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Abstract

Electrostatic actuators offer a method for tuning photonic components using orders of magnitude
less power than competing technologies. We consider electrostatic comb drives with dimensions
tailored for integration with silicon photonics and study their static and dynamical properties. We
extract the spring constant by dynamical measurements, which do not rely on assumptions about
the electrical properties and fringing fields. This, in turn, allows measuring the differential capacit-
ance without making assumptions about the mechanical properties. The resulting data set there-
fore allows for an accurate assessment of the validity of multiple theoretical models available in the
literature, and we identify the importance of the stress in the anchor points for an accurate theoret-
ical description. We provide a comb-drive design, which can be directly applied in silicon photon-
ics, where it is suitable for inducing very large phase shifts and other optical effects in nanoelec-
tromechanical reconfigurable photonic circuits. Through measurements we find that our design
can reach mechanical frequencies of 2.7 MHz, the highest operating frequency of a comb-drive
actuator reported so far, while still retaining useful steady-state displacements.

1. Introduction

Microelectromechanical systems (MEMS) have become ubiquitous in communication systems [1] and
sensing [2]. Large-scale MEMS micromanipulators have been employed in areas ranging from biomed-
ical applications [3] to scanning probe microscopy [4]. These systems are typically fabricated on silicon-
on-insulator (SOI) substrates with device layers that range from a few to tens of micrometers in thick-
ness. The miniaturization of MEMS combined with advances in nanofabrication technologies have led
to the vision of nanoelectromechanical systems (NEMS), which enable actuators with higher mechan-
ical frequencies and suited for nano-scale displacements [5, 6]. Such NEMS electrostatic actuators can be
directly integrated with silicon photonics or other planar photonics platforms [7] where elastic deform-
ation of photonic waveguides and other subwavelength components allows for filtering [8], phase con-
trol [9], and routing of guided light [10, 11]. Notably, photonic NEMS constitute a fast, compact, and
energy-efficient platform for reconfigurable photonics, which can potentially outperform commonly used
approaches such as thermo-optic technology on essentially all figures of merit [7, 12, 13].

While MEMS actuators are generally well modeled by the parallel-plate approximation and Euler—
Bernoulli beam theory [14, 15], these same models have been shown to be inaccurate when applied to
smaller NEMS actuators [6, 9, 16, 17]. This is firstly because the capacitance of NEMS actuators is typic-
ally dominated by fringing fields [18], which are neglected in the parallel-plate approximation. Secondly,
folded-beam springs, as shown in figure 1(a), are often modeled as two series-coupled guided-end beams

© 2026 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Modeling of a folded-beam spring. (a) Sketch of a folded-beam spring. The two flexible beams are connected to each
other through a stiff truss, and attach to surrounding structures through two stiff anchors. (b) Typical theoretical model of a
folded-beam spring. The two flexible beams (marked in gray) are the only parts allowed to bend, and the connecting elements
act as perfectly rigid boundary conditions. (c) Finite-element model of a spring under tension with normalized von Mises stress
plotted on top. Note the presence of stress in the truss and anchors. (d) Scanning electron micrograph of a spring at rest. (e)
Scanning electron micrograph of a spring vibrating in mechanical resonance. (f) Scanning electron micrograph of a spring under
steady-state tension.

using Euler—Bernoulli beam theory with stiff anchors and connecting truss, as shown in figure 1(b).
However, as we will show through a rigorous comparison to the theoretical models available in literat-
ure, the stress in the anchor points to which the moving elements are attached, cf figure 1(c), signific-
antly reduces the stiffness of the spring, especially for the shorter beam lengths typical for NEMS [19].
Thirdly, experiments reported in the literature indicate that Young’s modulus of silicon decreases for
nanoscale structures, although it remains unclear for which dimensions this becomes significant [20].
Here we fabricate NEMS actuators with springs as shown at rest in figure 1(d) and use in-situ actu-
ation in a scanning electron microscope (SEM) to measure both resonance frequencies cf figure 1(e) and
steady-state displacements cf figure 1(f). This allows us to measure both the electrostatic and mechanical
properties of our actuators without relying on assumptions about the other, which in turn lets us test
the validity of several theoretical models available in literature [19, 21, 22].

2. Theory and design of electrostatic actuators

The simplest geometry of an electrostatic actuator is that of two parallel electrodes of which at least one
is mechanically compliant, and an applied voltage generates an electrostatic force similar to that of a
parallel-plate capacitor. However, the electrostatic force in such direct electrostatic actuators grows non-
linearly with both displacement and voltage, and they are therefore prone to electrostatic pull-in instabil-
ities [23, 24]. This has motivated the development of sliding actuators for which the electrodes are dis-
placed laterally and slide next to each other, such that the electrostatic force, in the ideal case, is inde-
pendent of displacement. This makes sliding actuators resilient against the pull-in instability, which lim-
its the practical travel range of direct electrostatic actuators, in the direction of actuation. The actuation
force can then be increased by constructing arrays of sliding electrodes, and such actuators are referred
to as comb-drive actuators (4, 6, 14, 21, 25].

We first focus on developing compact comb-drive actuators with sub-micrometer displacements
and high operating frequencies fabricated on SOI platforms with a device-layer thickness of 220 nm,
i.e. the standard thickness for silicon photonics. To this end, we use a compact folded-cantilever spring
design together with a battering-ram body, as illustrated in figure 2(a). The gap between opposing comb
fingers, g, (as shown in figure 2(b)) determines the density of the comb fingers and strikes a balance
between the electrostatic force at a given actuation voltage and the risk of lateral collapse and stiction.
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Figure 2. Modeling and design of comb-drive actuators for nanoelectromechanical silicon photonics. (a) Schematic of a
battering-ram comb-drive actuator. The two tones of gray indicate areas of different electric potentials during operation. The
movable parts are suspended by springs attached to islands large enough to avoid underetching. (b) Zoom-in of comb-drive fin-
gers with gap size g. (c) Contour plot of the electrostatic force of a comb drive with 72 finger pairs as a function of gap size and
actuation voltage. (d) Zoom-in of a folded-cantilever spring with beam width W and length L. (e) Logarithmic contour plot of
the spring constant of four folded-cantilever springs in parallel as a function of beam width and length (the complete comb drive
includes four springs). (f) Logarithmic contour plot of the comb-drive displacement as a function of the total spring constant of
the four-spring suspension and the total electrostatic force.

The electrostatic force, Fg, acting on an actuator is found as the derivative of the stored electrostatic
potential energy [21] Fp = %g—SVZ, where C is the capacitance of the electrodes and V is the voltage
dropped across them. In MEMS, the capacitance between fingers is often well approximated by the
parallel-plate approximation due to the large thickness of the device layer compared to the gap between
fingers. However, due to the thin device layer of our platform, fringing fields contribute significantly to
the capacitance. While this changes the scaling of the capacitance with respect to g, the resulting electro-
static force remains largely independent of the displacement of the comb drive [18]. Figure 2(c) shows
a contour plot of the electrostatic force generated by a comb drive with 72 finger pairs as a function
of V and g, calculated using finite-element modeling (FEM). Our comb-drive design is suspended by
four folded beams of width W and length L as shown in figure 2(d). Each folded beam consists of two
long beams connected by a short truss. It is commonly assumed that anchors and trusses are stiff, and
the suspension would then be modeled as four parallel connections of two guided beams in series using

Euler—Bernoulli beam theory [22, 23],
3
kEBZZET<VfV> ) (1)

where kgp is the spring constant as predicted by Euler—Bernoulli beam theory, E = 169 GPa is Young’s
modulus of silicon in the (110) direction [26] and T = 220nm is the thickness of the device layer. This
analytical model provides a simple initial estimate, but it cannot accurately capture the behavior of the
system. A numerical finite-element approach is necessary to more precisely estimate the spring constants.
Figure 2(e) shows a contour plot of the spring constant, kpgy, of four folded-cantilever springs in par-
allel calculated with the finite-element method as a function of the width, W, and the length, L, of the
folded cantilevers. This relation is important for designing comb-drive actuators because the spring con-
stant directly impacts the trade-off between low-voltage and high-frequency operation. The displacement,

d, of a comb drive in a steady state is determined by balancing the electrostatic force against the spring
force,

d=¢V?, (2)

where we define the comb-drive constant £ = ﬁg—g, and k is the total spring constant of the comb drive.
Figure 2(f) shows a contour plot of the steady-state displacement of comb drives with spring constants
ranging from 0.5 to 32N m™! and a range of forces varying as specified in figure 2(c).
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Figure 2 illustrates the design space for comb-drive actuators with thin device layers and shows the
trade-off between displacement, spring constant, and actuation voltage over a parameter range that is
typical for silicon photonics. This serves as a design guide for comb-drive actuators in silicon photon-
ics and enables identifying the geometrical parameters to yield a desired performance. However, this
approach neglects a number of effects of both theoretical and practical nature. The small aspect ratio
of silicon photonic NEMS makes them more sensitive to unwanted out-of-plane forces, such as the lev-
itation force or the out-of-plane pull-in instability, depending on whether the substrate is grounded
or floating [27]. This can, to some extent, be alleviated by using springs with narrow beams; however,
narrow beams are more sensitive to fabrication defects, and their behavior can fluctuate significantly
between fabrication runs. In practice, we focus our work on springs with a width of 200 nm as this
ensures that the out-of-plane spring constant exceeds the in-plane spring constant for a single suspen-
ded beam while minimizing unwanted effects associated with smaller critical dimensions. In any case,
this calls for careful experimental studies, which we present in the following.

We aim to fabricate our comb drives on 220 nm silicon device layers with N =72 finger pairs and
a gap between fingers of g = 200nm. Using lumped-element modeling and the parallel-plate approxim-
ation, this corresponds to 140 capacitors in parallel, yielding a differential capacitance of 1.36 nFm™!.
Using FEM calculations instead, which include fringing fields, gives a more accurate and much higher
estimate of the differential capacitance at 2.47 nFm™'. We have also fabricated finger gaps down to
50 nm, but we find that these often lead to in-plane collapses, and we therefore only present the res-
ults on 200 nm finger gaps. We include designs with spring width of W =200nm, and a spring length
varying between L = [2.55,3.21,4.04,5.09,6.42,8.08,10.18] um corresponding to spring constants
kep = [0.5,1,2,4,8,16,32] Nm™~! according to (1).

3. Nanofabrication

We fabricate our devices on SOI chips using electron-beam lithography, dry etching, and selective under-
etching [28-30]. Further details on the nanofabrication are included in appendix A. Figure 3(a) shows
an SEM image of a fabricated comb drive. The light gray areas in the corners of the image show the two
metal contacts used to drive the actuator. The dark gray areas are the silicon device layer supported by
the buried oxide (BOX) layer underneath, and the gray areas are the sections of the device layer that
have been released from the BOX layer by isotropic selective underetching. Built-in stress in the device
layer strains the comb drive after underetching, and while the springs help absorb some of this strain,
the built-in stress has caused the comb drive to buckle slightly up along its spine. This buckling causes
the comb-drive fingers to disengage by a few nanometers, which in turn slightly lowers the electrostatic
force. While the effect in this case is likely negligible, it could become significant if the spine is exten-
ded to accommodate more rows of fingers, which would require additional stress-release structures or
other types of stress management. Figures 3(b)—(d) show zoom-ins of the comb-drive fingers, spine, and
a spring, respectively. The spine includes a periodic pattern with a pitch of 200 nm in order to facility
accurate measurements of the displacement using image analysis [30].

Conventionally, comb-drive actuators are doped, which for many applications can be done without
introducing additional complexity to the fabrication process, whether by working with pre-doped SOI
wafers or by fabricating actuators in polysilicon, which can be deposited with doping by low-pressure
chemical vapor deposition [31]. However, in photonic NEMS, indiscriminate doping of the device layer
induces optical losses, and as such, a patterned doping process is needed, which increases the complexity
of the fabrication process [13]. This motivates an investigation of when it is necessary to dope comb-
drive actuators. One concern with undoped silicon device layers is the formation of Schottky barriers
where metal contacts interface with the intrinsic silicon, as these barriers behave as diodes [32]. A min-
imum of two electrical contacts are needed to operate a comb drive, implying that the equivalent elec-
trical circuit has two opposing Schottky diodes in series, such that one Schottky diode is always reversely
biased. This is normally not an issue for electrostatic actuators during quasi-static operations since the
saturation current in reverse bias is usually enough to drive the actuator, but the high impedance of the
reversely biased diode, and thus the increased circuit response time (RC-time) can restrict the dynamic
response of the actuator to frequencies far below the mechanical resonance frequencies [13].

4. Dynamical measurements

To study the effect of doping, we fabricate two sets of nominally identical comb drive actuators and
dope one set by diffusion-doping using boron-doped silica to obtain a sheet resistance of 30 ohm/sq.
Assuming a uniform dopant distribution, this corresponds to a resistivity of 6 x 1074Qcm, and an

4
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Figure 3. Fabricated comb-drive actuator. (a) Scanning electron micrograph (60° tilted) of a battering-ram comb-drive actuator.
Light gray areas of the comb drive are suspended, while dark gray areas rest on the buried oxide layer. White areas in the corners
of the micrograph are metallic electrical contacts. (b) Zoom-in of comb drive fingers. (c) Zoom-in of periodic features etched
along the spine of the comb drive to enable measuring displacements by SEM with single-nanometer precision [30]. (d) Zoom-in
of a folded-cantilever spring.

impurity concentration of 1.75 x 10* cm—3, or roughly 3.5 boron atoms per 1000 silicon atoms. The

doped comb drives are not limited by the electrical impedance, and we can excite their mechanical res-
onances by applying an alternating-current (AC) signal. We measure the dynamic response by apply-

ing the AC signal in-situ in an SEM. To illustrate the capabilities of this in-situ technique, we obtain
SEM images of the comb drive for different values of an applied direct-current (DC) bias, and compile
them into a movie, see supplementary material (Actuation of comb drive in SEM). Returning to the AC-
measurements, we measure the amplitude of the blur [6] of the periodically spaced holes in the body

of the comb drives. Applying a voltage across two electrodes on a sample in an SEM deflects the elec-
tron beam much like the deflector coils do. With a DC bias, this can be corrected for by adjusting the
deflector coils, but with AC signals with frequencies above the scan rate of the SEM, the beam deflection
shows up as image blur that makes it harder to measure the blur created by the mechanical vibrations of
the comb drive.

We find that keeping the AC amplitude in the 0.1-1V range reduces the beam deflection to an
acceptable level, but such a voltage range is too low to noticeably actuate the comb drives. We therefore
apply a DC bias to operate the comb drive at a working point with larger g—é in order to increase the
sensitivity. Since the electrostatic force acting on the comb drives scales with the square of the voltage,
Fg o< V2, the force generated by an AC signal with a DC bias, V = V;, + Asin (wt), has two frequency
components

1 — cos (2wt
Fg o V2 = V2 + 2V Asin (wt) +A2w,

(3)
where V) is the DC bias, A is the AC amplitude, w is the angular frequency, and t is time. For an

AC signal with zero DC bias, the force will oscillate at twice the frequency of the input signal, but for

Vo >> A the generated force is dominated by the frequency component, w, that directly matches the
applied AC signal.

The increased sensitivity enabled by the DC bias allows us to image the oscillating comb drives
without significant interference from beam deflections. The mechanical resonance frequencies corres-
ponding to the observed peak amplitudes of the image blur are measured with 1kHz precision, and
plotted in figure 4(a) as a function of the beam length, L. From the resonance frequency, we extract the
measured spring constant as ky, = (27 f0)2 m*, where f is the resonance frequency and m* = ms + m; +
%mb is the effective mass of the comb drive [14], and m; is the mass of the large shuttle, m; is the mass
of a single truss, and my, is the mass of a single beam. The resonance frequency may be further increased
by reducing the mass of the actuator, and we have demonstrated 2.7 MHz using a skeletonized shuttle,
as shown in supplementary material (Actuation of comb drive in SEM), combined with a 17.7Nm™!

5
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Figure 4. Measured dynamic and steady-state response of comb drive actuators. (a) Measured resonance frequencies and extrac-
ted spring constants of doped comb drives as a function of the length of the cantilever beams. The solid, dashed, and dotted

blue lines represent analytical models of the spring constant using Euler—Bernoulli beam theory, Castigliano’s theorem, and
Timoshenko beam theory, respectively. The solid red line shows a reciprocal polynomial model fitted to the finite-element res-
ults. That model is subsequently fitted to the experimental data through a free prefactor while keeping all other parameters fixed.
The resulting fit is shown as the solid black line and shows excellent agreement with the experiments. The lightly colored regions
indicate estimated systematic errors in the SEM measurements. (b) Actuator displacement as a function of the applied voltage

on log-log axes for doped and undoped comb drives with suspensions of different measured spring constants, km, showing
slightly more displacement for the doped comb drives compared to their undoped counterparts. (c) Displacement as a function
of actuation voltage on linear axes for doped and undoped comb drives with a measured spring constant of ky, = 17.7Nm™!. (d)

Comb-drive constants of nominally identical comb drives, with and without doping, as a function of measured spring constants,
k.

suspension, which, to the best of our knowledge, is the highest resonance frequency ever reported for a
comb-drive actuator.

The dynamical behavior of MEMS and NEMS can be influenced by nonlinear effects such as elec-
trostatic spring softening [23], squeeze-film damping [33], and thermo-elastic damping [34]. We expect
thermo-elastic damping to be the dominant source of damping in our measurements [34]. Electrostatic
spring softening depends on nonlinearities in the electrostatic force, and is strongest near electrostatic
pull-in [23]. Since our comb-drive design uses 2 ym long parallel fingers with a large initial overlap of
400 nm, the field-components that would contribute to electrostatic pull-in, and thus spring softening,
are negligible. Squeeze-film damping relies on trapped fluid in the path of the actuator, but since our
comb drive is 220 nm thin, and measurements are performed in a vacuum chamber, we estimate that
our comb drives collide with an average of just 0-10 air molecules per mechanical oscillation at reson-
ance. This is consistent with previous studies showing saturated mechanical quality factors when measur-
ing at pressures of 1 x 107> mbar [34], which is one to three orders of magnitude higher than the expec-
ted pressure in the SEM used here.

Figure 4(a) also shows the prediction from three analytical solutions commonly employed in the
design and analysis of MEMS in order to probe their validity in the regime of photonic NEMS. The
first model is Euler—Bernoulli beam theory, cf equation (1), but we include also calculations using
Castigliano’s theorem [21], which takes the connecting trusses into account and treats them as beams
in pure bending,

w LW?
ke =2ET| — | —————, 4
¢ (L)LWf—i—;LtW @
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where W, is the width of the truss, and L, is the length of the truss. Finally, we consider Timoshenko
beam theory [22] which takes shearing of the spring beams into account,

L o\
kr = (ZK:TWG + 2ETW3> ’ ®)
5

where x = 2 is the Timoshenko shear coefficient for rectangular cross section and G = 50.9GPa is the
shear modulus of silicon in the (110) direction [26]. All three models fail to accurately predict both the
prefactor and the size scaling of the measured eigenfrequencies. These models rely on fixed and guided-
end boundary conditions corresponding to no rotation at the beam ends. This assumption is inaccurate
for short beams as the supports at the ends of each beam twist slightly and behave as stiff hinges [19].
The spring constants calculated with the finite-element method capture this effect, which is evident from
the von Mises stress shown in figure 1(c), and thus reproduce the measured scaling with beam length,
but with a different prefactor. This is likely due to a combination of multiple effects. The dimensions of
the comb drives, used both to estimate their effective masses and to model their springs, are obtained by
SEM measurements. This introduces some amount of systematic error due to edge roughness and edge-
bloom artifacts. We assume an error, dxsgy in determining the position of edges in our SEM images

of roughly 3 nm. The error when estimating the area of a comb drive depends linearly on dxsgpym with

a prefactor that depends on the circumference of the design. Thus, for these measurements, we avoid
skeletonization as it both significantly increases circumference and decreases volume, both of which
increase the relative error when estimating mass. Variations in the thickness of the device layer are also
expected to be on the order of a couple of nm. When estimating the mass of our comb drives we calcu-
late an error on the order of just 1%. A far more significant error is the one associated with the calcu-
lated spring constants based on measured beam widths. The measured beam widths are prone to errors
of 26xspm, and beam bending scales as W?, which results in a relative error that can be estimated as

or 3 . . .
ok=|1— W ’ Even a small measurement error of just dxsgy = 3nm thus yields a relative error

in the prediction of spring constants of 9%, as indicated in figure 4(a) by the light blue and red regions.
Native oxide and crystal damage from reactive ion etching will also alter the spring constant, and one
study has found the Young’s modulus of silicon cantilevers with a critical dimension of 200 nm to be
reduced from 169 GPa to around 145 GPa [35] which would account for a 14% reduction of spring con-
stant, but to the best of our knowledge this result has not been reproduced [20]. Determining the differ-
ence between the finite-element calculations and measurements requires a full model of the spring con-
stants. This model should take into account the deflections due to bending of the spring beams, which
scales as 1/L°; hinging at the beam supports due to the applied bending moment, which scales as 1/L?%;
and the applied shear force which scales as 1/L; as well as the deflection due to shearing of the spring
beams, which also scales as 1/L. Assuming these deflections are independent, the total deflection can be
found by superimposing the individual contributions,

kf: (613L3 + a2L2 + LI]L)il 5 (6)

where a; = (2ETW?)~! can be determined from equation (1), and a; and a, can be found by fitting to
finite-element calculations. This results in an excellent fit, as shown in figure 4(a), and the agreement
with the experimental results is also generally excellent, except for an overall scaling factor. This allows
fitting our model, i.e. the fit to the finite-element results (the red line in figure 4(a)), to the measure-
ments by introducing a prefactor as the only free parameter. This single-parameter fit is excellent (the
black line in figure 4(a)), and corresponds to a 33% drop in the measured stiffness compared to the pre-
diction from FEM. This is qualitatively consistent with previously reported measurements indicating a
reduction in Young’s modulus for dimensions below a few hundred nanometers [20], but we note that
our measurements—as well as measurements previously reported in the literature—must be interpreted
with great care due to the potential sources of systematic errors discussed above.

5. Steady-state response

We measure the displacement of the actuators as a function of applied DC voltage using image analysis
of SEM images aquired with zero tilt angle of the periodic structures shown in figure 3(c). The result

is shown in figure 4(b). For linear springs, the displacement scales with the square of the voltage, and

all displacement curves would be parallel lines on log-log axes, which is confirmed by our experiments.
Although subtle, the displacement at a given applied voltage is slightly less for the undoped comb drives
compared to the doped devices. This is more apparent in a plot with linear axes, as shown in figure 4(c).
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The doped comb drives displace 20%, 37%, and 20% more than undoped nominally identical comb
drives for measured spring constants of k, = 0.4Nm~!, 25Nm™~!, and 17.7 N m™!, respectively. This
extra displacement could be due to a lower Young’s modulus of the highly doped springs. However,
it has been reported that even heavy doping only reduces Young’s modulus of bulk silicon by up to
3% [26]. Another explanation could be a reduced Debye screening in the undoped silicon [36], which
would result in a smaller differential capacitance, %. To the best of our knowledge, this effect has not
yet been experimentally investigated in electrostatic actuators. In any case, this shows that nominally
undoped silicon works very well for DC operation of photonic NEMS.
We now turn to the extraction of the comb-drive constant, § = ﬁ%, which we have defined as
the proportionality between V2 and d, i.e. it can readily be extracted by fitting a quadratic function
to the measured displacement curves in figure 4(b). The extracted comb-drive constants are plotted
as a function of measured spring constants, ky,, in figure 4(d), from which we can directly determ-
ine the differential capacitances. We find g—g =2.440.1nFm™! for the doped comb drives, and %g =
2.140.1nFm™! for the undoped comb drives, where we have assumed identical spring constants for
doped and undoped actuators.

6. Conclusion

The experimental scheme used in our work allows separate measurements of the mechanical and elec-
trostatic properties of NEMS comb drives, and we find significant discrepancies between commonly used
analytical models, FEM calculations, and measurements. Euler—Bernoulli and Timoshenko beam models
give largely identical results, indicating that beam shearing is negligible for the beam parameters invest-
igated here, but hinging at the beam supports, which is captured by FEM calculations, is not. Although
FEM calculations and, by extension, our fitting model fails to reproduce the measured spring constants,
the scaling with beam length is highly accurate across beam lengths spanning an order of magnitude,
and the model only fails by a constant prefactor. These results indicate that for applications of NEMS
actuators that require high levels of precision, such as in-situ measurements of Casimir—van der Waals
forces [30, 37], electrostatic stages for probe microscopy [4], on-chip mechanical characterization of 2D
materials [38], and NEMS-reconfigurable photonic integrated circuits [9-13, 17, 39], calibration meas-
urements are vital. We find that FEM calculations slightly overestimate differential capacitance compared
to measurements, and we observe that even in steady-state displacement measurements, heavily doped
comb drives outperformed lightly doped comb drives by 20%-30%. Both of these observations point to
Debye screening causing the differential capacitance to be affected by the doping level. Further experi-
ments are needed to characterize this behavior, for example, by varying the distance between comb fin-
gers along with the doping level. The impact of heavy doping on the differential capacitance and the
spring constant could further be disentangled and studied separately by locally doping either the comb
fingers or the springs.

We demonstrate comb drives reaching operating frequencies around 1.8 MHz without skeletonization,
and 2.7 MHz with, which, to the best of our knowledge, is the highest ever reported. These high-speed
comb drives could push the speed of photonic switch networks [10, 17] and decrease the training time
for optical neural networks [39]. We also demonstrate comb drives with 50 nm displacements at just 5V,
while still maintaining operating frequencies around 200 kHz. These low-voltage comb drives could be
used to reconfigure photonic phase shifters [12] and directional couplers [13] at voltage levels found in
electronic integrated circuits.
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Appendix. Nanofabrication

Our comb drives are fabricated from SOITEC SOI wafers with a 220 nm device layer, and a 2 ym

BOX layer. According to the manufacturer, the device layer is doped p-type with boron to a resistiv-

ity of 102 cm—15 € cm, corresponding to a sheet resistance of 5 x 10° ohm/sq, but using hot-point-
probe measurements [40, 41] we find that the doping is actually n-type, which we further verified by
transmission-line measurements [41] on structures with locally doped contacts, that also determined the
real sheet resistance to be 1.4 x 10 ohm/sq, corresponding to a resistivity of 0.3 cm.

The substrate is spin-coated (ALLRESIST CSAR 62), and patterned by electron-beam lithography
(JEOL JBX-9500FSZ 100kV). The pattern is then transferred into the device layer by reactive-ion etching
(SPTS-Pegasus). Half of the comb drives are doped through diffusion doping using a borosilicate glass
dopant source deposited after RCA cleaning using plasma enhanced chemical vapor deposition (PECVD)
(SPTS Multiplex PECVD). The boron impurities are then diffused into the device layer through anneal-
ing under nitrogen at 1000 °C for 20 min (Tempress horizontal furnace). After the borosilicate glass is
stripped in 1% hydrofluoric acid, the doped and undoped comb drives continue processing together.
Metal contacts are formed by ultrasound-assisted liftoff using a negative UV-sensitive resist (AZ nLOF
2020) exposed with a maskless aligner (Heidelberg MLA100). Metal contacts are defined by electron-
beam evaporation (Ferrotec Temescal FC-2000) of a 5nm Cr adhesion layer followed by a 200 nm Au
film. As the last step, the structures are released by a selective etch of the BOX layer with a temperature-
and pressure-controlled vapor phase hydrofluoric acid etch (SPTS Primaxx uEtch). This results in sus-
pended membranes.

The repeatability of the fabrication process is primarily limited by current proximity error correction
(PEC) tools for e-beam lithography. Depending on the surrounding structures, critical dimensions can
vary up to 10 nm from chip-to-chip, which would cause spring constants to vary as much as 27%. If
the fabricated pattern is kept constant between chips, which eliminates PEC-related error, then we find
a chip-to-chip variation of just 2.5 nm resulting in 7% variance in spring constants. At foundries where
processes are highly controlled, this disorder can be reduced even further to near atomic precision [42].
Among the 424 comb drives fabricated in the context of this study, several had broken beams caused by
ultrasonication during our lift-off process, but no other fabrication-related device failures were observed.
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