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Laboratoire Charles Fabry de I'Institut d’Optique, CNRS, Univ Paris-Sud, 2 Avenue Augustin Fresnel,
RD 128, 91127 Palaiseau Cedex, France

(Received 21 July 2010; accepted 9 October 2010; published online 7 January 2011)

Implementation of the linear electro-optic (EO) effect in thin film waveguides is expected to allow
drastic reductions in the drive voltage, power, and dimensions of devices devoted to light
modulation. It should also enable the realization of electrically tunable photonic crystal devices. In
this paper we introduce a method which eliminates systematically the sources of the unreliability
which strongly affects thin film EO characterization. Based on a Fabry—Perot reflective
configuration, the method enables characterizing simultaneously the EO, converse-piezoelectric,
and electroabsorptive effects in a film. It provides the magnitude and sign of each of the involved
coefficients, and allows accounting for the whole of experimental data versus angle of incidence for
both transverse-electric and transverse-magnetic polarizations. At A=633 nm and room
temperature, the results obtained with an epitaxial strontium barium niobate (Sr,Ba;_Nb,Og4, x
=0.60) ferroelectric thin film, are: r3=+85*1.3 pm/V, ry3=+389*=0.5 pm/V, ds
=Ae/AV=4+21*+4 pm/V, and Ak,/AV=(+9.8 =0.6) X 107°, where r 5 and r; are two linear EO
coefficients, ds;3 is a converse-piezoelectric coefficient, and e, k,, V represent, respectively, the film
thickness, film ordinary extinction coefficient, and applied voltage. Converse-piezoelectric and
electroabsorptive effects are found significant in the film response at a frequency below
piezoelectric resonance. Diagonal and effective EO coefficients of the (Sr,Ba)Nb,O4 (SBN) film
explored in the present work are larger than those of a crystal of lithium niobate (LN) at the same
wavelength A=633 nm. Taking into account the significant difference in dielectric permittivity
between the two materials, advances and potential of LN and SBN thin film paths are compared.

© 2011 American Institute of Physics. [doi:10.1063/1.3514083]

I. INTRODUCTION

Electro-optic (EO) light modulation is a key function in
light-wave technologies. It is mostly realized by exploiting
the linear EO Pockels effect in ferroelectric bulk crystals like
lithium niobate (LN) for primary example. Pockels effect
may be expressed in terms of an electric-field-induced dis-
tortion of the refractive index ellipsoid as

A(%) =Erl’jkEk, (1)
T &

ny;
where n, r, and E represent, respectively, refractive index,
EO coefficient, and electric-field. Optimizing the perfor-
mance of an EO modulator involves minimizing the half-
wave voltage-length product (VL) and the drive power (P).
Given a propagation distance under electric-field (L), V, is
the applied voltage that induces a 7 phase shift in the optical
wave emerging from the crystal, and P is the drive power
required. If we consider a plane wave propagating through a
LN crystal, polarized linearly parallel to the extraordinary
optical axis and to the applied electric-field (Fig. 1), the two
quantities to be minimized may be expressed as’

d
M 2)

ner33

V,L=
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where A\ is the light wavelength, d is the distance between
electrodes, n, is the extraordinary refractive index, r33 and &3
are, respectively, the linear EO coefficient and relative di-
electric permittivity involved in this configuration (using re-
duced notation for r333 and &53), C is a constant, w is the
width of electrodes, and Av is the frequency bandwidth of
the modulator.

Expressions (2) and (3) indicate that an optimum geom-
etry is achieved when minimizing the two transverse dimen-

FIG. 1. Principle of EO light modulation based on Pockels linear EO
effect. An uniaxial crystal, like LN or SBN, is chosen as an example. Ap-
plied voltage V induces a variation in extraordinary refractive index An,
=(-n2/2)r;5(V/d) and a consequent phase shift Ap=(27/\)LAn, of the
propagating wave linearly polarized along the extraordinary axis. rs3 is the
diagonal EO Pockels coefficient and A is the light wavelength. The half-
wave voltage V,=\d/(Lrsn’).

© 2011 American Institute of Physics
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sions (d and w), provided the optical wave is successfully
confined in the region under electric-field. A considerable
decrease in the required VL and P values, by three orders of
magnitude, is, therefore, expected from the replacement of
bulk crystals by thin film waveguides about 1 wm thick. A
further reduction in the power consumption may be achieved
by using a strip guide configuration where the optical wave
is confined in both transverse dimensions. These geometric
considerations have led to develop waveguides produced ei-
ther by increasing refractive index in a shallow region below
the surface of a bulk crystal, or prepared by epitaxial depo-
sition, or by transfer, of a thin film onto a substrate of lower
refractive index. Compared to the first ones, thin film tech-
niques allow a better optical confinement, a better control of
transverse dimensions, and a lower distance d between elec-
trodes. By using crystal ion slicing (CIS) and wafer bonding
technique to prepare single-crystalline thin films, Rabiei and
Giinter® decreased the distance between electrodes until a
value of 1.8 um without degrading the EO coefficient of
initial LN crystal (r33=31 pm/V), thus potentially reducing
the V_L product of LN at A=633 nm and in the configura-
tion of Fig. 1 to a value as low as 0.3 V cm. With thin film
epitaxial deposition the difficulty does not lie in the reduc-
tion in distance between electrodes but in the preparation of
a thin film material with high EO properties. The highest
value reported for r33 at A=633 nm in a LN thin film pre-
pared by deposition on a substrate is about 18 pm/V,3 which
should allow a V_L value as low as that obtained with CIS
technique, i.e., close to the theoretical crystalline lower limit
for LN.

Any further significant improvement in EO modulation
performance can then only arise from changing LN for a
material with better EO properties, that is, values of n, r, and
& which allow reducing VL without increasing P. Beside
LN, the ferroelectric materials which have been considered
in the literature in view of preparing EO thin films are
mainly BaTiO;,*° (Ba,Sr)TiOs,%” (Pb,La)(Zr,Ti)05,5 "
and (Sr,Ba)Nb,O4 (SBN).'"™" EO coefficients higher than
that of LN crystal by more than one order of magnitude have
been reported for some of these films.>*!?

In addition to increasing drastically EO modulation per-
formance, the implementation of Pockels EO effect in thin
film waveguides opens up the path to the realization of elec-
trically tunable photonic crystal (PC) devices. Through the
engineering of photonic band gaps, PC structures enable de-
veloping the functionality and reducing radically the size of
optical devices. Position and shape of a photonic band gap
are dependent on refractive index of the propagating medium
and therefore can be electro-optically controlled. This EO
control considerably broadens the scope of PC structures po-
tential functionality. For example, instead of being achieved
by using either a Mach—Zehnder configuration or the relative
retardation between orthogonal polarization components,
light intensity switching can potentially be very compactly
accomplished in a single channel waveguide by electrically
inducing a shift in wavelength of the photonic bandgap.
The potential of EO controlled PC structures has been inves-
tigated in the literature through simulations'*'® and experi-
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mental demonstrations.'’ ™ The future deployment of photo-

nic technology largely rests on the tunability of PC
characteristics.

The great potential of EO thin films is linked to our
ability to prepare highly EO and well-controlled thin films. A
reliable method of characterizing the film electric-field-
induced response is an essential tool for progressing in this
field. Film response is a combination of converse-
piezoelectric (CPE), EO and electroabsorptive (EA) effects.
In this paper, we present a method which allows determining
simultaneously these three contributions. We have developed
it with the aim of increasing the reliability of thin film EO
coefficients determination, and its main specific feature is a
required high level of self-consistency. Section II discusses
the sources of errors in thin film EO characterization and
details the principle of the method introduced in the present
work. Section III deals with the preparation and properties of
epitaxial strontium barium niobate (SBN) thin films we have
developed. Section IV presents the successive steps and re-
sults of the characterization procedure applied to one of these
SBN thin films. Section V discusses the results with regard
to those reported in the literature for SBN thin films or SBN
crystals.

Il. CHARACTERIZATION OF A THIN FILM ELECTRIC-
FIELD-INDUCED RESPONSE

A. Usual experimental approaches and difficulties

Methods used to determine the EO coefficients of a thin
film may be classified in three types: interferometric, polari-
metric, and prism-coupling methods. In interferometric
methods,'*?** an interference pattern is created with light
beams, at least one of which propagates inside the EO film
before being either transmitted or reflected. Such a pattern
may be obtained by various ways like the use of a Mach—
Zehnder confi guration,20 a Fabry—Perot confi guration,n_23 or
a diffraction grating.12 Electric-field-induced response of the
active film causes a variation in phase and amplitude of the
wave emerging from the film, and results in a variation (A])
in pattern light intensity. The different EO coefficients are
determined independently from measurement of A/, by vary-
ing the direction of the linear polarization. Polarimetric
methods®* 2 exploit the anisotropy of EO response. Electric-
field induces a change (A¢) in the relative phase between the
two orthogonal components of a linearly polarized light
beam. Light may be either transmitted™* or reflected”*® by
the film and in most cases Ag is converted into an output
light intensity variation Al by using an analyzer. From mea-
surement of Ag or Al, an “effective” EO coefficient is de-
termined, which is a linear combination of two EO coeffi-
cients. Polarimetric methods do not enable determining
separately the value of each EO coefficient. In the prism-
coupling technique27 (also called ATR for attenuated total
reflection) the film is sandwiched between two electrodes
and forms a waveguide in which light is coupled by using a
prism. The electric-field-induced response of the film modi-
fies coupling incident angles, thus causing a variation Al in
the intensity of the light beam emerging from the prism.
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FIG. 2. Example of evolution of the derivative dl/dn, when slightly modi-
fying one parameter, here, the EO film thickness value e, in a Fabry—Perot
interferometric setup. Output reflected intensity / and derivative dl/dn,, (n,
is the ordinary refractive index of active film) have been rigorously calcu-
lated vs incident angle for transverse electric polarization TE without using
any simplifying approximation. A variation in film thickness of only +0.6%
(e=0.686—0.690 wm) can strongly modify the derivative value: dI/dn,, is
multiplied by (—1) if measurement is performed at #=~31°, and by (1/3) if
measurement is performed at 8= 34°.

In all cases, determination of EO coefficients is per-
formed from a measurement of the variation A/ induced in
output light intensity. The electric-field-induced response be-
ing a priori a combination of EO, converse piezoelectric and
EA effects, the induced output signal A/ is a function of the
variations in refractive index (An;;), in dimensions (Ae;), and
in extinction coefficients (Ak;;), which may be expressed as

al

1 al
J i 0¢;

P
ij on; ij 9kij

Besides Al measurement uncertainty, two sources of po-
tential error affect the determination of EO coefficients. The
first is the use of approximations in view of simplifying the
above expression (4): they consist in neglecting optical ef-
fects like multiple reflections, and/or some of the electric-
field-induced effects like converse-piezoelectricity and elec-
troabsorption. The group of Y. Levy demonstrated the
significant errors that can be induced by such approximations
in the two cases of a prism—coupling28 and of a polarimetric
method.” The second source of potential error is the extreme
sensitivity of derivatives appearing in Eq. (4) to a variation
in the values of physical parameters of the films interacting
with light (active film and electrodes). An illustration of this
sensitivity is given in Fig. 2. The example of a Fabry—Perot
interferometric setup has been chosen. The output reflected
intensity 7 and the derivative dI/dn, (n, is the ordinary re-
fractive index of the active film) have been rigorously calcu-
lated for transverse electric (TE) polarization without using
any simplifying approximation. Figure 2 shows the plots of
dl/ dn, versus angle of incidence 6 calculated from two sets
of parameters with a small change only in the active film
thickness value (¢=0.686 or 0.690 wm). The comparison be-
tween the two plots shows that if the actual thickness value is
0.686 um instead of a believed value of 0.690 um, this
relative error of about +0.6% in one parameter value can
induce a dramatic error in the value of the derivative dl/dn,:
indeed the true value of the derivative will be multiplied by
(—1) if measurement is performed at =31° and by (1/3) if

J. Appl. Phys. 109, 014107 (2011)
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FIG. 3. Fabry—Perot interferometric configuration. The EO film, optically
uniaxial (001) SBN in the present work, is sandwiched between two Pt
electrodes. The (001) orientation of the underlying Pt electrode is a specific
requirement for (001) oriented SBN growth. Reflectivity (R), and variation
in reflectivity (AR) induced by an ac modulating voltage, are recorded vs
incident angle 6, successively for transverse electric TE and transverse mag-
netic TM polarizations

measurement is performed at #=34°. Values of An, and of
the corresponding EO coefficient will consequently be in-
ferred erroneous in the inverse proportions, that is, obtained
with the wrong sign if measurement is performed at 6
~31°, or overestimated by a factor 3 if measurement is per-
formed at #~34°. From this simple demonstration it appears
that determination of EO coefficients is liable to drastic er-
rors and must be necessarily checked independent of angle of
incidence. Nevertheless, this independence is not sufficient
to ensure right results, as will be shown in the application
below.

B. Principle of the present characterization method

The method presented in this work was developed with
the aim of increasing the reliability of EO coefficients deter-
mination to a maximum. We have chosen a Fabry—Perot in-
terferometric setup which is the simplest one in terms of both
implementation and modeling. It enables determining sepa-
rately EO coefficients The method exploits interferences ob-
tained by reflection on the stack made of the EO film sand-
wiched between two electrodes (Fig. 3). Films of strontium
barium niobate SBN investigated in this work are (001) ori-
ented, optically uniaxial, with ordinary and extraordinary op-
tical axes, respectively, parallel and perpendicular to the sub-
strate surface. Reflectivity (R) and variation in reflectivity
(AR) induced by an ac modulating voltage are recorded ver-
sus incident angle 6, successively for TE and transverse-
magnetic (TM) polarizations. According to the above expres-
sion (4)

JR JR
ARTE’QZ(_> Anu+ <_> Ae + <_> Aku,
n,/ 1,6 de ) 1g.9 dky/ 1,0
(5)

where Ae, An,, and Ak, are the electric-field-induced varia-
tions in, respectively, the active film thickness e, its ordinary
refractive index n,, and its ordinary extinction coefficient k,

Calculation of reflectivity R is performed from Fresnel
formulae by taking into account all the multireflection
effects in the stack.”” The value of each derivative is numeri-
cally calculated, for instance (9R/dn,)tg o=[RrE ¢(n,+dn,)
—Rrg ¢(n,)]/dn,, where dn, is a sufficiently small variation
in n,. Determination of the three unknowns An,, Ae, and Ak,
appearing in (5) is then achieved by selecting three experi-
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mental data [ARs(6,), ARp(6,), ARg(6;)] and solving
the inferred system of three linear equations. At this step, the
EO coefficient r3, defined in Eq. (1), and the CPE coeffi-
cient ds3 can be deduced

_ —2eln, ©)
= nzAV ’
Ae
dyz=—, 7
5=y ™

where AV is the ac modulating voltage amplitude. The re-
fractive index of the film seen by TM polarization (n,) and
its variation under electric-field (Any) are dependent on 6,
which prevents the use of a similar procedure. If 6 repre-
sents the refracting angle of the light wave in SBN, n, and
An, verify

1 cos® 6y sin’ 6
S= ®)
ny n, n,
1 1 1/2
ng=n, X 1—sin26><<—2——2> , 9)
n@ nO

n39AV

AVZg:— — X (r13 COS2 0F+ r33 Sinz 01:) (10)

According to Eq. (4)

JR OR
ARTM,H: 7 An9+ - Ae
60/ TM, 6

JR
ko) tm,e

Derivatives appearing in Eq. (11) are calculated numerically
like they were calculated for TE polarization except that de-
pendence of index on # must be taken into account. A value
of incident angle is selected for which (JR/dkg)ry =0, and
Eq. (I1) becomes a linear equation with a single unknown
(Ang). The EO coefficient rs3 is deduced from the solution
An, through above expression (10).

From values of r3, ds3, and Ak,, the electric-field in-
duced response ARpg(6) may be calculated versus incident
angle and compared to the experimental data. Calculation
must account for both experimental Ryp(6) and ARyg(6).
When it does not, an error in the value of at least one param-
eter of the stack is the most likely reason and determination
of film electric-field induced response is then liable to drastic
errors, as illustrated above. When calculation accounts for
the whole of TE data, the uniqueness of the solution may be
checked as will be shown in the application below. For TM
polarization, calculation of Rpy(6) and ARpy(6) versus inci-
dent angle may be carried out by considering n, as a param-
eter, provided the approximations ky~k, and Ak,~ Ak, are
used. These approximations may cause a discrepancy be-
tween calculation and experiment at large incident angles.
This possible discrepancy excepted, calculation must be
checked to account for the whole of experimental data:
Rr(6), Rrw(6), ARp(6), and ARrpy(6).

J. Appl. Phys. 109, 014107 (2011)
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FIG. 4. (a) Experimental setup used for electric-field-induced response char-
acterization. (b) Example of variations in TM reflectivity (amplitude and
sign) measured vs incident angle when applying a modulated voltage V,.
either 1 V (dotted A) or 0.1 V (dotted B) in amplitude. The latter is also
multiplied by 10 in the figure (gray continuous line C) in order to check that
response is proportional to applied voltage.

C. Experimental setup

Measurements of Ryg(6), Rpu(6), ARpg(#), and
ARp\(6) are performed by using the simple 6-26 goniomet-
ric setup schematically represented in Fig. 4(a). The sample
is fixed on the central rotating part so that the plane of inci-
dence is horizontal and the position of the light spot, cen-
tered on a platinum dot, is independent of incident angle.
Light is emitted by a He—Ne laser operating at 633 nm, po-
larized either perpendicular (TE) or parallel (TM) to the
sample plane of incidence, then split in two perpendicular
beams. Intensities of the beams reflected by the beam splitter
and by the sample are measured simultaneously by two sili-
con photodiodes and the absolute value of sample reflectivity
is inferred. Electric-field applied to EO film is made of both
a dc part, which ensures a constant poling, and an ac part,
which modulates reflectivity at a low frequency about 230
Hz. A lock-in amplifier detects amplitude and phase of the
modulated reflectivity AR(6#). An example of experimental
data is given in Fig. 4(b): the amplitude of AR(6) is plotted
versus incident angle and its sign, provided by phase mea-
surement, is noted down. As depicted in the figure, AR(6) is
preliminary checked to be a linear response proportional to
the applied ac voltage.

lll. STRONTIUM BARIUM NIOBATE EPITAXIAL THIN
FILMS

Crystalline Sr,Ba;_Nb,Ogy (SBN:x, 25%<x<75%)
is a tungsten bronze ferroelectric solid solution which has
been widely studied for holographic recording and optical
processing. Increasing strontium relative content (x) reduces
crystalline cell parameters and lowers Curie temperature
which results in an enhancement of most material properties
measured at room temperature. At A=633 nm and room
temperature under static field, the value of the linear EO
coefficient rs; increases from 230 pm/V (Ref. 31) to 1340
pm/V (Ref. 32) when x varies from 60% to 75%. The latter is
the largest known r33 value, nearly two orders of magnitude
larger than that of the primary EO material LiNbO;. Al-
though the dielectric permittivity of SBN also reaches values
about two orders of magnitude larger than that of LN and
because EO coefficient is involved to the power 2 in expres-
sion (3) of drive power, replacing LN by SBN divides this
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FIG. 5. Typical structural and dielectric properties of SBN films we prepare by using rf sputtering deposition followed by a rapid thermal crystallization. (a)
x-ray diffraction patterns of two SBN films prepared on MgO and Pt coated MgO demonstrating films (001) orientation. The pattern of a polycrystalline target
used for sputtering is given for reference. (b) Ferroelectric polarization—electric-field hysteresis loops recorded at a frequency of 33 Hz and room temperature
with increasing electric-field modulation amplitude. (c) Electric-field dependence of the weak field capacitance of a P/SBN/Pt structure at 10 kHz and room
temperature. Arrows indicate the input voltage sweep direction. SBN films exhibit a strong dielectric non linearity: [e3(E)—&5(0)]/e5(0) =~-46% for E

~4 V/um.

drive power by a factor varying from about 3 when x
=60% to about 20 when x=75%. Thin films of SBN are,
therefore, particularly attractive for their potential use as low
voltage EO waveguides.

Implementation of SBN EO properties requires a suc-
cessful heteroepitaxial growth of the film with (001) SBN
direction perpendicular to a lattice-matched conductive sub-
strate plane. We have achieved the (001)SBNII(001)Ptll
(001)MgO double epitaxial growth by using RF magnetron
sputtering of Pt and ceramic SBN targets. Parameters of Pt
and SBN deposition have been fixed from the results of pre-
vious investigations in which we established conditions for a
stoichiometric composition of the amorphous SBN deposit33
and for an epitaxial crystallization of a single phase SBN on
Pt covered MgO substrates.***’ Amorphous SBN films are
crystallized in a rapid thermal annealing furnace at 1160 °C
during a few seconds. The (001) oriented growth of SBN on
Pt occurs exclusively on (001) oriented Pt.* The x-ray dif-
fraction phi-scans we measured from (220) Pt planes and
(211) and (311) SBN planes have demonstrated that in-plane
orientations of SBN are mirror symmetric (*18°) to the cell
axes of (001) Pt and (001) MgO.* Top platinum dots depos-
ited on the surface enable dielectric and EO characteriza-
tions. When films are prepared in the optimized deposition
and crystallization conditions, they exhibit ferroelectric prop-
erties and a strong dielectric non linearity at room
temperature.35 A relative variation in dielectric permittivity
[e3(E)—£5(0)]/£5(0) of 46% may be obtained by applying
an electric-field E of about 4 V/um. Some typical proper-
ties of the SBN films we have developed are summarized in
Fig. 5.

The initial approximate knowledge of SBN and Pt layer
thicknesses in the Fabry—Perot stack is based on measure-
ments we previously performed on SBN/MgO and Pt/MgO
separate samples in order to determine deposition rates ver-
sus deposition conditions. Normal transmission measure-
ments versus wavelength in the IR-visible spectral range
were used for SBN/MgO samples and grazing incidence
x-ray reflectivity measurements™® at the x-ray wavelength of
0.154 nm were used for Pt/MgO samples. By fitting a calcu-
lated reflectivity to that measured on Pt/MgO versus incident

angle at A=633 nm, we checked that complex index re-
ported in tables for Pt (see Table I) accounted for Pt film
reflectivity. In samples used for EO characterization, SBN is
deposited on Pt and not on MgO, which could modify its
deposition rate as well as its density and complex index.
Moreover the stress of SBN is different when crystallized
alone on MgO or when inserted in a stack, which could also
modify film parameters. For all these reasons, the knowledge
of some of the stack parameter values is necessarily initially
approximate.

When crystallized on platinum, SBN films exhibit a
rough surface. Taking this roughness into account systemati-
cally yielded discrepancies between experimental and calcu-
lated electric-field-induced responses. Although our model-
ing of interface roughness allowed accounting satisfactorily
for reflectivity data, it did not for the electric-field-induced
variation in reflectivity. The above underlined sensitivity of
reflectivity derivatives to a slight discrepancy between model
and sample is the reason for this failure, and the imperfection
of roughness modeling is a strong source of potential error
for the electric-field-induced response characterization.
Therefore, the surface of the SBN film investigated in this
work was mechanically polished before deposition of top
platinum dots. The average roughness of bottom Pt surface
was measured close to 7 10%, and that of SBN surface after
polishing was measured close to 16 A, by using a profilome-
ter (Dektak 8). The size of Pt top dots must be larger than
that of the light spot in a sufficiently broad range of incident

TABLE I. Parameter values for substrate and layers in Fig. 3 which allow
accounting for both experimental reflectivity R and electric-field-induced
variation in reflectivity AR, vs incident angle, for both TE and TM polar-
izations.

Thickness  Refractive index  Extinction coefficient
Layer (A) (A=633 nm) (A=633 nm)
MgO substrate” 500 X 10* 1.7346 0
Bottom Pt* 700 2.33 4.14
SBN:60 e=7545  n,=2.30, n,=2.26 k,=0.0515
Top Pt dot* ePt=226 2.33 4.14

*Complex index from Ref. 49.
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angles without increasing excessively the probability of a
short-circuit between electrodes. The following results have
been obtained with a top Pt circular dot 1.5 mm in diameter.

IV. RESULTS
A. Reflectivity fitting procedure

We have underlined above the decisive role of an accu-
rate knowledge of parameter values. Reflectivity fitting pro-
cedures enable refining this initially approximate knowledge.
A calculated TE reflectivity was successively fitted to the
reflectivity measured on SBN surface between two Pt dots,
then to that measured on the selected Pt dot (Ryg). The first
fitting procedure did not involve Pt dot parameters and al-
lowed determining a limited range of possible values for
each of the three SBN parameters (e,n,,k,). The knowledge
of only one of these three parameters was necessary to con-
tinue and we selected the ordinary refractive index n, which
is less liable to variation than film thickness when moving
light spot to a Pt dot center. The second fitting procedure
(Rtg) was, therefore, carried out by assuming n,
=2.30*+0.01, and aimed at refining values of the three ap-
proximately known parameters: e, k,, and Pt dot thickness
ePt. Figure 6 illustrates this second fitting procedure: succes-
sive values of ePt have been considered in the neighborhood
of the value expected from calibration, and, for each one,
isoreflectivity curves Rrg ¢(e,k,) have been calculated from a
few measured values of TE reflectivity at different angles of
incidence. If the different iso-Rrg 4 curves cut in a common
(e,k,) intersection [Fig. 6(a)], a fitting set of parameters ex-
ists and is thus determined. Similar iso-Rpy 4 curves can be
plotted for TM polarization [Fig. 6(b)] provided we neglect
the variation in SBN index with incident angle caused by
expected birefringence. This approximation did not affect
significantly the convergence of iso-Rry 4 curves at the cho-
sen incident angles [Fig. 6(b)], and consistent (e, k) intersec-
tions were obtained for TE and TM polarizations. Different
fitting sets of parameters were thus determined. Reflectivities
calculated from the three fitting sets of parameters deter-
mined in Fig. 6(a) have been plotted in Fig. 6(c), where they
may be compared to experimental data. The comparison for
TM polarization should allow eliminating some of the fitting
solutions provided large values of incident angle (>75°) are
considered. But a reliable measurement of reflectivity is
practically impossible at large incident angles because the
size of the light spot exceeds that of the Pt dot, thus causing
the drop observed in measured reflectivity. At small incident
angles, measurements are hindered by the unavoidable
shadow cast by electric contact, and particularly by the elec-
tric wire around 6=36°.

The evolution of the common (e,k,) intersection of
iso-Rrg with the assumed value of Pt dot thickness is repre-
sented in Fig. 7. The uncertainty affecting n, has been taken
into account and the fitting sets of parameters have been
determined also in the two extreme cases n,=2.29 and n,
=2.31. We can verify that a slight error in a parameter value
is able to yield largely erroneous results. Indeed, if we con-
sider the three different fitting sets of parameters represented
by dots A, B, and C in Fig. 7, and carry out the character-
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FIG. 6. (Color online) [(a) and (b)] Isoreflectivity curves Rg 4(e,k) (a) and
Ry ele,k) (b). Iso-R are calculated for experimental values of TE and TM
reflectivity =~ measured at  various angles of incidence (6
=40°,45°,50°,55°) on a Pt/SBN/Pt structure. The two variables (e, k) are
SBN film thickness and extinction coefficient. Three different possible val-
ues of the top Pt electrode thickness ePt are considered close to the value
expected from calibration: ePt=21.5,22.5,23.5 nm. Calculation is carried
out by using values beforehand determined for parameters other than
(ePt,e,k) (Table I). For TM polarization, variation in SBN index with inci-
dent angle is neglected and SBN refractive index is taken to be n=2.30. If
the different iso-R curves cut in a common (e,k) point of intersection, a
fitting set of parameters exists and is thus determined. (c) Reflectivities
calculated with the three fitting sets of parameters determined from the
points of intersection in (a) and (b). Dotted lines depict measured TE and
TM reflectivities.
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FIG. 7. Evolution of the common (e,k,) point of intersection of iso-Ryg
curves with the assumed value of Pt dot thickness; (e,k,) are SBN film
thickness and ordinary extinction coefficient. The uncertainty affecting SBN
ordinary refractive index n, has been taken into account and fitting sets of
parameters have been determined also in the two extreme cases n,=2.29 and
n,=2.31. Dots A, B, and C specify three particular sets of parameters among
those which allow accounting for experimental reflectivity.

ization of electric-field induced response for TE polarization
as detailed in Sec. II B, we obtain EO coefficients as differ-
ent as rj3=—41 pm/V (A), +30 pm/V (B), —1.5 pm/V (C).
The corresponding three calculated responses AR 4 are dis-
played in Fig. 8(b). It is to be noted that the strong difference
obtained between calculated responses A and B is caused
only by a 5 A variation in the assumed value of Pt dot thick-
ness. As expected, all calculated responses coincide with ex-
perimental data when incident angle identifies with one of
the angles (6, 6,, 65) selected to build the linear system of
Egs. (5). On the other hand, none of them fits experimental
data except in a short range of angles. This indicates that all
three are erroneous. Moreover the chaotic evolution of the
calculated response with the assumed value of ePt is of no
help to approach the right set of parameters.
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FIG. 8. (Color online) (a) Derivatives dR/de, R/ n,, and JR/ dk,, calculated
for TE polarization from the three parameter sets corresponding to dots A,
B, and C in Fig. 7. (b) Responses ARqg 4, respectively labeled A, B, and C,
calculated from the results of the characterization procedure when using
these three different parameter sets. The dotted line depicts AR 4 ampli-
tude measured with an applied modulated voltage of 1 V amplitude. Experi-
mental data used to carry out characterization are AR(6,), ARg(6,), and
ARtg(63). The EO coefficient r5 is determined to be equal to —41, +30, or
—1.5 pm/V when using parameter sets A, B, or C, respectively. The piezo-
electric coefficient ds; is simultaneously determined to be equal to —126
pm/V (a), +85 pm/V (b), or =9 pm/V (c). None of these three parameter
sets allows accounting for experimental AR () in the full range of incident
angles.
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FIG. 9. Couples Pt dot thickness—SBN film thickness (ePt,e) which allow
fitting either calculated reflectivities to experimental ones (“R fit"—
continuous line) or a calculated variation in TE reflectivity to experimental
one (AR fit—dashed line). An example is given in the inset: ARy is calcu-
lated from the parameter sets associated with either dot B or dot B’ and
compared to experimental AR, The set of parameters which allows ac-
counting for both TE reflectivity and electric-field-induced variation in TE
reflectivity may be graphically determined and is unique (dot S for n,
=2.30). Uncertainty affecting the film refractive index has been taken into
account and the two possible extreme cases (n,=2.29 and n,=2.31) are also
represented in the figure.

B. Electric-field-induced response fitting procedure
(TE polarization)

Given one of the previous fitting sets of parameters
(symbol B in Fig. 7 and Fig. 9 for example), if we give up
accounting for reflectivity data temporarily and attempt to fit
ARrtg o by adjusting the crucial value of Pt dot thickness, we
find a second set of parameters (symbol B’ in Fig. 9) which
allows fitting ARrg 4 (see inset in Fig. 9). The evolution of
this second fitting value of ePt with the chosen first set of
parameters is represented in Fig. 9 with a dashed line labeled
“ARyg fit.” Again multiple solutions were found, which all
account for experimental ARrg . It is therefore to be noted
that, even though it is a necessary condition, the fact that a
calculated response ARrp, fits experimental data in the
whole range of incident angles is not sufficient to ensure
reliable results.

Given a value of the refractive index n,, a single set of
parameters allows accounting for both TE reflectivity and
electric-field-induced variation in TE reflectivity: it may be
graphically determined and is unique (dot S in Fig. 9). The
characterization procedure described in Sec. II B was carried
out from this set of parameters detailed in Table I, and
yielded the results indicated below [Eq. (12)]. EO, CPE, and
EA components calculated from Eq. (12) are shown in Fig.
10. The uncertainty affecting n, does not modify signifi-
cantly the graphically determined value of ePt (see Fig. 9)
nor the correlated value of k, [see Fig. 7(b)], and it finally
induces the relatively low uncertainties indicated below
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FIG. 10. (Color online) (a) EO, CPE, and EA components of the electric-
field induced variation in TE reflectivity (ARqg) calculated from character-
ization procedure results. (b) Comparison between calculated (continuous
line) and experimental (dotted line) ARy amplitudes. Amplitude of modu-
lated voltage applied to SBN film is 1 V. The plot of (EO+CPE) and (EA)
components underlines the significant contribution of EA effect to total TE
response.

r13=+8.5 +1.3 pm/V,
dyz=Ae/AV=4+21*4 pm/V,

Ak, JAV=(+9.8 = 0.6) X 107°. (12)

These results are therefore the single ones compatible
with both experimental reflectivity and TE variation in re-
flectivity versus incident angle. The value of r5 is very dif-
ferent from each of those above obtained when this double
requirement was not fulfilled (Sec. IV A). As may be noticed
in Fig. 10, none of the three contributions is negligible and
any attempt to account for experimental data without consid-
ering all of them would have been necessarily doomed to
failure. Due to the opposite signs of An, and Ae, phase shifts
induced by EO and CPE effects partially compensate one
another so that the sum of these two contributions [Fig.
10(b)] does not prevail over the EA component in the final
signal ARt 4. A similar compensation is to be expected in a
waveguide configuration if similarly low modulating fre-
quencies are used.

C. Electric-field-induced response fitting procedure
(TM)

The refractive index of SBN seen by polarization TM
(ny) and its variation under electric-field (An,) are dependent
on incident angle. Following the procedure detailed in Sec.
IT B, we calculated the reflectivity derivatives for TM polar-
ization from the right set of parameters in Table I, by using
Eq. (9) where the extraordinary index n, is a varied param-
eter. Equations (10) and (11) were then written by consider-
ing an incident angle 6k for which the value of the derivative
(dR/ k)1, is zero. This allowed eliminating the unknown
Ak, from Eq. (11) and extracting the value of ry; from the
following equation:

J. Appl. Phys. 109, 014107 (2011)
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FIG. 11. (Color online) Electric-field induced response for TM polarization
(ARyyp) calculated from characterization procedure results by assuming k,
~k,, Aky~Ak, (k represents SBN film extinction coefficient). The three
EO, CPE, and EA contributions are detailed in (a) and comparison with
experimental response is given in (b). Amplitude of modulated voltage ap-
plied to SBN film is 1 V. Extraordinary refractive index n, is the single
adjustable parameter of characterization procedure; two cases are shown:
n,=n, (top) and n,=n,—0.04 (bottom). The latter corresponds to the best
calculation-experiment fit. The EO coefficient r3; determined from charac-
terization procedure and used for ARy calculation is equal to +37.6 (top)
and +38.9 pm/V (bottom).
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where 60k represents the refracting angle of the light wave in
SBN. Electric-field induced response in TM polarization
ARty can be calculated from this last result and compared
to the experimental data, provided we neglect the possible
variations in k, and Ak, with incident angle (k,~k,, Ak,
=~ Ak,). This last approximation may cause a discrepancy at
large incident angles. Figure 11 shows that a satisfactory
agreement is obtained, which may be improved by varying
the single adjustable parameter of this calculation: n,. The
resulting value of n, (n,=n,—0.04) is consistent with the
birefringence value reported in the literature for crystalline
SBN of similar composition at A=633 nm (n,~n,—
0.03).%” Due to compensation effects in Eq. (13), the relative

uncertainty affecting r33 is lower than that affecting 5 or ds;3
and the final result is

(13)

ra=+389%05 pm/V, (14)
B3 _L45+06. (15)
ri3

As summarized in Fig. 12, the values obtained for the
parameters of the stack and for the coefficients involved in
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FIG. 12. Summary: reflectivity and electric-field-induced variation in reflec-
tivity of a Pt/SBN/Pt structure for TE and TM polarizations. Calculated and
experimental data are compared. Calculation was carried out by using pa-
rameter values given in Table I. Electric-field-induced responses were cal-
culated by using the results obtained in the present work: rj3=+8.5 pm/V,
r33=+38.9 pm/V, dy;=+21 pm/V, and Ak,/AV=+9.8 X 107,

the electric-field-induced response allow accounting for all
the experimental data: reflectivity and electric-field-induced
variation in reflectivity versus incident angle, for both TE
and TM polarizations.

For TM polarization also the CPE contribution appears
to be non negligible at the low frequency used for lock-in
detection, as may be seen in Fig. 11(a). Measurements are
therefore performed in unclamped conditions and the elasto-
optic effect is likely responsible for a part of the measured
coefficients. Assuming that values of elasto-optic coefficients
given in the literature®® for crystalline SBN:0.61 (P’
=0.08, p§3=0.47) are valid, elasto-optic parts in r3 and r33
may be inferred from the following relationships: r13=r‘1g3
+ pf3><d33 and r33=r§3+p§3><d33, where the superscripts S
and E mean, respectively, constant strain and constant field.
The elasto-optic parts in 7|3 and r33 may thus be assessed to
be, respectively, 1.7 pm/V and 9.9 pm/V, that is about 20%
and 25% of the respective total values. These percentages are
close to those experimentally demonstrated in SBN
crystals.3 ?

J. Appl. Phys. 109, 014107 (2011)

At high frequencies above piezoelectric resonance which
are used in information optical processing, the CPE effect is
clamped and cannot counteract the EO performance by in-
ducing phase shift compensation as in the above measure-
ments. Moreover the dielectric permittivity e; involved in
drive power P should be reduced (it is reduced by 39% in
SBN crystals39). On the other hand the elasto-optic part
should be subtracted from the above values of EO coeffi-
cients (this elasto-optic part represents about 25% in SBN
crystals”). If the reduction percentages reported for SBN
crystals are valid for SBN thin films, values of V_L and P
expected for SBN thin films at low frequencies, according to
Eqgs. (2) and (3), should be multiplied at high frequencies by
1.33 and 1.08, respectively.

V. DISCUSSION

A few groups reported on the linear EO effect character-
ization in their SBN films.""""****! In three of these
pz:lpers,n"m’41 a polarimetric method working in transmission
under normal incidence was used, which does not involve r33
in the electric-field-induced response. The other reported re-
sults are given in Table II. Although the principle of their
method enabled a separate measurement of r;3 by using TE
polarization, Trivedi et al. did not exploit this possibility and
used the assumption r33/r;3=5 to determine the two coeffi-
cients from one TM measurement. This assumption is com-
mon to all the quoted authors and based on one paper42 re-
porting this ratio value for a SBN:60 single crystal at A\
=514.5 nm. When measured similarly in a single SBN:60
crystal but at wavelength A=633 nm, this ratio was
reported31 to be of a different value: r33/r;3=6.4. By mis-
take, Trivedi ef al. exchanged cos® 6 and sin® 6 in the ex-
pression of An, When correcting this error, their calculation
yields r;3=140 pm/V and r3;3=700 pm/V instead of the
values given in Table II. As mentioned above (Sec. IT A), the
first source of potential error in an EO characterization pro-
cedure is an imperfect modeling caused by oversimplifying
approximations. Multiple reflections in the film, CPE and EA
effects were neglected in the quoted reports. The second

TABLE 1II. Linear EO coefficients reported in the literature for SBN:60 thin films. Effective coefficient r,;=r3;—(n,/ n,)r 5. Results in italics were obtained
by assuming a relationship r33/r;3=>5 previously reported (Ref. 42) for a single SBN:60 crystal at A\=514.5 nm.

Characterization method

A Ty 3 Preparation technique//
Reference (nm) (pm/V) (pm/V) (pm/V) substrate features
Interferometric (TM)
Pulsed laser deposition// Diffraction
Trivedi et al.* 549 70 MgO(001) Planar electrodes
Polarimetric
Sol-gel process// Reflection
Koo et al.’ 633 138.7 34.7 173.4 Pt(001)/MgO(001) Sandwich configuration
Polarimetric
Pulsed laser deposition// Reflection
Li et al.® 633 37.2 Li,Ni,_,O(001)/MgO(001) Sandwich configuration
Interferometric
rf magnetron sputtering// Reflection
This work 633 29.9 8.5 38.9 Pt(001)/MgO(001) Sandwich configuration

“Reference 12.
PReference 13.
“Reference 14.
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source of potential error, extensively illustrated in this work,
is an inaccuracy of parameter values which may be detected
by controlling results consistency, particularly with varying
incident angle. Authors quoted in Table II did not proceed to
such verifications. We have demonstrated above that, in the
absence of such a consistency control, we might have in-
ferred from our measurements erroneous conclusions such as
{r13=30 pm/V, r33=5%X30=150 pm/V}, that is, values in
relative good agreement with previously published results
quoted in Table II. In conclusion EO coefficient values pre-
viously reported for SBN films in the literature may be sus-
pected of error for various reasons and would need to be
confirmed. Only then could EO properties of SBN films be
fruitfully discussed with regard to the differences specified in
Table II between preparation techniques or selected sub-
strates.

Concerning SBN crystals, very few reports exist in the
literature on the separate measurements of r;3 and r33 in SBN
crystals.31’32’39’42744 Most of the papers dealing with EO
properties of SBN crystals use an assumed value for the ratio
r33/r13. At A=633 nm and for a composition SBN:60, EO
coefficients have been determined separately in one paper31
which reports: ri3=37 pm/V and ry;3=237 pm/V from
measurements that do not enable specifying signs. Besides
the CPE coefficient d3; in SBN crystals was reported to be
about 95 pm/V.45 Compared to their crystalline counterpart,
the three coefficients r3, r33, and ds3 of the film appear re-
duced in similar proportions by a factor about 5=* 1. The
magnitude of polarization in our SBN films [see Fig. 5(b)] is
also measured about five times lower than that reported for
SBN:60 single domain crystals.45 These results are consistent
with the direct relationship between polarization and EO
properties predicted by modeling.%’47 Linear EO properties
are expected to vanish in unpolarized samples and above
coefficients to increase with polarization. The reasons for a
lower polarization in our SBN films are under investigation.

Although lower than those of SBN crystals, the applica-
tion relevant EO coefficients measured in the present work
(ry3=+38.9 pm/V, ry=ry3—(n,/n,)’r;3=+29.9 pm/V)
are larger than those of a crystal of LN at the same wave-
length A=633 nm
(r3=+30.9 pm/V, r=+20.1 pm/V),* and yield a V, L
=0.1 V cm according to Eq. (2). On the other hand the SBN
film dielectric permittivity measured in conditions of EO
characterization is about 20 times that of crystalline LN.
When referring to the highest value reported for r33 in a LN
epitaxial thin film® (r33=~ 18 pm/V) and to the present work
for SBN, according to Egs. (2) and (3), it appears that replac-
ing a LN by a SBN thin film should decrease the half-wave
voltage-length product by a factor 2.5 but increase the drive
power by a factor 3.2. EO performances of SBN and LN thin
film paths appear, therefore, comparable. The advantage of
SBN path is that it is still far from its crystalline limits.
Beside the improvements expected for SBN:60 composition
from our understanding of polarization limits, an increase in
Sr content (x>60%) should induce an enhancement of the
film r3; coefficient. We have already investigated the SBN:75
composition. Probably because this composition is a limit to

J. Appl. Phys. 109, 014107 (2011)

the stability of crystalline SBN, multiphase films have been
systematically obtained. The composition SBN:65 is under
investigation.

VI. CONCLUSION

Implementation of the linear EO Pockels effect in thin
films waveguides is expected to allow drastic reductions in
the drive voltage, drive power, and dimensions of light
modulation devices. It is also expected to enable the realiza-
tion of electrically tunable PC devices and thus considerably
broaden the potential functionality of these structures.
Whereas the understanding of a film electric-field-induced
response is of decisive interest for both fundamental and
technological reasons, we have brought into relief that its
experimental characterization is particularly liable to dra-
matic errors, caused either by an oversimplified modeling,
and/or by a slight inaccuracy in a parameter value.

In this paper, we have presented a method which aims at
eliminating systematically the sources of EO characterization
unreliability. Based on a Fabry—Perot reflective configura-
tion, it enables characterizing simultaneously the EO, CPE
and EA effects in a thin film and provides magnitude and
sign of each of the involved coefficients. This characteriza-
tion method yields a unique solution which accounts for the
whole of experimental data: measured reflectivity and
electric-field-induced variation in reflectivity, versus incident
angle and for both polarizations. The results obtained at A
=633 nm and room temperature on an epitaxial SBN:60 film
are

r13=+8.5 +13 pm/V,
d33=Ae/AV:+21 +4 pm/V,

Ak, JAV=(+9.8 = 0.6) X 107°,

538 _ 4 45+06.
r3

r3z = +38.9*0.5 pm/V,

From our results it appears that CPE and EA effects are
significant in the film response, and should not be neglected
in any characterization procedure performed on thin films at
a frequency below piezoelectric resonance. An elasto-optic
part is therefore expected in the EO coefficients, which will
collapse at high frequencies above piezoelectric resonance.
Our results relative to electroabsorption are to our knowl-
edge the first ones reported concerning SBN. Compared to
the corresponding crystalline values, piezoelectric and EO
coefficients of the SBN film on one hand, polarization on the
other hand, are found to be reduced by approximately the
same factor. This correlation is consistent with theoretical
predictions. The r33 and r,z EO coefficients of the SBN film
explored in the present work are larger than those of a crystal
of LN at the same wavelength A=633 nm. When taking into
account the significant difference in dielectric permittivity
between LN and SBN, the two thin film paths appear com-
parable in terms of EO performance. The advantage of SBN
is that our first EO results obtained in this paper are far from
the SBN solid solution crystalline limits, leaving place for
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improvement. Increasing the polarization magnitude and
modifying the Sr content in the films are the two paths to
approach these limits.
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