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Abstract: The extraordinary optical properties of single-layer graphene have spurred the
development of a variety of photonic components. We have previously demonstrated a scalable
and versatile platform to facilitate the integration of graphene and other 2-D materials with
chalcogenide glass-based planar photonics. In this paper, we detail the design criteria and
optimization guidelines towards high-performance graphene-integrated thermo-optic (TO)
switches based on the chalcogenide glass-on-graphene platform. Notably, absorption loss
of graphene can be reduced to < 20 dB/cm when it is sandwiched inside photonic structures
capitalizing on the anisotropic absorption property of graphene. We quantify energy efficiency
of the TO switch, showing that the choice of cladding materials plays a critical role in improving
device efficiency. Furthermore, we report a record TO switching efficiency of 10 nm/mW via
judicious engineering of the overlap between optical mode and thermal profile.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical switches and modulators are essential components for telecommunication and data
communications networks [1-3]. Introducing optical switches into a network enables on-demand
allocation of bandwidth among different optical links, thereby improving bandwidth resource
utilization, reducing power consumption, and mitigating network congestion. Thermo-optic
(TO) switching is an appealing approach owing to its potential low power consumption, compact
footprint, and ease of integration with integrated photonics platforms. In general, a high-
performance TO switch requires smaller footprint, lower insertion loss, high speed, and high
energy efficiency (defined as the TO wavelength shift per unit input power in nm/mW), where the
latter two are often combinedly characterized by the thermo-optic figure-of-merit (FOM) given as
1/(P,-7) (P, denotes the product of the TO switching power as defined in [4], and 7 denotes the
10%-t0-90% rise/fall time). To further scale down the device size and reduce power consumption
of the TO switches, a photonic resonator is usually employed to enhance the responsivity of
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refractive index with respect to the temperature additionally [5,6]. Currently, TO switches are
mainly realized by thermally tuning resonant cavities [7—11] or Mach-Zehnder interferometers
(MZIs) [12-15] with metallic [16] or doped silicon micro-heaters [17-23]. State-of-the-art TO
switches in general exhibit energy efficiencies between 0.05 to 1 nm/mW and FOMs ranging
from 0.01 to 2.6 mW~!-us~! [24-26]. Further enhancing the performance of TO devices is of
significant interest for their practical deployment.

Recently, graphene has emerged as a novel efficient heating material in photonic devices
[27-29] due to its high electrical conductivity and optical transparency. Graphene-based TO
switches with graphene micro-heaters directly attached onto the top of devices in place of
traditional metallic heaters has been shown to be an effective method to boost the TO efficiency
[30-34]. However, these devices still demand relatively high switching power of the order of
milliwatts, which is attributed to poor overlap between the thermal field (which centers on the
graphene heater on top of the waveguide) and the optical mode (which primarily resides within the
waveguide core). Furthermore, the process of transferring monolayer graphene onto fabricated
devices with uneven surface morphology limits process yield, throughput, and scalability. To
address the aforementioned limitations, we have recently demonstrated a “monolithic” approach
to drastically improve the energy efficiency of graphene TO switch by embedding the 2-D
graphene heater in the center of an optical waveguide [4]. Using this approach, we experimentally
realized a low switching power consumption of P, ~ 110 uW and a 10%-t0-90% rise time of 14
us, leading to an exceptionally large FOM of 0.65 mW~!-us~!.

In this paper, we perform a detailed analysis on the design criteria and optimization guidelines
to boost the performance of the waveguide-embedded graphene TO switch decribed in [4]. We
start by reviewing the chalcogenide glass-on-graphene integration method and discuss a route
to simultaneously achieve low loss and large optical-thermal field overlap in TO switches by
sandwiching monolayer graphene at the center of a waveguide. We then investigate the impact
of cladding materials on the TO switching energy efficiency. Finally, we optimize the device
switching efficiency via engineering a photonic crystal cavity structure to enhance thermal and
optical field overlap.

2. TM-mode transparent graphene-embedded waveguide

Conventionally, graphene integration with photonic components is accomplished by transferring
a layer of graphene onto pre-fabricated devices. However, the transfer approach, especially when
applied to substrates with uneven patterned surfaces, limits yield, throughput and scalability.
Chalcogenide glasses (ChGs), amorphous compounds containing one or more chalcogen elements
(S, Se and Te, but excluding O), are broadband transparent infrared materials [35] that uniquely
allow room-temperature deposition on various substrates [36—38]. The extremely low thermal
budget facilitates its integration with graphene without modificating or disrupting the properties
of monolayer graphene. Since wafer-scale graphene transfer onto flat, unpatterned substrate
is a well-established process, subsequent chalcogenide film deposition and fabrication enables
large-area, high-throughput processing of photonic devices.

Despite its optical transparency to normal incident light, graphene still incurs large optical loss
for in-plane propagating modes in waveguides, whether graphene is placed on top of (via transfer)
or underneath (via ChG deposition) the waveguide. To illustrate the challenge, we modeled the
propagation loss in a strip waveguide made of Ge;3Sb7S7¢ (GSS) chalcogenide glass (with a
refractive index of 2.21) at the wavelength of 1550 nm. The loss of a symmetrically cladded
waveguide is simulated to be 348 dB/cm for the fundamental transverse electric (TE) mode and
272 dB/cm for the fundamental transverse magnetic (TM) mode when a graphene monolayer is
placed underneath the waveguide. As a highly anisotropic optical material, graphene exhibits
metallic behavior when interacting with in-plane electric fields and acts as a low-loss dielectric
in the out-of-plane direction. Figures 1(a) and (b) show the modal profiles and electric-field
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components of the TE and TM modes. Graphene lying under the waveguide (marked by the
orange dashed line) interacts with evanescent field of the TE mode and overlaps with the local
maxima of in-plane E; components of TM mode, which results in large optical loss.
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Fig. 1. Graphene sandwiched design with low optical loss: (a, b) profiles of (a) TE-
mode and (b) TM-mode electric-field components Ey, Ey and E;. The orange and white
dashed lines in the figure denote the graphene located underneath and embedded inside the
waveguide, respectively. (c) Measured TM-mode transmission spectra of a ring resonator
with and without a sandwiched graphene layer. (d) Cut-back optical loss quantification of
the fundamental TM mode in a GSS waveguide sitting on a graphene layer.

Graphene-sandwiched waveguide structure serves as our validated solution to this dilemma,
which achieves a negligible loss for TM mode. As shown in Fig. 1(b), when the graphene is
embedded right in the center of the GSS waveguide (marked by the white dash line), it coincides
with the node of the in-plane component E, and only interacts with the E), out-of-plane component
as a dielectric material, leading to a simulated loss of 0 dB/cm for the TM mode. The propagation
loss of TM mode was experimentally measured through an all-pass micro-ring resonator (shown
in the inset in Fig. 1(c)). The two different transmission spectra in Fig. 1(c) were measured from
40-pm-radius micro-ring resonators with and without embedded graphene. One can see that both
the extinction ratio and the loaded Q factor degrade with the incorporation of graphene. From
the data, we calculate the propagation loss of the graphene sandwiched waveguide to be (20 + 2)
dB/cm at 1550 nm. An insertion loss of 0.8 dB was measured for a waveguide with 400 um
long graphene [4], consistent with the resonator-based loss quantification. For comparison, the
insertion loss of a waveguide with graphene at the bottom was also measured. Figure 1(d) shows
attenuation of the fundamental TM mode measured with the cut-back method showing a large
loss of (510 + 7) dB/cm, which is more than 20 times higher than that of the graphene-sandwiched
structure.

The results confirm that graphene embedded at the center of photonic waveguides can serve
as a TM-transparent heater. Such a sandwiched structure significantly reduces thermal leakage
and enhances thermal-optical field overlap since the heating zone is strongly confined inside the
waveguide core. This feature is highly advantageous for energy-efficient TO switches.
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3. Impact of waveguide cladding material on TO response

The dielectric cladding outside the waveguide plays an important role in improving the effective
TO coefficient of a graphene-integrated TO switch. To elucidate this issue, TO switches based on
a graphene-sandwiched Bragg-cavity design were first fabricated with the process flow shown in
Fig. 2 and subsequently coated with different cladding materials to evaluate their TO responses.
Specifically, a 280-nm thick GSS thin film was thermally evaporated on a 3-pm-oxide-coated
silicon wafer followed by wet transfer of monolayer graphene grown via the chemical vapor
deposition (CVD) technique [39]. Metal electrodes were defined with the lift-off method, and
the graphene layer was then patterned using oxygen plasma etching. Subsequently, another
280-nm thick GSS glass film was deposited before the entire device structure was lithographically
defined. Finally, either a layer of PMMA or a drop of index-matching fluid was coated before the
measurement.

Glass Graphene
deposition transfer
Metallization l
Plasma Plasma
A etching etching
ol =
Glass
deposition
’ 3-pm-oxide-coated Si Ge,3Sb; Sy @ Graphene monolayer Ti/Au

Fig. 2. Schematic fabrication process for the graphene-sandwiched TO switch

Figure 3(a) shows the structure of the graphene-integrated Bragg cavity TO switch. As shown
in the yellow dashed line in the middle panel, by using low loss waveguide crossings, the Bragg
cavity was connected with metal contact pads through a continuous graphene layer embedded
in the middle of the photonic structure. All the switches mentioned in this section share the
identical structure parameters (cavity length L =10 um). The TM-mode transmission spectra of
Bragg-cavity based TO switches were measured in different surrounding dielectrics. Figure 3(b)
shows the transmission peak drifting versus the varying input power of a TO switch surrounded
by an index-matching fluid (IF, refractive index nir = 1.46), while Fig. 3(c) gives the TO response
of a device coated with PMMA (refractive index npyma = 1.47). With increasing input electric
power, the resonant peak of the TO switch in the IF case exhibited large blue detuning, whereas
only tiny peak shift was observed for the TO switch covered with PMMA. The red and blue
dots in Fig. 3(d) mark the measured resonant peak shifts for IF- and PMMA-cladded graphene
TO switches and the fittings show clear linear dependency between the peak shift and applied
electric power. The fitted energy efficiency of the switch in IF cladding is 0.52 nm/mW, more
than 30 times higher than that of the switch in PMMA which is 0.016 nm/mW. This confirms
that the dielectric cladding outside the waveguide has a significant impact on the performance of
the graphene TO switch.

Light propagating in the waveguide interacts with the surrounding dielectric cladding via
the evanescent wave, and the marked performance difference is attributed to the thermo-optic
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Fig. 3. Graphene-sandwiched Bragg cavity thermo-optic switches with different top
claddings. (a) The structure of graphene-sandwiched Bragg cavity TO switch. The
waveguide bridges and crossings connecting the electrodes and the Bragg cavity are shown.
(b) Transmission spectra of the Bragg cavity switch surrounded by (b) an index-matching
fluid and (c) PMMA under varying input electric power. (d) Resonant peak shift of Bragg-
cavity-based TO switches with different dielectric claddings (inset: optical modal field
intensity in the center of the cavity submerged in IF).

coefficient (TOC) of the cladding materials (see Table 1). In our case, the positive TO response
of the GSS chalcogenide waveguide (2.5 x 107 K~! [4]) is almost completely cancelled out
by PMMA with a negative TOC of -8 x 107> K~! [40]. In contrast, IF possesses a large and
negative TOC of -6 x 10~ K~! [4], and thus significantly improves the energy efficiency of the
graphene TO switch. Therefore, adopting a cladding material with a high TOC is essential for
improving the energy efficiency of TO switch devices.

Table 1. Comparison of energy efficiency of graphene-sandwiched Bragg-cavity thermo-optic
switches surrounded by dielectrics with different thermo-optic coefficients.

Energy efficiency of the Bragg cavity based TO switch

Cladding material Thermo-optic coefficient with different claddings
IF -6 x 1074 K 0.52 nm/mW
PMMA -8x 105 K 0.016 nm/mW

Since the cladding is the main TO medium in our design, enhancing evanescent field is
supposed to further improve the TO response of the switch. In the design shown in Fig. 3(a),
most of the optical field is confined inside the GSS waveguide, as the modal field intensity shows
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in the inset of Fig. 3(d). In the next section, we discuss alternative cavity designs exhibiting
stronger evanescent field to further improve the device performance.

4. Optimizing photonic crystal cavity design

To meet the aforementioned requirements, we designed a TO switch with strongly transverse
modal delocalization. As illustrated schematically in Fig. 4(a), the cavity consists of a 600
nm wide rectangular block array (labelled as mirror units) with a period of 480 nm and a duty
cycle of 0.5 to operate near 1.57 um wavelength. The cavity has a uniform waveguide height
of 560 nm to support the TM mode. In contrast to the Bragg cavity shown in Fig. 3, this 1-D
nanobeam photonic crystal resonator assumes a zero-length cavity design to minimize the mode
volume [41]. The block-to-block spacing is kept constant while the width of the waveguide
connecting the blocks is quadratically tapered down from Wpyc 5 (the initial waveguide width) to
Wpenhc_min (the minimum waveguide width at the center of the photonic crystal cavity) to create
a Gaussian-like potential well in the photonic bandgap. The waveguide width tapering profile
follows the equation:

Wenc_ s — Wpnc_min 2
N2 '

Wenc(ii) = Wenc b + )]
where N denotes the number of the block unit on each side of the photonic crystal cavity, and
Wpnc(ii) denotes the width of iith block-connecting waveguide in the cavity (ii < N). With this
design, the cavity seamlessly couples to the input/output waveguides without additional coupling
waveguide sections since the waveguide width Wp;,¢c approaches that of the feeding waveguide at
both ends of the Bragg cavity.

In our dielectric-mode photonic crystal cavity (PhC), the cavity intrinsic Q factor (Q;,) and
external Q factor (Q,) are determined by the radiative loss from the cavity to free space and
the coupling loss between the cavity and the input/output waveguides. In general, Q.. can
be improved by simply increasing the number of block units N as the mirror strength linearly
increases as a function of N. As shown in Fig. 4(b), higher loaded Q was obtained with larger N,
and meanwhile the transmission of the cavity decreased due to the fact that the PhC operates
in the under coupling regime (Q., > Q;,). While cavity Q does not directly affect the energy
efficiency, higher Q is beneficial for reducing the switching energy since less peak detuning is
needed to produce the desired intensity modulation. Taking into account the tradeoff between the
Q factor and cavity transmission, we set the unit number N to 45 (Fig. 4(d)).

We also emphasize here that another critical parameter for improving the performance of the
TO switch is the waveguide width (Wpy,¢), or rather, the minimum waveguide width (Wpuc min)
at the center of cavity. Smaller Wpp,c i is preferred because:

1) it leads to a higher Q factor by increasing the mirror strength (see Fig. 4(d));
2) it yields stronger evanescent field into the cladding (see insert of Fig. 4(d)); and

3) it defines a narrower graphene channel with higher electrical resistance [33]. According
to the voltage divider rule, the electric power allocated at these narrow areas is higher
compared to at the locations with wider graphene (i.e. at the blocks). Consequently, heat
generation is larger at the center of the cavity than near the feeder waveguides. This can be
seen from Fig. 4(c), which plots the electrical resistances and the thermal power generation
of each unit (i.e. a block plus a narrow waveguide segment connecting two neighboring
blocks) in the cavity. It is evident that the heat generation profile has a maximum coinciding
with the center of the photonic cavity where the optical mode is most concentrated. For all
the reasons above, we conclude that small Wepc i, significantly boosts the device energy
efficiency.
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Fig. 4. (a) Schematic diagram of a graphene-sandwiched zero-length photonic crystal
cavity TO switch, and an SEM image of the local structure at the center of the cavity. The
graphene layer is connected with electrodes in the same manner as the Bragg cavity TO
switch. (b) Transmission spectra of photonic crystal cavities with varying number of units N
(Wppc_min = 150 nm). (c) Electrical resistances of each mirror unit and the corresponding
thermal power generated at each unit (with 10 uA current input) in the graphene-sandwiched
cavity with N =45 and different Wpy,c i, The cavity mode profile was also shown at the
bottom panel to illustrate the thermal-optical field overlap. The sheet resistance of graphene
was taken as 400 ohm/sq following our experimental measurement results. (d) Transmission
spectra of the photonic crystal cavity with different Wpp,c 5, (N =45).
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Along this line, we investigated the TO switching performance based on the geometrically
optimized design of N =45 and Wpjc i = 50 nm. The transmission spectra at different input
electrical power levels shown in Fig. 5(a) allow us to fit an energy efficiency of the optimized
device to be 7.6 nm/mW. The lowest measured insertion loss of our TO switches is approximately
2 dB. The insertion loss mainly comes from fabrication imperfections (including scattering loss
from sidewall roughness and absorption from uneven graphene during transfer). Through further
fabrication processes optimization, the insertion loss can be minimized. The TO switch device
reported in [4] follows the same design parameters although with improved graphene transfer
and handling processes to further reduce the contact resistance, yielding a record 10 nm/mW TO
energy efficiency. As shown in Fig. 5(b), this design indeed exhibits higher efficiency than other
switch designs with larger Wppc min. Note that the performance of all of the photonic crystal
TO switches is consistently higher than even the best performance achieved in the simple Bragg
cavity TO switch (Fig. 3), which validates the aforementioned advantages of the zero-length
photonic crystal cavity design.
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Fig. 5. (a) As-measured transmission spectra of an optimized graphene-sandwiched
photonic crystal TO switch (Wpyc iy =50 nm, N = 45) with varying input power levels. (b)
Measured peak wavelength shift (dots) and fitted energy efficiency (lines) of the photonic
crystal TO switches with varying minimum waveguide width Wpyc pin (N =45).

The switching energy P, of the optimized TO switch is 0.11 mW, which is on par with the
record-low power consumption achieved in TO switch with suspended structures [42]. Among
TO switches with the same level of power consumption, our device claims the fastest response
(10%-t0-90% rise time of 14 ps). Hence, following the design route described above, graphene-
integrated TO switches with record-high energy efficiency, small device footprint and low power
consumption can be realized.

5. Conclusion

In conclusion, design guidelines and optimization strategies have been proposed and experimen-
tally verified with the aim of reducing the power consumption and improving the energy efficiency
of graphene-integrated TO switches. By harnessing the anisotropic absorption property of
graphene, we show that the insertion loss of the graphene integrated devices can be fully nullified
for the TM mode with a graphene-sandwiched structure. In addition, such a design also benefits
from excellent confinement of the thermal field in the waveguide with maximum overlap with the
optical mode. We found that by altering the cladding material over the cavity, it is possible to
modify the effective TOC of the entire cavity, thereby enhancing its TO performance. Besides,
we demonstrate that the heating efficiency can be further improved with an optimized deign of
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the photonic crystal cavity to achieve optimal overlap between the optical mode and thermal
generation profile. The switch performance can be further improved by leveraging additional
enhancement effects (including slow-light effect [26,34] and slot effect [43]). We believe that
these design rules can be easily transferred to optimizing other photonic devices such as 2-D
material integrated modulators and filters, and potentially pave the way towards wafer-scale,
high-performance photonics based on 2-D materials.
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