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Mid-Infrared Nonlinear Frequency Conversion Using
Monolithic Barium Titanate on Silicon-on-Insulator

Junchao Zhou, Mingzhao Liu, Chenyu Zhou, Bing Hau Kuo, Fuh-Sheng Shieu, Pao Tai Lin

Abstract— Efficient nonlinear frequency conversion in the mid-
infrared (mid-IR) region was demonstrated by a barium titanate
(BTO) on a silicon-on-insulator (SOI) substrate. The BTO thin
film was epitaxially grown by pulsed-laser deposition (PLD). The
tensorial second order optical nonlinearity and the ferroelectric
domain property of the BTO were characterized by the
polarimetric mid-IR second harmonic generation (SHG)
measurements. Azimuthal-dependent polarized SHG was modeled
at different combinations of the nonlinear coefficient d;; and the
domain fraction factor ADY/ADX. Strong SHG intensity was
experimentally observed over a broad spectrum at A =3.1 pm - 3.7
pm. A characteristic linear dependence between the SHG signal
and the square of the pumping laser intensity was observed. The
monolithic integration between the epitaxial BTO and the Si
provides a compact platform for efficient on-chip light generation
and quantum photonic technologies.

Index Terms—Mid-infrared, second harmonic generation,
barium titanate, thin films

I. INTRODUCTION

OMPLEX metal oxides including LiNbOs, LaTiOs;, and

BaTiOs (BTO) with a perovskite crystal structure is critical
in nonlinear photonics because of their large second order
optical nonlinearity. The ferroelectricity and the optical
nonlinearity of perovskite oxides are attributed to their non-
centrosymmetric structure and transition-metal B cations [1].
The nonlinear response from the spontaneous dipole moment
within a perovskite unit cell can result in photons that carry an
energy different from the exciting laser. By mixing or splitting
the energies from the incoming photons, coherent lightwave
with specific wavelengths is created through various
mechanisms, such as SHG, sum-and difference- frequency
generation (SFG and DFG), and optical parametric oscillation
(OPO). Bulk perovskite oxide single crystals have been utilized
in various nonlinear photonic systems, including LiNbO3 and
LaTiO; based OPO and optical parametric amplification (OPA)
[2,3]. Applying quasi-phase matching on these perovskite oxide
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crystals, nonlinear frequency conversion becomes more
efficient and provides coherent light sources over a broad
spectrum [4-6]. In addition, the nonlinear optical method can
generate entangled photon-pair through parametric down-
conversion, which is critical for the development of quantum
communication and networking [7,8].

Nevertheless, compact devices desire perovskite oxides thin
films over conventional bulk crystals for numerous chip-scale
applications, such as electro-optic modulators [9], gas sensors
[10], and non-volatile memory devices [11]. Deposition
methods like atomic layer deposition (ALD), molecule-beam
epitaxy (MBE), and chemical vapor deposition (CVD) have
been explored to grow crystalline perovskite oxide thin films
[12-15]. Among various candidates of nonlinear optical thin
films, BTO has received significant attention for the
applications in the integrated photonic circuits. BTO has the
advantages of wide spectral transparency [16,17], strong
Pockels effect [18,19], and high second-order optical
nonlinearity [20]. To monolithically integrate BTO with present
Si photonics, growth of epitaxial BTO thin films on Si
substrates has been investigated through different deposition
techniques [21,22]. For instance, thin TiN and MgO buffer
layers were applied to reduce the large lattice mismatch
between the BTO and the Si to enable monolithic BTO-on-Si
platforms [23,24].

Though the visible and near-IR nonlinear coefficients d;; of
BTO-on-Si have been measured [25-27], their mid-IR optical
nonlinearity remains unknown. Mid-IR is critical because it
overlaps with characteristic absorptions of numerous chemical
functional groups, thus enabling label-free biomolecule sensing
and non-destructive chemical detection [28-32]. In addition, the
wide spectral range of mid-IR provides additional bandwidth
for optical network and data transmission [33]. In this work,
epitaxial BTO films was grown on a silicon-on-insulator (SOI)
substrate with a strontium titanate (STO) buffer layer to reduce
the lattice mismatch between BTO and Si. Azimuthal-
dependent SHG was measured to resolve the tensorial 2"
optical nonlinearity and the ferroelectric domain structures. Our
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Fig. 1. (a) The BTO unit cell with Ti in the center, Ba in the corners, and O in
the facet centers. The spontaneous polarization P is parallel to the c-axis. (b)
The six ferroelectric domain orientations along the X+, X-, Y+, Y-, Z+, and Z-
directions.

method provides the critical 2" optical nonlinearity to the Si
photonics and enables efficient frequency conversion. Hence,

the BTO-on-Si platform provides a critical component for
developing nonlinear mid-IR devices.

II. MODELING OF THE AZIMUTHAL MID-IR SHG PATTERNS

BTO crystal has a non-centrosymmetric tetragonal phase at
the temperature between 0 and 120 °C. Fig. 1 (a) illustrates the
structure of a BTO crystal unit cell, where the O atoms are
placed in the face-centered position and surround a Ti atom. A
spontaneous polarization Ps || c-axis is introduced when the Ti
atom is deviated from the center of the unit cell along the c-axis
[34,35]. Fig. 1 (b) is an illustration of the possible domain
structure of a BTO thin film deposited on the Si (001) layer.
The tetragonal BTO belongs to the 4mm point group. It has six
domain variants, including X +, X —, Y +,Y —, Z +,and Z —,
where the corresponding polarization Ps points into different
directions. The tensor product between the 2" order nonlinear
coefficient d;; and the column associated with electric field
component E determines the 2" order nonlinear polarization P
in (1):

@a=1,;=1,F,=1

90°

180° 0°

270°

_ I‘%w _—_ f}%m

E?

E3 (1)
2E,E,
2E, E;

2E,E,

Py 0 0 0 0 dis O
P = (P2> = ( 0 0 0 d15 0 0)
P3 d3y d3p dsz 0 0 O

E\, E», and E; are the electrical field components along Vi, V»,
and V3 directions that define the coordination system of the
ferroelectric domains. In addition, the V3 axis is always along
the dipole polarization direction. According to Zhou and Lin et.
al. [36], the SHG intensity I2“ of a multi-domain BTO thin film
can be modelled by its tensorial component d;; and the domain
fraction factor ADY /ADX, where AD is the difference of the area
ratio between a domain pair. For instance, ADY = D¥* — DY~
whereas DY+ and DY~ are the domain area ratios oriented along
the Y + and Y — directions, respectively. The SHG intensity at

the frequency of 2w along the X-polarization, IZ“, is
proportional to PZ® (PZ“)* and can be found by (2):

I2® o« (AD*)%(d;; sin? @ + d33cos?0)? +

(ADY)?(d,5 sin208)? + 2ADXADY (d5; sin? 0 +

d35 cos? 0)d; s sin 26 cos (T) )

0 is the azimuthal angle between the linearly polarized incident
light and the X-axis, /" = (2rL/2)(n%® — nZ®), L is the BTO
thickness, and n2® and n2® are the refractive indexes along the
c- and a- axes. The Y-polarized SHG intensity, IZ%, can also be
calculated through the same method. From Eq. (2), the SHG
intensity is determined by the domain fraction difference AD
and the coefficient d;;, thus creating azimuthally symmetric
SHG profiles. To illustrate the effect from the domain structure
and the optical nonlinearity on mid-IR SHG, azimuthal I3“ (0)

Fig. 2. The calculated azimuthal 13 (0) and I2% (8). « is the domain fraction factor; 8, and B, are the ratios between the nonlinear coefficients. (a)a = 1, §; = 1,
and B, = 1. (b) a increases from 2 to 10. f; = 1 and S8, = 1. (c) B, increases from 2 to 10. « = 1 and , = 1. (d) B, increases from 2 to 10.« = 1 and B; = 1.
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Fig. 3. The experimental setup to measure the azimuthal 12% () and 1% (0)
from the BTO-on-Si sample.

and I#“(0) at the different domain fraction and the ratio
between the tensorial nonlinearity were calculated and plotted
in Fig. 2. Here, the parameter associated with the domain
orientation is defined as @ = AD* /ADY, and the ratios between
the tensorial nonlinear coefficients are §; = d35/d3; and B, =
dys5/d3;. In the initial condition ¢ =1, f; =1, and §, =1,
13 (0) and IZ*(0) drawn in Fig. 2 (a) are overlapped and both
show a symmetric two-lobed pattern because of the identical
domain fraction along the X and Y orientations. In Fig. 2 (b),
as a increases and the domain distribution between those two
orientations is unequal, the center of 12“(8) plot becomes
broader and additional two lobes are found in IZ“(0). At a =
10, the I3“(8) shows an elliptic profile instead of a two-lobed
pattern. Meanwhile, the deviation of f; from one rotates the
two-lobed I7“(8) and I5“(B) in opposite directions. As
displayed in Fig. 2 (c), I3“ () rotates clockwise while I3 (0)
rotates counterclockwise as f8; increases. The pattern of 1% (0)
turns into perpendicular to I7® (8) when B, reaches 10. Hence,
the ratio between the tensorial coefficient dj is critical in
forming the angle dependent SHG profile. On the other hand,
the increase of 8, illustrated in Fig. 2 (d) converts the two-lobed
13 (0) and I$* () to a four-lobed profile without rotating the
SHG patterns. In addition, [3“(8) and I¢“(0) remains
overlapped as f§, changes. Therefore, the domain fraction
factors and the tensorial nonlinear coefficients can be
extrapolated by analyzing the azimuthal dependent SHG
patterns.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. BTO-on-Si Thin Film Deposition

A 100 nm thick STO buffer layer was first deposited on a
SOI substrate by PLD and then followed by the BTO
deposition. The SOI substrate has a 70 nm thick Si device layer
and a 2000 nm thick SiO; layer. The deposition was carried out
under 20 mTorr O; and the substrate was heated at 700°C. The
PLD was equipped with a A = 248 nm KrF excimer laser with a
1.5 J/em? fluence and a 5 Hz repetition rate.

B. Experimental Setup for Mid-IR SHG Characterization

The setup to characterize the SHG profile of a BTO-on-Si
sample is illustrated in Fig. 3. The excitation light was from an
optical parametric oscillators (OPO) laser with a 1 kHz pulse
repetition rate and a 10 cm™' laser linewidth. A half-wave plate
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120 80 120 60
150 30 150 30
180 0 180 ]
210 330 210 '330
240 300 240 - 300
270 270

Fig. 4. The measured (a) I2*(8) and (b) I2*(8) from the BTO-on-Si sample.
dis = 9.5 pm/V, d3; = 5.4 pm/V, d33 = 15 pm/V, and ADY /AD*= 24 were
obtained from the fitting.

was placed right after the laser to control the polarization of the
laser light. A filter transmitting light between A = 3.25 and 3.75
pum was used to remove unwanted near-IR light from the OPO
laser and also used as a beam splitter. After the filter, an
objective lens was used to focus the incident light onto the BTO
surface and also to collect the SHG signal from the sample. The
laser light propagated in the Z-direction. The BTO-on-Si device
was held onto a rotatable plate with an initial geometry of X /
[100]si, Y /[010]si, and Z //[001]s;, then rotated by an angle 6.
A broadband polarizer was placed next to the filter that
separated the two orthogonally polarized SHG, I§® and IZ®.
The extinction ratio of the wire-grid polarizer was 10:1.
Another filter transmitting light at A = 1.5 - 2.0 um was placed
between the lens and the detector to block the residual
excitation laser light. The SHG signal collected at different
azimuthal angle 6 was monitored by the detector connected
with an oscilloscope for analysis.

C. Measurement of Mid-IR Optical Nonlinearity and Domain
Fraction Factor

Fig. 4 displays the azimuthal dependent SHG by rotating the
BTO-on-Si sample with an angle 8, where 12°(8) and 12 ()
present the SHG signals collected upon X-polarized and Y-
polarized mid-IR excitation, respectively. For I3 (8) drawn in
Fig. 4 (a), a four-lobed pattern with two main lobes point at 6 =
45° and 225° are found. On the other hand, IZ% (8) drawn in
Fig. 4 (b) shows a two-lobed profile. Comparing to the
calculated SHG patterns in Fig. 2, the observed four-lobed
I3 () and two-lobed ;¢ (8) indicate the BTO thin film has a
large domain fraction factor. By fitting the polarimetric 0-
dependent SHG, d;5 = 9.5 pm/V, d3; = 5.4 pm/V, d35 = 15
pm/V, and ADY /AD*= 24 was resolved. For bulk BTO crystal,
it has optical nonlinear coefficients of d,s = 17 pm/V, d3; =
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Fig. 5. The plots of (a) I2°(8) and (b) I3 (8) versus (I*)? at AL =3.5 um. A
linear dependence between 1% and (I*)? was found.
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Fig. 6. The SHG spectrum of the BTO-on-Si sample when the pumping
wavelength was shifted between A1 = 3.0 and 3.6 pum. Strong SHG was
obtained over a broad spectrum.

15.7 pm/V, and d53 = 6.8 pm/V. The difference of the nonlinear
coefficients between a bulk crystal and the epitaxial film is
caused by the strain between the BTO and the Si layer. Other
complex oxides like BaZrO; showed the same epitaxial strain
during the thin film deposition [37].

D. Mid-IR SHG vs. Excitation Laser Power and Wavelength

The SHG intensity at different excitation laser power was
recorded and drawn in Fig. 5. The laser wavelength was fixed
at A = 3.5 pm and the power was gradually increased from 16
to 92 mW. [3® was measured at ® = 45° in Fig. 5 (a) because
it reached its maximum according to Fig. 4 (a). Similarly, I3®
in Fig. 5 (b) was measured at its maximum at 6 = 90°. Both
I¥* and I}® plots show that the SHG intensity is linearly
proportional to the square of the Mid-IR excitation light (1*)2,
which is the characteristic response from the 2™ order nonlinear
optical process. Meanwhile, to measure the SHG spectrum, the
detector in Fig. 3 was replaced by a spectrometer consisting of
an InGaAs array. The excitation laser wavelength was adjusted
from A® = 3.0 to 3.6 um, while the angle 6 and the position of
the BTO-on-Si remained the same. From Fig. 6, the SHG center
wavelength consistently shifted from A2¢ = 1.5 to 1.8 pm
according to the excitation mid-IR wavelength. A wider SHG
spectrum is found at A2¢ < 1.6 um because of the broadening
of the excitation laser linewidth. The wide tuning range of the
mid-IR SHG indicates the BTO-on-Si is a suitable platform to
provide chip-scale light source.

IV. CONCLUSIONS

Broadband mid-IR nonlinear light conversion was achieved
by an epitaxial BTO-on-Si thin film from PLD. The azimuthal-
dependent SHG patterns 17 (8) and I;*(6) were modelled at
different ferroelectric domain fraction, a, and various ratio
between the nonlinear coefficients, f;,. As a increases, the
two-lobed 12 (0) pattern reshaped to an elliptic profile, while
the two-lobed IJ%“’ (8) converted to a four-lobed profile. On the
other hand, the increase of B; rotated the I7*(8) and I7“(6)
patterns in the opposite direction. By fitting the experimental
observed SHG patterns, we demonstrated that the grown BTO
thin film possessed large 2™ order optical nonlinearity with d;
= 12.5 pm/V, d3; = 9.0 pm/V, and d5; = 10.0 pm/V, over a

broad spectral range at A = 3.0 - 3.6 um. The monolithically
integrated BTO-on-Si enables a platform for mid-IR nonlinear
photonic circuits and optical quantum computing.
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