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Abstract: The evaluation and comparison of the optical properties in the O and C bands
of silicon nitride rib waveguides with integrated Ge,Sb,Tes phase-change cells is reported.
In straight rib waveguides, a high transmission contrast is observed in both bands when the
Ge,Sb, Tes cell is switched between states, being up to 2.5 dB/um in the C-band and 6.4 dB/um in
the O-band. In the case of silicon nitride ring resonator waveguides, high quality factor resonances
(Q ~ 10°) are found in both bands, leading to the provision of an ON-OFF switch characterized
by an extinction ratio of 12 and 18 dB in O and C bands respectively. Finally, with the view
to provide a comparison of the wavelength-dependent optical switching of the phase-change
cell, a 3-dimensional finite-element method simulation is performed and a comparison of the
optical-to-thermal energy conversion in both bands given.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License

1. Introduction

To date, one of the challenges faced by silicon photonics is the integration of non-volatile
reconfigurable components such as switches, filters, memories, though recently significant
progress has been made, in particular by combining chalcogenide phase-change materials with
photonic devices (see e.g. [1-4]).

Silicon nitride (SiNx), an associated CMOS photonics enabling material, provides a very
promising and complementary photonic platform for the development of low-cost CMOS
compatible waveguides and related photonic components [5]. This is due to the flexibility of the
material in terms of fabrication (low temperature), tuneability of the refractive index contrast,
transparency, and low temperature sensitivity [6]. As a result, SiNx waveguides have been widely
employed for light propagation in the near infrared and in the visible range of the electromagnetic
spectrum [7,8]. Although Si waveguides provide more confinement than SiNx, leading to more
compact devices, Si3N4 or non-stoichiometric SiNx is more cost effective, thermally stable, and
provides lower loss and greater freedom when constructing more complex multi-layer photonic
circuitry [9,10].

Chalcogenide phase-change materials have been a mature technology for decades in optical
storage and are now seen as a promising CMOS compatible route to provide the much needed non-
volatile reconfigurability in integrated photonic components [11]. The phase-change materials
(PCMs) [2,12,13] are stable (years at room temperature) in both amorphous or crystalline
phases (which exhibit large contrast in optical properties), can be switched between states very
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quickly (nanoseconds or less) [14,15], and exhibit high endurance (large number of switching
cycles) [16,17]. The crucial feature of integrated photonic PCM-based devices compared with
conventional thermo-optic based programmable circuits is that energy is only consumed during
the actual switching process. Different technological applications of PCM-based devices such as
switches [18,19], wavelength division multiplexers [20], directional couplers [21], memories
[1,20,22,23] and neuron and synapse mimics [24,25] have been already demonstrated, all
operating in the C-band range of the spectrum and using Ge,Sb, Tes phase-change cells. Recently,
an O-band nitrogen rich silicon nitride Mach-Zehnder interferometer has been demonstrated in
Ref. [26]. The contrast between the phase-change optical material properties (n and k) is used as
the key component for phase-change photonic device operation and the values used for the films
in this paper are as in Fig. 1, obtained by ellipsometric measurements. The optical constants for
GST at 1310 and 1550 are n%; %57 = 3.969+j0.23 and n¢-S57 = 3.94+j0.045 for the amorphous

1310 1550
state , and n{; 5 =6.15+1.57 and {357 =6.11+0.83 for the crystalline state.
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Fig. 1. (a) Refractive index, n, and (b) extinction coefficient, k, ellipsometry measurements
in amorphous (solid black lines) and crystalline (solid red lines) state for Ge,Sb, Tes (GST).

Photonic integrated circuit applications are mainly conducted in the wavelength region where
optical fibers have low transmission loss. This low-loss wavelength region ranges from 1260
nm to 1625 nm, and is divided into five wavelength bands referred to as the O-, E-, S-, C- and
L-bands.

The O-band, ranging from 1260 nm to 1360 nm, stands for the original band. It was originally
considered as the primary wavelength band used for optical communication in the mid-1970s
for two main reasons: firstly, optical fibers at that time exhibited the lowest attenuation near the
O-band, not in the C-band (due to water-based absorption in fibers available in the 1970s being in
general less in the O band than in the C band - something that is no longer the case), and secondly,
silica glass has a zero-material dispersion wavelength in the O-band, and thus it was expected
that signal distortion, arising from fiber chromatic dispersion, would be minimized. Even though
optical fiber manufacturing technology has improved and nearly achieved the elimination of
water molecules, moving the lowest attenuation to the C-band, the O-band is still in extensive
use for optical communication, mainly because optical communication systems that do not
require dispersion-compensation schemes offer advantages in both the initial investment (lower
transceiver price) and operation cost (lower power consumption), both key requirements for a
data center where high-speed Ethernet is heavily used.

The C-band (conventional band: 1530-1565 nm) is commonly used in many metro, long-haul,
ultra-long-haul optical transmission systems combined with wavelength-division multiplexing
(WDM) and erbium-doped fiber amplifier (EDFA) technologies. The C-band is favored for
long-distance transmission because the attenuation of modern optical fiber has its minimum in
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the C-band, as discussed previously. The current lowest loss of optical fiber is 0.14 dB/km at
1560 nm, reported in 2018 [27,28].

In this manuscript, an experimental evaluation and comparison of the optical properties in
the O and C bands of silicon nitride rib waveguides with integrated Ge,Sb,Tes phase-change
cells is reported, with a view to possible future applications in both ranges of the spectrum.
Furthermore, ring resonators with Ge,Sb,Tes (GST) deposited on top of the ring structure and
used to turn ON or OFF the resonance are reported in both bands, demonstrating the building
blocks for potential future application in opto-electronic oscillators (OEO) [29], frequency
combs [30], multifunctional reconfigurable photonic integrated circuits (PICs) [31], or arbitrary
radiofrequency waveform generators (AWG) [32].

2. Design
2.1. O-band

In the O-band, the optical platform consists of a SisN4 (n = 2.01) rib photonic waveguide. The
rib width and inner height are designated as W = 900 nm and H= 300 nm respectively, and the
outer region of the rib has a thickness of H — h = 120 nm, see Figs. 2(a-b). This waveguide
geometry enables mode propagation in the O-band (both TM and TE) with losses (<1 dB/cm).

(a) )
' Crystalline state ’
(©) e v (d) IE) (V/m)
1.85 |=—amorphous
15 |=—amorphous — !
——crystalline crystalline
1.8
£1.75
=
1.7
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Fig. 2. Eigenmode simulation of the fundamental TE optical mode of a rib silicon nitride
waveguide at 1310 nm wavelength, with a GST thin layer cell on top in the (a) amorphous
state (b) crystalline state; (c) mode attenuation and (d) effective refractive index both as a
function of PCM layer thickness.

TE polarization was selected in this work due to the grating couplers’ fabrication optimization
and the stronger mode overlap compared with the TM mode. A phase-change material cell
was deposited on top of the rib waveguide in order to make the passive building block tunable.
The tunability consists of controlling the losses of the waveguide by switching the PCM layer
between its amorphous and crystalline states. The thickness of the cells was selected to be
20 nm, comprising a 10 nm PCM (Ge,Sb,Tes) layer, capped with 10 nm of SizNy to prevent
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oxidation. In order to achieve a good contrast (distinguishable difference in attenuation between
the amorphous and crystalline states of the phase change material cell) while at the same time
maintaining a good signal-to-noise ratio in the output optical signal of the waveguide, a 10 nm
thick PCM layer was selected for the devices which, as can be seen in Fig. 2(c-d), provides a good
trade-off between contrast and output signal level. COMSOL Multiphysics was used to calculate
the effective refractive indices and the cell absorption in both states of the PCM (amorphous and
crystalline), see Figs. 2(a-b). The attenuation constant () and the effective refractive index (n.)
of the structure strongly depend on the thickness of the PCM layer (#,c,) as shown in Figs. 2(c-d).
The optical constants used in the simulations at 1310 nm can be found in Fig. 1.

2.2. C-band

In the C-band, the optical platform consists of a Si3zNy4 (n = 2.01) rib photonic waveguide.

The rib width and inner height are designated as W = 1300 nm and H= 300 nm respectively,
and the outer region of the rib has a thickness of H —h = 120 nm, see Figs. 3(a-b). This waveguide
geometry enables mode propagation in the C-band (both TM and TE) with losses (<1 dB/cm).
The phase-change cell deposited on top of the waveguide is identical to that described above
for the O-band, and COMSOL Multiphysics was again used to calculate the effective refractive
indices and the cell absorption in both states of the PCM (amorphous and crystalline). As in
the O-band, the absorption (attenuation) and the phase shift (effective index) induced by the
phase change material strongly depend on the thickness of the PCM layer (¢,c,), as shown in
Figs. 3(c-d). The optical constants used in the simulations at 1550 nm can be found in Fig. 1.
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Fig. 3. Eigenmode simulation of the fundamental TE optical mode of a rib silicon nitride
waveguide at 1550 nm wavelength, with a GST thin layer cell on top in the (a) amorphous
state (b) crystalline state; (c) mode attenuation and (d) effective refractive index both as a
function of PCM layer thickness.
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3. Fabrication

The various devices were fabricated using electron beam lithography (EBL), using three exposure
steps, on silicon nitride-on-insulator substrates. The layer stack consists of 300 nm of Si3N4 over
2 pum of SiO,, deposited on a silicon carrier wafer.

In a first lithography step, windows for gold alignment markers were opened using the PMMA
950K A4 resist spun at 4000 rpm for 60 seconds, yielding a resist film thickness of 200 nm. The
development was carried out in an IPA: MIBK: MEK (15:5:1) mixture for 35 seconds. After
depositing 5 nm of chromium and 50 nm of gold using a thermal evaporator (HHV Auto3006),
a lift-off in acetone was carried out and alignment marks for the next lithography steps were
thus patterned. In a second lithography step, the waveguides and ring resonators were exposed
using a TI PRIME adhesion promoter spun at 4000 rpm for 30 seconds and baked at 120°C for
120 seconds, and ma-N 2403 negative tone resist spun at 3500 rpm for 60 seconds and baked
at 90°C for 120 seconds. The lift-off in this case was carried out using MF 319 developer for
35 seconds. This was followed by reactive ion etching (RIE) using a recipe which comprises a
gas mixture of 15 standard cubic centimeters per minute (sccm) of SFg and 15 sccm of Argon
with a pressure of 45 mTorr, and a power of 50 W, to pattern the photonic integrated waveguides
and ring resonators on Si3Ny4. The remaining resist was removed in an acetone bath at 80 °C for
10 minutes, followed by 10 minutes of sonication in the warm acetone at 80 kHz. A third and
last lithography step consisted of opening the windows for the PCM deposition using the same
technique as used for the markers. Finally, the GST cells capped by 10 nm of SizN4 were then
integrated on top of the waveguides and rings using physical vapor deposition (PVD) techniques
(magnetron sputtering). Examples of as-fabricated devices are shown in Fig. 4.

(©) 100em -~ ) -

s

woam ()

Fig. 4. Optical microscope images of the fabricated structures. (a) Rib micro-ring resonator
waveguide at 1550 nm with the deposited phase change material GST. (b) Rib waveguide
with a deposited GST cell with length Lpyc; = 4 um. (c) Rib waveguides with different
lengths of the phase change material and a TE grating coupler inset image. (d) Add-drop
filters with the phase change material deposited in the right-hand side of the ring resonator.
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4. Results and discussion
4.1. O-band

A set of rib waveguides and ring resonators with width and inner height values of W = 900 nm
and H = 300 nm respectively, and the outer region of the rib waveguide with a thickness of 120
nm were fabricated in the O-band. The radii of the ring resonators were selected to be large
enough in order to avoid bending losses and obtain high quality factor resonances (Q ~ 10%)
without the phase change material cell. All structures were connected to an input and an output
grating coupler which consists of a 10 um width and 50 um length with a period of 984 nm
tapered down to a single-mode waveguide of 900 nm width. The angle between the optical fibers
delivering light to the couplers and the couplers themselves was selected to be 14° to the normal,
to ensure maximum coupling at the wavelength of interest (1310 nm). The spectral response
of the rib waveguide integrated structures for different PCM cell lengths, ranging from 1 um
up to 25 um, and for both amorphous and crystalline states of the PCM layer, was evaluated
using an Agilent 8164B tunable laser source with a tunable wavelength of 1260 to 1360 nm. The
polarization of the light was controlled to ensure that only TE modes could propagate through
the devices. The measurements of the different rib waveguides for different cell lengths were
normalized, extracting the losses due to the grating couplers. The phase change was induced
thermally by depositing the chip on a hot plate at 230 °C for 15 min. The experimental losses of
the waveguide at 1310 nm using GST as the deposited PCM were found to be as high as 6.66
dB/pm in the crystalline state and as low as 0.228 dB/um in the amorphous state [Fig. 5(a)].
These results matched quite closely the simulated values, which at 1310 are 6.71 dB/um and 0.34
dB/um in the crystalline and amorphous states respectively [Fig. 2(c)]. The loss coefficient of
the TE mode for both states of the phase change material was also evaluated experimentally over
a range of the spectrum between 1260 and 1360 nm, with losses in the crystalline state showing
a slight increase with wavelength, whereas losses in the amorphous state being almost flat, as
shown in Fig. 5(b). For the O-band a scattering loss of 0.22 dB in the amorphous state and 0.33
dB in the crystalline state have been evaluated.

n
>

(a) " @1310 nm | [ (b)

=)
=
E 40} , :
E a, = 6.66 dB/um f— 6 crystalline
230} - E
B 3
) % 4
=20k =)
" :
= 2t
g10r a, = 0.228 dB/um
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Z 0 . : : () | —————
0 5 10 15 20 25 126 128 130 132 134 1.36
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Fig. 5. (a) Measured losses in the waveguide for different PCM cell lengths in both states,
amorphous (black line) and crystalline (red line) at 1310 nm. (b) Measured loss coefficient
for different wavelengths in both cell states, amorphous (black dots) and crystalline (red
dots).

A set of 5 rib ring resonator waveguides, each with their own integrated PCM cell, were also
coupled to straight waveguides in order to measure their non-volatile tunable resonance properties
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in the O-band. The rib ring resonators were designed to have radii of 100 ym in order to avoid
bending losses. The gap between the ring resonator and the straight waveguide was set to be
around 250 nm. A GST cell of 5 um length and width of 8 um completely covering the waveguide
width was deposited on top of the ring resonator structure [Fig. 4(a)]. First, the bare structure
(without phase change material) was characterized and normalized. The optical response can be
seen (black dashed lines) in Fig. 6(a), and quality factors as large as Q = 21, 840 were measured
with a free-spectral range (FSR) of 1.4 nm. Using the resonance equation of a ring resonator,
md,, = 2nnggR, the experimental effective refractive index can be extracted, where 4,, is the
resonance wavelength, R is the radius of the ring resonator, m is the number of integer number of
wavelengths inside the cavity and n.g is the effective refractive index. In our case, R = 100 ym,
m =757, and A4, =1.31045 um, hence, the measured effective refractive index has a value of
neg = 1.5948, which agrees with the simulated extracted effective refractive index ne; = 1.5953.
In Fig. 6(a), the optical responses of the ring resonator structure for both states of the phase
change material, amorphous (solid black line) and crystalline (solid red line) are also presented.
In Fig. 6(b), a zoomed image of the resonance around 1310 nm is presented. It can be seen that
once the phase change material is switched to the crystalline state, the resonance condition is
effectively cancelled (i.e. much more attenuated), due to the high extinction coefficient in the
crystalline state, and we can consider the device to be in an OFF- state. However, when the phase
change material is in the amorphous state, the ring resonator essentially maintains the original
resonances, but shifted in wavelength, and we can consider this as the ON-state. The free spectral
range (FSR) in the amorphous and crystalline states of the PCM is maintained and is equal to 1.4
nm for both states. The quality factor is reduced for both states of the PCM as compared with the
bare structure. For the amorphous state, the quality factor is however still relatively large, being
0 = 6590, due to the low level of losses introduced by the amorphous phase. In the crystalline
state, however, the quality factor goes down to Q = 1450. The wavelength shift of the resonance
peaks compared with the bare structure resonances are Ad,= 0.46 nm and Ad.= 0.63 nm for
amorphous and crystalline states respectively. The extinction ratio (ER) of the resonances in the
amorphous state is as high as 12 dB and in the crystalline state it goes down to 3 dB. In Fig. 6(b)
an optical switch is shown at 1.3095 nm where a difference in transmission between ON-OFF
state of 10 dB is produced.

In order to experimentally evaluate the effective refractive index of the PCM ring resonator
structures, in amorphous and crystalline states of the phase change material cell, the following
formula should be considered [33,34]:

n(a—c) — % . A/l(ll—c)

1
eff FSR  Lyenm M

where Ani}ﬂ is the variation produced in the effective refractive index when the PCM cell

is introduced compared to the bare structure (no PCM), the superscripts a and c¢ refer to the
amorphous and crystalline states respectively, FSR is the free spectral range, Ly, is the phase
change material cell length, and Ad(,_) is the shift in the resonance peaks of the amorphous
and crystalline states respect to the resonances produced by the bare ring resonator waveguide
as introduced previously. The effective index, n.g, is used instead of group index, n,, because
only a small portion of the ring resonator is modified by the inclusion of the PCM cell [34].
The variation in the effective refractive index due to the deposition of the phase change material
is Anf, = 0.0861 and An¢, = 0.1179 for the amorphous and crystalline states respectively.
Finally, the experimental effective refractive index of the PCM ring resonator structures can be
evaluated, yielding to values of nf, = 1.68 and n¢, = 1.71 for the amorphous and crystalline
states respectively. These values are close to the simulated results for the the effective refractive
index, which were n’; = 1.66 and n; = 1.73 [Fig. 2(d)] for the amorphous and crystalline states
respectively, assuming a PCM layer thickness of 10 nm.
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Fig. 6. (a) Normalized spectrum of a rib ring silicon nitride resonator waveguide with
radius, R= 100 um, for the bare structure, without the PCM (dashed black lines) and with a
phase change material cell length, Lyc, = 5 um and 8 um width deposited on top of the ring
structure for both, the amorphous state of the PCM (solid black lines) and the crystalline
state of the PCM (solid red line). (b) Zoom in image of the resonances in both states of the
phase change material showing the device principle, ON-OFF operation.

4.2. C-band

For operation in the C-band, a set of rib waveguides and ring resonators with width and inner
height values of W = 1300 nm and H = 300 nm respectively, and the outer region of the rib
waveguide with a thickness of 120 nm were fabricated. Similar input/output couplers were used
as described above, but in this case the grating period was 1195 nm and the couplers were tapered
down in width to a single-mode waveguide of 1300 nm. As before, the spectral response of the
rib waveguides was measured for PCM cell lengths from 1 um to 25 um, for both amorphous and
crystalline states of the phase change material. The experimental losses of the PCM waveguide
at 1550 nm using GST as the deposited PCM were found to be as high as 2.86 dB/um in the
crystalline state, and as low as 0.039 dB/um in the amorphous state [Fig. 7(a)]. These are
again close to the simulated values for the losses at 1550 nm, which were 2.625 dB/um and
0.044 dB/um in the crystalline and amorphous states respectively [Fig. 3(c)]. These values are
consistent with the recently published values in Ref. [35], and other previous work [36]. The
experimentally loss coefficient of the TE mode for both states of the phase change material over a
range of the spectrum between 1520 to 1610 nm is shown in Fig. 7(b), from where it can be seen
that losses are essentially flat over this wavelength range. The scattering loss at 1550 nm is 0.45
dB in the crystalline state and 0.15 dB in the amorphous state.

The resonance properties of a set of 5 rib ring resonator waveguides designed for operation in
the C-band were also experimentally evaluated, using the same procedures as described above for
the O-band case. Here, a gap between the ring resonator and the waveguide was set to be around
300 nm, and a GST cell of 4 um length and width of 8 um completely covering the waveguide
width was deposited on top of the ring resonator structure [Fig. 4(d)]. Results are shown in Fig. 8.
Without any PCM layer, quality factors as large as Q = 1.4 - 10* were measured, with a FSR of
2.02 nm. Using the resonance equation of a ring resonator described previously (md,, = 2nn.gR),
in this case with R = 100 um, m = 636, and 4,,=1.5493), the measured effective refractive index
was found to be , n,y = 1.5682, which agrees well with the simulated extracted effective refractive
index nqy = 1.5688. As in the case for O-band operation, once the PCM layer in the resonator
structure is switched to the crystalline state, the resonance condition is effectively cancelled, but
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Fig. 7. (a) Measured losses in the waveguide for different PCM cell lengths in both states,
amorphous (black line) and crystalline (red line) at 1550 nm. (b) Measured loss coefficient
for different wavelengths in both cell states, amorphous (black dots) and crystalline (red
dots).

with the PCM layer in the the amorphous state the ring resonator essentially maintains the original
resonances, but slightly wavelength shifted (see Fig. 8(a) and zoomed version in Fig. 8(b)). The
FSR in the amorphous and crystalline states of the PCM is maintained, and is equal to 2.02 nm
for both states. The quality factor (Q) is again reduced for both states of the PCM as compared
with the bare structure, being Q = 3869 for the amorphous state and Q = 1938 for the crystalline
state. The distance between peaks compared with the bare structure resonances are Ad,= 0.2 nm
and Ad.= 1 nm for amorphous and crystalline states respectively. The extinction ratio (ER) of
the resonances in amorphous state are as high as 24 dB and in the crystalline state it goes down
to 2 dB. In Fig. 8(b) an optical switch is shown at 1,5495 nm where a difference in transmission
between ON-OFF state of 18 dB is produced. The variation in the effective refractive index
due to the deposition of the phase change material is Anf, = 0.0328 and An¢, = 0.1638 for the
amorphous and crystalline states respectively. Finally, the experimental effective refractive index
of the PCM ring resonator structures can be evaluated, yielding to values of ng .= 1.60 and ”Z 7
= 1.74 for the amorphous and crystalline states respectively, again very close to the simulated
values of n;’ﬂ =1.62 and ngﬁ = 1.75 [Fig. 3(d)].

4.3. Comparison between O and C-bands

A complete performance comparison between the devices fabricated in the O and C-bands is
presented in Table 1. In the O-band, the absorption is much higher than in the C-band for
both states of the PCM, which implies that lower power energies will be required to switch
the phase change material optically using laser pulses on-chip. However, the contrast in the
effective refractive index is higher in the C-band. Consequently, if we operate in the O-band
we might expect to be able to fabricate a complete set of low power consumption, nonvolatile
photonic integrated circuits exploiting the large absorption contrast (between crystalline and
amorphous states) in this spectral range. However, the readout signal amplitude (and hence the
signal-to-noise-ratio) will also be reduced for a given readout signal power, as compared to the
C-band. A large contrast between states can also make re-writability more difficult, as explained
in Ref. [1], though this difficulty is alleviated somewhat by the use of the so-called double-step
pulse for re-writing (see Ref. [37]). If the desired characteristic is a tuning in the optical phase
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Fig. 8. (a) Normalized spectrum of a rib ring silicon nitride resonator waveguide with
radius, R= 100 um, for the bare structure, without the PCM (dashed black lines) and with a
phase change material cell length, Ly, = 4 um and 8 um width deposited on top of the ring
structure for both, the amorphous state of the PCM (solid black lines) and the crystalline
state of the PCM (solid red line). (b) Zoom in image of the resonances in both states of the
phase change material showing the device principle, ON-OFF operation.

without having large absorption, the C-band is no doubt a better selection than O-band, and of
course many devices operating in the C-band and exploiting absorption contrast have already
been demonstrated [38—41]. Thus, it is clear that operating in the O- and C-bands comes with
various advantages and disadvantages, and that different building blocks for future emerging
applications can be fabricated in both ranges of the spectrum. In this work we are concerned with
amplitude modulation, but there are different applications in which optical phase modulation
is required. In such cases, a useful figure-of-merit (FOM) is Anj_c /Aa,_. which, for the cases
examined here, is approximately five times higher in the C-band as compared to the O-band
(FOM1310= 0.01, FOM550= 0.05).

Table 1. The device performance comparison between the O-band (1310
nm), C-band (1550 nm) and theoretical simulated results is presented.

Device @1310 @1310 @1550 @1550
performance | (Experimental) (Simulated) (Experimental) (Simulated)
a; 6.66 dB/um 6.71 dB/um 2.86 dB/um 2.63 dB/um
, 0.228 dB/um 0.34 dB/um 0.039 dB/um 0.044 dB/um
FSR 1.4 nm 1.7 nm 2 nm 2.4 nm
Q. 6590 6.4-10° 3869 3.7-10°
0. 1450 13-10° 1938 1.85-103
Obare 22-10* 2-10* 14 -10* 1-10*
Ny 1.5948 1.5953 1.5687 1.569
”ij 1.68 1.66 1.60 1.62
”iﬁ 1.71 1.73 1.74 1.75
A, 0.46 nm 0.42 nm 0.2 nm 0.31 nm
A, 0.63 nm 0.85 nm 1 nm 1.1 nm
ER 12.dB 14 dB 18 dB 20 dB
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With the view to provide a comparison of the wavelength-dependent optical switching
performance, we performed a 3-dimensional FEM simulation of the O-band and C-band straight
waveguide device with the PCM cell deposited on top, to observe the temperature profile arising
from the delivery of a 15 mW, 20 ns rectangular pulse through the waveguide (as used for
successful experimental switching at 1550 nm in Ref. [1]). Details of the modelling methodology
may be found in Ref. [23]. We note that the thermo-optical effect is also a fundamental
contribution to the time-dependent evolution of the PCM temperature profile, and so we include
this effect in our model using data provided by Stegmaier et al. [42]. The simulation results are
shown in Fig. 9, where it can be seen that when the PCM layer is in the crystalline phase the
15 mW, 20 ns switching pulse raises the peak temperature in the PCM layer above the melting
temperature of GST (approximately 900 K) in both the O- and C-bands (Fig. 9(a)). When the
PCM layer is amorphous, the same switching pulse raises the peak temperature to over 600 K
in the O-band (a temperature conducive to rapid crystallization [43]), but in the C-band only a
marginal increase in temperature, insufficient for crystallization, is observed. If we now turn to
the average temperature in the PCM layer, as shown in Fig. 9(b), we observe that in the O-band
the melting temperature (for a crystalline PCM layer) is reached after only 9 ns, whereas in the
C-band the average temperature never reaches melting, again revealing a superior efficiency in
the optical-to-thermal energy conversion in the former case.

a b
( )f'\ (b) 1200
M ——a-C-band o =e=2a-C-band
- ——2-O-band| 15 =) =—e=2-0-band
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Fig. 9. (a) Maximum temperature and (b) average temperature reached in the PCM unit cell
for four different states: amorphous state in the C-band (a-C-band) in blue, crystalline state
in the C-band (c-C-band) in yellow, amorphous state in the O-band (a-O-band) in red and
crystalline state in the O-band (c-O-band) in purple. Also, the input pulse is represented in
the right axes of figure (a) in green.

As for the simulated recrystallization process (i.e. pulse delivery to the amorphous unit cell),
in the C-band our simulation barely report any temperature increase. Instead, in the O-band we
calculate a peak temperature of 600 K, and an average temperature of 450 K. Once more, the
numerical results show how the higher optical loss in the O-band is responsible for a much more
efficient temperature increase.

Following the approach proposed in Zheng et al. [44], we also report the energy efficiency 7,
of the straight waveguide devices, calculated as:
_ Egsr _ [ pCp(T = To)aV )
Epulse P OAt '

where p is the material density, C, is the specific heat, Tj is the initial ambient temperature
(293 K), and the integral domain is over the entire GST film, Py is the pulse power and At is

Corrected: 14 Jan 2021



Research Article Vol. 10, No. 8/1 August 2020/ Optical Materials Express 1789

7 e

dlS EXPRESS

the pulse width. With respect to the different wavelengths, we observe that the variation of 5
is marginal for the crystal case, with an efficiency value in the C-band slightly higher than the
O-band, yielding a ratio between efficiencies (171310/11550) of 0.8. However, for the amorphous
case, the O-band efficiency is typically around 4 times higher than the corresponding C-band
value, in the whole range of investigated pulse duration.

5. Conclusions

In this manuscript a comparison between the O- and C-band optical properties of silicon
nitride integrated photonic devices incorporating cells of the well-known phase change material,
Ge,SbyTes has been given. For straight, rib type waveguides, a strong contrast in attenuation
between amorphous and crystalline states of the PCM cell as high as 2.5 dB/um was observed in
the C-band, and 6.4 dB/um in the O-band. High quality factor resonances were also observed
in both bands for ring resonator devices, and an ON-OFF switch has been demonstrated in the
O and C-bands with an ER of 12 and 18 dB respectively. A superior efficiency in terms of
optical-to-thermal energy conversion (when sending optical pulses along the waveguide) in the
O-band case was noted, as compared with the C-band, and this may be beneficial in terms of
reducing the power consumed during switching of the PCM layer. This study thus provides
useful characterization information for the operation of non-volatile integrated photonic circuits
based on phase change materials in two of the most important spectral ranges used for optical
communications, opening up the route to future potential applications in areas such as future
application in opto-electronic oscillators, switches, memories, frequency combs, multifunctional
reconfigurable photonic integrated circuits, arbitrary radiofrequency waveform generators etc.
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