the so-called nonlinear photonic crystals

(NPCs),2,3 the QPM conditions can be easily realized by per-

iodic poling of ferroelectric crystals.4 The resulting spatial

modulation of the sign of the nonlinearity v(2) enables one to

phase match a nonlinear process with wave vector difference

that equals the magnitude of some of the reciprocal lattice

vectors (RLVs). In order to access broader spectrum of

RLVs, so as to get a greater flexibility in phase matching

multiple quadratic processes within the same crystal, the

QPM has been generalized from a simple one-dimensional

(1D) periodic modulation to two-dimensional5–7 as well as

quasi-periodic modulations.8–10 Moreover, it was shown

recently that the use of disordered NPC can relax the strin-

gent phase-matching conditions, thus allowing one to

broaden the frequency range that can be converted.11 The ob-

servation of such broadband second harmonic (SH) has been

reported in naturally grown strontium barium niobate (SBN)

crystal that has random-size ferroelectric domains in 2D

plane.12,13 However, the interactions in such totally random-

ized crystals suffer from extremely low conversion effi-

ciency. This problem has been solved by employing a 2D

short-range ordered NPC, which can convert the frequency

of a broadband source with efficiency of � 12%.14 The con-

cept of such short-range ordered structure has been recently

proposed to enhance the transmission of broadband terahertz

wave15 and to extend the wavelength acceptance bandwidth

of a nonlinear process (from typical 2-4 nm to 20 nm).16

While valuable progress has been achieved, the broad-

band frequency conversions that have been investigated in

NPC so far suffer from the high divergence of the generated

harmonic beams. When a Gaussian beam is used to illuminate

the naturally random crystals or the engineered short-range or-

dered NPC, the emitted SH wave always form a line in far

field.12–14 The measured divergence angle is typically no less

than 5� in the horizontal direction, which limits the practical

use of such broadband SHG. In this letter, we solve this prob-

lem by proposing an advanced distribution of ferroelectric

domains in 1D randomized structure. Consequently, we dem-

onstrate an efficient broadband SHG which perfectly repre-

sents the spatial intensity profile of the fundamental beam.

In experiment, we fabricated the 1D randomized NPC

via standard electric-field poling of a Z-cut LiNbO3 wafer.

The length, width, and thickness of the poled sample were,

respectively, 9.6, 9.6, and 0.4 mm. The inverted-domain

structure visualized by surface etching is shown in Fig. 1(a).

This random domain distribution was created as follows.

First, we chose a line segment (length 2a). Then, we built a

1D periodic lattice (lattice constant b) and located the line

segment centered at each lattice point. After this, we ran-

domly rotated each line segment around its own center.

Finally, we placed the rectangular domain-inverted region

vertically at each endpoint of these line segments [see the

FIG. 1. (Color online) (a) The 1D randomized domain pattern imaged by

acid etching. The expanded view show how the randomness is created. (b)

Theoretical spectrum of reciprocal vectors obtained by Fourier transform.

(c) Diffraction pattern of the sample by He-Ne laser. (d) Experimental spec-

trum of the reciprocal vectors.a)Electronic mail: ysh111@physics.anu.edu.au.
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expanded view of Fig. 1(a)]. The resulting domain (and con-

sequently, nonlinearity) pattern can be expressed as

gðxÞ ¼ rectðx=lÞ �
XM

m¼�M

½dðx� mb� acoshm

þ asinhmÞ þ dðx� mbþ acoshm � asinhmÞ�:

(1)

Here, the rectangle function rect is defined by rect(x/l)¼ 1

when jxj < l/2 and rect(x/l)¼ 0 elsewhere; � is the convolu-

tion operator; m is an integer; hm represents the rotation

angle of the mth line segment and M defines the number of

the total line segments.

Upon taking the Fourier transform of the structure func-

tion g(x), we obtain the spectrum of reciprocal lattice vectors

that can be used for quasi-phase matching of frequency con-

version processes. Assuming negligible pump depletion and

weak focusing, the interaction efficiency is proportional to

the square of the relevant Fourier coefficient, which can be

written as

jGðkxÞj2 ¼ A
XM

m;m0¼�M

BmBm0cos½2pbðm� m0Þkx�: (2)

Here, A¼ 4lsinc(lkx)/b with sinc(x)¼ sin(x)/x and

Bm¼ cos[pakx(coshm � sinhm)]. In Fig. 1(b), we plot the

jG(kx)j2 using the structure parameters of the real sample:

a¼ 12 lm, b¼ 32 lm, l¼ 2 lm, and h takes random value

from [0, p/4]. As can be seen, the reciprocal vectors of this 1D

randomized structures exhibit continuous distribution in some

regions of the wave vector kx, which are ideal for broadband

frequency conversions. The Fourier coefficients in these contin-

uous regions are larger than those associated with a completely

randomized structure, making the nonlinear interactions much

more efficient. In Figs. 1(c) and 1(d), we show experimentally

observed diffraction pattern of the randomized NPC oriented

with its optical axis parallel to the incident He-Ne laser beam.

The results agree quite well with calculations. The experimen-

tal spectrum of the reciprocal vectors is slightly broader than

that of the theoretically predicted, which can be attributed to

the fabrication imperfection of the domain-inverted structures.

For the broadband frequency conversion experiment, we

use a light beam from optical parametric generator-amplifier

generating 16 ps pulses with a repetition rate of 10 Hz. The

laser beam is s-polarized and propagates along the x crystal-

lographic axis of the sample in order to take advantage of the

largest nonlinear coefficient d33 of LiNbO3 crystal. The

beam is loosely focused so that the beam waist at the input

facet of the sample is about 50 lm. This beam size corre-

sponds to intensities of up to 9 GW/cm2 for the range of

input powers used in the experiments. The generated SH

emission is either directed to a power meter or projected on a

screen located 10 mm behind the crystal and then imaged by

a CCD camera.

In experiment when the laser wavelength is continuously

tuned from 1130 nm to 1320 nm, the corresponding SH is

observed all the time with its color changing continuously

from green to red. In Fig. 2(a), we display the recorded images

of such SH waves for varying wavelength of the fundamental

beam. Moreover, it can be seen from this figure that the SH

waves are observed as bright spots, which indicates the spatial

profile of the fundamental wave is preserved very well. In Fig.

2(b), we depict the wavelength tuning curves of the SHG, i.e.,

the energy of the emitted SH vs. fundamental wavelength,

with constant input pulse energy of 6.0 lJ. It is seen that while

the harmonic energy varies with the wavelength, the efficient

frequency doubling process is observed at all wavelengths.

The fluctuation of these SH pulse energies reflects the varia-

tion of the square of the Fourier coefficients of the corre-

sponding RLVs. It is worth noting that the operational

FIG. 2. (Color online) (a) The images of the spatial profiles of the emitted

SH beams. From left to right, the SH wavelength is k2¼ 570.0, 575.0, 580.0,

585.0, 587.5, 610.0, and 640.0 nm, respectively. (b) The wavelength tuning

curve of SHG obtained with the same pump pulse energy.

FIG. 3. (Color online) (a) SH pulse

energies and (b) conversion efficiencies

vs. pulse energy of the input fundamen-

tal beam.
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frequency range of our randomized structure could have been

even wider than the presented here. For the SHG from 1130

nm to 1320 nm, we used the RLVs from 0.49 to 0.74 lm�1.

However, as shown in Figs. 1(b) and 1(d), there are still longer

RLVs kx 2 ½0:98; 1:31�lm�1. These RLVs in principle can

lead to the SHG from 955 nm to 1045 nm. We did not put this

frequency range into experimental study because of the limita-

tion of our pump laser source.

In Figs. 3(a) and 3(b), we show the measured pulse energy

and conversion efficiency for the SHG in the randomized

structure. Here, we only depict results for the SHG emitted at

k2¼ 607.5, 600.0, and 597.5 nm, which are representative for

the harmonic generations with higher, middle, and lower con-

version efficiencies in the whole investigated frequency range.

It is seen that the SH conversion efficiency increases gradually

with input energy at a low excitation limit (when the input

energy is less than 8.0 lJ). Then, it reaches saturation when

the input energy goes higher, which can be attributed to the

back conversion effect (x2 � x1¼x1). The saturation of the

conversion efficiency is 21%, 11%, and 5% for the SHG at

607.5, 600.0, and 597.5nm, respectively.

In Fig. 4, we display the experimentally recorded SH

signal as a function of the incident angles of the fundamental

beam (taking the result of SHG at k2¼ 600 nm as a represen-

tative of the whole investigated frequency range). It is very

interesting to see that unlike the case of fully periodic do-

main structures which is very sensitive to the angular tuning

with the SH signals dropping to zero very quickly, the

randomized structures enables one to obtain strong frequency

conversion for a relatively large incidence angle. This prop-

erty is a direct consequence of the almost continuous distri-

bution of reciprocal vectors available in the randomized

structure. With the tuning of the incident angle, the corre-

sponding reciprocal vector required for the efficient SHG

varies as G ¼ 2pð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

2 � n2
1sin2h

p
� n1coshÞ=k2. For periodic

structures, there are only discrete reciprocal vectors. So the

SH signal drops dramatically when the angle h is tuned away

from the predesigned value. However, for the randomized

structures, the continuous distribution of reciprocal vectors,

i.e., the infinite set of G, allows the fulfillment of the phase-

matching conditions for each incident angle. Being similar to

the case of wavelength tuning, the angle tuning curve of the

SHG also reflects the strength of the corresponding recipro-

cal vectors.

In conclusion, we have designed and fabricated a non-

linear photonic crystal in LiNbO3 sample with 1D random-

ized domain reversal structure and have realized broadband

SH emission in the green and red regions of the spectrum

with conversion efficiency varying from 5% to 20%. More-

over, we have shown that the interaction results in the high

quality of the transverse profile of the second harmonic

beam for all emission frequencies. We believe that the

approach presented here can be also used for the broadband

third and fourth harmonic generation in a single crystal.
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