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The Pockels effect is theoretically forbidden in centrosymmetric media. However, centrosymmetry is
broken at the interface and second-order nonlinear effects such as the Pockels effect can be detected. In
this work, we report the experimental observation of the Pockels effect at the interface of two isotropic
solids, amorphous sol-gel spin-coated TiO, and polycrystalline magnetron-sputtered metal. A micron-
thick voltage-driven Fabry-Perot resonator is designed using these materials to experimentally detect
the optical response of their interface to an applied electric field. Using the experimental data, nonlin-
ear two-dimensional susceptibility XZ(ZD) (w; w, 0) for the interface is obtained with two different theoretical
approaches and found to be 3.5 £ 1.9 x 107 pm?/V. The order of magnitude is similar to a recent report of
x 2 . Qw; @, ) ~ 10° pm?/V for the silicon-air interface obtained from surface second-harmonic gener-
ation measurements. Isotropy usually prohibits the design of thin-film active photonic components, such
as electro-optic modulators, using amorphous materials which can be deposited by simple sol-gel spin
coating or sputtering. Our demonstration of the Pockels effect at the TiO, and metal interface presents it

as a new electro-optic material with potential applications for integrated active plasmonic devices.
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I. INTRODUCTION

The linear electro-optic effect is forbidden in amor-
phous media due to its inversion symmetry [1]. This
prohibits the design of active photonic components, such
as electro-optic modulators, using amorphous or poly-
crystalline materials. However, at the interface of two
centrosymmetric materials, symmetry is necessarily bro-
ken and nonlinear effects, such as surface second-harmonic
generation (SSHQG) Xs(ir)face (2w; w, w), can be detected. This
process is highly surface sensitive and enables detection of
a submonolayer of molecules in most cases [2]. Another
possible surface nonlinearity that has practical importance

is the surface Pockels effect Xs(jr)face(a); w,0), which has
been detected recently at the air-water interface[3]. The
value for the Pockels coefficient reported is large |r| =
1.4 x 10° pm/V when compared with |r| = 40 pm/V of
lithium niobate used in commercial electro-optic modula-
tors [1]. The coefficient for the solid and water interface
is mentioned in the literature [4] to be |r| = 400 pm/V.
However, due to the presence of liquid, this has lim-
ited solid-state device application. In this work, we report
the experimental observation of the Pockels effect at the
interface of amorphous spin-coated TiO, thin film and
polycrystalline magnetron-sputtered metal.
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This work has potential application in integrated optics,
which involves the design of miniaturized optical compo-
nents such as waveguides and electro-optic modulators for
compact high-speed signal processing on a small footprint
[5]. Passive components such as waveguides can be fabri-
cated using common low-cost deposition technology with
amorphous and polycrystalline materials [6]. However,
active components such as electro-optic modulators based
on the Pockels effect are not possible because of the mate-
rial isotropy. Commercial high-speed modulators are made
from LiNbOj3 [7] and organic polymers [8], but they are not
CMOS compatible [9]. Recently, electro-optic modulators
have been realized with centrosymmetric silicon crystal by
using its high x @. This is an electric-field-induced second-
order nonlinearity, i.e., converting high x® to x® by a
dc electric field [10]. In another paper, inversion symme-
try itself has been broken in silicon by adding strain in the
bulk [11]. In spite of these interesting works, there is no
such alternative at visible wavelengths. The Pockels effect
at the spin-coated TiO, and metal interface provides a good
solution. Titanium dioxide (TiO,) with band gap 3.1 eV
and linear index of refraction 2.3 (at 570 nm wavelength)
is very suitable for transparent waveguides with tight bends
for dense on-chip integration [12]. TiO, waveguides have
already been realized [6,12—14] and has been reported as
a promising material for nonlinear all-optical applications
[12]. Waveguide modulators have also been demonstrated
by combining TiO, with electro-optic polymers [15—17].
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Our work presents the TiO, and metal interface as a new
electro-optic material.

II. EXPERIMENT

Micron-thick voltage-driven Fabry-Perot resonators are
designed to detect the interface Pockels effect [Fig. 1(a)]
and fabricated in a three-step process. First, a just over
10-nm-thick aluminum metal film is deposited on a micro-
scope glass slide by magnetron sputtering. Then, a TiO,
sol-gel precursor [18] is spin coated and subsequently
annealed multiple times on a hot plate at 350°C to form
about a micron-thick TiO, film. A portion of the bot-
tom aluminum film is protected from sol-gel coating to
serve as a back contact. Finally, using proper masking, less
than 10 nm of platinum metal (or chromium, aluminum
for comparison) was sputtered on it to make a front mir-
ror of dimensions around 10 x 2 mm?. Such a large-area
semitransparent top electrode was required to provide a
sufficiently large window for optical measurements. The
sol-gel TiO, precursor [18], mentioned above, was pre-
pared by first mixing 1 ml titanium isopropoxide (Aldrich,
97%), 9.8 ml absolute ethanol, and 6.4 wl of nitric acid
(HNOs, 69%), followed by adding 0.095 ml of deionized
water dropwise and stirring for 12h. A tungsten halogen
lamp with a monochromator (HORIBA Jobin Yvon) was
used as the light source. The monochromatic light was
focused into the device by a lens. The transmitted light
was collected by a large area silicon photodetector and the
signal recorded as a function of wavelength. Electrical con-
tacts were made on the semitransparent metallic layers for
application of the external field.

TABLE L.

TiopAluminum

FIG. 1. (a) Device illustration.

(b) Multiple beam interference
() effect in the device. (c) Cross
section SEM image of device A
(scale bar = 2 pum).

Glass substrate

Multiple interference in the device

Fabry-Perot devices with different configurations
(Table I) are fabricated. For example, device A (denoted by
Pt/TiO,/Al) consists of platinum and aluminum front and
rear semitransparent mirrors, respectively, with TiO; as
the insulating dielectric. Figure 2(a) shows the transmitted
light signal /7(A) through this device in comparison with
the measured bare-source profile /o (). Interference fringes
[Fig. 1(b)] can be clearly observed in the transmitted sig-
nal. Next, we measure the change in transmitted signal
Alr(A) by applying a bias across the device (Vyiss). Since
the change was small, the bias is modulated at low fre-
quency to enable detection by a lock-in amplifier. The inset
of Fig. 2(b) shows the change in transmitted signal Al7(A)
with bias, at 570 nm wavelength. The bias modulation
frequency is f ~ 86 Hz. We observe a linear dependence
of Alp(}) with applied bias. Linearity is further verified
by a measurement of the 2f (second-harmonic) compo-
nent of the signal which is found to always be less than
1/10th of the fundamental. The wavelength dependence of
Alr(A) at 5V is shown in Fig. 2(b), which also displays
clear interference fringes. Figure 3 is the two-axis plot of
the normalized signals I7/1y and Aly/I7. The plot of I7/1,
clearly shows the Fabry-Perot resonances of device A. We
find the Alr/I7 plot also oscillates, but is phase shifted
with respect to I7/ly. In addition, we note that Alr/Ir at
630 nm is ~ 0.5 x 1073, which is a large effect. The lin-
earity [Fig. 2(b), inset] of this large effect confirms that it
is a Pockels effect.

In the electro-optic Pockels effect, the refractive index
n(E) changes linearly with applied electric field £ [1]
as n(E) = ng + mE 4+ mE?* + - - -, where n; > mE. Any
such change in refractive index of the TiO, medium will
alter the Fabry-Perot transmission coefficient and thus the

Experimental data for devices with different configurations. Dielectric material thicknesses for

devices A, B, and C are measured using SEM and those for D-H are estimated by the fabrication process.

Device  Configurations

Thickness (nm) /r (at 570 nm)

Viias (V) Al (at 570 nm) 22 (v-1)

ITVbias
A Pt/TiO,/Al 1160 40 nA 5.00 18.8 pA 0.9 x 1074
B Pt/TiO,/Al 860 25nA 1.00 6.3 pA 2.5 x 1074
C Pt/TiO,/Al 1160 37nA 5.00 16.5 pA 0.9 x 1074
D Pt/Spu-TiO,/Al ~ 1000 37 nA 1.10 3.5pA 0.9 x 1074
E Al/TiO,/Al ~ 1000 29 nA 1.00 1.1 pA 0.4 x 1074
F Pt/TiO,/Al ~ 1000 28 nA 1.00 5.0 pA 1.8 x 1074
G Cr/TiO,/Al ~ 1000 19 nA 0.75 1.6 pA 1.1 x 1074
H Pt/ALPO/Al 600 44 nA 5.00 0.6 pA 3x107°
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FIG. 2. (a) Source profile [y(A) and transmitted light signal
Ir()) from device A. (b) Wavelength dependence of Alr(A) at
Vias = 5 V. Inset, Vyiys dependence of Aly. Data in black mea-
sured at wavelength 570 nm show linear dependence. Data in red
are measured when the light source is off, but modulation bias
and other electronics left on. This shows that the signal is not
spurious and is due to the coupling of light inside the device with
the bias. In the legend, on and off stand for light on and light off,
respectively.

transmitted light signal. However, XRD data (Fig. 4) of
TiO, deposited on silicon using the same sol-gel process
does not show any sharp peaks, indicating that the film is
amorphous. Since amorphous TiO; is isotropic and pos-
sesses inversion symmetry, n(E) = n(—E) and n; must be
zero [1] in the bulk. Hence, the bulk of TiO, can never con-
tribute to such a linear change in transmission through the
Pockels effect. However, at the TiO, and metal (aluminum
or platinum) interface, the inversion symmetry is broken
and a linear electro-optic phenomenon can emerge, which
is otherwise absent inside the medium. This hypothesis
is used for theoretical calculations later. Another possi-
ble theory from which we can obtain similar results can
be a Kerr effect in the bulk in combination with the pres-
ence of a built-in electric field. Such a built-in field in the
bulk of the device may be due to dissimilar electrodes (alu-
minum and platinum) across TiO,. This field will shift the
quadratic Kerr dependence and we may observe an effec-
tive linear dependence near £ = 0. To rule this out, we
measure the dc bias dependence of the Alr at 557 nm,
as shown in Fig. 5. A dc field with the modulating bias

0.5 —0.26
Device A ,/
~ Pt/TiO, /Al P / \
o 0.45 Viias = 5V /N / 10.25
: /™ "“ =)
. 04 \ 023 3
3 \ .
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FIG. 3. Two-axis plot of normalized signals I7/Iy and Alr/Iy

for device A. Peak positions of the oscillations are phase shifted
with respect to each other.
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FIG. 4. XRD data of TiO, thin film on silicon wafer. No
observable sharp peak shows that the deposited film is amor-
phous.

Ve + Voias Sin(27f7) is applied to the device for this mea-
surement. The Vi, in this case is 1.5 V and f = 86 Hz.
The applied dc bias field is ~1 V/um, which is of the
order of the built-in field in the device caused by the dif-
ference in the Fermi energies of the electrodes. The flat
response of Alr to the dc bias voltage clearly contradicts
the hypothesis of such an effective linear effect.

Experimental data for other devices with different con-
figurations are listed in Table I and the normalized signals
are compared in Fig. 6.

(1) Device B is similar to A but with different TiO,
thickness while C is a replica of A to check for repro-
ducibility.

(2) Device D is made with sputtered TiO; as the dielec-
tric instead of sol-gel TiO,. The result obtained in this case

7 T
‘+A1Tat 570 nm ‘
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FIG. 5. dc bias dependence of device A at 570 nm incident
wavelength.
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FIG. 6. Wavelength dependence of Aly/IpVyi,s for devices
listed in Table I. Aluminum phosphate oxide (ALPO) data are
the blue curve, almost coinciding with the x axis on this scale.

is similar to the sol-gel TiO, device. Hence, the effect is
fabrication process independent.

(3) Device E is Al/TiO,/Al and device F is Pt/TiO,/Al.
These are made from the same bottom stack (/TiO,/Al).
Only the top electrodes are deposited separately. So they
both have TiO, as insulators with similar thickness and
optical properties. This agrees with Fig. 4 where we note
that the fringe pattern for devices E and F shows the same
peak positions. We also notice that the signal is reduced
in the device with same electrodes (aluminum). This is
consistent with an interface linear effect. Since the applied
electric field appears at the two interfaces in opposite direc-
tions, the change of refractive index will be of opposite
signs, and they will cancel to some extent if we have
similar interfaces.

(4) In device G, we replace platinum with chromium.
The results are similar to Pt/TiO,/Al devices.

(5) In device H, we replace TiO, with another sol-
gel dielectric aluminum phosphate oxide (ALPO). ALPO
is prepared following Ref. [19]. We find Alr/I7Vpias to
be ~107%, which is two orders of magnitude lower than
the value obtained from the TiO, device ~10~*. This
is reasonable since the third-order nonlinearity x® of
TiO; (which is proportional to x ® in noncentrosymmetric
media) is high [1] when compared with other oxides.

pt TiO2 4 pt TiO2 p
\ | ,

—»
Light

Interface Layer

(a) (b)

o 0
Y
—>» —>» —>» >
Light nght
/

All the results and experimental checks are consistent
with the hypothesis of an electro-optic Pockels effect at the
TiO, and metal interface. Theoretical modeling with the
above hypothesis is described in the next section.

III. THEORETICAL MODELING

We use the transfer matrix method [20] to model trans-
missivities of all devices. For devices A, B, and C, for
example, the stratified medium consists of platinum, TiO;,
and aluminum as three layers, as shown in Fig. 7(a). To
determine the matrix for the TiO, layer, we measured its
thickness and complex dielectric constants (ntio, + iktio,)
using a SEM and ellipsometer, respectively. Ellipsometer
measurements are carried out for a submicron thick layer
of TiO, on silicon wafer. For metallic layers, the data for
refractive index are taken from the CRC handbook [21].
The total matrix of the whole device is the product of the
matrices for each layer [Eq. (1)]:

M = Mp, - Mrio, - M1 (1)

The matrix of a general layer X (which can be Pt, TiO,,
or Al) for the electromagnetic field perpendicular to the
direction of stratification is,

My

. - 2nd(n+ik)

cos ( 2zdtik) _ ’S‘“(ix )
A n+ik

—i(n + ik) sin (2nd(;z+zk)> cos <2nd(;+zk)>

)

where n and k are the real and imaginary parts of the refrac-
tive index for layer X, d is the thickness of the layer X, and
A is the wavelength of light.

The transmittance for a stratified medium with total
matrix M is T = |t|* with Eq. (3),

2
My 4+ My + My + My’

t

€)

where M;; is the ijth component of the matrix M. Figure
8 is the plot of transmittance 7(A) compared with the
model for device A. The fitting parameters are as follows:
drio, = 1076 nm, da; = 4.3 nm, dp; = 5 nm. The fitted

FIG. 7. (a) Model of the Fabry-
Perot device with three layers as
platinum, TiO,, and aluminum.
(b) Interface layer model (ILM)
with a thin nonlinear layer at the
aluminum and TiO, interface. (c)
Polarization sheet model (PSM)
(c) with polarization sheet.
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value of drjo, is close to the value obtained from SEM
measurements.

We model the change in transmission due to the Pockels
effect, Aly/Ir, using two different theoretical approaches,
namely, the interface layer model (ILM) and the polar-
ization sheet model (PSM). First we discuss the interface
layer model.

A. Interface Layer Model

In order to model the Pockels interface, a thin layer
of TiO, of thickness diayer (Where diayer < drio,) With
%P (w; w,0) # 0 is added between aluminum and bulk
TiO, [Fig. 7(b)]. We call this method the interface layer
model. The refractive index of this layer will thus depend
linearly on applied electric field (Vpias/dTi0,) in contrast to
the bulk of TiO,. The new matrix M for the device is

M = My - Mrio, - Miayer - Mai, 4)

where the interface layer parameters are taken to be
Nayer = NTiO, and klayer = kTioz at Vpias = 0. Since dlayer <
drio,, the addition of an interface layer will not change the
transmissivity (7(nayer, A)) of the device much. Figure 8
shows the transmittance fit with djayer = 1 nm, which is
indistinguishable from the fit without any interface layer.
Now if Epiys 18 the applied electric field to the device, the
refractive index of the interface layer is modified as

2
(@30, 0)

Mlayer = NTiO, T An, An Epias. (5)

2nTi0,

Hence, the change in transmittance of the device
[AT(nlayera A)] when An < NnTio, is

oT
AT = An. (6)
anlayer Mayer="TiO,
with/without |
0.30[k interface layer Ir/lo(@)
Matrix method
2 qosl
= 0.25
=
5
0.20f
Device A
Pt /TiO, /Al
0.15 . . . . . .
450 500 550 600 650 700
Wavelength (nm)
FIG. 8. Fit of transmittance 7(A) with the transfer matrix

method for device A. It remains the same even after an interface

layer of thickness 1 nm is added.
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0.6fpt/TiO, /Al
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- AIr() / Ir(A)
— ILM model
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Vbias = 5V

FIG. 9. Fit of normalized transmittance change Alr/Ir using
the ILM model.
Since

Ir(x) = T(W)1p(A), (7)
we get

AI:(}) AT

Ir(2) ()
1 4T Xiger (@03 0, 0)
= ————Ebias  (3)
T(k) on ZnTi02

N=nTj0,

where Alp(X) and Iry(A) are obtained from experi-
ments. Figure 9 shows the fit of Aly(L)/I7(}) with the
ILM model. The peak positions match the experimen-
tal data. We have earlier noted that the experimental
peak positions of Alr are phase shifted with respect
to Ir in Fig. 3. Hence, we are able to reproduce the
same phase shift through the ILM model. From this fit
we obtain the wavelength dependence of Xlgy)er(w; w,0).
The value of diyer of 1 nm seems arbitrary at this
point, but calculations show that the ley)er(w; w, 0) thus
obtained varies inversely with diayer (Fig. 10). Therefore,

x 10°

Device A
25F Pt /TiO, /Al

S

£

20

a2 15}

(] ILM del
< mode

0.2 0.4 0.6 0.8 1.0
dlayer_1 (nm™")

FIG. 10. Second-order susceptibility ley)er dependence on djayer
of device A.

014020-5



S. SUR AND V. VENKATARAMAN

PHYS. REV. APPLIED 10, 014020 (2018)

x 107

45} Device A
Pt /TiO, /Al

ILM model

- w00

450 500 550 600 650 700

Wavelength (nm)

FIG. 11. Second-order susceptibility )(2%) dependence on the

wavelength for device A with the ILM model.

we define Xz%) (w; 0,0) = diayer Xl(azy)er(w; ,0) as inter-
face layer thickness-independent two-dimensional second-
order susceptibility with unit pm?/V. Figure 11 shows the
wavelength dependence of Xz%) (w; w,0).

In order to match the oscillation amplitudes of the exper-
imental data with the ILM (Figs. 8 and 9), we used the
equidistant-phase method [22]. This takes into account
partial coherence in theoretical calculations, which reduces
fringe visibility. The partial coherence can be present due
to a rough interface or partially coherent light source. The
partially coherent layer in our case is the TiO, dielectric.
We modify the matrix for this layer with an additional
phase ¢ as

Mrio,

.o 2nd(n+ik)
cos (2240t 4 g _’s‘“(ix +¢)
A n+ik

—i(n + ik) sin (—Z"d(;Jrik) + ¢> cos (—Z”d(;'+[k) + ¢)
®

withn = nTiO, » k= kTiO2, and d = dTioz'

The final transmissivity of the device is the average
(T(¢)) over all possible values of ¢. For fully incoherent
layers, ¢ will be random and averaging will completely
suppress the oscillations in the transmission spectrum.
For partial coherence, we average over three equidistant
phases (¢ = 0°, ¢ = 120°, and ¢ = 240°) with appropriate
weights [22].

(T(nlayera )")) =0.25 T(nlayers A, 1200)
+ 0.5T(miayer, A, 0°) + 0.25T (m1ayer, A,240°).  (10)

Figure 12(a) shows the fit of I7/l, with averaged trans-
mittance (7(X)). Figure 12(b) is the fit for experimen-
tal Alp(L)/I7()) calculated using (7T(})). However, such
three-phase averaging does not change the obtained wave-
length dependence of X2(2D) [see Fig. 12(c)] when compared
with Fig. 11.

0.30f — i)/ )

— (T(A)) Matrix Method
,.3 with partial coherence
< 0.251 correction
-~
2
~
=~ 0.20f
Device A
Pt /TiO, /Al
0.15 . . . . . .
450 500 550 600 650 700
Wavelength (nm)
(a)
x 1073
0.50f Device A
Pt /TiO, /Al
2 045[ \Lm model
=
= 0.40}
=) . .
= with partial cohere
< 0.35f correction g
— Alr(A) [ Ir(d)
oa0p ) oo |

450 500 550 600 650 700
Wavelength (nm)

(b)

x 107

4.5 Device A
< Pt /TiO, /Al

ILM model

with partial coherence
correction

L w00

450 500 550 600 650 700
Wavelength (nm)

(©)

FIG. 12. (a) (T(»)) fit with experiment with partial coherence
for device A. (b) Fit of Aly/Iy with the ILM for device A with
partial coherence (c) Xz%) obtained with partial coherence for

device A.

1. Data and fit for some other devices

(1) Device B: The TiO, layer thickness used for the
model is 762 nm. Weights used for phases 0°, 120°, and
240° are 0.62, 0.19, and 0.19, respectively. (Fig. 13)

(2) Device C: The TiO; layer thickness used for the
model is 1060 nm. Weights used for phases 0°, 120°, and
240° are 0.5, 0.25, and 0.25, respectively. (Fig. 14)

B. Polarization Sheet Model

We also use a different theoretical approach to model the
Pockels effect Alr/Iy. This approach is typically applied
for surface SHG problems [23,24]. We assume a thin sheet
of polarization P(z) ¥ embedded near TiO;, and aluminum
interface as shown in Fig. 7(c).
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FIG. 13. (a) Fit of I7/Iy with the ILM for device B with partial
coherence. (b) Fit of Al7/Ir with the ILM for device B with par-

tial coherence. (c) Wavelength dependence of xz%) with partial
coherence for device B.

The polarization sheet can be described as
P(z, )X = pX8(z — zp)e'™, (11)

where pXx is a position-independent polarization and z is
the location of the sheet.

Since we want to model the interface Pockels effect, we
define p as

P = €oxan (@; 0, 0)E(@) Epjas, (12)

where Xz%) is the second-order susceptibility for the inter-
face, E(w) is the electric field at optical frequency w, and
Epias 1s a dc field, which in our case is Vyias/dri0, -

— Ir()) [ 1o(D)
0.30f — (T(\)) Matrix Method
8 with partial coherence
: 0.25} correction
S
=
020 pevice ¢
Pt /TiO, /Al
450 500 550 600 650 700
Wavelength (nm)
(a)
x1073
Device C
0.45] Pt/TiO, /Al

S

= o0.4of

S

~ with partial coherence

2 0.35[ correction

— AIr(Q) / Ir(0)
0.30f Voias .: 5V - ILI\/II model _

450 500 550 600 650 700

Wavelength (nm)

(b)

%107

o
)]

Device C
| Pt/TiO, /Al

g
=)

with partial coherence
correction

Xh (pm?/V)
W W
'o't.n

— ASN(w;w.0)

450 500 550 600 650 700
Wavelength (nm)

(©)

FIG. 14. (a) Fit of I7/1y with the ILM for device C with partial
coherence. (b) Fit of Aly/Ir with the ILM for device C with par-

tial coherence. (c) Wavelength dependence of Xz(2D) with partial
coherence for device C.

If the incident electric and magnetic fields are £y (w) and
Hy(w), respectively, then the fields at z, can be evaluated
by solving Eq. (13),

. _ E
(1) o ()

The polarization sheet will radiate fields £%(w) propor-
tional to E(w) in both the +z and —z direction with
magnitude

E*(w) = o _ i 131 (@3 0)E(@)Ebias
2ceg 2¢

(14

However, for total radiated field E,’ (w) propagating
towards +z, we need to consider multiple reflections of
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E*(w) from the two interfaces. So,

Ziwnd-[ioz

1+ 7, exp(—/—2)

Ziw”dTiOz

El () = ET(w)

1 + rary exp(
1+r,
I —rurp €xp (m)

where r, and 7, are reflectivities of the platinum and
aluminum interfaces, respectively, with

c

+ E (w), (15)

. (Mpa1 + Mpuz)ntio, — Moy — Mpo
P (M1 + Mpuo)ntio, + Mpo1 + Mpoo

(16a)

_ (Main + Man2)ntio, — Mani — Maiz
(Ma111 + Man2)ntio, + Mani + Mano

(16b)

Va

Mj/pij s ij th component of the matrix M p; and nrio, is
the refractive index of TiO,.

The transmitted field is the sum of Er(w) and E} (w)
where

Er() ) _ | 1 Eo(@)
(mw>—wmmwmﬁ(%w>(m

and
(ki )= omr (G ) o
The transmitted intensity is given by
It = |Er(0) + Ef ()], (19)
and the term in /7, which is linear in Eyyg, 18
Ef (w).Er(w)* +c.c.

@,
0)E (w)Ey;

_ za)xw(a),a; VE (w) basET(w)*_i_C_C. (20)
c

In our case Er(w) > Ef (w), so
Iy~ |Er(@)]® 1)

Now the change in I with Ep,s applied is
i0X3p (030, 0)E(®) Epias

Al = Er(w)* +cc.  (22)
2c
Finally,
Alr(w)
Ir(w)
)
w (w; w, O)E(w)E ias %
= ( X2p o bias 7 (w)* + c.c.) /Er(wﬂz

(23)

Figure 15(a) shows the fit of experimental Alr(w)/Ir(w)
with the PSM without partial coherence correction.

From this fit, we obtain the wavelength dependence of
Xz%) (w; w,0) [Fig. 15(b)]. See the Supplemental Material
[25] for the theoretical fits of devices B and C.

To summarize the theoretical section, we use the trans-
fer matrix method to calculate transmissivity 7' = I7/[y of
the Fabry-Perot devices [Figs. 8, 12(a), 13(a), and 14(a)].
Modeling is performed using two theoretical methods. In
the interface layer model, we added a TiO, thin layer of
thickness djayer With nonzero x® between aluminum and
bulk TiO, and calculated the change in transmission AT
by modulating its refractive index. From the fits of Al7/I7,
Xl(azy)er for this thin layer is obtained. Since, djayer 1S uncertain
from our experiments, a two-dimensional susceptibility
X2(12)) is defined using the proportionality relation shown in
Fig. 10.

The polarization sheet model is generally applied in the
literature for surface second-harmonic generation model-
ing [23]. We implement the PSM for the interface Pockels
effect after some modifications. The value of interface Xz%)
at 570 nm obtained from both the models for all devices are
summarized in Table II. The theoretical fits of the experi-
mental data for all devices are present in the Supplemental
Material [25].

x 1073
0.6 Device A PSM model
Pt /TiO, /Al
= 0.5¢
=
= 04}
o
~
3 0.3f
— PSM model
0.2 Vbias =5V - ALY /I
" " i i s |

450 500 550 600 650 700
Wavelength (nm)
(a)
x 107

45F Device A
4.0F Pt /TiO, /Al
g 3.5}
— 3.0
2.5}
2.0f

1.5
450 500 550 600 650 700

Wavelength (nm)
(b)

FIG. 15. (a) Fit of Aly/Ir with the PSM for device A without
partial coherence correction .(b) Wavelength dependence of Xz%)

without partial coherence correction with the PSM and the ILM.

pm*/V)

(2)
X2p

=— PSM model
— ILM model

014020-8
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TABLEII. The values of Xz%) for all devices found from theoretical fits. The value of )(2%) obtained
from the devices with Pt-Cr/Ti0,/Al configurations (devices A, B, C, D, F,and G) is 4.3 2.2 x 107
pm?/V at 570 nm with the ILM and is 2.7 & 1.3 x 107 pm?/V with the PSM. While combining both
models, Xz%) is 3.5 & 1.9 x 107 pm?/V. Devices E and H are not considered in the mean calculation
as they are prepared with alternate materials for experimental verification.

Device Configurations Xz%) with ILM at 570 nm (pm?/V) Xz%) with PSM at 570 nm (pm?/V)
A Pt/TiO/Al 3.67 x 107 2.67 x 107
B Pt/TiO,/Al 8.39 x 10’ 5.12 x 10’
C Pt/TiO,/Al 3.54 x 107 2.51 x 107
D Pt/Spu-TiO,/Al 2.13 x 107 1.49 x 107
E Al/TIO,/Al 0.60 x 107 0.41 x 107
F Pt/TiO,/Al 4.36 x 107 2.34 x 107
G Cr/TiO,/Al 3.43 x 107 2.04 x 107
H Pt/ALPO/Al 0.05 x 107 0.03 x 107

PHYS. REV. APPLIED 10, 014020 (2018)

We can note that, from Table I1, x5 ~ 107 pm2/V. This

is similar in order of magnitude to Xs(jr)face Qw; w,0) ~ 10°
pm?/V reported for silicon surface obtained from SSHG
measurements with the polarization sheet model [24]. One
more observation was that for both the models, good fits
are only obtained when we consider nonlinearity at the
aluminum and TiO, interface. This is found to be true for
every device. This indicates that Xz%) for the aluminum and
Ti0O; interface is larger than that for the platinum and TiO,

interface.

IV. CONCLUSION AND DISCUSSION

In this paper, we report an experimental observation
of the electro-optic Pockels effect at the interface of
amorphous spin-coated TiO, and polycrystalline metal.
The significant value of interface second-order suscepti-
bility %32 (w; ®,0) = 3.5+ 1.9 x 107 pm?/V at 570 nm
(Table II), which is otherwise zero in the bulk, presents the
TiO, and metal interface as a new electro-optic material.
TiO, thin films can be deposited using a sol-gel spin-
coating process which is fast, robust, cost effective, CMOS
compatible, and possible in a normal laboratory environ-
ment. This electro-optic effect is very suitable for surface
plasmon circuits [26], where light is mostly confined at
the metal-dielectric interface. In the literature, there are
successful demonstrations of high-speed surface plasmon
modulators [27,28]. However, in these modulators, organic
polymers are used as an electro-optic material, which
can degrade with temperature. Spin-coated thin films of
TiO,, on the other hand, are inorganic and do not degrade
even at high temperature (600°C) [29]. The interface of
spin-coated TiO, and metal can be a low-cost inorganic
alternative for such active plasmonic thin-film devices.
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