AllP

| This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

Publishing Effect of Sodium Addition and Thermal Annealing on Second-Order

Optical Nonlinearity in Thermally Poled Amorphous Ta2Os Thin
Films

Amy S. K. Tong," @ Flavie Bondu,? # G. Senthil Murugan,! James S.
Wilkinson,' and Marc Dussauze? /

!Optoelectronics Research Centre, University of Southampton, Southampton, S L’Sllh’\
e

2Institut des Sciences Moléculaires, Université de Bordeaux, 33400 Talence, Fr

We demonstrate second-order optical nonlinearity (SON) induced in am um pentoxide (Ta,Os) films
h?e‘aﬁﬁgiency and stability of second
harmonic generation (SHG) have been investigated. Maker fringe nﬁ}-f‘sis ha
induced SON. ¥ of 0.46+0.02 pm/V and 0.3440.02 pm/V was ac i

films, respectively. Both the strength and the temporal sta@it‘y of the induced nonlinearity are discussed with

by thermal poling. The effects of sodium addition and thermal annealin,
een used to quantify the poling-

ved fcb sodium-containing and pure Ta;Os

respect to the poling mechanisms and measured electrical'¢on uctivit‘y)l' he lower density of uncombined charges

of the Ta,Os thin films is believed to play a role in the§trength S}‘E signal and the rate of SHG decay decreases

with thermal annealing. \

. INTRODUCTION
N\
Photonic circuits provide a route t hly functional low-cost optoelectronic and all-optical devices, and are
a field of rapid commercial growth. articular, silicon-on-insulator (SOI) waveguide technology offers high

performance with standard wafer processing, for mass-market applications.! Recently, dielectric waveguides on

silicon have shown enhanéed performance for nonlinear processes, particularly due to low two-photon absorption

at telecommunicatio and wideband optical transparency.? Thin film dielectric waveguides exploit
existing silicon E/ ess tec gy and complement SOI waveguides in multilayer silicon photonic circuits or all-
sts.\

dielectric ci cu‘ltj

k and frequency filtering are needed to realize a full range of circuit capability, and dielectric

integrated electronics, functionalities such as gain, all-optical and electro-optic

donot exhiSit the second-order optical nonlinearity required to achieve efficient electro-optic switching, known

as the Is effect, due to lack of average non-centrosymmetry.

econd-order optical nonlinearity (SON) is essential for many optical processes such as electro-optic

modulation, second harmonic generation (SHG), sum and difference frequency generation, and optical parametric
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. L oscillation. SON naturally exists in crystals with non-centrosymmetric structure and has been induced in glasses
Publishing Y i 4 &

by the process of thermal poling.* Thermal poling consists in applying a DC electric field to a heated sample
creating charge dissociation and moving cations through the glass. The sample is then brought back to room
temperature to freeze the charges in place, creating a frozen-in electric field. This frozen-in electric field, E, then
acts upon the third-order susceptibility (3¥) inherent in the material to create/n effective second-order
susceptibility, ¥*™®), through ¥ = 3E; ¥®. Clearly, to achieve high y°f® terial“must demonstrate a
combination of high ¥® and the ability to sustain a high frozen-in ele tr%hich relates in a first
approximation to a high dielectric breakdown strength.

T~

Towards this end, glass systems with high third-order nonlifiearity ‘Such as niobates 5, tellurites & 7, or
germanates ® for oxides and also arsenic or germanate sulphideyfor ch%cogenide compositions, have been
explored. To date, promising results have been obtained for h@me}aﬁoxide (HMO) systems with stable second-
order nonlinear optical coefficient (x®) values reported in, thefrange 1-10 pm/V > and also for poling of

chalcogenides, though the latter have issues in the stability*ef the induced nonlinearity.® 1% 11> 12. 13

N

The literature on poled amorphous thi

film '* 5 16 with additional reports ofi HMO\s stems.!” These studies have demonstrated the possibility of

18, 19

transferring the poling process from bulk tg thim film forms. Finally, examples of electro-optical devices or

frequency convertors based on therm\pokd glasses have also been demonstrated.?’ On SiO, films, Fage-

Pedersen et al. 2 22 havefobtained, the best frequency conversion performance with a normalized conversion

efficiency of 1.4x103%/W/cm™using periodic electrodes to obtain a high periodic contrast of the inbuilt static

field. The effec?é seco ordﬁ‘r’ optical response in this device was ¥*™ = 0.13 pm/V which is comparable to
the efficienc rved i a similar bulk glass. Nevertheless, up to now, practical applications of thermally poled

terials have been limited, mainly due to their unfavorable comparison with the very high second-order

f\{ciery exhibited by ferroelectric crystals such as LiNbOs.

Silicon&itride (Si3Ny), aluminum oxide (Al,Os) and tantalum pentoxide (Ta;Os) are three leading candidates
for integration of dielectric waveguides on silicon, due to their silicon process compatibility and high refractive

X, leading to potential for compact devices. High ¥ without two-photon absorption has been exploited in
@4 and Ta,Os waveguides > 2* and gain or lasing from rare-earth doping has been demonstrated in Al,O3 242

328,29

and Ta,0s waveguides.?® 2" Recently, higher values of and extremely low losses 3 have been demonstrated

in Ta,Os waveguides, when compared with SisN4 waveguides, rendering them competitive among these thin-film
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. . materials. To date, demonstrations of induced ¥» in these materials have been limited to Si3sNy thin films, where
Publishing * o

5 pm/V has recently been achieved on an unpoled, silicon-rich sample.?' The high ¥® of Ta,Os combined with
comparable electrical breakdown strength and its use as a highly insulating high-k gate dielectric in CMOS
transistors 32 offers the promise of Ta,Os poled waveguides exhibiting higher electro-optic coefficients than those
demonstrated to date in other amorphous materials. Furthermore, while LiNbO; a?/ Si3N4 only transmit up to
wavelengths of about 5 pm, HMO such as Ta,Os transmit light at wavelengths Jsabo um 33, opening up

opportunities for switchable and tunable devices in the mid-infrared.

While Ta,Os appears to be a promising candidate for thermal po

,)()&ss\co ditions for poling and the

resultant SON have yet to be established. In this paper, we report ql?a‘?ltitati tudy of induced ¥® in thermally

poled Ta,Os thin films deposited on borosilicate glass substrates. staality of the SON response was also

investigated over more than 1300 hours for all samples. The 1 e of sodium addition and annealing of Ta;Os

ne
thin films on the poling-induced ¥® and stability is % study of the electrical resistivity of Ta,Os thin
of'sodiu

films was performed to further understand the effect dition and thermal annealing on the SHG signal.
The combined charges and the electrical charge relaxation on the strength and stability of the SON response of

the Ta,Os thin films are discussed. \ ~

Il. EXPERIMENTAL \\

A. Thin film deposition

Films of 4 um thic were deposited on Schott Borofloat 33 glass substrates (25x15%1 mm), and also on

silicon substrates fok ellipSometry«measurements. Schott Borofloat 33 substrates were chosen to match the

¢ films were deposited using radio frequency (RF) sputtering (Oxford Instruments

conductivity of C&Q:“
Plasmalab st%étOO), from 6” diameter powder-pressed targets of compositions Ta,Os or 0.95Ta,05-0.05Na,O

(in mol¥ noted a:TayOs in the rest of the article). The targets were prepared in a dry, inert atmosphere. The

as pérformed under an oxygen/argon atmosphere (oxygen flow 5 sccm, argon flow 20 sccm and

préssure l(ﬁnTorr) at an RF power of 300 W with the substrate maintained at 200 °C. These parameters had
ﬁ
previﬁlsly been found to represent the optimal conditions to give low loss in Ta,Os based slab waveguides.** Half

S films were annealed at 500 °C for 3 hours under an oxygen atmosphere to relieve any stress built up in the

films %3 and to replenish the oxygen, which is depleted during the sputtering process.

B. Thin film characterization
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The thickness of the deposited films was determined using a stylus profiler (KLA Tencor P16). The film
thicknesses were found to be within +10% of the targeted 4 pm thickness. The refractive indices of the films were
measured using an ellipsometer (J.A. Woollam M-2000) at wavelengths between 500 and 1600 nm. X-ray

diffraction (XRD) was used to study the crystallinity of annealed/unannealed Na:Ta,0s and Ta;Os films.

C. Electrical properties of films /

To understand the conduction mechanism of the Na:Ta,Os and Ta,Os films§ in@q&asmements were
conducted on a bare Borofloat 33 substrate, using an impedance analyzer (Solartron 1260). 1 cm x 2 cm electrodes
ck o

were formed from high conductivity silver epoxy paste on the frontand ¢ sample, and impedance

. g
measurements were performed at temperatures ranging from 200 £0-300 Nyquist plots of all samples at all
temperatures were used to determine their DC resistance. To determine the %sistance of the thin Ta,0s films, the

resistance of the Borofloat 33 substrate is removed from the total resistance of the sample, and the resistivity

calculated using measured film thickness and electrode area 7 -
D. Thermal poling \

Thermal poling was performed in an ineer‘(ﬂow of N») to provide blocking anode conditions

avoiding protonic injection. Glass samples w%a&e@ from room temperature to the poling temperature, which
was fixed at 300 °C for this study. Sam w oled by applying a voltage of either 1.3 kV or 2.0 kV for 30
minutes. Samples were cooled down Mmperature and the applied voltage was then removed. A schematic

diagram of the apparatus uséd“fer thermal poling is shown in Fig. 1.

E. Depth distribution of the S layer
£
Micro-SHsz(easur ents ,&ere recorded in backscattering mode from a cut cross-section of the poled region

using a confet Me, in order to determine the spatial distribution of the SON through the film and

substratedA piegsecond laser operating at 1064 nm was used for measurements with a classical linear polarization.

re of 0.5. The in-plane spatial resolution is estimated to be 1.5 um.

numerical age

— y )
F. IV5 ringe measurements of x?
aker fringes were recorded using a nanosecond laser operating at 1550 nm. For all experiments, a maximum

\J

%rgy of 100 uJ was applied to the sample. The pulse width was about 20 ns and the repetition rate of the laser
pulses was 100 Hz. The intensity of the fundamental was monitored for each measurement and the generated

second harmonic (SHG) signal was recorded using a photomultiplier and averaged over 64 laser pulses. Three
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Publishin g measurements were carried out. First, 8-scans were recorded using p-polarized incident beam and p-polarized or

s-polarized transmitted second harmonic beam with 6 being the angle of incidence between the laser beam and
the normal to the sample surface. Second, y-scan were recorded with a p-polarized transmitted second harmonic
beam at an angle 0 =-64° corresponding to the maximal SHG signal for p-p polarized 6-scans. Third, SHG

kinetics measurements were recorded on each sample using p-polarized incident bea d p-polarized transmitted

Iﬂ\

second harmonic beam at = -64° as a function of time, to study SON stability. 3

—~

The ellipsometry measurements of refractive index for the nannealed Na:Ta;Os and Ta;Os

Ill. RESULTS \
A. Refractive index, dispersion and structure ‘)
nealed an

films are shown in Fig. 2.

-

-

annealed films showed lower refractive index

Fig. 2 shows that the refractive index of the Na:TajQ; films is higher than that of the Ta,Os films for both
annealed and unannealed samples, as also seen in glasses.*® T

than the unannealed films, due to the reple .Sh@\o gen in material during annealing, as observed
previously.* .\
| \ P
Maker fringe measurements are rmedwith a pump wavelength of 1550 nm and an SH wavelength of

|

775 nm, so the refractive index UQQ avelengths extracted from the data in Fig. 2 are used for the

Maker fringe calculations, described in segtion III D, are given in Table I.

TAB %ive indices of Ta20s films at the Maker fringe wavelengths

y -~
y. 1550 nm 775 nm
/ \g;:mnealed Na:Ta,0s 2.083 2.116
\ Annealed Na:TaOs 2.077 2.106
5 Unannealed Ta;Os 2.056 2.099
Annealed Ta,Os 2.048 2.086

4

£
-ﬁ
The X%D easurements of the annealed/unannealed Na:Ta,Os and Ta>Os films are shown in Fig. 3. Ta;Os
sb

own to be amorphous if annealed below 660 °C, becoming polycrystalline if annealed at higher

“ha
emperatures.’’ Fig. 3 shows that our films are broadly amorphous but there may be nanocrystalline regions within

X

the overall amorphous matrix.

B. Electrical properties of films
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Publishin g The DC resistance of the Borofloat substrates was found to vary between 0.60 and 0.76 MQ as the temperature
increased from 25 to 300 °C. Estimation of film resistivity at temperatures below 200 °C was not possible due to
the high resistance of the samples. Table II shows the resistivities of the Ta;Os films at temperatures 200 and

300 °C.

TABLE II. Resistivity (Q2m) extracted from impedance measurements of 4 um unannealed annealed Na:Ta>Os layers,
and unannealed and annealed Ta20s layers performed at 200 and 300 °
Y
Unannealed Annealed Na: Unannealed )nnealeaf
Na:Ta205 T61205 T61205 k Ta205

200 °C 1.11x10° 4.24x10° 7.14 h’leO10
300 °C 2.75x107 6.92x107 1.0 .80x108

The resistivity of all films decreased with increase in temperature, as %pe ed in insulators. The resistivity

of the Na:Ta,0s material is lower than for a Ta,Os composi@ for b ealed and unannealed films, due to

the presence of mobile cations. The annealed films show*higher resi;aiity than their unannealed counterparts, in
L -
s the o

both the Na:Ta;Os and Ta,Os cases. Annealing red ygen vacancies in the film, thereby reducing

.
rials, the first objective is to localize the poling effects within

potential routes for conduction. \

C. Depth distribution of the SON lay S\
To optimize thermal poling of thin,fi x

the film, with limited penetration®i &@hate. The thickness of the polarized layer depends on both the

conductivity properties of the materials(gationic mobility, electronic conductivity) and the poling conditions

(temperature, voltage and atmosphere). The influence of applied voltage upon the thickness of the polarized layer

was studied by measdring SHG prefiles over the cross section of the poled thin film and substrate. Two identical

4 pm thick una a@; 265 films deposited on borosilicate glass were poled by applying a voltage of 1.3
kV to

kV to one d2~.9

(NLO) Jayer is well confined within the Ta,Os film for an applied voltage of 1.3 kV whereas the use of a higher
/

0kV) ﬁf(tends the NLO layer into the substrate. Taking into account the spatial resolution of the SHG

e other. Fig. 4 shows the SHG profiles of the poled samples. The nonlinear optical

, the polarized layer thickness is estimated to be 4 and 6 pm for a poling voltage of 1.3 and 2.0 kV,

respectively. This preliminary optimization demonstrates that the NLO layer localization can be tuned to be

<

SON in the substrate to be neglected, simplifying the quantification of the efficiency and stability of second-order

ted to the film thickness by adjusting the applied voltage.

For the remainder of this study, the applied voltage was fixed at 1.3 kV, allowing the effect of any induced

optical responses of the poled Ta,Os thin films themselves.


http://dx.doi.org/10.1063/1.5054857

! I P | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record.

Publishing D. Maker fringe measurements and SHG stability
Maker fringe analysis has been performed on four different Ta;Os films (annealed and unannealed, with and
without the Na additive) of 4 pm thickness, poled at 1.3 kV at 300 °C for 30 minutes. The induced ¥® value was
determined immediately after the thermal poling treatment by a complete Maker fringe analysis using both angular
rotation scans and polarization scans at a fixed angle of incidence. Fig. 5 showszl(ese measurements for the

ainodxised on the optical

icknesses of the two layers

unannealed Na:Ta,Os film. All four sets of experimental data have been fitted

transfer matrix approach as described in 3%, with the refractive indices and th

(substrate and film) taking the values measured above. In fitting the retical Maker fringe curves to the

experimental data in Fig. 5, we have considered the hypothesis of.an ¢ tro'-a?ﬁcal origin of the induced ¥®

linked to a frozen-in static electric field along the z axis direction ( rpendi%lar o the anodic glass surface). This

would bring about a C., symmetry with a resultant ratio o@/ %@ =3"to describe the second-order optical

response of the poled films. As seen in Fig. 5, the agreement betwLeE? experimental data and calculation is very
ic fie

good, confirming that the SON is due to a frozen-in e . Based on the above fitting procedure, the y®

was found to be 0.46+0.02 pm/V for a Na:Ta, ﬁl.man\.34i0.02 pm/V without the Na additive, in both cases

poled at 1.3 kV and 300 °C. Comparing th surements obtained just after thermal poling on the four samples
fective s

.
econd-order optical nonlinearity is higher than for Ta,Os thin

it was found that for Na:Ta,Os films t
films. The initial ¥ after thermalfoli s almost the same whether the samples were annealed or unannealed,

OHQK
for both Na:Ta,Os and Ta,Os films.

%was studied for each sample. The SHG intensity was recorded for a fixed

The stability of thesin

angle of incidence (0f-64%) as a function of time after poling. Fig. 6 (a) shows the results from 0 to 50 hours and
Fig. 6 (b) showsithcwesults

hs\w the full 3000 hours. The lines fitted to the data in Fig. 6 (b) are based on a stretched
n%n 3 shown in Eqn. 1, which is a classical mathematical expression used to describe relaxation

exponentia

phenondiena ;1 g materials, where to is a delay if the beginning of the experiments is not perfectly defined, t

is ghe.elaxation ,t(me, A is the initial magnitude of the SHG signal and f is the exponential power for which a

departure from 1 (corresponding to a pure monoexponential behavior) indicates a broadening of the relaxation
_—

time dsstribution.

B
t—t
20(t) = Aexp —( . °j (1)
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In order to compare SHG signals measured over a long period (more than 1000 hours in our case), it is
necessary to take in account any fluctuations in the laser intensity. To this aim, all our SHG data have been

normalized to the square of the laser intensity at the fundamental frequency: /1%, .

For all samples, a fast decrease of the SHG signal is observed during the first three hours after thermal poling.

After 50 hours the signal decreases by 23% for the Na:Ta,Os annealed sampl{ 35% for the Na:Ta,Os
unannealed sample, by 16% for the Ta,Os annealed sample and by 28% for t Ta“zﬁs unanngaled sample. The

SHG signal decreases faster for Na:Ta,Os thin films than for Ta,Os thin fil

5. Forboth compositions the SHG
signal of unannealed samples decreases faster than the SHG signal of the a‘rﬁaled es. This trend is confirmed
over longer periods (Fig. 6 (b)). The SHG signal of all samples-decreases to reach a value close to zero
approximatively 12 weeks after the poling treatment. 3

IV. DISCUSSION L

The efficiency of thermal poling is expected to be relatedigo material resistivity and so in the present case, the

resistivities of Ta,Os films and glass substrates were'measured byAmpedance spectroscopy at elevated temperature

close to the poling temperature. While Na:Ta; ibited resistivity nearly one order of magnitude lower

than Ta,Os films, the strongest second-ord 3(7!6731 nonlinearity immediately after poling was induced in these
.

Na:Ta,Os films despite their lower resisti implies that thermal poling effects cannot be simply described

\’Q
by the conduction properties of t W to be treated. Nevertheless, based on a complete Maker fringe

analysis, the x@ tensor of the-thermally poled Ta,Os films was shown to have an electro-optic origin referred to

as EFISH (electric field in eds%d harmonic). This enables description of the SON properties of poled Ta,Os

amorphous films in s of the third-order optical susceptibility and the strength of the induced electric field, as

mediately after poling, ¥® was found out to be 0.46+0.02 pm/V and 0.34+0.02

described by xe@)/ng;.
pm/V for a un@ealed :Ta,0s and Ta,Os film, respectively, poled at 1.3 kV and 300 °C. Using ¥® =~ 11x10

21 ;2

m?/V? % for our Ta,0s thin films, the frozen-in electric field E¢ can be estimated to be about 1.0 to 1.4x107 V/m.

When«com, ing/this with that in other polarized glassy networks it is important to consider only the studies in
whigh the thermal poling treatment was carried out under blocking anodic electrode conditions, as it has been

showSthat using an open anode the field induced is one order of magnitude lower for the same glassy matrix.*

1. 41

Quiquempois et al. *! reported @ = 0.40 pm/V in silica Infrasil glass (¥® = 2x10-?> m*/V?) poled under vacuum,

-
Dussauze et al. ° reported ¥® = 0.3 pm/V for a soda-lime glass (3® =~ 0.6x10> m*V?) poled under argon
atmosphere and 5 pm/V for a phospho-niobate glass (y® =~ 5x10-2' m2/V?).*? For these three examples, the frozen-

in electric field ranges from 0.3x10° V/m up to 1.6x10° V/m, which is respectively approximately 20 and 100
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Publishin g times higher than the field strength obtained for Ta,Os films in the present study. In addition, as the thicknesses

of the polarized layers reported are similar in all these studies (2-4 pm of thickness), these differences in field
strength may be correlated with the uncombined charge density reached in each of these polarized amorphous
oxide materials. From our experiments on amorphous Ta;Os films, the charge density can be estimated at
0.77x103 Cm™ (considering & = 25 %, L= 4 um and Er= 1.4x107 V/m) which is abm?é order of magnitude lower
than the charge density evaluated in the thermally poled oxide glasses used for Mhis indicates that
the relatively low second-order optical response measured in these Ta,Os films canbé linked to the lower density

of uncombined charges which can be sustained by this amorphous matrix. ‘)

To explain this observation, charge dissociation processes during thesthermal poling treatment must be
considered. Poling induces the departure of mobile cations from th epleti(b region underneath the anode which
is partially compensated in the presence of other mobile spe@hera?' reducing the space charge. In the case of
poling under vacuum or in an inert gas, the departure of poSitive éharges is compensated only by the motion of
negative charges from the glass network. The nature'and conduction mechanisms of these negative charge carriers

are still unclear but several hypotheses have ??ttggﬂ;ed. Oxygen anion motion was first suggested by

Carlson.** %5 Other studies have noted that hﬁj.lla\r\ ygen has been observed in polarized glassy matrices,

8,46 or by the formation of peroxide

which was explained either by oxidatio e anipns and release of electrons
radicals through bond breakage whi then react to form molecular oxygen.*” However, when the internal

electric field reaches a value close to the. dielectric breakdown strength, electronic charge carriers play an

.uponsthis vs)s also investigated in this work. It was observed that for both Na:Ta,0s and Ta,;Os films the SHG

signa&rom unannealed samples decreases faster than the SHG signal of the annealed samples. The SHG decay

S Qrves were found to follow a classical stretched exponential (Eqn.1) similar to the trapping model developed to

describe electronic relaxation in amorphous semiconductors where excitons diffuse and recombine at network
defects.® In the case of the poled Ta,Os films, relaxation starts with the density of uncompensated charges formed

during the poling treatment. These can diffuse and reach a “sink”, a network defect, which will neutralize these
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Publishin g excitons. At later times, excitons must diffuse over larger distances in order to be neutralized. In the case of an

amorphous material the distribution of “traps” or “sinks” within the network is expected to be randomly
distributed, resulting in an exponential decay stretched in time as described by the term B deviating from f=1. By
fitting the measured SHG decay curves to Eqn. 1 the B values obtained range from 0.65 to 0.75, similar to the
results obtained in other amorphous semiconductors *° and which supports the hy%hesis of exciton diffusion

within an amorphous network. The fitting procedure also confirms that relaxati

n?imes increase significantly
s

with annealing. The two main annealing effects on the properties of amorpheus films are (i) a decrease in

the refractive index explained by a replenishment of oxygen vacancies in‘the glasSnetwork during annealing and

(ii) an increase in the electrical resistivity. These two observations, in.the fext ofa trapping model for electrical

charge relaxation, can explain the influence of annealing on (i) the iffusionSoe icient of excitons which may be

related to the resistivity and on (ii) the number of network (@t or ‘st in the films which may be linked to

>

L -

the oxygen vacancies.

V. CONCLUSION \\
n'induceduin a

Second-order optical nonlinearity has bee\ amorphous Ta;Os thin films by thermal poling. The
effect of the voltage during the poling on t Mizit: of NLO layer within the thin film was studied and an
applied voltage of 1.3 kV was found to uce aigymmetrical NLO layer in a 4 pm Ta,Os thin film. Effect of Na

addition and annealing on the indu has been studied using Maker fringe analysis. The stability of

the induced nonlinearity over 3000 hours*has been studied for annealed and unannealed, Na:Ta;Os and Ta,Os

samples and the deca based on EFISH have been discussed, in addition to comparing the
conductivities of t levated temperatures close to poling temperature. These studies provided
useful insight info Nﬁif echanism in relation with the structural units of the amorphous Ta,Os network and

research is nd%y to optimize the network and stabilize the induced nonlinearity by adding various cations and

using afdifferent O host. Demonstration of induced nonlinearity in amorphous HMO thin films leads to the

realizationef ele€tro-optic functionality in planar lightwave circuits especially in the mid-IR paving a way to

tunable mi(ﬁ[R devices such as modulators and on-chip FTIR spectrometers.
ﬁ
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Pu inShing Figure Legends:

FIG. 1. Schematic diagram of the thermal poling apparatus
FIG. 2. Dispersion curves of refractive indices of annealed and unannealed, Na:Ta2Os and Ta20s films obtained by ellipsometry

FIG. 3. XRD measurements of unannealed and annealed a) Ta>Os and b) Na:Ta>Os thin fil s/

FIG. 4. SHG profiles of Na:Ta2Os amorphous thin films on borosilicate substrate pole 1.3 kVaand 2.0 kV
: R

FIG. 5. Experimental and calculated transmitted SHG Maker-fringe pattérns for thé'thermally poled unannealed Na:Ta20s
amorphous thin film, taken at 6 = -64°. (a) p-p polarized, (b) s-p polarized, and (c) \3) and -s polarized

]
-
FIG. 6. Time dependence of the SHG intensity of thermally pgled aled and unannealed Na:Ta20s and Ta2Os layers on
borosilicate glass substrate, measured at -64° AP
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