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ABSTRACT: Phase-change materials (PCMs) integrated with nanophotonic components enable tunable integrated optical
devices and hold promise for emerging applications in long-term photonic data storage by exploiting the large contrast in optical
properties when switched between amorphous and crystalline phase states. The phase transitions rely on short heat pulses, which
can be conveniently supplied by optical means. Therefore, a proper understanding of the temperature-induced refractive index
fluctuations, the thermo-optical effect, is essential for controlled and optimized device operation. Here we analyze the thermo-
optical effect of Ge,Sb,Tes nanojunctions integrated atop nanophotonic waveguides at telecommunication wavelengths. We
extract the thermo-optical coefficients for the crystalline and amorphous phase state, both the real and imaginary part. We
observe sign reversal of the thermo-optical coefficient upon phase change, which we trace back to different chromatic dispersion
of the two phase states within the studied spectral regime. Our findings will allow for designing PCM-based modulators,
nonvolatile memory systems, and reconfigurable photonic devices.
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he performance limitation of modern computer systems

by the transfer rate between memory and processor’ (the
so-called von-Neumann bottleneck) has triggered intense
research on optimized multicore computer architectures and
on alternative communication links to conventional copper
wires. Concerning the latter, optical telecommunication™ is
considered a promising solution to speed up the information
transfer due to powerful modulation schemes such as
wavelength-division multiplexing (WDM) with transfer rates
exceeding Tb/s. However, in contrast to long-distance
communication, where data transfer via optical fibers out-
matched electronics decades ago, on shorter distances the
power and time-consuming signal conversion between the
electronic (processor and memory) and the optical (link)
domain has prevented the use of light as the information carrier
in real world applications.* To avoid such redundant signal
conversions, a fully integrated all-optical memory” is required.
However, to date, integrated optical memories have been
predominantly volatile."® Due to their restriction to short-
term data storage, such memories are not suitable for an optics-
only data link.
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Recently, phase-change materials (PCMs)”'" have emerged
as suitable candidates for building an integrated all-optical
nonvolatile memory."' ™" In particular, their full compatibility
with photonic circuitry and their convenient multilevel
capability make them attractive candidates for future all-optical
memory architectures or even non-von Neumann computing
schemes."* PCMs, first commercialized in rewritable optical-
disc storage and recently heavily investigated for the next
generation of electronic random-access memory,'> combine
several beneficial properties for nonvolatile memory applica-
tions. In particular, a high refractive index contrast between
their amorphous and crystalline phase enables storing
information in their crystallographic phase.'® Since these
phase states (and therefore the stored information) have
been demonstrated to be stable for years,'’ the respective
memory can truly be viewed as nonvolatile. Furthermore,
studies on the most common composition, Ge,Sb,Tes (GST),
have shown that the phase transitions can be carried out on
subnanosecond time scales;'” low degradation can allow for up
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Figure 1. (a) Scanning electron micrograph of a 10 nm thick GST cell (green colored) of a 1 X 3 um? footprint on top of an on-chip silicon nitride
optical waveguide. (b) Finite-element simulations of the waveguide mode without (left) and with (right) crystalline GST on top. Evanescent
interaction between the guided light and the GST changes the waveguide mode and thus the complex refractive index that the guided light
experiences. (c) Schematic visualization of the influence of the thermo-optical effect of GST on the guided light. The electric field of the guided
mode is plotted in the complex plane; that is, the radial component represents its amplitude (E) and the angular component its phase (¢). With
increasing temperature (visualized with different colors) the electric field experiences both an additional phase shift (rotation by SAT) and
attenuation (decrease of amplitude by yAT). The effect is exaggerated and plotted not to scale for clarity. (d) Optical micrograph of an on-chip

Mach—Zehnder interferometer with an embedded GST cell.

to 102 switching cycles;15 and PCM cells are scalable down to
nanometric sizes.'® Generally, PCM cells are switched between
their two phases by suitable optically or electrically provided
heat stimuli. For amorphization the PCM temperature is raised
above the melting temperature and subsequently melt-
quenched by a rapid cool down. In contrast, crystallization is
triggered by heating the cell above the glass transition
temperature, long enough for the atoms to form long-range
order.

Since both phase transitions are temperature-driven, a proper
understanding of the heating process and its influence on the
switching dynamics is essential to optimize device designs and
switching schemes. In particular, the temperature dependence
of the real and imaginary refractive index, n and k, respectively,
usually referred to as the thermo-optical effect, has to be taken
into account for on-chip photonic circuitry. Generally, this
relationship is in good first-order approximation linear in the
temperature change AT and thus well described by the
material-specific thermo-optical coefficients f and y:

n(Ty + AT) = ny + AT k(Ty + AT) =k, + yAT

(1)

For example, in silicon-on-insulator (SOI), the technically
(due to well-established mass manufacturing processes) most
relevant material platform, a thermo-optical coefficient of f = 2
X 107* 1/K"” demands proper on-chip heat management to
ensure stable ogeration. In contrast, material platforms such as
silicon nitride,”” aluminum nitride (AIN),”" and diamond”*
(among others) experience a thermo-optical effect that is
approximately 1 order of magnitude smaller and are thus less
sensitive to temperature fluctuations. However, if these
platforms are combined with PCMs, even a small thermo-
optical effect of the PCM can significantly affect the device
operation due to the high temperatures involved.

Here, we study the thermo-optical effect of thin-film GST
layers at telecommunication wavelengths due to their emerging
applications in on-chip photonic circuitry. In the first part of the
paper we derive, in a two-step procedure, the thermo-optical
coefficients of the on-chip hybrid GST—photonic device. We
first extract the respective imaginary parts from a transmission
spectrum analysis of Mach—Zehnder interferometers (MZIs) at
different temperatures. Subsequently, we derive the real parts
with a transient pump/probe measurement scheme, which
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enables selective heating of the GST cells only. Our findings
demonstrate that both the real and imaginary part of the
refractive index of both the amorphous and crystalline phase
can change considerably during the optically induced heating
process necessary for switching. For the real part we find
changes of a few percent, while the imaginary part changes up
to hundreds percent. We then employ finite-element simulation
methods to derive the material coefficients from the measured
effective ones. These thin-film parameters at telecommunica-
tion wavelengths enable the design and optimization of future
nanophotonic device geometries and will allow realizing on-
chip PCM-based photonic devices for all-optical nonvolatile
memory, switching, modulation, and computing applications.

B RESULTS AND DISCUSSION

The studied hybrid PCM—optical system comprises a GST cell
on top of an on-chip Si;N,-based photonic waveguide, as
shown in Figure la. Light traveling along the waveguide
experiences a so-called effective refractive index, which is
determined by not only the refractive index of the guiding
material but also the exact waveguide geometry and its
surrounding. Therefore, evanescent interaction of the wave-
guide mode with the GST results in a modification of its
complex effective refractive index.”” This is presented in Figure
1b, where the simulated mode profile (details are given in the
Methods section) of both the bare waveguide (left) and the
waveguide with crystalline GST on top (right) is plotted. Thus,
the presence of GST alters both the phase and the amplitude of
an optical wave traveling along the waveguide, which, in the
case of a thermo-optical effect, also changes with increasing
temperature, as sketched (exaggerated for better clarity) in
Figure lc. The change in the real part leads to a phase shift,
while the change in the imaginary part leads to attenuation
(dashed red lines in Figure 1lc). Note, however, that the
thermo-optical effect in a waveguide is not directly governed by
the intrinsic material coeflicients # and y but rather by their
effective counterparts S and y.5 which, in analogy to the
effective refractive index, are also influenced by the exact
waveguide geometry:

"eff(’IE) + AT) = neff,o + ﬂeffAT

ker(Ty + AT) = ko + 7AT (2)
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Figure 2. (a) Transmission spectrum through a MZI with an embedded aGST cell of 1 X 15 ym? footprint for different temperatures. Upon heating,
both the real and imaginary part of the refractive index change, causing a shift of the spectrum and a decrease of the extinction ratio, respectively. (b)
Change of the attenuation (absorption of the GST) within the MZI arms derived from the measured spectra and eq 4. A linear increase with
increasing temperature is observed. (c) Study of the thermo-optical effect for several GST cells with different cell lengths. As expected, the effect

increases linearly with cell length.
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Figure 3. (a) Sketch of the used pump/probe setup. The on-chip device is characterized with an off-chip fiber-optic setup. Pump and probe lights are
separated by using a bidirectional (enabled by optical circulators), two-wavelength (1545 and 1560 nm) measurement scheme. (b) Exemplary
pump/probe measurement result for an aGST cell of 1 X 15 um? footprint. Upon optical excitation (upper panel, blue trace), the transmitted probe
power changes (lower panel, red trace) but starts to relax back to its original value directly after the end of the pump pulse. Two different
contributions (thermal, light blue trace, and electronic, black trace) are identified, which can be separated since their time constants differ by 2 orders
of magnitude. In contrast to the shown aGST results, in ¢cGST cells we only observe the thermal contribution.

In the following, we derive these effective thermo-optical
coefficients with on-chip MZIs. An optical micrograph of a
typical device is presented in Figure 1d. As shown in the inset,
the GST cell is embedded in one of the two interferometer
arms. This way, a change of the refractive index of GST affects
directly the amount of transmitted optical power due to

interference at the combining splitter. This can be expressed as
follows:™*

1 _
P= EPO e ((l/z)LGST[COSh(%LGST) + cos(Ago)]

2

Ap = T[neff,ngL — Mg gstLgst] 3)

Here, P denotes the transmitted optical power, P, the input
power, a the waveguide power attenuation coeflicient due to
the GST, Lggr the length of the GST cell, 4 the optical
wavelength, AL the path difference between the two arms, and
Meffwg (eggst) the effective refractive index of the waveguide
without (with) GST on top. Therefore, a change in the real part
of the effective refractive index of the GST cell (g sy) results
in a wavelength shift of the transmission spectrum. In contrast,
the respective imaginary part (~a) affects the extinction ratio.

Imaginary Part of the Thermo-optical Coefficient at
Telecommunication Wavelengths. First, we study the
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transmission spectrum of the MZI devices at different
temperatures. For that we place the chip on a proportional-
integral-derivative (PID)-controlled hot plate. Exemplary data
for an amorphous GST (aGST) cell of 1 X 15 um? footprint are
presented in Figure 2a. For clarity, the shown transmission
curves are normalized separately to their maximum trans-
mission level. Upon heating we observe both that the spectrum
shifts toward higher wavelength and that the ratio of maximal
(Ppax) to minimal (P,) transmitted power (extinction ratio)
decreases. We note that these changes in the transmission
spectrum are, since the temperature of the whole device is
raised, not exclusively caused by the thermo-optical effect of
GST but also by the respective ones of the SiO, substrate and
the Si;N, waveguide. Although these effects are relatively small
(on the order of 1075 1/K*°), they still dominate (by 1 order of
magnitude, according to the following analysis) the observed
wavelength shift because the GST cells are much smaller than
the remaining circuit. In contrast, since both SiO, and Si;N,
experience negligible absorption (in our waveguides we find
propagation loss as low as 0.21 dB/cm™*) their effect on the
observed increase in attenuation can be neglected. Therefore,
from the measured extinction ratios we are able to extract
directly the change in attenuation (thus absorption of the GST)
with the following formula, which can be derived from eq 3:
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Figure 4. (a) Measured change in transmitted probe power at (i) 1547.8 nm, (ii) 1548.6 nm, and (iii) 1549 nm wavelength upon excitation with a
100 ns optical pulse at 1560 nm. The observed dependence of the change in probe power on the probe wavelength is due to the interference that
takes place within the MZI. (b) Using the trace colors, the shown probe wavelengths are marked in the measured transmission spectrum of the
studied MZI with an embedded 1 X 15 ym? aGST cell. (c) Summarized dependence on the probe wavelength for both the thermal and electronic
contributions. The traces show a wavelength shift relative to the transmission spectrum and are asymmetric around zero, indicating that both the real
and imaginary part of the refractive index change upon excitation. From the shown fit of eq 6 to the thermal trace, the quotient of the thermo-optical

coefficients can be extracted.

A

The corresponding results are plotted in Figure 2b for the 1
X 15 um?® device. In accordance with eq 2, a linear relationship
is observed from which we are able to extract first the product
of an effective thermo-optical coefficient y.¢ with the length of
the GST cell, Lggr. To extract the value for y.g we carry out the
same analysis for several devices with different GST lengths, as
presented in Figure 2¢c. From the expected linear relationship
we can eventually obtain y. From this analysis and the
corresponding one for cGST, we derive

a P
exol ==L - Zmax
XP( > GST) ( D

min

(4)

(1.17 + 0.03) X 10 ° K !
(1.13 + 0.03) x 10*K™*

YefaGsT —

FeeasT = ©)

Putting this in relation to the measured attenuation
coefficients at room temperature (given in the Methods
section) reveals that the aGST cell experiences a stronger
increase of its attenuation coefficient (0.77%/K) than the cGST
cell (0.17%/K).

Real Part of the Thermo-optical Coefficient. As
discussed in the previous section, the thermo-optical effects
of the SiO, substrate and the Si;N, waveguide prevent the
derivation of the real part of the thermo-optical coeflicient of
GST from the measured shifts in the device spectrum, as the
one shown in Figure 2a. Therefore, we use a pump/probe
measurement scheme that enables us to raise the temperature
of the GST cells only."" This selective heating is possible since
nanosecond optical pump pulses, which are sent into the
device, are almost exclusively absorbed by the GST. Thermal
diffusion also heats the underlying waveguide, but since both
this temperature increase during the optical excitation and the
thermo-optical effect of silicon nitride are comparatively small,
this effect can be neglected. Off-chip, as sketched in Figure 3a,
we use two optical circulators to redirect both the pump pulse
and probe light first to the chip and then to the detectors. Back-
reflections of the pump pulse at the interface between off-chip
fibers and the on-chip device are filtered out by using two
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different wavelengths for the pump (1560 nm) and probe
(around 1545 nm) and a color-selective bandpass filter.

In Figure 3b we present an exemplary measurement result for
an aGST cell of 1 X 15 um? footprint. Upon excitation with an
optical 100 ns pulse (blue trace, upper panel), the transmitted
optical power (lower panel, red trace) starts to relax back to its
original value immediately after the end of the pump pulse.
Besides the thermo-optical effect (light blue trace) we also
observe an electronic contribution (black trace), which follows
directly the optical pump pulse. Here, the electronic
contribution is due to additional free carriers, generated by
the absorbed light, which enhance the light absorption by
contributing to the intraband absorption rate.”> The thermal
and electronic effects can be well separated from each other due
to their inherently different time constants: while heat diffuses
out of the GST within a few hundred nanoseconds, the
electrons relax back within less than 300 ps (measurement is
limited by the speed of the pulse generator), as shown in Figure
4a. This is consistent with pump/probe measurements carried
out in the visible spectrum, where relaxation times of a few
picoseconds have been observed.”® In Figure 3b, the shown
thermal trace is obtained by subtracting the electronic
contribution from the measured curve and subsequent
smoothing (FFT filter, SO MHz) for clarity. In contrast, the
electronic part is obtained directly from the measured pump
pulse (upper panel) by rescaling it in such a way that the
resulting thermal trace is continuous. In c¢GST we do not
observe any significant electronic contribution, which means
that the thermo-optical effect clearly dominates operation in
this phase state.

To study the transient behavior of the GST embedded in a
MZI, we perform a series of pump/probe measurements where
the pump (both power and wavelength) is fixed while the
probe wavelength is varied. Exemplary results are plotted in
Figure 4a. It can be seen that the transient behavior depends
considerably on the probe wavelength. This is a property of an
MZI in which the refractive index in only one arm is varied, as
discussed below. We perform the pump/probe measurements
over two free spectral ranges of the MZI transmission spectrum
(Figure 4b). For each wavelength a time-domain trace as in
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Figure 4a is recorded. The obtained traces are then separated
into their electronic and thermal parts. The thermal
contributions are obtained by analyzing the measured change
in probe power S ns after the end of the excitation. At this time,
all electronic contributions are already relaxed back, but
considerable thermal diffusion has not set in yet. The shown
electronic contributions are, on the other hand, taken from the
measured trace 3 ns (rise time of the detector) after the start of
the pump pulse, where thermal contributions are still small. In
these traces the fast variation is assumed to be electronic, while
the slow increase is attributed to thermal effects (see curves (ii)
and (iii)). In Figure 4c we present the respective changes in
probe light due to the two contributions for all measured probe
wavelengths. Here, however, we want to focus on the thermo-
optical effect only, and therefore the shown electronic curve is
just added for clarity.

For a quantitative analysis we combine eqs 2 and 3. We
assume that the thermo-optical effects (f,4AT and y4AT) are
small in comparison to the static material values at room
temperature (n.¢ sy and k.g) and Taylor expand the resulting
equation to first order:

Dlose 7T

=e’ ELGSTATﬂeff

=C

P,

0

X sin(A(pO)—ye—ff-

eff
——
=5

(e_%km + cos(A(p0 )j (6)

Therefore, the measured change in transmitted power AP
depends not only on the thermo-optical coefficients but also on
the phase difference Ay = A@(T = T,) (cf. eq 3) between the
two interferometer arms and thus the probe wavelength. This
equation can now be fitted to the experimental data to extract
the ratio of the thermo-optical coefficients, which we term ¢ in
the following. To do so, we first use eq 3 to extract
exp(—agLggr/2) and A@, from the measured transmission
spectrum of the device, as shown in Figure 4b. In a second step
we then fit eq 6, keeping everything fixed but C and 9, to the
pump/probe data. As can be seen from Figure 4c, we obtain
very good agreement between the fitted curve and the
experiment. We do this analysis for several devices with
different GST lengths and take the ensemble average of the
resulting values for 6. With the already known values of y¢ as
derived in the previous section we can then obtain an effective
Pe- From this analysis we get for the two phase states of GST

Bgacsr = (3:5 £ 0.4) X 10° K™

B st = —(6.5 £ 0.09) X 105K™!

7)

Setting this again in relation to the measured values at room
temperature (given in the Methods section), upon heating, the
effective refractive index of the aGST cell changes by 2.2 X 1073
%/K and that of the c¢GST cell by —3.9 X 1073 %/K.
Furthermore, we want to emphasize that the observed change
in the refractive index can, as assumed earlier, indeed be
attributed only to the GST. In aGST the observed effect is
more than twice as large as the pure Si;N,-based effect (we
measure fggsng = 1.6 X 107° 1/K). In contrast, in ¢<GST the
magnitude of the effect exceeds that of silicon nitride by a factor
of 4, and, more importantly, the refractive index decreases with
temperature, while in silicon nitride it increases.
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We attribute this sign change upon switching to the fact that
aGST experiences at 1550 nm optical wavelength (0.8 eV)
normal dispersion, whereas cGST shows anomalous disper-
sion,”” as shown in Figure 5. While in the amorphous phase

1 M 1 M T
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Figure S. Derivative of the refractive index n with respect to the optical
energy E, calculated from the dielectric function of GST.*” At 1550 nm
optical wavelength (0.8 eV, marked blue) aGST experiences normal
dispersion but c¢GST, anomalous. The sign difference explains the
observed sign change of f upon switching according to eq 8.

state the curve takes only positive values within the presented
spectral regime, cGST experiences a sign change at an energy of
approximately 0.75 eV. This is because cGST transitions at this
energy from a region of normal to anomalous dispersion. In
particular, at the (blue marked in the figure) energy where the
measurements in this study are performed (0.8 eV) the
derivative is positive in the amorphous but negative in the
crystalline phase state. This sign difference in the derivative is
the reason for the sign change of f upon switching.

The optical properties of GST in the near-infrared spectrum
are mainly determined by electronic interband transitions; thus
the thermo-optical effect can be assumed to be in first-order
approximation a result of the decrease of the optical band gap
(E,) with increasing temperature (1):>*

podn o aEgcx on

dT  0E, T  OE, (8)

Qualitatively, the dependence of the dielectric function &(E)
(and thus the refractive index) on the band gap can be
described with the basic Lorentz oscillator model* as &(E) = 1
+ Nezl’lzeo_lm_l(Eg2 — E* — i[E)”". Within this model, a
decrease of E, results mainly in a shift of the refractive index
curve as a whole to lower energies. The change of the refractive
index On at a fixed energy E due to such a shift of the band gap,
however, is qualitatively the same as if the band gap was kept
constant but the energy was increased by OE. Therefore, the
derivative of n with respect to E, can be well approximated by
the respective derivative with respect to E. This approximation
is here justified because we are only interested in a qualitative
explanation of the sign change of  upon switching. However,
this approximation is also quantitatively correct as long as the
damping term I' is sufficiently small and E is close to Eg:

3 E . I ) oe
= ‘(E: * *)*
aforementioned derivative, calculated from the measured
dielectric function of GST.”’

Extraction of Material Coefficients. In the previous
paragraph we presented the measurement of the effective
thermo-optical coeflicients fB.¢ and y.4 of the studied hybrid
system. We now proceed to derive from these effective

In Figure S we have plotted the
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Figure 6. (a) Dependence of the imaginary (upper panel) and real (lower panel) part of the effective refractive index on the width of the ¢cGST cell.
(b) Finite-element simulation results on the dependence of the imaginary (upper panel) and real (lower panel) part of the effective refractive index
on both the real and imaginary part of the refractive index of cGST. From the presented linear fits we extract the coefficients summarized in Table 1.

Table 1. Matrix Coefficients of Eq 10, Derived with COMSOL

OMeff, GST OMeff, GST Okeff, GST Okeff, GST

onGsT okGsT okGsT onGsT
aGST (3.1 £ 0.89) x 1072 —(691 +2.6) x 107* (3.1 £ 0.89) x 1072 (691 + 2.6) x 107
cGST (7.7 + 1.4) x 1072 —(3.1 + 0.65) x 107> (7.7 + 1.4) x 1072 (3.1 £ 0.65) X 1072

parameters the actual thin-film material coefficients using finite-
element simulations (FEM). The values will, in the future, help
to predict the thermo-optical effect in other device geometries
used in nanophotonics.

For our analysis we study the optical waveguide mode with
2d FEM simulations on the waveguide cross-section (as shown
in Figure 1b). In a first step we derive the GST cell properties
at room temperature and compare the simulated effective
refractive index to the measured value. When using literature
values for nggr,”" we observe a considerable discrepancy
between our experimental findings and the simulation results.
However, since our simulations without GST on top of the
waveguide are in good agreement with the experiment, we
attribute this difference to a refractive index of GST that
deviates from the literature value. In fact, the dielectric function
of GST in the infrared wavelength regime is known to depend
sensitively on the exact stoichiometry of the PCM.”’
Furthermore, a considerably thinner layer (10 nm) than in
the literature (100 nm) might also have an impact on the
optical properties close to the band gap. Therefore, in a first
step we tune the refractive index of GST by adjusting both the
real and imaginary part in our simulation such that the results
match our experimental findings. The unique solutions of this
analysis are

noacsT = 394 X (1 £ 0.14)

ko .cst = 0.045 X (1 + 0.09)
st = 6.11 X (1 £ 0.054)
kocgst = 0.83 X (1 £ 0.073) ©)

Using these values, the photonic structure can be modeled, in
excellent agreement with experimental results, with ngg, =
1.444 and ngy, = 1.997. Furthermore, we use nipg = 0.6 +
0.04i to capture the influence of the ITO capping layer, which
also has a small (in the case of cGST almost no) contribution
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to the evanescent coupling. This refractive index is obtained in
the aforementioned process of fitting simulations to the
experiment. In order to fit only one refractive index at a
time, the refractive index of aGST is first derived from devices
with SiO,-capped GST cells, thus a structure without ITO,
during a series of independent measurements. Then, the ITO
value is adjusted such that the simulations also match the
aGST/ITO structure.

To account for uncertainties in the simulation we look at the
influence of all input parameter on the simulation result. Within
the respective uncertainty limits, the thickness of the GST layer
and the refractive index of Si;N, are the most error-prone
quantities. Therefore, we neglect all other sources for the error
estimate and consider only a +1 nm uncertainty (the typical
thickness variation encountered in our sputtering process) of
the GST-layer thickness and a refractive index variation of +5%.

To check our simulation results, we predict from the derived
values (adjusted to a 1 gm wide GST cell) the mode properties
of also fabricated and measured GST cells with different widths,
as shown in Figure 6a. Within the error limit our simulation
results match reasonably well the experimental values. We
ascribe the more rapid decrease of kg sy with decreasing cell
width to a decreasing volume of the GST cell. Due to limited
directionality of our used sputtering system, the cell height is
slightly smaller at the edges of the cell, as qualitatively
confirmed with atomic force microscopy measurements. Since
the contribution of side-effects increases with decreasing cell
area, this exactly leads to the observed more rapid decrease.

Next, we simulate how the effective refractive indices of the
GST cell changes if the refractive index of GST is slightly
varied. As shown in Figure 6b, we observe linear relationships
up to changes of several percent. Therefore, the connection
between the material and effective parameters can also be
assumed to be linear in first-order approximation:
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Here, the matrix coefficients are just the slopes of the linear
dependences observed in Figure 6b. The respective values,
obtained from linear fits to the simulation data, are summarized
in Table 1. The stated uncertainties are derived by repeating the
same analysis as before but at the boundaries of the confidence
interval in eq 9 and by taking the maximal deviation. Using
these coefficients, we obtain the thermo-optical coefficients of
GST by inverting eq 10:

Besr = (L1 £034) x 10° K™
Yigst = (41 +12) x 107*K!

Besr = —(22+£20) x 107° K™

YegsT = (1.56 + 0.21) x 10> K™ .

In our analysis we have neglected the contribution of the
ITO capping layer. This is, however, justified because it has
only a little influence on the effective refractive index of the cell,
as reflected by the fact that the respective coeflicients are, in
comparison to the ones in Table 1, over 1 order of magnitude
smaller.

B METHODS

The devices are fabricated from a 335 nm Si;N,/3350 nm SiO,
wafer in a three-step electron-beam lithographic procedure
combined with sputter deposition of GST and subsequent lift-
off. The sputter-deposited GST of 10 nm thickness is capped
with a 10 nm ITO layer to prevent oxidation. For further details
on the fabrication we refer the reader to refs 11, 12, and 24. All
waveguides are designed to be 335 nm high and 1 ym wide.
The widths of the waveguides are measured after fabrication
with high-resolution SEM images to be 1.02 ym. The width and
the length of the GST cells are varied between 350 nm and 1
pum and between 500 nm and 15 pm, respectively. After
fabrication we characterize the attenuation of both as-deposited
amorphous GST (aGST) and crystalline GST (cGST). The
GST is crystallized by thermal annealing on a hot plate at 200
°C for S min. We measure an optical attenuation coefficient (at
room temperature) of 0.053 and 2.35 dB/um and effective
refractive indices of 1.57 and 1.67 for aGST and c¢GST cells of 1
pum width, respectively.

To characterize the on-chip devices, we couple light between
the off-chip fiber setup (for more details refer to refs 11 and 31)
and the on-chip devices with so-called focusing grating couplers
optimized for wavelengths around 1550 nm. The transmission
spectra are recorded with a tunable continuous wave (CW)
laser source (Santec, TSL-510C) in combination with a low-
noise photodetector (New Focus, model 2011). Optical pulses
are generated from the second CW laser (New Focus, 6427) by
an electro-optical modulator (Lucent Technologies, 2623CS)
and an electrical pulse generator (HP 8131A) and are further
amplified with an erbium-doped fiber amplifier (Pritel,
LNHPFA-33). Back-reflections of the pump pulse at the
interface between off-chip fibers and the on-chip device are
filtered out by using two different wavelengths for pump (1560
nm) and probe (around 1545 nm) and a color-selective
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bandpass filter (Pritel, TFA-1550). The detector (New Focus,
models 1811s and 1554-B) signals are recorded with a 6 GHz
oscilloscope (Agilent Infiniium, 54855A), while averaging over
200 measurements is carried out for noise reduction.

The finite-element simulations presented in Figure 1b are
carried out with COMSOL Multiphysics. The silicon nitride
waveguide is modeled as a 335 nm high and 1.02 ym wide
rectangle with a refractive index of 1.997 on top of a silicon
dioxide substrate with ngo, = 1.444. In accordance with our
results, the 10 nm high c¢GST is modeled with the refractive
indices given in eq 9 and the 10 nm ITO capping layer with
mro = 0.6 + 0.04i. All simulations are carried out at a
wavelength of 1550 nm.

B CONCLUSION

We have experimentally shown that GST exhibits a significant
thermo-optical effect at telecommunication wavelengths, which
can considerably influence device operation. Using a combina-
tion of static transmission and dynamic pump/probe measure-
ments we have derived the effective thermo-optical coeflicients
of the hybrid GST—photonic device. We observe that in both
crystal phases the real and imaginary parts of the effective
refractive index change on the order of 10~ %/K and 107!
%/K, respectively. Therefore, during switching, where the
temperature is optically raised by several hundred Kelvins, these
coefficients change by a few (real parts) up to hundreds
(imaginary parts) percent, which is large enough to
considerably influence operation dynamics in on-chip devices,
in particular in photonic cavities. We further observe that upon
switching the sign of the thermo-optical effect changes from
positive (aGST) to negative (cGST), which we have attributed
to a change in the dispersive properties of GST from a normal
(aGST) to an anomalous (cGST) dispersion regime at the
studied wavelengths around 1550 nm. Using FEM simulations
we have derived the material coefficients from the measured
effective ones. Our results will in the future help to optimize
both the design and operation schemes of all-optical memories,
switches, and modulators.
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