ﬂ Research Article Vol. 28, No. 25/7 December 2020/ Optics Express 37265 |
Check for OptiCS E X P R E S S . \
updates ' -

Ultra-low-power nonvolatile integrated photonic
switches and modulators based on
nanogap-enhanced phase-change waveguides

JIEYING ZHANG, "2 JIAJIU ZHENG,2 ® PEIPENG XU,!:2:5® YANQUN
WANG,"2 AND ARKA MAJUMDAR?3:4:6

! Faculty of Electrical Engineering and Computer Science, Ningbo University, Ningbo 315211, China

2 Key Laboratory of Photoelectric Detection Materials and Devices of Zhejiang Province, Ningbo 315211,
China

3Department of Electrical and Computer Engineering, University of Washington, Seattle, WA 98195, USA
4Department of Physics, University of Washington, Seattle, WA 98195, USA

3 xupeipeng @nbu.edu.cn

Sarka@uw.edu

Abstract: We propose a nanogap-enhanced phase-change waveguide with silicon PIN heaters.
Thanks to the enhanced light-matter interaction in the nanogap, the proposed structure exhibits
strong attenuation (Aa = ~35 dB/um) and optical phase (Aneg = ~1.2) modulation at 1 = 1550
nm when achieving complete phase transitions. We further investigate two active optical devices
based on the proposed waveguide, including an electro-absorption modulator and a 1 X 2
directional-coupler optical switch. Finite-difference time-domain simulation of the proposed
modulator shows a high extinction ratio of ~17 dB at 1550 nm with an active segment of volume
only ~0.00443. By exploiting a directional coupler design, we present a 1 x 2 optical switch
with an insertion loss of < 4 dB and a compact coupling length of ~ 15 um while maintaining
small crosstalk less than —7.2 dB over an optical bandwidth of 50 nm. Thermal analysis shows
that a 10 V pulse of 30 ns (1x1 modulator) and 55 ns (1x2 switch) in duration is required to raise
the GST temperature of the phase-change waveguide above the melting temperature to induce the
amorphization; however, the complete crystallization occurs by applying a 5 V pulse of 180 ns
(1x1 modulator) and a 6 V pulse of 200 ns (1x2 switch), respectively.

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

1. Introduction

Despite the impressive progress of electronics in data processing and storage as well as logic
operations, photonic integrated circuits (PICs) are becoming more and more attractive by offering
broad bandwidth with energy-efficient information transport, processing, and storage [1,2].
Silicon photonics is regarded as one of the most promising technologies to realize large-scale
PICs, having multiple advantages over other substrate materials [3]. The most remarkable is the
compatibility with the already well-developed CMOS technology and the high index contrast.
The former leads to scalability and low fabrication cost and the latter to higher optical confinement
and, therefore, to high-density integration. To realize reconfigurable photonic systems, active
components such as modulators and switches are essential to control the light flow within the
network [4,5]. These devices need to have high performance, such as low loss, high switching
contrast, as well as low static and dynamic power consumption to satisfy the system demands.
Current switches and modulators in silicon photonics utilizing the configurations of Mach-
Zehnder interferometer [4-6] (wide operational bandwidth) and micro-ring resonator [7] (high
modulation strength but intrinsic narrow optical bandwidth and high sensitivity to fabrication
imperfections), primarily rely on electro-optic effect by using carrier injection or depletion in a
P-I-N or P-N diode structure or thermo-optic effect by locally heating silicon waveguides [8,9].
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However, both effects suffer from the weak modulation of the refractive index (usually An < 0.01),
leading to high energy consumption and large footprints. Moreover, as the switching mechanism
is volatile, a constant power supply is required to maintain the switched state. Therefore, it is
highly desirable to explore a nonvolatile optical switch that necessitates no continuous power
supply and, at the same time, feature compelling performances in the loss, extinction ratios, and
size.

Recently, chalcogenide phase-change materials (PCMs) such as Ge,Sb,Tes (GST) have been
developed to provide strong modulation and nonvolatility for on-chip optical modulators and
switches due to several unique properties [10]. First, PCMs are stable (years at room temperature)
in both amorphous or crystalline states with the large contrast in optical constants (usually An >
1) [11,12], leading to intense phase or amplitude modulation within a small device footprint. The
crucial feature of integrated photonic PCM-based devices is so-called “self-holding”, meaning
that energy is only consumed during the actual switching process [13,14]. Third, the state can be
quickly and reversibly changed by nanosecond light or electrical pulses with potentially long
endurance up to 10'3 cycles [15,16]. Consequently, PCMs have already been integrated directly
on silicon photonic waveguides to implement arithmetic processing, in-memory computing, and
neuromorphic computing [17-19], in which the essential operation is nonvolatile and reversible
switching [20-30].

Slot or nanogap waveguide, whereby the discontinuity of the optical field at a dielectric
interface was exploited, was exploited to provide light field confinement in a nanometer-wide
low-index material, thereby enhancing the light-matter interaction dramatically [31]. The use of
such a concept has garnered a considerable interest in the recent years, for applications including
dispersion engineering [32,33], nonlinear enhancement [34,35], and optical sensing [36,37].

In this work, we propose a nonvolatile nanogap-enhanced phase-change waveguide with GST
in the gap, realizing an ultra-small non-resonant and high static performance switch. Considering
the effective area of the GST used in the nanogap phase-change waveguides, the proposed
structures exhibit a high energy efficiency of 64 aJ/nm? (36 aJ/am?) while achieving complete
crystallization (amorphization) transitions, which is half of that in PCM-clad silicon waveguides
[38].

2. Structure and design

Figure 1 shows the cross section of the proposed nanogap enhanced phase-changed waveguide.
A GST layer is vertically sandwiched between two Si waveguide sections to form a nanogap
enhanced phase-change waveguides. The overall width of the waveguide and the width of the
GST segment is set to be wg; and wgg, respectively. Here the height of the silicon layer is set to
be hg =250 nm, which is a standard value for silicon-on-insulator (SOI) wafers. To conduct the
electrical switching, a thin pedestal layer with a thickness of 4, = 50 nm and two highly doped
regions along with metallic contacts on top of them are also considered in the waveguide cross

GST

M si
Metal
n**-Si
p*-Si
SiO,

Fig. 1. The cross section of the proposed nanogap enhanced phase-change waveguide.
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section. To form the silicon PIN diode (p-type, intrinsic, n-type junction) heaters, the slab is
heavily doped by boron and phosphorus ion implantation, in which the doping concentration
is chosen as 10%° cm™ to achieve high conductivity. The separation distance away from the
edge of the rib in the active region is chosen to be 1 um to reduce the resistance, but still far
enough from the supporting mode distribution to ensure a negligible optical loss. Here we choose
hgst to be 200 nm to facilitate the electrical switching. The nanogap waveguide structures
could be fabricated on silicon by standard electron-beam lithography (EBL) and dry etching
process. The p++ (n++) doping and metal deposition can be conducted by conventional protocols
previously reported [39]. Then, another EBL step could be implemented to define window for
GST deposition. Last, a stack of GST was deposited using RF sputtering followed by a lift-off
process.

Optical characteristics of the proposed nanogap phase-change hybrid waveguide depend on the
phase of the GST. A full vectorial mode solver based on the finite element method (COMSOL
Multiphysics) has been used to calculate the guided mode. Figures 2(a)-2(b) show the Poynting
vector for the fundamental quasi-transversal magnetic (TM) mode with amorphous GST (aGST)
and crystalline GST (cGST) at a wavelength of 1550 nm. Substantial modification of the mode
profile and the complex effective index (7iegr = neff — Keff 1) can be observed once the GST is
electrically switched between the amorphous and crystalline states, indicating the substantial
refractive and absorptive modulation effects. When GST is in its amorphous phase, the field
profile of the proposed waveguide is quite similar to that of a silicon ridge waveguide, with 64.5%
of the power distributed in the Si part and only 15.6% of the power lies in the GST part. Once
the GST is triggered from the amorphous to the crystalline phase, as shown in Fig. 2(b), the
field confinement in the lossy GST is dramatically enlarged to 54.2% due to the considerable
refractive index contrast, indicating ultra-strong GST-light interaction. Thus, the effective index
difference Ancg of the fundamental modes of the proposed waveguide upon phase transition is
~1.2 which is 6 times of that in the traditional PCM-clad waveguide [38]. The imaginary part of
the 7 of the TM mode is increased by a factor of 198. The attenuation coefficient of the hybrid
waveguide for the amorphous and crystalline phases are therefore ~0.2 dB/um and ~35 dB/um,
respectively. Thus, an electrical pulse applied to the active GST segment can drastically change
the optical phase and absorption coefficient of the waveguide.

@) (b)
fieff= 1.9418-0.004962i fieff= 3.1438-0.9856i

- ©

oON b O ©

Fig. 2. Spatial distribution of Poynting vector and complex effective index (7i.g) of the
fundamental quasi-transvere magnetic (TM) mode of the nanogap phase-change waveguide
with (a) aGST and (b) ¢cGST (4 =1550nm). The width of the GST and the silicon waveguide
are wggt = 70 nm and wg; = 450 nm, respectively.

For nonvolatile phase-change optical switches and modulators, strong optical phase or
attenuation modulation and low insertion loss are essential for the optimal performance of the
hybrid waveguides. Here, we define an optical figure of merit FOM1=Aa/a gy, Where Aa
denotes the optical attenuation change of the hybrid waveguide upon phase transition, while
(ags; is the optical attenuation with aGST that determines the insertion loss of the device as the
absorption coefficient for cGST is much larger than that for aGST. For optical phase modulation
(with Ancg being the effective index change), we define the optical figure of merit FOM2=
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Aneg/kemra. As both figures of merit do not strongly depend on the dimensions of the silicon
rib [38], only the influence of the size of the GST is discussed here while the width wg; and
height (k) of the slab are fixed to be 450 nm and 50 nm, respectively. Figure 3(a) shows the
variation of the attenuation coefficient and the corresponding FOM1 of the hybrid waveguide
concerning the width wgg of GST geometry for aGST and cGST. One can find the attenuation
coefficient for aGST increases linearly while the attenuation coefficient for cGST increases rapidly
at small wgy and then saturate. The largest reachable FOM1 in this figure is ~200, with the
GST dimensions of wgy =70 nm. Figure 3(b) shows the effective index and FOM2 of the hybrid
waveguide with respect to the width wgy. As expected, the neg for cGST changes by a large
amount, while the neg with aGST remains almost unchanged due to the relatively small index
difference between silicon and GST in its amorphous phase. Therefore, the optical mode of the
phase-change waveguide with aGST is quite similar to that of a silicon ridge waveguide. In
contrast, the optical characteristic of the phase-change waveguide with cGST is very different
from those of conventional silicon rib waveguides. From the figure, the largest change in effective
index and its corresponding FOM?2 accessible with the proposed waveguide is An.g = 1.44 and
FOM2 = ~250, and it can be achieved with the GST width of wgs = 80 nm.
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Fig. 3. (a) Attenuation coefficient (@ = 47keg/A, A = 1550 nm) and (b) the effective refractive
index (nef) of the hybrid waveguide as a function of the width of the GST with wggt. Here,
the width and height of the silicon rib are fixed to be 450 nm and 50 nm, respectively. The
marked dots correspond to the structure with largest FOMs denote the adopted waveguide
geometry for the following analysis.

3. EA optical modulator

Based on the proposed phase-change waveguide, an optical EA modulator is designed to control
the insertion loss and modulate the amplitude of the optical signal passing through the waveguide.
Figure 4(a) presents the perspective view of the proposed EA optical modulator. It consists of a
450-nm-wide, and 250-nm-thick silicon waveguide on top of a 3-um-thick buried oxide. A thin
layer of GST with a width of wgsT=70 nm and a thickness of AgsT=200 nm with a certain length
(L) is placed in the center of the slot region of the rib waveguide.

When the GST is in the amorphous state (i.e., ON), the input light propagates through the active
segment, experiencing a relatively small optical attenuation [Fig. 4(b)]. With the phase transition
to the crystalline phase (i.e., OFF), the hybrid mode hardly propagates and is significantly
attenuated. Considering the modulator performances in terms of the ON/OFF extinction ratio
(ER, defined as the ratio of the output power between two state), device footprint, and insertion
losses (ILs), the waveguide length of L =1 pm is chosen. Almost no signal is transmitted to the



Vol. 28, No. 25/7 December 2020/ Optics Express 37269

Optics EXPRESS N B

2 A1 1

0
X (um)

Fig. 4. (a) Schematic of the perspective view of the proposed EA modulator. (b, ¢) The
normalized optical field intensity distribution of the switch for (b) aGST and (¢) ¢cGST
simulated by the 3D finite-difference time-domain method (Lumerical) at a wavelength of
1550 nm.

output port [Fig. 4(c)]. Figure 5(a) exhibits ER and ILs of the modulator from 1550 nm to 1600
nm. The ER and [Loyx at A =1550 nm is 17 dB and 0.2 dB, respectively. In the entire wavelength
range of 1500 nm to 1600 nm, the ER is > 15 dB. We use the modulator optical power penalty to
access the modulator, which is defined as

P on — P off
2 X Pin ’
where P,, and P.g are optical powers at “ON” and “OFF” states and P;, denote the input optical

power of the modulator. In Fig. 5(b), power penalty is plotted as a function of the wavelength,
where power penalty as low as <3.5 dB is achieved across the whole range.
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Fig. 5. (a) ON/OFF extinction ratio (ER), insertion losses (ILogr and ILgy) and (b) Power
penalty as a function of wavelength along the propagation length of 1 um.

4. DC optical switch

We then employ the proposed phase-change waveguide to form a DC 1 X 2 electro-optic switch,
in which the large effective index difference between the optical modes in ¢cGST and aGST
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is utilized to control the power coupling between the input waveguide and each of the output
waveguides. Figure 6(a) shows the schematic of the 1 x 2 DC optical switch, consisting of an
asymmetric coupling region with a conventional silicon ridge waveguide and the proposed hybrid
phase-change waveguide. When the GST is in the low-loss amorphous state, the optimized
structure of the silicon waveguide and the phase-change waveguide can meet the phase-matching
condition, inducing the complete power transfer between the input waveguide and the phase-
change waveguide [Fig. 6(b)]. With the GST in the lossy crystalline state, the phase-matching
condition is broken due to the substantial modification of the optical mode in the hybrid waveguide.
As a result, light is diverted away from the phase-change waveguide forming the bar state of
the switch with low attenuation ensured by minimal optical field interaction with the lossy
phase-change waveguide [Fig. 6(c)].

JL

Fig. 6. (a) Schematic of the 1 x 2 DC switch; (b, ¢) The normalized optical field intensity
distribution of the switch for (b) aGST and (c) cGST simulated by the 3D finite-difference
time-domain method (Lumerical) at 1550 nm.

The width of the input silicon waveguide is chosen as Wi =500 nm to ensure a single TM
mode. The width of the phase-change waveguide is optimally selected as W, =410 nm so that
the phase-matching condition could be satisfied for aGST when the width of GST is set to be
Wast = 80 nm according to the above analysis. Therefore, the input TM-polarized light will be
evanescently coupled to the cross port entirely with an appropriate coupling length. Next, the
characteristics of the coupling region are studied when varying the gap (g) between the silicon
waveguide and phase-change waveguide. There exists a trade-off between the coupling length
(L¢) and the insertion loss in the crystalline state (IL.gsT). ILcgst is defined as

ILcgsT = Le X @cGsT2, )

where L. and a.gst2 denote the optimal coupling length corresponding to a specific g and
attenuation loss of the second order supermode with the optical energy mainly distributed in
silicon. Figure 7(a) shows the L. and IL.gst as a function of the gap. As the gap increases, the
coupling length in the amorphous state increases, while the insertion loss in the crystalline state
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decreases due to the weak evanescent coupling between the two waveguides. A moderate g of
200 nm is chosen to ensure the reliable fabrication of the coupling region. The coupling length
given by L. = Ap/2(n,gst1 — nagsT2) is thus calculated as compact as ~15 um, where n,gst1 and
naGsT?2 are, respectively, the effective indices of the first-order (even) and second-order (odd)
supermodes in the two-waveguide system, 1o = 1550 nm is the wavelength.
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Fig. 7. (a) Coupling length of the maximum transmission in the amorphous state and
insertion loss in the crystalline state as a function of g; Calculated transmission spectrum at
the cross and bar ports for (b) aGST and (c) cGST.

Figures 7(b) and 7(c) show the calculated transmission spectral response of the 1 x 2 DC
switch in both states. When the GST is in the amorphous state, the optical switch attains a small
IL < 2.8 dB and CT from —7.2 dB to —24.5 dB over the wavelength range of 1540—1590 nm.
For the crystalline state, since almost no evanescent coupling occurs due to the phase mismatch,
the spectral response to the input light is quite flat and broadband. The corresponding IL and CT
are < 4 dB and < —23.7 dB across the whole wavelength range.

5. Thermal simulation

In this section, we built up a comprehensive 2-D finite element model to simulate the electrical
switching of the photonic devices with silicon PIN heaters based on COMSOL Multiphysics
[38]. The schematic of the model is consistent with the actual device, in which a GST layer
is embedded into a silicon rib waveguide. The material parameters set by the simulation are
shown in Table 1. The crystallization process is a thermodynamic mechanism, which requires
the phase change material to be heated above its crystallization temperature (7's = 413K). The
amorphization process requires heating the material above its melting temperature (7, = 891 K),

and then quenching the material faster than the crystallization speed, resulting it in an amorphous
state.

Table 1. Materials parameters used for simulations.?

n K K Wm™'K™Y) | Cp(Jkg—1 K-1) | p (kg m=3)
aGST | 3.8884[20] | 0.024694 [20] 0.19 [40] 213 [41] 5870 [42]
¢GST | 6.630[20] 1.0888 [20] 0.57 [40] 199 [41] 6270 [42]

“n, refractive index. k, Extinction coefficient. k, the thermal conductivity. Cp, the heat capacity at
constant pressure. p, density. T, temperature. All optical parameters are for 1550 nm.

We first analyze the GST crystallization process in EA modulator, corresponding to the
transition from ON state to the OFF state. Figure 8(a) shows the temperature distribution of the
modulator cross section at the end of a pulse, while Figs. 8(b)-8(c) shows the temperature profiles
along the y-axis and z-axis, respectively. Our results indicate that the complete crystallization
process can be achieved by a pulse of 5 V (~10 mW) for 180 ns, raising the GST temperature
above the crystallization temperature (T¢ = 413 K) required for phase transformation and below
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the melting temperature (7T, = 891 K). The energy consumed during the process is estimated
to 890 pJ (~64 aJ/nm?). It can be improved by optimizing its electrical contact to increase the
number of free carriers. Next, we initiate the amorphization process, in which the device goes
from OFF to ON state. A high-power pulse is required to raise the temperature of GST above the
melting temperature, and then quickly quench it below the crystallization temperature to form a
disordered state with low optical constant. Figure 8(d) shows the cross-sectional temperature
distribution of the modulator in the amorphization process. The temperature profile along the y
axis and z axis is illustrated in Figs. 8(e)—8(f) at the end of a pulse, and the temperature in GST
rises to 1200 K, which is higher than its melting temperature. A pulse of 10 V (~40 mW) for 30
ns is applied to the device to complete the amorphization process. The energy consumption for

the phase transition is 500 pJ (~36 aJ/nm?®), which is much less than that in the crystallization
process.
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Fig. 8. (a) Simulated temperature (T) profile of the EA modulator in crystalline process.
Temperature profile along the (b) y axis and (c) z axis in (a). (d) Simulated temperature (T)
profile in amorphous process. Temperature profile along the (e) y axis and (f) z axis in (d).
The orange-shaded areas in (b, c, e, f) represent the position of the GST film.
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Fig. 9. (a) Simulated temperature (T) profile of the 1x2 DC optical switch in crystalline
process. Temperature profile along the (b) y axis and (c) z axis in (a). (d) Simulated
temperature (T) profile in amorphous process. Temperature profile along the (e) y axis and
(f) z axis in (d). The orange-shaded areas in (b, c, e, f) represent the position of the GST film.
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We also investigate the similar thermal analysis on the 1 X 2 DC switch. Figure 9(a) shows
the calculated temperature distributions of the device at the end of a pulse and presents the
corresponding temperature profiles along the y axis and z axis, as shown in Figs. 9(b)-9(c). A
pulse of 6V (~12 mW) for 200 ns duration is required to induce the complete crystallization with
the energy consumption of ~1.2 nJ (~75 aJ/nm?). In the amorphization process, a pulse of 10V
(~30 mW) for 55 ns is applied to the device with the energy consumption of crystallization is 687
pJ (~43 aJ/nm?). The high energy consumption compared to the modulator in both the crystalline
and amorphous process can be attributed to a long distance between the left metal contact and the
GST part. In particular, the temperature distributions [Fig. 9(d)] and corresponding temperature
profiles [Fig. 9(e)-9(f)] along the y and z axis in the amorphous process indicate that the GST is
almost uniformly heated in the horizontal direction except for the edges.

6. Conclusion

In summary, a nanogap-enhanced phase-change waveguide with PIN diode silicon heaters is
proposed. By optimizing the waveguide dimensions, the effective index and the propagation
loss variations as high as Aneg =~1.2, and Aa = ~30 dB/um, respectively, are obtained upon
phase transition. Benefitting from the considerable change in optical phase and attenuation, two
examples of the active optical devices based on the phase-change waveguide were then presented;
an optical EA modulator and a 1 x 2 DC optical switch. Finite-difference time-domain simulation
of the EA modulator shows a high extinction ratio of ~17 dB at 1550 nm with an active segment
of 0.014 um>. By exploiting the high optical contrast of PCMs and asymmetric DC design, we
demonstrated compact (~15 um) nonvolatile silicon 1 X 2 optical switch with an insertion loss of
< 4 dB and broadband (over 50 nm with small crosstalk < —7.2 dB) operations. With the design
of nanogap-enhanced phase-change waveguide, this work represents an important improvement
on nonvolatile modulating/switching technology, which can find numerous applications for
optical communications, microwave photonics, and electronically programmable reconfigurable
photonics.
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