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Abstract: We report on the thermo-optic properties of electron-beam evaporated amorphous
titanium dioxide (TiO,) at different timescales. We investigate the thermo-optic response of
TiO; from static regime down to the micro-second regime by applying Joule heating on hybrid
metallo-dielectric integrated Mach-Zehnder interferometers. We show that amorphous TiO,
exhibits a very large negative thermo-optical coefficient in the range of -6.5x10™* K~! at 1550
nm at typical timescales of a few seconds. Such a slow thermo-optic response is consistent
with an organic origin of amorphous TiO; negative thermo-optic coefficient. However, when
observed at the micro-second timescale, we show that the same amorphous TiO; has a positive
thermo-optic coefficient, just like many other materials. Based on our results, TiO, can be
conveniently deployed in energy-effective integrated optic devices by taking into account the
specific multi-timescale thermo-optic properties of this material.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Titanium dioxide (TiO») is used in optics for decades for free-space optical components coating
[1] and more recently in the context of integrated optics [2—6]. Owing to its very broad range of
transparency, TiO, can be deployed in monolithic visible and infrared photonic devices. TiO;
can be deposited in many different ways including chemical vapor deposition [7-9], sputtering
[10,11], electron-beam evaporation [12,13] , atomic layer deposition [14—18] or sol-gel solutions
[19]. Depending on the deposition process, TiO; layers with refractive index ranging from 1.9
to 2.5 at telecommunication frequencies are obtained. Amorphous TiO; are most often of low
refractive index whereas anatase and rutile poly-crystalline phases are of intermediate and high
refractive index respectively. A very common application of TiO; in the field of integrated optics
is thermo-optic (TO) control [20-23]. Indeed TiO, is known to feature a negative thermo-optic
coefficient (TOC) convenient for the fabrication of temperature insensitive integrated devices
by compensating for the positive TOC of silicon based waveguiding materials [24-28]. TiO,
TOC values can be found in the literature ranging from -0.5x10~* K~! [21] up to -4.0x107*K"!
[13] with TO properties depending very much, not only on the crystalline phase, but also on
the temperature range of interest. The reason for such a broad range of TOC values remains
unclear given that the rather unusual negative TOC of TiO; is attributed to different origins such
as thermal expansion or "organic" contributions.

In this work, we investigate TO properties of electron-beam evaporated amorphous TiO; at
different timescales from second to micro-seconds. Specifically, we show that TiO, TOC is
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indeed highly negative in the static or quasi-static regime as already reported in many studies
but turns to be positive if characterized at the micro-second scale. Our results provide a strong
support to the "organic" origin of the negative TOC of TiO, whereas at the micro-second scale
TiO, behaves like many other materials with a positive TOC. The study is organized as follows:
we first report on material fabrication and characterizations. Then, we investigate very slow TiO,
TO properties by spectroscopic ellipsometry (SE). The ellipsometric results are cross-checked by
monitoring the TO response of a TiO, Mach-Zehnder interferometer (MZI) heated by a Peltier
module. Next, we implement a specific metallo-dielectric hybrid waveguiding configuration for
optimum joule heating activation of integrated MZI at frequencies ranging from 0.1Hz to several
kHz. Based on our observations at different frequencies, we establish that our TiO, TOC is of
opposite sign in the Hz and kHz regime. Our experimental results are supported by a qualitative
analysis relying on the TO response of a 2x2 port MZI. A comprehensive summary of our results
and concluding remarks are given in the last section.

2. TiO, layer deposition and characterizations

The deposition of our TiO; layers is achieved by electron-beam (e-beam) evaporation of 99.99%
pure rutile TiO; pellets (typical size 3-6 mm). More details about our deposition process are
given in Supplemental Materials. Layers with a typical thickness ranging from 200 to 450 nm
are investigated in this work. Scanning Electron Microscopy (SEM) images of the layers (see
Fig. 1(a)) reveal a compact material with a typical Root Mean Square surface roughness measured
by atomic force microscope below 1.5 nm when deposited on a bare silicon substrate. X-Rays
Diffraction analysis of our layers (Fig. 1(b)) indicate that room temperature e-beam deposited
titanium dioxide is amorphous whereas a deposition temperature increased to 400°C leads to
an anatase crystalline phase. X-Rays Photoelectron Spectroscopy (XPS) analysis (Fig. 1(c))
show that our amorphous TiO; is stochiometric. By continuously etching the layer during XPS
analysis, we observe the typical carbon contamination at the very surface of the layer whereas
this carbon content drops at an atomic fraction below 2% throughout the thickness of the layers.
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Fig. 1. (a) Scanning Electron Microscope image of an amorphous e-gun deposited
amorphous TiO, layer on a silicon substrate (scale bar 1 um). (b) X-Rays Diffraction spectra
for amorphous and anatase TiO, layers. (c) X-Rays Photoelectron Spectroscopy analysis of
an amorphous TiO, layer.

3. Thermo-optical characterizations in the static regime

In this section, we discuss thermo-optic (TO) properties of TiO, at a time scale of several minutes
referenced in the following as the static regime.

3.1. Temperature resolved spectroscopic ellipsometry

TO properties of TiO, layers deposited onto bare silicon substrates are first characterized by
spectroscopic ellipsometer (WOOLLAM VASE) equipped with a heating cell (Linkam). From
SE spectra recorded at thermal equilibrium, the dispersion curves of the purely real refractive
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index of a 435 nm-thick TiO, layer measured at temperatures of 25°C, 75°C and 125°C are
obtained (Fig. 2(a)). Details about SE spectra fitting procedures are given in Supplemental
Materials. For an increasing temperature, a very pronounced decrease of the refractive index
corresponding to a very large negative TOC is observed. For instance, at a free-space wavelength
of g =1550 nm, the refractive index drops from 2.14 at room temperature down to 2.08 at 125°C.
In addition, the TOC depends dramatically on the temperature range of interest (see Fig. 2(b)).
For example, at 1550 nm, we obtain a TOC of d”;% =-6.5x10"* K~! and -4.8x10~% K1 if
computed from 25°C-75°C or from 75°C-125°C range respectively. The same trend is reported
in the near-infrared (1040nm) in Ref. [13] for e-beam deposited TiO, and temperatures above
120°C.
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Fig. 2. (a) Dispersion of the purely real refractive index of an amorphous 400 nm-thick
amorphous TiO;. (b) Thermo-Optic coeflicient (TOC) dispersion as a function of the
temperature range.

Figure 3(a) shows the refractive index at 4y =1550 nm extracted from SE characterizations
of TiO; layers submitted to subsequent heating cycles. For the first cycle, the temperature is
increased by 50°C step from room temperature (25°C) to 125°C. As expected from the results
of Fig. 2, TiO, TOC is highly negative but tends to decrease in amplitude as the temperature
increases. After the SE spectra was recorded at 125°C, the sample was cooled down to room
temperature (in about 1 hour) prior to second cycle. For the heating phase of the second cycle
up to 125°C, the refractive index almost superimposes values obtained during the first cycle
indicating that TO properties of the layer are not affected by the first heating cycle. At the
temperature of 125°C of the second cycle, the temperature was increased up to 300°C. Over this
temperature range, it is obvious that the TiO, TOC changes in sign resulting in an increase of
the refractive index for an increase of the temperature. SE measurements performed during the
cooling phase of the sample indicate that the 300°C-baked TiO, layers feature a larger refractive
index as compared to amorphous TiO, whatever the temperature of interest. After overnight
cooling, the sample was once again heated up to 125°C during a third cycle. It is apparent
that the refractive index of TiO; has been permanently affected. XRD characterizations show
that the crystalline phase of such high temperature (300°C) baked TiO, layers has turned to
anatase. As shown in Fig. 3(b), the same experiment repeated onto another layer leads to the
same qualitative result with in particular a very clear increase of the refractive index between
225°C and 300°C. After complete cooling, a new heating ramp indicates that the TOC of the
polycrystalline anatase TiO, layers is negative whatever the temperature range but with a typical
value of the TOC close to % =-0.5x10"* K~! at 1550 nm about an order of magnitude smaller
as compared to amorphous TiO,. The effect of annealing of TiO, thin films (or other transition
metal oxide such as ZrO, or Ta;Os) optical properties are known and have been reported in the
literature for amorphous TiO; sol-gel films [29,30] or physical vapor deposited films [31]. When
annealed at a sufficient temperature and for a sufficient amount of time (the acquisition of each
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data points in Fig. 3(a) and (b) lasts 2 hours), the crystalline phase changes and/or the porosity of
the material is reduced leading to a corresponding increase of its refractive index. This process
is responsible for the apparent positive ToC for our TiO, films when annealed at temperatures
above 225-250°C. However, this positive ToC is only characteristic of the phase change. Once
the crystalline phase change is completed, the TOC measured in the static regime is negative
whatever the temperature range.
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Fig. 3. (a) Temperature dependent refractive index (1y =1550 nm) of a 435 nm-thick
amorphous TiO, during subsequent heating cycles. (b) Same as (a) for a 420 nm-thick
amorphous TiO, layer.

3.2. Integrated-optics static TO characterizations

In order to confirm SE results, we operate the optical set-up shown in Fig. 4(a) to monitor
the transmission of TiO, waveguide MZIs (Fig. 4 (b) and (c)) heated in the static regime by a
Peltier module. Details about the experimental configuration and the electron-beam lithography
fabrication process of the samples are given in Supplemental Materials. We consider a 2x2
MZI with one arm elongated by AL compared to the other. The input grating coupler being
excited by a transverse electric (TE) incident light at 1550 nm, we monitor the output power at
the BAR port of the MZI as a function of temperature. In this experiment, the temperature is
measured at the surface of the sample by means of a micro-thermocouple (wires diameter of
100um) glued at the sample surface using a small amount of thermal grease. Owing to MZI arm
length difference AL, a change AT of temperature results in a dephasing between MZI arms given
of ® = (nep(To) + d;’;{f x AT)koAL with kg the free-space wavevector, n.g(Tp) the effective index

of the TE mode at room temperature and d;’;ﬂ the modal thermo-optic coefficient. Figures 4(c)

and (d) show the BAR signal for stretched MZIs with AL =167um and AL = 217pm respectively.
The experimental normalized optical transmission data points are fitted with the output signal
model at MZI BAR port given by:

Poar = Pin(R? + T2 = 2RT cos @) 1)

where R and 7~ are 2x2 couplers power reflection and transmission coefficients respectively.

The fitting procedure applied to experimental data of Figs. 4(c) and (d) returns a modal TOC of
P — (5.6 + 0.5)x107* K~ and L4 (4.8 + 0.5)x10* K~ respectively with the error on

the modal TOC estimated from the 95% confidence bounds of the fitting procedure. The modal
TOC differs from guiding material TOC by the fact that only a fraction of the modal power is
guided within TiO,. The modal TOC of the photonic mode can be approximated by:

dngg _ dnrio, e dnsio,
ar 0Ty TS0

@)
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where 11750, /si0, denotes the modal power confinement of the mode in each material and where

dnrio, /sio, . . . I .
% is the corresponding material TOC. The contribution of thermally grown SiO, can

be safely neglected here given its low TOC at 1550nm (dns’o2 =0.09x10~* K~! [32]). The

confinement factor of the TE mode supported by our TiO, waveguides being evaluated (by
finite-element modal analysis) at rm02=0 78 (effective index 1.747), we conclude that the TOCs
corresponding to Figs. 4(c) and (d) are "”02 =-(7.2+0.7)x10™* K" and d’"‘oz =-(6.2+0.7)x10~*
K~! respectively in reasonable agreement with the value of -6.5x107* K‘ returned by SE
characterizations over the same temperature range.
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Fig. 4. (a) Optical characterization set-up.(b) Diagrammatic view of the stretched-arm MZI
and Infrared image of light (1p=1550 nm) propagation along the TiO,-based stretched-arm
MZI. (c) (resp. (d)) Stretched-MZI BAR output transmission as a function of temperature
for a difference in length of MZI arms of AL=167 um (resp. AL=217 um ).

4. Thermo-optical characterizations at micro-second time scale
4.1.  Hybrid metallo-dielectric configuration for TO electrical activation

When using a heating cell or a Peltier module, only very slow TO process can be captured
given that these devices allow only for slow changes of temperature (at the scale of tenths of
seconds). For TO properties characterizations at micro-second time scale, we implement heaters
directly deposited on top of TiO, waveguides. The hybrid metallo-dielectric configuration is
schematically shown in Fig. 5(a). It is comprised of a TiO, ridge waveguide covered with
gold heaters. At 1550 nm, the metallo-dielectric hybrid waveguide with a cross-section 1.2 X
0.450 p.mz sustains a single transverse-electric (TE) mode (see field distribution in Fig. 5(b))
with an effective index of n.4 =1.78 and propagation losses around 0.015dB/um. The hybrid
waveguides are implemented only in the arms of the MZIs otherwise made of purely dielectric
TiO, waveguides. Gold heaters are electrically connected to copper macro-electrodes (see
Fig. 5(c)). A SEM image of the transition from the hybrid waveguide to the purely dielectric
waveguide is shown in Fig. 5(d). All MZIs considered in the following are equipped with
100um-long heaters featuring a typical electrical resistance of 35 Q (measured from a four wires
configuration, see Supplemental materials). Heat diffusion simulations relying on a realistic
finite-element three-dimensional model indicate that the typical heating and cooling times of
TiO, waveguides in the metallo-dielectric configuration are around ty=2.1us and 7¢=2.4us
respectively (see Supplemental Materials).
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Fig. 5. (a) Cross-section view of the hybrid metallo-dielectric TiO, waveguide. (b) Modal
intensity distribution of the TE mode supported by the metallo-dielectric wavgeuide. (c)
Dark-field optical microscopy image of a MZI equipped with gold heaters connected to
copper macro-electrodes. (d) Scanning electron microscope image of the transition between
purely dielectric photonic waveguides and metallo-dielectric waveguides. The SEM image
corresponds to the dashed perimeter displayed in (c).

4.2. Quasi-static electrical TO activation

We first consider TO characterizations in the quasi-static regime when a 0.1Hz square voltage is
applied to heaters. Figure 6(a) show the applied voltage and the corresponding optical signal for
two values of heating (peak) power given by Py = Ry X (%))2 with Ry the resistance of the
heater, Rg the total resistance of the electrodes and V() the time dependent applied voltage. The
optical signal is this time observed at the CROSS port of the MZI. When heated with a power of
3.4mW and 4.2mW, the output MZI cross signal drops by about 4.5dB and 14.5dB respectively.
This suggests a quite large TOC but neither the sign nor the value of the TOC can be directly
extracted from such an experiment since the actual phase difference between the two MZI arms
is unknown. Nevertheless, we learn from this experiment that our TiO, features a typical TO
response time of the order of a few seconds. As shown in Fig. 6(b), the optical signal stabilizes
during the heating and cooling phase after roughly 3 seconds. The optical power at the output
cross port of a MZI is given by:

Peross = 2PinRT (1 + cos @) 3)

where Pjj, is the input optical power, 7~ and R are again transmission and reflection coefficients of
the (assumed identical)input and output 2x2 couplers (R = 7 = 0.5 for 3dB couplers) and where
®(7) is the time dependent phase difference between the two MZI arms. It is noticeable that our
experimental results are fairly well fitted by a phenomenological model with a time dependent
phase difference given by a single exponential law ®g(t) = ®g + AD[1 — exp(—t/ tgc)] during the
heating phase and a multi-exponential law @ ¢ (1) = ®g + AD[1 —exp(—t/ t/gc)]z during the cooling
phase with respective time constants t5¢ =1.24s and r2¢ =0.95s. Thus, the time constants we
find for quasi-static excitation are of the order of one second, up to six orders of magnitude
larger than heat diffusion time through the cross-section of our metallo-dielectric waveguide.
Such a slow response time cannot be attributed to a thermal cross-talk between the 100 ym
separated MZI arms for two reasons. First, such a cross-talk is not expected from numerical
results. Second, by placing the heating electrode one micron aside form TiO, waveguide (instead
of on top), we observe a dramatic decrease of the quasi-static TO response of our hybrid-MZlIs.
This dramatic decrease indicates that heat diffusion at the scale of one micron does not allow for
a significant heating of the nearby MZI arm thus ruling out the hypothesis of an unintentional
heating of the cold MZI arm located 100 pm away from the heat source. In summary, quasi-static
characterizations indicate that TiO, features slow TO response time in the range of a few seconds
that cannot confused with a long-distance heat diffusion process. Finally, we emphasize that the
results of this quasi-static experiment cannot not be interpreted in terms of annealing-induced
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TiO, crystalline phase change. Indeed, the optical signal returns to its initial value when the
heating source is turned off, demonstrating unambiguously the reversible nature of the process
leading to optical signal modulation in Fig. 6(a).
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Fig. 6. (a) Simultaneously recorded quasi-static (0.1Hz) electrical pulse voltage and optical
CROSS port output signal for peak-power activation of 3.4 and 4.2 mW. (b) For 4.2mW
activation peak power, detail over one period of the optical signal along with an empirical
model fitting leading to typical time constants around one second heating and cooling phases.

4.3. Pulsed TO activation at kHz frequencies

We consider now TO electrical activation in the kHz frequency regime. Figure 7(a) shows the
optical signal recorded at CROSS and BAR output ports of the hybrid-MZI when one electrode
of the MZI is activated using electrical pulses with a duration 7=10us and a repetition rate of 2.5
kHz (period 400us, duty cycle of dtc =2.5%). For electrical pulses of peak power Pp; =33mW
(average power P,, = dtc X P,;=0.82mW), we observe in Fig. 7(a) modulated CROSS and BAR
output signals of opposite contrast as expected from Egs. (1) and (3). The experimental CROSS
signal is well fitted by Eq. (3) assuming a time dependence of the dephasing given by a single
exponential function with time constants 7¢ =2.5us and 7y =2.1us for heating and cooling phase
respectively, in fairly good agreement with heat diffusion time constants returned by numerical
calculations. Whatever the output port, the optical signal returns at its baseline value within a
few microseconds after the electrical pulse voltage drops to its low state (0V). In the following,
we denote this baseline level as the OFF optical signal POFF (see Fig. 7(a)) because it is observed
when the voltage pulse is in low state and corresponds approximately to the average optical signal
(DC level) for small duty-cycle excitation pulses. Note however that, POF which is observed
with voltage pulses applied to the heaters is different from the cool state optical level measured
when the MZI is at room temperature with no electrical excitation of the heaters. The electrical
excitation of a second MZI at 2.5 kHz generates the output signals displayed in Fig. 7(b) for
different pulse duration 7. For increasing 7, the OFF optical signal increases (from almost OV
at 10us up to 1.15V at 15us) and the amplitude of the negative contrast CROSS optical pulse
increases as well. A typical time of a few seconds is needed for the OFF optical signal to stabilize
after 7 is changed. Oscilloscope traces exemplifying the stabilization of POFF are discussed in
Supplemental materials. Not only those traces demonstrate the stabilization of POFF but they
also show that the optical signal returns to the room temperature level after pulsed excitation
is turned off, indicating that the optical properties of TiO, are not permanently affected by the
kHz repetition rate short pulses heating we consider in this work. A qualitative interpretation of
the results displayed in Fig. 7(b)is the following: at a given frequency, changing 7 results in an
increase of the average heating power and hence a corresponding increase of the MZI hot arm
average temperature T,,. The average temperature increases owing to the fact that after each
electrical pulse, the hot arm does not fully return at room temperature leading to a slow increase
of its temperature with a characteristic time that depends (among many other parameters) on 7
and the frequency of the electrical pulses. At a given frequency, Ty, increases with 7 ( % >0).
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For a fixed value of 7, T,, eventually saturates when heat dissipation arising from convective
processes (with an efficiency that linearly depends on hot arm temperature and thus on 7,)
entirely dissipate Joule power deposited by each pulse. In the following, we shall refer to the
regime corresponding to a stabilized hot arm average temperature as the "stabilized regime" of
the MZI (characterized by the time derivative of T}, to be zero). In the stabilized regime, the
phase difference between MZI arms can be noted:

D=0 + q)av(Tav) + lﬂ(T) (4)

where @ is the phase bias at room temperature, @, is the constant additional phase change
resulting from the increase of MZI hot arm stabilized average temperature Ty, and (T) is the
dephasing with T the actual temperature of the hot arm at the timescale of a single pulse. In
the stabilized regime, the MZI operates at the set-point @y, = ®y + @, and the optical output
is modulated in time by the phase shift /(7). If ¢(7T)=0, the output signal is equal to the OFF
optical signal defined above. From Eq. (3), the partial derivative of the output power Poss With
respect to time ¢ is given by:

OPcross Oy OT
= 2Py RT sin(®) — — 5
o nRT sin(®) = — &)
Similarly, the partial derivative of the OFF optical signal POFE with respect to T, can be

expressed as:

OPOFF , oD
ﬁ = 2P, RT sin (cps,,)aT:: (6)

For a given 7 in Fig. 7(b), P.ross monotonously decreases during the heating phase (starting at
t=0us) and monotonously increases during the cooling phase (starting at t=7 us). The heating
(resp. cooling) phase being such that %>O (resp. %<0) we conclude that for any values of 7 in

Fig. 7(b), the factor — sin d)g—‘/T' in Eq. (5) is negative. In addition, POLT. increasing monotonously
with 7, the factor — sin (QSP)% in Eq. (6) is positive for any 7 in Fig. 7(b). Dephasing ® at
t=0us (beginning of the heating pulse) and @y, being equal, the sign of sin (®) and sin(dy,) are
necessarily identical and unchanged for any 7 in Fig. 7(b) in order for the monotonous change of

POFE and P05 to be observed. Hence, based on the above analysis, we conclude that the %

and % are necessarily of opposite sign.
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Fig. 7. (a) Comparison or optical cross and bar output signal in case of pulsed TO activation
of the MZI at a frequency of 2.5kHz with 10us-long pulses at peak power of 33mW. (b)
Monitoring of a MZI cross optical signal for pulses of same peak power but increasing
duration.

Figure 8(a) shows the change of DC optical signal at the CROSS output port when 7=10us
long pulses (frequency 2.5 kHz) of increasing peak power are applied on one heating electrode.
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The DC signal is obtained directly from a powermeter acting as a low-pass filter (cutoff frequency
around 100Hz). Owing to the small duty cycle of the pulse, the DC optical signal differs only
little from the so-called OFF optical level. The optical signals recorded at various peak powers
are displayed in Fig. 8(b). For example, the CROSS optical signal recorded at P, =18.2mW
features a positive contrast at the pulse time scale. Increasing Py to 22.1mW results in a rather
flat optical profile and a minimum DC level originating from a phase set-point of the MZI
around @, = 7[27] rad. Further increasing P, causes the optical DC signal to increase with the
amplitude of the optical pulses increasing as well but this time with a negative contrast. From
results of Figs. 8(a) and (b) it is apparent that the slope of optical DC level as a function of the
peak power and the contrast of the corresponding optical pulses are of opposite sign. Once again,

we emphasize that the DC optical signal stabilizes at the timescale of a few seconds when P,y is

changed. Based on the results of Fig. 8(b), we conclude that partial derivatives % and ng)Z: are

again of opposite sign with the change of T, caused by the increase of the electrical pulses peak
power. The opposite sign of partial derivatives % and g?“f' is a key result demonstrating that

e-beam deposited amorphous TiO, features TOCs of opposite sign depending on the timescale.
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Fig. 8. (A) DC optical signal at the cross port for 2.5kHz pulse with a fixed duration (10us)
and increased peak-power. (b) Optical pulses recorded for increasing peak-powers. For each
peak-power, the DC optical signal is displayed in (a) with a dot of same face color as the
corresponding optical signal.

5. Discussion

TO dynamics of our amorphous TiO, can be described as follows: in the static regime (time scale
of several minutes), TiO; exhibits a large negative TOC. This negative TOC tends to decrease
with the heating temperature and can even be affected in a non-reversible way if the heating
temperature overcomes a typical value of around 250°C. The non-reversible change of TOC is
attributed to a transformation of the crystalline structure of TiO, from amorphous to dominantly
anatase as shown by XRD experiments. However, when the heating temperature remains below a
typical temperature of 125-150°C, the large negative TOC is preserved. Next, in the quasi-static
heating regime (time scale of a few seconds), we observe a typical TO response time in the range
of 2-3 seconds. Finally, for few micro-second long heat pulses with kHz repetition rate, the
optical signal at the MZI output features a slow TO response affecting the average optical level
with a contrast in the opposite direction to the optical response observed at the micro-second
timescale. Based on this last observation, the TOC of amorphous TiO; can be expressed as the
sum of a "slow" (second scale) and "fast" (micro-second scale) contributions of opposite sign:

(N

dnrio, _ dnrio, ) dnrio, )
dT dT siow dT fast

In static regime, note that both slow and fast TOCs contribute to the TO response. Given that
we observe an overall negative TOC in the static regime, it is clear that the slow contribution is
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negative and dominates over the fast contribution. The negative TOC of TiO, in the static or
quasi-static regime has been recognized by several authors and originates very likely from water
desorption not only for e-beam evaporated TiO, [12] but also for atomic layer deposited material
[15,16]. The "organic" origin of amorphous TiO, large negative TOC is indeed consistent with
the slow (second-scale) TO response time we observe in the quasi-static regime and thus rule out
material expansion as the primary cause of such a large negative TOC. Such an "organic" origin
of a large negative TOC is also identified in case of lead halide perovskite [33]. In addition,
unlike what is commonly admitted for TiO,, we find that amorphous TiO, features a positive
TOC at the timescale corresponding to heat diffusion, just like many standard TO materials with
a physical origin commonly attributed to a temperature dependent material polarizability.

1.2
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Fig. 9. (A) (resp. (B) Computed MZI cross (resp. bar) signal in a cold state (1) and a hot
state (2) assuming a TOC of the material with a large negative slow contribution (-3.5x1074
K~1) and a small positive fast contribution of 0.15x10~* K~!. In each figure, the dashed
line corresponds to the cold state whereas the solid line is the hot state.

The contrast of the optical signals we consider depends on the MZI output port (CROSS or
BAR) and on the unknown phase bias at room temperature. Hence, the analysis of the respective
signal contrast can be cumbersome. In this context, it is useful to verify that the interpretation of
our experimental results is in qualitative agreement with a simple MZI model. Figure 9(A)(resp.
(B)) shows the computed CROSS (resp. BAR) MZI signal computed from transfer function (3)
(resp.(1)). In this model, we assume a dephasing between MZI arms given by:

dn dn
B0 = @0 +hole| Z2) X T+ GE), ¥ T0) ®

with kg the free-space wavevector, L, the length of heating electrodes and g—;) w1 referring to
slow/fast
modal TOCs of the hybrid metallo-dielectric waveguide. Temperatures 7, corresponds to the

stabilized average temperature during a pulsed heating of the MZI and T} is the amplitude of the
temperature change at the time scale of one heating pulse. In Figs. 9(A) and (B), optical profiles
are obtained for the phase bias ®y = —27/3 rad. and temperatures set for cold and hot states.

The output signals are computed assuming j—'}) =-3.5x10"* K~! and j—;)f =+0.15x107*
fast

slow
K~!. By using opposite signs fast and slow TOCs, we observe a behavior of the CROSS signal
(Fig. 9(A)) in full qualitative agreement with the experimental profiles displayed in Fig. 8(b)
with in particular an increase of the OFF level and the corresponding development of a negative
contrast pulse. A similar inverted contrast is observed for BAR signal in Fig. 9(B) (decrease of
OFF level and positive contrast pulse). The change of average level and the corresponding pulse
contrast is obviously dependent on the choice of the phase set-point @y, meaning that depending
@y the results for CROSS and BAR signals could be reversed. Nonetheless, whatever @ or
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output ports, an optical pulse with a contrast reversed compared to the change of the average
optical signal is indicative of opposite sign TOCs at short and long timescales.

6. Conclusion

In summary, we have investigated the dynamics of thermo-optical properties of amorphous
e-beam deposited titanium dioxide. By operating different optical characterization techniques at
different timescales, we show that e-beam deposited TiO, features a large negative TOC with a
typical response in the range of one second. This large negative TOC depends on the crystalline
phase of the material and is found to decrease with an the increasing temperature range used for
the measurement of the TOC. Such a behavior suggests an organic origin of this large negative
TOC in agreement with the conclusion of previous studies. However, when observed at the
timescale of micro-second (corresponding to typical time constants of heat diffusion process
through our integrated waveguides), we note that the TOC of our amorphous TiO, is of opposite
sign as compared to the slow TO response. At this timescale, the amorphous TiO, TOC is positive
similarly to many other TO materials with a physical origin of this property related to the material
polarisability. Our results lead to several important conclusions. First, from a practical point of
view, owing to its large negative static TOC, amorphous TiO; can be operated in TO devices for
energy efficient phase set-point adjustment with the limitation that the organic origin of static
TO properties could be source of instabilities. Second, our results illustrate the importance
of multi-timescales optical characterizations for the determination of material TO properties
in particular for materials with a negative TOC. Indeed, if a TO material exhibits short and
long timescale TO response, standard static characterizations techniques such as spectroscopic
ellipsometry or Peltier module activated integrated optics configurations pick-up the sum of the
slow and fast contributions to the TO response. Hence, based solely on the results of such static
techniques, one can erroneously conclude that a material has a weak or no TO activity when in
fact the slow and fast TO contributions are both large but fully or partially counterbalance each
other. Finally, the results we report in this work are for amorphous TiO, featuring a quite large
negative TOC in the static regime. As a direct continuation of this work, it would be interesting
to check whether moderate negative TOC TiO; such as anatase crystalline phase TiO, exhibits
similar multi-timescale thermo-optic properties.
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