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Abstract: We demonstrate power-efficient, thermo-optic, silicon nitride waveguide phase
shifters for blue, green, and yellow wavelengths. The phase shifters operated with low power
consumption due to a suspended structure and multi-pass waveguide design. The devices were
fabricated on 200-mm silicon wafers using deep ultraviolet lithography as part of an active
visible-light integrated photonics platform. The measured power consumption to achieve a π
phase shift (averaged over multiple devices) was 0.78, 0.93, 1.09, and 1.20 mW at wavelengths of
445, 488, 532, and 561 nm, respectively. The phase shifters were integrated into Mach-Zehnder
interferometer switches, and 10 − 90% rise(fall) times of about 570(590) µs were measured.
© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1.

Introduction

Integrated photonics for visible wavelengths is becoming the focus of a growing number of research
efforts in recent years [1–7]. By adapting the tools and fabrication infrastructure developed for
silicon (Si) photonics at telecommunication wavelengths, visible-light photonic circuits with ∼
10 - 100’s of components have been demonstrated for neurophotonics [6,8], beam scanners [9],
and quantum information [10,11] applications. Fabrication on 200- and 300-mm diameter Si
wafers has been enabled by the development of low-loss silicon nitride (SiN) [1,4] and aluminum
oxide (Al2 O3 ) [5,12] waveguides. Despite the visible-light transparency of these materials
and their compatibility with Si photonics fabrication [13–17], the development of efficient
phase shifters based on these waveguide materials has remained challenging. Conventional
SiN thermo-optic phase shifters have a power consumption to achieve a π phase shift, Pπ , of
about 20-30 mW, owing to the relatively low thermo-optic coefficient of SiN of 2.45 × 10−5
K−1 [6,18]. The thermo-optic coefficient of Al2 O3 (2.75 × 10−5 K−1 in [12]) is similar to that
of SiN. Phase shifters based on thermally-tuned SiN microdisks and microrings have Pπ of
0.68 − 2.1 mW at wavelengths of 488 and 530 nm [19–22]; however, the low power consumption
is attained at the expense of increased wavelength and fabrication error sensitivity compared
to non-resonant structures. SiN phase shifters with liquid crystal cladding are expected to have
significantly lower power consumption and such devices have been demonstrated at a wavelength
of λ = 630 nm [23,24], but post-processing steps are required to apply and encapsulate the liquid
crystal. Low-loss lithium niobate nanophotonic waveguides have been demonstrated at red and
near-infrared wavelengths (634 − 638 nm, 720 − 850 nm), and ultra-low power phase shifters
have been demonstrated at a wavelength of 850 nm [25]; however, the incompatibility of lithium
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niobate processing with standard silicon photonics fabrication limits the levels of integration that
may be achieved.
Here, we present visible-light, power-efficient, SiN, thermo-optic phase shifters based on a
suspended heater structure with folded waveguides. Suspended heaters enable the power-efficient
generation of isolated hot spots on-chip [26], and the thermo-optic phase shift increases with the
number of times a waveguide is passed through the suspended volume [27]. As the structure
is non-resonant, operation over a wide wavelength range is possible, and here, we demonstrate
Pπ = 0.78, 0.93, 1.09, 1.20 mW at wavelengths of 445, 488, 532, and 561 nm. Efficient
suspended and folded-waveguide thermo-optic phase shifters have been demonstrated with Si
waveguides at telecommunication wavelengths in [26–31]; however, to our knowledge, this is
the first demonstration of such a phase shifter in the visible spectrum. The power efficiency is
comparable to microring/microdisk (resonant) thermo-optic phase shifters [19,20] and a record
among non-resonant visible-light SiN thermo-optic phase shifters. The phase shifters were
fabricated on 200-mm diameter Si wafers as part of our visible-light integrated photonics platform,
which also includes passive SiN waveguide devices [4], high-efficiency bi-layer edge-couplers
[32], and SiN-on-Si photodetectors [33].
2.

Thermo-optic phase shifter design

A schematic of the thermo-optic phase shifter is shown in Fig. 1(a). To facilitate characterization,
the phase shifter was integrated into a Mach-Zehnder interferometer (MZI) with 1 × 2 and 2 × 2
multimode interference (MMI) couplers and nominally identical waveguide paths in each arm.
The devices were designed in our visible-light integrated photonics platform using the 150 nm
thick SiN waveguide layer deposited by plasma enhanced chemical vapor deposition (PECVD);
the refractive index of the SiN was reported in [4].
The phase shifter consisted of a suspended SiO2 bridge with a 500 µm long titanium nitride
(TiN) heater and folded SiN waveguides. The suspended region was formed by undercut etching
of the Si substrate via rows of deep trenches (9 trenches per row); the gaps between the trenches
formed SiO2 anchors for device robustness [29,30]. The SiN waveguides looped through the
suspended region 3 times using a folded structure with 60 µm radius bends, and the total SiN
waveguide length under the TiN heater was 1.5 mm. For fixed heater and suspended region
dimensions, this folded structure is expected to reduce Pπ by about 3× compared to a device
with 1 waveguide pass.
The waveguide dimensions were designed for the transverse-electric (TE) polarization, and
to reduce scattering loss due to sidewall roughness, the waveguides were wider than the singlemode width. Single-mode waveguides are compatible with our photonic platform and were
demonstrated in [4,32]. For the TE polarization, the waveguides supported a fundamental (TE0)
mode and a first-order (TE1) mode from λ = 445 to 561 nm. The TE0 mode was excited for the
measurements; optimal fiber-to-chip coupling and the large bend radii in the devices ensured
negligible excitation of the TE1 mode. The simulated TE0 modes at λ = 445 and 561 nm are
shown in Fig. 1(b); all simulations in this work are for the TE0 mode. The designed cladding
thicknesses, Fig. 1(c), ensured negligible TiN and Si substrate absorption; the computed TiN
absorption loss at λ = 561 nm for a 550 nm wide waveguide was <10−6 dB/cm. Since Pπ
decreases with a narrower suspended region width, we applied the design strategy in [30] and
selected dissimilar widths of 600, 650, and 550 nm for the 3 folded waveguides, such that the
waveguide gap can remain small at 1.2 µm without significant inter-waveguide coupling. The
design was informed by the simulations in Fig. 1(d), which shows the simulated maximum
coupling ratio between two waveguides at λ = 561 nm; the worst cross-coupling between the
adjacent SiN waveguides is < − 55 dB when the gap is 1.2 µm.
The thermo-optic phase shifter performance was modeled using COMSOL Multiphysics (for
thermal simulations) and Lumerical MODE Solutions (for optical mode simulations). The
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simulations assumed a TiN resistance of 10 Ω/sq, and thus, a heater resistance of 1190 Ω. The
undercut etch was modeled as elliptical channels in the Si substrate centered on the rows of deep
trenches; the channels extended 8 µm laterally and 18 µm vertically from the edges of the deep
trenches. The undercut etch was estimated from cross-section images of fabricated samples. The
thermal simulations included a 2 mm thick air region above the device, and the bottom surface
of the Si substrate was to set to a temperature of 300 K. The other boundaries of the simulated
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volume were set to be thermally insulating. The simulated temperature increase was highest in
the suspended region, as shown in Fig. 1(e). For an applied current of 1 mA, equivalent to an
electrical power dissipation of 1.19 mW, the calculated average temperature increase of the SiN
waveguides under the TiN heater was 8.9 K. Next, the phase shift of the SiN waveguide was
calculated using
dneff
2π
∆ϕ =
∆T Lwg ,
(1)
dT
λ
dn

where dTeff is the change of the SiN waveguide effective index with temperature, ∆T is the
temperature change, and Lwg = 1.5 mm is the length of SiN waveguide under the TiN heater. To
relate ∆neff to the temperature change, we used the thermo-optic coefficients reported in [18];
2.45 × 10−5 K−1 for SiN and 0.95 × 10−5 K−1 for SiO2 , measured in the C band. The thermo-optic
coefficients measured in [34] at wavelengths around 880 nm closely agree with these results. Via
optical mode simulations, the calculated ∆neff = 1.94 × 10−4 for ∆T = 8.9 K at λ = 445 nm,
equivalent to a phase shift of 1.31π. Therefore, the simulated Pπ of the phase shifter is 0.91 mW
at 445 nm.
Three phase shifter designs were investigated, and the parameters of each design are summarized
in Table 1. PS1 is the design described in this section and shown in Fig. 1. PS2 was nominally
identical with PS1 except for the lack of deep trenches and undercut etching. PS3 was investigated
to explore the trade-off between the device insertion loss and tuning efficiency by increasing the
length of the SiN waveguides under the TiN heater; the 7 SiN waveguides under the heater had
widths alternating among 600, 650, and 550 nm.
Table 1. List of thermo-optic phase shifters investigated in this work

3.

Device

Trench &
undercut

Waveguide
passes

Waveguide
length under
TiN (mm)

TiN width
(µm)

Suspended
region area (µm
×µm)

PS1

Yes

3

1.5

4.2

8.2 × 500

PS2

No

3

1.5

4.2

N.A.

PS3

Yes

7

6.9

10

15.4 × 984

Device fabrication and measurements

The thermo-optic phase shifters were fabricated on 200-mm diameter Si wafers at Advanced
Micro Foundry (AMF) as part of our visible-light integrated photonics platform. The fabrication
process, which includes multiple steps to define other devices in the platform, began with Si
mesa patterning and doping to define Si photodiodes [33]. Next, PECVD SiO2 deposition and
planarization was performed to define the bottom cladding of the waveguides. SiN waveguides
(150 nm nominal thickness) were fabricated by SiN PECVD, deep ultraviolet (DUV) lithography,
and reactive ion etching (RIE). Additional SiO2 and SiN deposition and patterning steps were
performed to define a second SiN waveguide layer (75 nm nominal thickness) for bi-layer edge
couplers [32]. Chemical mechanical polishing (CMP) was used for layer planarization. Following
deposition of SiO2 top cladding for the waveguides, TiN heaters were defined, followed by 2
metal wiring layers (M1 and M2), vias (M1-M2, TiN-M2, Si photodiode - M1), and oxide
openings for bond pads; similar to conventional Si photonic platforms for infrared wavelengths
[15]. Finally, deep trench and undercut etching were performed to define facets for edge couplers
and the suspended SiO2 bridges of the thermo-optic phase shifters.
Figure 2(a) shows an optical micrograph of PS1 integrated into a MZI test structure. The input
and output fiber-to-chip tapered edge couplers are labeled in the figure and have a width of 5.2
µm at the facets. Optical micrographs of the MZI tested at blue, green, and yellow wavelengths

Research Article

Vol. 30, No. 5 / 28 Feb 2022 / Optics Express

7229

(a)

(b)

(c)

(a) Optical
micrographofofPS1
PS1 integrated
integrated into
(b) (b)
Optical
micrographs
of
Fig. 2.Fig.
(a)2.Optical
micrograph
intoa MZI.
a MZI.
Optical
micrographs
of
thewith
MZI optical
with optical
inputs
variouswavelengths;
wavelengths; atateach
wavelength,
the phase
shifter shifter
the MZI
inputs
at at
various
each
wavelength,
the phase
was driven
to demonstrate
switchingbetween
between the
ports.
(c) Cross-section
was driven
to demonstrate
switching
theMZI
MZIoutput
output
ports.
(c) Cross-section
transmission
electron
micrograph
(XTEM)
of the
suspendedregion
regionof
ofPS3
PS3 showing
showing 7 SiN
transmission
electron
micrograph
(XTEM)
of the
suspended
7 SiN waveguides under the TiN heater; (inset) magnified view of one of the SiN
waveguides under the TiN heater; (inset) magnified view of one of the SiN waveguides. The
waveguides. The filling material required for the XTEM is delineated.
filling material required for the XTEM is delineated.

are shown in Fig. 2(b); switching between the two outputs of the MZI by driving the phase shifter
is demonstrated.
Figure 2(c) shows a cross-section transmission electron micrograph (XTEM) of PS3; the crosssection cut through the suspended SiO2 bridge and has the same orientation as the schematic in
Fig. 1(c). The device measurements reported in this work focus on one wafer from the fabricated
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Table 2. Summary of the measurements of the primary phase shifter (PS1)
integrated into a MZI
λ (nm)

IL (dB)

ER (dB)

P π (mW)

Output1

Output2

Output1

Output2

Output1

Output2

Simulation

445

6.1

6.5

19.8

19.0

0.79

0.82

0.91

488

3.6

3.9

14.9

15.3

0.91

0.94

1.03

532

2.5

2.4

21.0

17.3

1.09

1.09

1.17

561

4.8

4.9

14.4

13.2

1.22

1.16

1.27

wafer lot, while the XTEM is from a second wafer. The only fabrication difference between these
wafers was the SiO2 bottom cladding thickness of the SiN waveguides; 3 µm for the first wafer
and 3.25 µm for the second. Investigation of one die from the second wafer yielded a similar
PS1 performance to the first wafer. From the XTEM, the average separation between the SiN
waveguide and the TiN heater was about 1.86 µm, and the suspended region had a trapezoidal
cross-section. The average separation between the edge SiN waveguide to the left and right edges
of the suspended region was about 2 µm, as designed. The average SiN waveguide width was
about 100 nm narrower compared to the designed value, and correspondingly, the average SiN
waveguide gap was about 100 nm larger than designed. The average SiN waveguide thickness in
the XTEM was about 130 nm.
Device characterization was performed using Coherent OBIS LX (445 and 488 nm) and
Sapphire FP (532 and 561 nm) lasers and a Newport 818-SL/DB photodetector connected to a
Newport 2936-R optical power meter. Cleaved single-mode fibers (Nufern S405-XP) coupled
light on-off the chips via the on-chip edge couplers, as in [4]. The input fiber had an inline fiber
polarization controller to set the input polarization. DC drive voltages were applied to the devices
from a sourcemeter (Keysight B2912A) via tungsten electrical probes contacting the on-chip
pads, and the measured PS1 TiN heater resistance was about 1050 Ω.
The phase shifters were integrated into MZI test structures to convert the applied phase shift
into transmission changes at the MZI outputs. The measured PS1 MZI transmission as a function
of heater power is shown in Fig. 3 at λ = 445, 488, 532, and 561 nm. The power required to drive
the MZI between the cross and thru states is Pπ of the phase shifter. The transmissions were
normalized to those of a reference waveguide with the same edge coupler design as the MZI.
The peaks and nulls of the transmission traces also indicate the insertion loss (IL) and extinction
ratio (ER) of the MZI switch. The IL, ER, and Pπ were calculated from the first half-period of
the tuning. Slight differences in the measurements from the two output ports were observed;
likely due to waveguide loss variations between the MZI output waveguides, amplitude and phase
errors of the 2 × 2 MMI, and measurement error. Due to fiber alignment error and the waveguide
loss of the reference waveguide being subtracted from the MZI loss during normalization, we
estimate the IL measurements to be accurate to ≈ ±1.5 dB.
The measured results of PS1 are summarized in Table 2. The phase shifter exhibited a low
power consumption with Pπ measurements ranging from 0.79 - 1.22 mW and increasing with
wavelength. The simulated Pπ values in Table 2 are in close agreement with the measurements.
The increase of Pπ with wavelength is a result of the reduced optical confinement in the SiN at
longer wavelengths and the lower thermo-optic coefficient of SiO2 relative to SiN. The ER was
>13 dB in all cases, indicating that the deep trenches in the phase shifter did not cause significant
excess losses that would otherwise imbalance the MZI. Some dependence of the ER on the heater
power was observed.
The IL of the PS1 MZI is a combination of the MMI losses and the waveguide losses in
the MZI arms. Cutback measurements of 550 nm wide waveguides on one die indicated the
waveguide losses were about 8.2, 7.0, 5.5, and 5.8 dB/cm at λ = 445, 488, 532, and 561 nm,
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respectively. Simulations indicated minimum excess losses of 0.2 - 0.3 dB per MMI at green
wavelengths and larger losses expected at λ = 445 and 561 nm.
The rise and fall times of the PS1 MZI are presented in Fig. 4. A square wave voltage signal
from a function generator (Tektronix AFG 31000) was applied to the device. The output optical
signal was detected and read out on an oscilloscope (New Focus 2032, Keysight DSOX4054A).
The measurement was performed at λ = 561 nm. The applied voltage signal was chosen to
drive the optical outputs between maximum and minimum transmission. For Fig. 4(a), the ‘1’
level average voltage was about 0.500 V, and the ‘0’ level average voltage was about −0.239 V;
for Fig. 4(b), the measured ‘1’ level average voltage was about 0.503 V, the measured ‘0’ level
average voltage was about −0.239 V. The estimated 10 − 90% rise and fall times were about 570
µs and 590 µs, respectively. The simulated rise and fall times of PS1 are 520 µs and 560 µs,
respectively, in close agreement with the measurements.
To check the repeatability of the results, we measured the tuning curves of the PS1 MZI on
five different dies from the same wafer, and the results are summarized in Fig. 5(a)-(c), with the
die locations shown in Fig. 5(d). The values in Fig. 5 were calculated from the average of the
first half-period tuning of the MZI output ports 1 and 2. The average Pπ of PS1 across the dies
was 0.78 mW, 0.93 mW, 1.09 mW, and 1.20 mW at λ = 445, 488, 532, and 561 nm, respectively,
and the variation in Pπ across the dies for each wavelength was ≤ 0.1 mW. The average ER was
17.3 dB, 14.0 dB, 20.1 dB, and 13.6 dB at the same wavelengths, and the ER was ≥ 9.5 dB in all
cases. The average IL across the dies was 7.3 dB, 3.4 dB, 4.6 dB, and 5.9 dB at λ = 445, 488,
532, and 561 nm, respectively; correspondingly, the maximum/minimum IL at each wavelength
was 9.1/6.1 dB, 4.3/1.6 dB, 7.1/2.5 dB, 7.9/4.4 dB.
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Contributions to the observed IL and its variation include measurement uncertainties (due
to fiber alignment and laser power fluctuations), material and device loss across the wafer,
and on-chip Fabry-Perot oscillations. The measurements were performed using 4 separate
single-wavelength lasers with different spectral/power stabilities; the 532 nm laser had the largest
observed fluctuations. Power fluctuations resulted in uncertainties in transmission measurements
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and polarization settings, both contributing to IL uncertainty; wavelength fluctuations affected
the measured ER.
Due to the high mode confinement in the waveguides and the relatively small waveguide
dimensions required for single- or few-mode operation in the visible spectrum, the waveguide
losses are more sensitive to sidewall roughness scattering (compared to standard silicon photonics
at infrared wavelengths). Similarly, the MMI losses are more sensitive to waveguide dimension
errors. The device performance can likely be more consistent with optimization of the SiN etch
process.

4.

Discussion

To investigate the influence of design parameters, we compared the performance of PS1 against
PS2 and PS3 (Table 1). PS2, which did not have the deep trenches and undercut, had similar
measured IL and ER as PS1 (comparing the MZI measurements); however, as expected, it had a
lower efficiency. The Pπ of PS2 was 15.9, 18.4, 22.2, and 23.0 mW at λ = 445, 488, 532, and 561
nm respectively, about 20× higher than PS1. The benefit was a much shorter 10 − 90% rise(fall)
time of 34.5(33.5) µs. The higher rise and fall times of PS1 compared to PS2 is a consequence
of the thermal isolation provided by the undercut etch. Reducing the cross-section area of the
suspended region may decrease the response time, and a potential approach is to reduce the gap
between the heater and the waveguides, while avoiding optical absorption using a transparent
material for the heater such as indium tin oxide (ITO) [35,36].
PS3 had 7 waveguide passes in the suspended heater (compared to 3 for PS1) with the aim
of lower Pπ (at the expense of higher IL). PS3 simulations and measurements are detailed in
the Appendix. The measured Pπ of PS3 was 0.65 mW at λ = 445 nm, about 81% of PS1. The
small reduction in Pπ was accompanied by a large increase in insertion loss due to the increased
waveguide length. As explained in the Appendix, the 15.4 µm suspended region width (1.9×
wider than that of PS1) resulted in an incomplete undercut in between the SiO2 anchors, and
consequently, a reduced thermo-optic power efficiency.
Reductions in Pπ of PS1 may be possible through relatively simple design optimizations.
Reducing the number of SiO2 anchors supporting the suspended region is expected to substantially
increase the power efficiency [29], possibly at the expense of reduced mechanical robustness.
In addition, according to the simulations in Fig. 1(d), our chosen waveguide gap of 1.2 µm
could be reduced to 0.6 µm with a maximum crosstalk < − 20 dB at λ = 561 nm, and the
corresponding reduction in the suspended region volume is expected to increase the phase shifter
power efficiency.
The insertion loss measurements in Section 3. include both the phase shifter and the MMIs of
the MZI. Separate test structures to measure the loss of the MMIs were not available, and thus, it
was not possible to directly measure the phase shifter loss from the MZI. Instead, as mentioned
in Section 3., we measured the waveguide loss of a 550 nm waveguide (the smallest of the 3
waveguide pass widths in the heater); the loss ranged from about 8.2 - 5.8 dB/cm from λ = 445 561 nm, the total phase shifter waveguide length was 6.466 mm, and the resulting estimated phase
shifter loss is 5.3 - 3.8 dB. The insertion loss of the phase shifter can be reduced by minimizing
the waveguide length that is not in the heated suspended region. In this initial demonstration,
a significant length of unnecessary routing waveguides was present in PS1. This is evident in
Fig. 2(a); the waveguide bends for the loopbacks extend 522 µm beyond the suspended region on
each side. By removing this unnecessary waveguide length and the waveguide length used for
routing from the MZI MMIs to and from the phase shifter, the minimum PS1 waveguide length
is 3.334 mm; the estimated loss of this phase shifter is 2.7 - 1.9 dB from λ = 445 - 561 nm.
The phase shifter loss can also be reduced by minimizing the waveguide scattering loss. With
further optimization of the fabrication process, we expect the waveguide loss to be reduced to,
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at most, our previously demonstrated passive SiN waveguide platform losses (4 - 2 dB/cm for
similar waveguide dimensions from λ = 445 - 561 nm) [4]. With these reduced waveguide losses
and the length optimization mentioned above, we expect the phase shifter loss could be about 1.3
- 0.7 dB from λ = 445 - 561 nm.
An additional consideration for the operation of the phase shifters is the sensitivity to ambient
temperature fluctuations. Due to the millimeter-scale waveguide lengths in the phase shifters,
a feedback mechanism may be required to accurately set the phase during fluctuations in the
temperature of the chip and the surrounding air. However, the thermal isolation provided by the
undercut may reduce the impact of on-chip heat sources.
5.

Conclusion

In summary, we have demonstrated power-efficient SiN thermo-optic phase shifters for the visible
spectrum. The phase shifters had an ultra-low average Pπ of 0.78 mW at λ = 445 nm. The
phase shifters were integrated into MZI switch test structures, and the measured 10% to 90% rise
and fall times were about 570 µs and 590 µs, respectively. The devices operated at blue, green,
and yellow wavelengths; the optical bandwidth was limited by the MMI couplers of the MZI.
The phase shifters were fabricated on 200-mm diameter Si wafers as part of our visible-light
integrated photonics platform. These demonstrated devices are monolithically integrated into
silicon photonic circuits in contrast to phase shifters based on liquid crystals and electro-optic
materials. They provide new possibilities to implement phase shifters in large-scale active
photonic circuits in the visible spectrum.
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Table 3. Summary of the measurements of PS3 integrated into a MZI
λ (nm)

IL (dB)

ER (dB)

P π (mW)

Output1

Output2

Output1

Output2

Output1

Output2

Simulation

445

9.6

10.5

18.0

18.6

0.67

0.63

0.60

488

6.9

6.8

11.3

12.6

0.73

0.73

0.68

532

9.9

11.2

18.2

22.8

0.85

0.78

0.77

561

7.1

7.0

17.5

16.3

0.90

0.93

0.83

6. Appendix
PS3 had the same edge couplers and MMIs as PS1, but it had 7 SiN waveguides under the TiN
heater, which was 10 µm wide and 983.8 µm long. The heater resistance used in simulations
was 983.8 Ω. The measured value was about 864 Ω. The XTEM of PS3 is shown in Fig. 2(c).
The tuning curves of PS3 at 4 different wavelengths are shown in Fig. 6. The IL of PS3 was
generally higher than that of PS1 due to the increased waveguide length. The IL, ER, and Pπ of
PS3 are summarized in Table 3. The values in Table 3 are from the first half-period of the MZI
tuning. With the same simulation conditions described in Section 2, the simulated Pπ of PS3 is
0.44 mW at λ = 445 nm. This is about 32% lower than the measured value. The discrepancy
is likely due to the incomplete removal of Si under the suspended beam. Cross-section images
of the suspended beams show that the undercut etch of the Si substrate had an elliptical shape
and extended about 8 µm laterally beyond each edge of the deep trench. The lateral extent of
the undercut etch was wide enough to remove all the Si substrate under the suspended beam for
PS1, but not directly between the SiO2 anchors for PS3. To model the incomplete undercut etch
for PS3, we assumed 2µm × 2µm Si posts connected the suspended beam to the Si substrate at
regions directly between the SiO2 anchors. The resulting simulated Pπ of PS3 is 0.60 mW at 445
nm, close to the measured value. The Pπ simulations of PS3 with the incomplete undercut are
summarized in Table 3. The incomplete undercut etch of PS3 is also expected to reduce the rise
and fall times (due to the conduction of heat from the suspended region to the Si substrate via
the Si posts). The measured 10 − 90% rise and fall times of PS3 were about 480 µs and 520 µs,
respectively, slightly smaller than PS1.
Disclosures. The authors declare no conflicts of interest.
Data availability. Data underlying the results presented in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request.
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