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The mid-infrared (mid-IR) second-order optical nonlinearity of the barium titanate (BTO) thin films was charac-
terized by second harmonic generation (SHG). The epitaxial BTO thin films were grown on strontium titanate
substrates by pulsed-laser deposition. From the azimuthal-dependent polarized SHG measurements, the tensorial
optical nonlinear coefficients, d ij , and ferroelectric domain fraction ratio, δAY ∕δAz, were resolved. Strong SHG
signals were obtained at the pumping laser wavelength λ between 3.0 and 3.6 μm. The SHG intensity was linearly
dependent upon the square of the pumping laser power. The broadband mid-IR optical nonlinearity enables BTO
thin films for applications in chip-scale quantum optics and nonlinear integrated photonic circuits. ©2019Chinese
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1. INTRODUCTION

Perovskite oxides, such as LiNbO3, KNbO3, and BaTiO3, are
attractive materials because they exhibit excellent ferroelectric
and nonlinear optical properties at room temperature. Their
ferroelectric properties lead to a variety of applications including
sensors [1], non-volatile memory devices [2], and optical com-
munications [3,4]. Perovskite oxides have the chemical formula
ABO3, where their polar property determines the polarization,
which is the net dipole moment in the unit volume. The non-
linear interactions between the electric dipole and light waves
create nonlinear optical responses such as SHG, sum-frequency
generation (SFG), difference-frequency generation (DFG), and
optical parametric oscillation (OPO) [5]. One application for
nonlinear optic technology is to provide light sources over ultra-
violet, visible, infrared, and THz bands through nonlinear light
conversion [6–8]. Another critical application for nonlinear optic
technology includes quantum optics, where entangled photon
pairs are efficiently created during the nonlinear optical processes
[9–11].

Though bulk crystalline perovskite oxides have a strong op-
tical nonlinearity, a thin film form is required to monolithically
integrate these perovskites with photonic circuits. Perovskite ox-
ide thin films can be grown by numerous epitaxy techniques
such as metal oxide chemical vapor deposition (MOCVD), mol-
ecule-beam epitaxy (MBE), and pulsed-laser deposition (PLD)
[12–14]. Among these perovskite oxide thin films, BTO has

attracted much attention and been utilized in various micro-
and nano-photonic devices for the following reason [15–18]:
BTO thin films have a broad transparent window in visible
and IR range [19,20]. Through the Pockels effect, the refractive
indexes of BTO thin films are tunable by applying external elec-
tric fields [21,22]. The second-order nonlinear susceptibilities of
BTO can be further enhanced by inducing stress in the BTO thin
film [23]. Moreover, BTO thin films can be epitaxially grown on
the Si substrates with an intermediate buffer layer [24,25], thus
providing additional functionality for present Si photonic devices.

The optical nonlinearity of BTO thin films has been ex-
plored in the visible and near-IR regions [26–28], while not
in the mid-IR region, which is an important spectrum for
the development of optical networking [29], biomedical sens-
ing [30], molecular spectroscopy [31], and thermal imaging
[32]. For optical communication, a broader spectrum extend-
ing into the mid-IR region can accommodate additional chan-
nels for high-speed data transmission. Moreover, mid-IR
sensing enables label-free and non-destructive molecule detec-
tion [33,34]. In this study, the epitaxial BTO thin films were
deposited onto a strontium titanate (STO) substrate by PLD.
Polarization-dependent mid-IR SHG was measured and ana-
lyzed to resolve the optical nonlinear coefficients and the ferro-
electric a∕c domain distribution. Our results illustrated that the
epitaxial BTO thin film is an ideal platform for mid-IR
nonlinear integrated photonics.
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2. EPITAXIAL BTO THIN FILM GROWTH AND
XRD CHARACTERIZATION

The BTO thin film was deposited onto a single-crystal STO
(001) substrate by PLD at 600°C and 20 mTorr of O2.
The PLD used a KrF excimer laser (λ � 248 nm) with a flu-
ence of 1.5 J∕cm2 and a repetition rate of 5 Hz. The BTO
target was prepared by a conventional ceramic sintering
method. The grown BTO film was 500-nm thick with a uni-
form surface. The crystalline structure of the BTO thin film
was characterized by X-ray diffraction (XRD). From the θ-2θ
scan in Fig. 1(a), only BTO (00l ) was found, indicating that
the BTO thin film is a single crystalline film and mainly grown
along the (00l ) direction. The φ scans of BTO (113) and STO
(113) in Fig. 1(b) indicate that the BTO thin film exhibited
cube-on-cube growth on the STO substrate without experienc-
ing in-plane rotations.

3. MODELING OF THE MID-IR SHG FROM BTO
THIN FILMS

A BTO crystal possesses different crystal symmetries at different
temperatures due to its phase transitions. Upon increasing the
temperature, the phase of the BTO crystal changes sequentially
from rhombohedral to orthorhombic, tetragonal (at 0–120°C),
and paraelectric cubic phase. The space group of tetragonal
BTO is P4mm and its unit cell is slightly elongated along the
c-direction, which is the fourfold axis as shown in Fig. 2(a).

The distance from the center Ti atom to the O atoms along
the c-axis can be greater or smaller than to the other O atoms
along the a-axis, leading to a spontaneous polarization Ps parallel
to the c-axis [35]. For an epitaxial BTO thin film, the coordinate
axes were defined by the crystal axes of the STO substrate. As
shown in Fig. 2(b), the [001], [100], and [010] axes of the
STO are defined as the � ~X , � ~Y , and � ~Z axes, respectively.
A BTO thin film can have six different ferroelectric domain var-
iants with their polarizations parallel to the � ~X , − ~X , � ~Y , − ~Y ,
� ~Z , and − ~Z directions, which are labeled as the X�, X −, Y�,
Y −, Z�, and Z− domains, respectively. To study the polarimet-
ric SHG, Fig. 3 illustrates that the x, y, and z axes of the lab
coordination are initially aligned to the � ~X , � ~Y , and � ~Z axes
defined by the crystal coordination of the STO substrate [36]. In
other words, a light beam Eω propagating along the x-axis is nor-
mally incident to the (001) surface of the STO substrate, and its
polarization is in the y−z plane. At azimuth φ � 0, the polari-
zation direction is coincident with the y-axis. To analyze the po-
larimetric SHG from a multi-domain BTO thin film, a polarizer
was placed before the photodetector to differentiate the y and z
polarized SHG signals, where the intensities are denoted as I 2ωy
and I 2ωz , respectively. For Eω propagating in the x-direction,

Fig. 1. XRD results of the BTO thin film deposited on the (001) STO
substrate by PLD. (a) A θ-2θ scan of the BTO thin film. The BTO was
epitaxially grown along the (00l ) direction. (b) A φ scan of the BTO thin
film indicated a cube-on-cube growth on the STO substrate.

Fig. 2. (a) Structure of a tetragonal BTO unit cell with one Ti atom in the cell center, eight Ba atoms in the corners, and six O atoms in the
center of the facets. (b) The six possible ferroelectric domain variants, X�, X −, Y�, Y −, Z�, and Z−, in the � ~X , � ~Y , and � ~Z lab-based
coordinate system.

Fig. 3. Four possible domain variants in the y−z plane, Y�,
Y −, Z�, and Z−, and the crystal axes (U 1, U 2, U 3) associated with
each of the four domain variants. The incident light ~E0 is linearly
polarized, and the azimuthal angle between the incident light and
the y-axis is noted as φ.
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the X� and X − domain variants will not create an SHG polari-
zation in the y−z plane.

The SHG collected from a multi-domain BTO thin film
was considered as a combination of the SHG signals attributed
by each domain variant. To use the nonlinear optical tensor
matrix, the components of the incident electric field (Ex , Ey,
Ez) were transformed and interpreted by the orthogonal crystal
coordination (U 1,U 2,U 3) corresponding to each domain vari-
ant. Here, the optic axis of the crystal U 3 is parallel to the di-
rection of Ps and equivalent to the c-axis indicated in Fig. 2(a).

Figure 3 displays the new coordinations (U 1, U 2, U 3) and
the Ps direction associated with the Y�, Y −, Z�, and Z− do-
main variants, separately. The second-order nonlinear polariza-
tion for the tetragonal BTO is then described as
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E1, E2, and E3 are the components of the electrical fields along
the U 1, U 2, and U 3 axes, and d ij is the tensor element of the
second-order optical nonlinear coefficients. The electric field of
the light propagating along the x-direction has Ex � 0,
Ey � E0 cos φ, and Ez � E0 sin φ. Considering the Y� do-
main, the electric fields represented by the domain co-
ordination became E1 � Ex � 0, E2 � −Ez � −E0 sin φ,
and E3 � Ey � E0 cos φ. Hence, by applying this to Eq. (1),
the nonlinear polarizations from the Y� domain are ex-
pressed as

PY�
1 � 2d 15E1E3 � 0, (2)

PY�
2 � 2d 15E2E3 � −E2

0d 15 sin 2φ, (3)

PY�
3 � d 31E2

1 � d 31E2
2 � d 33E2

3

� E2
0d 31 sin

2 φ� E2
0d 33 cos

2 φ: (4)

In addition, the SHG intensity, I , is proportional to P × P�,
and for the Y� domain, y and z are parallel to U 3 and U 2,
respectively. Therefore, it follows that

I 2ωy ∝ P2
3 � �E2

0d 31 sin
2 φ� E2

0d 33 cos
2 φ�2, (5)

I2ωz ∝ P2
2 � �E2

0d 15 sin 2φ�2: (6)

The reported SHG coefficients of bulk BTO crystal at
λ � 1060 nm are d 15 � 17 pm∕V, d 31 � 15.7 pm∕V, and
d 33 � 6.8 pm∕V [23]. Figure 4 plots the y and z polarized
SHG signals created from the Y� domain when the incident
light polarization was rotated along φ on the y−z plane. I2ωy
exhibited a two-lobed intensity profile, while I 2ωz had a distin-
guishable four-lobed profile. Similarly, the nonlinear polariza-
tions contributed by the Y�, Y −, Z�, and Z− domains were
calculated and represented by the domain coordinates, which
are summarized as

PY�
1 � PY −

1 � PZ�
1 � PZ−

1 � 0, (7)

PY�
2 � PY −

2 � −PZ�
2 � −PZ−

2 � −E2
0d 15 sin 2φ, (8)

PY�
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3 � E2
0d 31 sin

2 φ� E2
0d 33 cos

2 φ, (9)

PZ�
3 � PZ−

3 � E2
0d 31 cos2 φ� E2

0d 33 sin2 φ: (10)

When the pump light passed through a BTO thin film con-
taining different ferroelectric domains, the SHG contributed by
each of these domains needs to be considered. The area frac-
tions of each domain are defined as AY�, AY −, AZ�, and AZ−,
where the sum of all the area fractions is 1. From the transfor-
mation between the domain variants and the lab coordinates
shown in Fig. 2, it was concluded that PY�

y � PY�
3 , PY −

y �
−PY −

3 , PZ�
y � PZ�

2 , and PZ−
y � −PZ−

2 . Using Eqs. (7)–(10),
the total nonlinear polarization P2ω

y created by the four
domains, Y�, Y −, Z�, and Z−, is

P2ω
y � AY�PY�

y � AY −PY −
y � �AZ�PZ�

y � AZ−PZ−
y �eiΓ

� AY�PY�
3 − AY −PY −

3 � �AZ�PZ�
2 − AZ−PZ−

2 �eiΓ
� δAY PY�

3 � δAZPZ�
2 eiΓ: (11)

δAY and δAZ are defined as δAY � AY� − AY − and
δAZ � AZ� − AZ−, which present the difference in the area
fractions between the domain pairs, such as (Y�, Y −) and
(Z�, Z−), oriented along the opposite directions. From
Eq. (11), P2ω

y is strongly correlated with the domain orientation
and the domain fraction of the opposite polarization. Due to
the difference of the refractive indexes along the c- and a-axes of
the BTO, a phase term Γ � �2πl∕λ��n2ωc − n2ωa � was added to
Eq. (11) to account for the birefringence between the c- and
a-axes. Here, l is the thickness of the thin film sample, and
n2ωc and n2ωa are the refractive indexes at the second harmonic
frequency 2ω along the c- and a-axes of BTO, respectively.
If these four domains have equal areas, no SHG signal
will be observed because δAY and δAZ become zero in
Eq. (11). Since I 2ωy ∝ P2ω

y �P2ω
y ��, the SHG intensity of the

y-polarization is

Fig. 4. Calculated azimuthal-dependent polarized SHG, I2ωy �φ�
and I2ωz �φ�, of a single Y� domain BTO thin film. The tensors d ij
from a bulk BTO crystal were used: d 15 � 17 pm∕V, d 31 �
15.7 pm∕V, and d 33 � 6.8 pm∕V. The thickness of the BTO crystal
was 500 nm. I2ωy �φ� and I 2ωz �φ� showed distinct two-lobed and four-
lobed SHG patterns, respectively.
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I 2ωy ∝ δA2
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For convenience, the value of E0 was set to 1. The expression of
y-polarized SHG is then rewritten as

I 2ωy � K 1,y�cos2 φ� K 2,y sin
2 φ�2 � K 3,y sin

2 2φ

� K 4,y�cos2 φ� K 2,y sin
2 φ� sin 2φ, (13)

where K 1,y � δA2
Y d

2
33, K 2,y � d 31∕d 33, K 3,y � δA2

Z d
2
15,

and K 4,y � 2δAY δAZd 15d 33 cosΓ.
Using the same approach, the intensity of the z-polarized

SHG I 2ωz is

I2ωz � K 1,z�cos2 φ� K 2,z sin
2 φ�2 � K 3,z sin

2 2φ

� K 4,z�cos2 φ� K 2,z sin
2 φ� sin 2φ, (14)

where K 1,z � δA2
Z d

2
31, K 2,z � d 33∕d 31, K 3,z � δA2

Y d
2
15, and

K 4,z � 2δAY δAZd 15d 31 cosΓ. The parameters K i,j derived
from the x and y polarizations have the following relations:

cos2Γ �
K 2

4,y

4K 1,yK 3,y
� K 2

4,z

4K 1,zK 3,z
(15)

and

d 33

d 31

� K 2,z �
1

K 2,y
: (16)

The SHG intensity can be calculated by Eqs. (13) and (14)
when all the K i,j are known. On the other hand, K i,j and
the associated material parameters, including the domain frac-
tion difference δA and nonlinear coefficient d ij, can be extrapo-
lated by fitting the experimentally obtained SHG. In parallel,
Eqs. (15) and (16) establish the relationship between the eight
K i,j identities and validate the model used to interpret the do-
main orientation and the optical nonlinearity.

Hence, the polarimetric response of the SHG is determined by
the domain fraction ratio δAY ∕δAZ and the optical nonlinearity
d ij. To examine the effect of δAY ∕δAZ , Figs. 5(a)–5(c) show the
calculated angular-dependent I 2ωy �φ� and I 2ωz �φ� by applying
Eqs. (13) and (14) at δAY ∕δAZ � 10, 1, and 0.1, respectively.
The values of the optical nonlinear coefficients, d 15 � 17 pm∕V,
d 31 � 15.7 pm∕V, and d 33 � 6.8 pm∕V, were obtained from
a bulk BTO crystal. As shown in Fig. 5(a), at δAY ∕δAZ � 10,
the Y domains were the dominant factor for the polarimetric
SHG pattern, resulting in a two-lobed I2ωy profile and a four-lobed
I 2ωz profile. The two-lobed I2ωy had its maximum SHG intensity
at φ � 80° and 260°. On the other hand, the four-lobed I 2ωz had
its maximum SHG intensity at φ � 45° and 235°, and its other
two peaks had maximum SHG intensities at φ � 135° and 315°.
The SHG patterns at δAY ∕δAZ � 10 were similar to the SHG
patterns in Fig. 4, which were created from a single Y� domain
BTO, except that the two lobes of the I 2ωy �φ� were slightly
tilted away from the vertical axis, and the maximum SHG inten-
sities from those four lobes in I2ωy �φ� were different. When
δAY ∕δAZ was decreased to 1, the Y and Z domains had
comparable contributions to the SHG, thus creating I 2ωy and

I 2ωz patterns with similar profiles as shown in Fig. 5(b). Both
I 2ωy �φ� and I 2ωz �φ� have two lobes, and these lobes are approx-
imately 45° away from the horizontal axis. Once δAY ∕δAZ was
further decreased to 0.1, the Z domains became the dominant
factor for the polarimetric SHG pattern. As a result, a four-lobed
I 2ωy profile and a two-lobed I 2ωz profile were found and are illus-
trated in Fig. 5(c). Unlike Fig. 5(a) where the two lobes from
I 2ωy �φ� were closely aligned to the vertical axis, the other two lobes
from I2ωz �φ� in Fig. 5(c) were almost aligned with the horizontal
axis. Therefore, the symmetry and the angular dependence of the
polarimetric SHG patterns are highly dependent on the domain
fraction ratio. In other words, δAY ∕δAZ can be resolved by ex-
amining the variation of the I 2ωy,z �φ� profiles.

4. POLARIMETRIC MID-IR SHG
MEASUREMENTS

A. Experimental Setup
Figure 6 shows the schematic of the experimental setup for
measuring the polarimetric SHG from a BTO thin film.
A wavelength-tunable OPO pulsed laser was used as the
mid-IR light source. The pulse repetition rate was 1 kHz,
and the linewidth was smaller than 10 cm−1. A bandpass filter
with a transmission window from λ � 3.25 to 3.75 μm was
placed after the laser. The maximum transmission was 80%

Fig. 5. I2ωy �φ� and I 2ωz �φ� were calculated when the ferroelectric
domain fraction ratio, δAY ∕δAZ , was set to (a) 10, (b) 1, and
(c) 0.1. The d ij values were from a bulk BTO crystal. At
δAY ∕δAZ � 10, I2ωy �φ� had a two-lobed profile, and I 2ωz �φ� had a
four-lobed profile. As δAY ∕δAZ decreased to 0.1, I 2ωy �φ� became
four-lobed and I 2ωz �φ� became two-lobed. In addition, the axis of
the two-lobes rotated as δAY ∕δAZ changed.
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at λ � 3.50 μm. This filter was used to block the light frequen-
cies other than the laser beam that had a pumping frequency of
ω. After the first bandpass filter, the laser beam was focused
onto the sample surface through a mid-IR objective lens to
maximize the incident light intensity. The focusing length
and the numerical aperture of the mid-IR objective lens were
6 mm and 0.25, respectively. The incident laser beam was pro-
jected along the x-direction. By rotating the half-wave plate, the
polarization of the laser beam was also rotated by an azimuth
angle φ along the x-axis. The half-wave plate had a 100% trans-
mission and 1.5 wave retardance at λ � 3.5 μm. The BTO
thin film sample was initially placed on a rotating stage to align
the sample axes with the lab axes, so that x⫽�001	STO,
y⫽�100	STO, and z⫽�010	STO. Otherwise, there will be an angle
α between the principle c-axis of the BaTiO3 sample and the
lab coordinate y-axis. The angle between the lab coordinate
y-axis and the direction normal to the BTO thin film surface
is θ � 90° so that the input light was normally incident to the
sample. To effectively collect all of the SHG signal, the light
emitted from the BTO sample was collected and then refocused
into a detector by two separate objective lenses. An ultra-
broadband wire-grid polarizer operational at λ � 0.25–4 μm
was placed after the objective lens as an analyzer to differentiate
the polarized SHG, I2ωy or I2ωz . The extinction ratio of the wire-
grid polarizer was 10∶1. A second bandpass filter with a trans-
mission window from λ � 1.5 to 2.0 μm was placed in front of
the detector to remove the remaining incident laser beam at
frequency ω. Thus, only the generated SHG signal at 2ω
was collected. The detector was a PbSe fixed gain photodetector
sensitive from λ � 1.5 to 4.8 μm with a bandwidth range from
0.2 Hz to 10 kHz. The detector was connected to an oscillo-
scope, and the SHG signal at various φ was recorded from the
amplitude of the pulse displayed on the oscilloscope.

B. Mid-IR Second-Order Optical Nonlinearity and
Ferroelectric Domain Fractions
To investigate the optical nonlinearity and the ferroelectric do-
mains of the BTO thin film, the azimuthal-dependent SHG
signals along the y and z polarizations, I2ωy �φ� and I 2ωz �φ�, were
measured and displayed in Figs. 7(a) and 7(b), respectively. The
substrate STO had no second-order nonlinearity due to its crys-
tal symmetry. Both y and z polarized SHG patterns show a
dominant two-lobed profile with a pair of smaller lobes. For
I 2ωy �φ�, the maximum SHG signal was found at a relative

φ � 45° and 135°. The smaller lobes were found to be normal
to the larger lobes. Similar profiles were observed for I2ωz �φ�,
where a pair of larger lobes and another pair of secondary lobes
were found. A minor difference between the I 2ωy �φ� and
I 2ωz �φ� is that the intensities of the secondary lobes were com-
paratively weaker in I2ωz �φ� than in I 2ωy �φ�. The SHG profiles
shown in Fig. 7 were fitted by Eqs. (13) and (14). Accordingly,
d 15 � 12.5 pm∕V, d 31 � 9.0 pm∕V, d 33 � 10.0 pm∕V, and
δAY ∕δAZ � 1 were obtained. The fitting results were consis-
tent with the observation shown in Fig. 4, where I2ωz �φ� and
I 2ωy �φ� revealed a two-lobed dominant pattern when δAY ∕δAZ
approached 1. In addition, the difference in d ij between a bulk
BTO crystal and the BTO thin film is due to the film strain
introduced during PLD growth. A similar effect has been
observed in studies using other perovskite oxides including
SrTiO3 and BaZrO3 [37].

C. Mid-IR SHG Dependence on the Pumping Light
Intensity
The variation of the SHG at different pumping light intensities
was investigated. During the measurement, the laser power
I laser was gradually increased from 16 to 92 mW. The laser
wavelength was λ � 3.5 μm and the azimuth angle φ was fixed
at 45° because I2ωy �φ� reached its maximum at 45° according to
Fig. 7(a). Figure 8 displays the SHG intensity versus the square
of the pumping light intensity, �I laser�2, where I laser was
measured by a digital optical power meter (Thorlabs
PM100D). The SHG intensity increased proportionally to
�I laser�2 when I laser gradually increased from 16 to 92 mW.

Fig. 6. Schematic of the experimental setup for measuring the azimuthal-dependent polarized SHG from a BTO thin film. The pumping laser
was a tunable ns pulsed laser and the first filter removed the light that was not at the pumping wavelength λ. The polarization of the light was rotated
by the λ∕2 phase plate. The mid-IR light was focused on the BTO thin film using the front objective lens, and the SHG was collected by another
objective lens in the back. The polarizer selected the polarization of the SHG signals, and the second filter removed the residual mid-IR pumping
light. The SHG in the NIR region was measured by a photodetector or a spectrometer.

Fig. 7. (a) I2ωy �φ� and (b) I 2ωz �φ� obtained from the BTO thin film
deposited by PLD. The dashed lines represent the measured data and
the solid green lines represent the modeling results. From the fitting,
the values d 15 � 12.5 pm∕V, d 31 � 9.0 pm∕V, d 33 � 10.0 pm∕V,
and δAY ∕δAZ � 1 were resolved.
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The mid-IR SHG pump threshold was 7 mW. The linear
dependence obtained between I2ωy and �I laser�2 agrees with
the derivation illustrated in Eqs. (5) and (6).

D. Mid-IR SHG Spectral Characterization
The SHG spectrum from the BTO thin film was measured
when the wavelength of the pumping laser was tuned over a
range between λω � 3.0 and 3.6 μm. The SHG signal was col-
lected by a 400 μm core diameter fiber and analyzed by a spec-
trometer that had a thermoelectric cooling InGaAs linear array.
The azimuthal angle φ and the position of the BTO sample
were fixed when the input wavelength was tuned. As drawn
in Fig. 9, the center wavelength of the SHG spectrum increased
from λ2ω � 1.5 to 1.8 μm when the laser pumping wavelength
increased from λω � 3.0 to 3.6 μm. The slight broadening of

the SHG spectrum at λ2ω<1.65 μm was due to variation in the
pumping laser linewidth. The spectral scanning of the SHG
signals demonstrates that the deposited BTO thin film can con-
vert mid-IR signals over a wide spectrum efficiently into the
NIR region, thus enabling on-chip and broadband nonlinear
frequency conversion.

5. CONCLUSIONS

Broadband mid-IR SHG was demonstrated by an epitaxial
BTO thin film on a (001) STO substrate using PLD. From
XRD characterization, the BTO film had cube-on-cube growth
mainly along the (00l) direction. The mid-IR optical nonlin-
earity and the ferroelectric domain property were characterized
by azimuthal-dependent polarized SHG measurements. Two-
lobed dominant I 2ωx,y �φ� patterns were found in both polariza-
tions. High nonlinear coefficients of d 15 � 12.5 pm∕V,
d 31 � 9.0 pm∕V, and d 33 � 10.0 pm∕V, and a uniform do-
main fraction ratio of δAY ∕δAZ � 1 were resolved. In addi-
tion, the characteristic SHG response, I2ω ∝ �Iω�2, and
broadband SHG signals were observed at pumping wavelengths
λω � 3.0–3.6 μm. The efficient nonlinear thin film paves the
way for developing efficient on-chip light sources and inte-
grated quantum photonics.
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