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Abstract Optical interferometry is a highly sensitive method for detecting the miniscule resonant motion
in two-dimensional (2D) nanoelectromechanical systems (NEMS). However, the technique to control the
interferometry signal strength has not been fully understood. In this work, we present analytical modeling of
an effective method for tuning motion-to-signal responsivity in interferometric detection of 2D molybdenum
disulfide (MoS2) NEMS resonators. We show that the responsivity can be tuned very efficiently, all the way
from maximum to 0, by varying the vacuum gap underneath the 2D membrane electrostatically. We further
show that the gate voltage corresponding to 0 responsivity, which means no motion signal can be detected,
varies with the MoSy thickness, diameter, pre-strain, and initial vacuum gap. Our findings provide an
important guideline for optimizing measurement conditions when detecting motion in 2D NEMS structures
using laser interferometry.
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1 Introduction

Nanoelectromechanical systems (NEMS) based on two-dimensional (2D) materials are promising for
designing and realizing novel sensing devices, by combining the mechanical degree of freedom available in
such device structures and unique physical properties offered by 2D materials [1-6]. A key challenge for
2D NEMS research is to detect the small mechanical motion in these atomically-thin structures. Since the
very first graphene resonator detected by laser interferometry [7], many electrical and optical techniques
have been used to detect the motion of 2D NEMS resonators. Electrical detection techniques have good
compatibility with on-chip and large-scale integration, with amplitude modulation (AM) mixing [8-10],
frequency modulation (FM) mixing [9,11-13], and direct radio-frequency signal transduction schemes [14,
15] explored and implemented in 2D NEMS studies. Optical interferometry motion detection can have
very high signal transduction efficiency, i.e., responsivity (signal change per unit device motion). This
technique is capable of detecting the thermomechanical resonance induced by the Brownian motion,
showing high sensitivity of the measurement system, and can map the mode shapes of the different
resonant modes [16-19]. In addition, laser interferometry has been used for studying photothermal
back-action and laser cooling in 2D NEMS resonators [20], measuring 2D NEMS suspended on flexible
substrates [21], measuring thermal transport in 2D materials [22], and detecting the motion of 2D bimorph
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resonators [23]. While the dependence of responsivity on 2D device structure has been theoretically
studied [24, 25], the opportunity of responsivity tuning by continuously varying the device structures in
a controlled manner has remained to be exploited.

Here, we analyze the electrical control of motion-to-signal responsivity in molybdenum disulfide (MoSs)
NEMS resonators. For a suspended 2D membrane with a back gate, the gate voltage can pull down the
membrane electrostatically. Such effect can result in an effective tuning of resonance frequency due to
the gate-induced strain [8,15, 18], and is important in the electrical signal transduction in 2D NEMS
resonators [26,27]. By combining electrostatic effect with optical interferometry in our analysis, we show
that gate voltage can be used to effectively tune the vacuum gap depth underneath the 2D material,
and thus modulate the interferometric responsivity, all the way down to 0 at certain gate voltages. We
also analyze responsivity tuning effect by varying device parameters, including MoSs thickness, device
diameter, pre-strain and initial vacuum gap dp (vacuum gap at 0 gate voltage). Since gate voltage is
widely used for tuning the conductance and resonance frequency in 2D NEMS devices, our analysis can
provide an important reference for optical interferometry detection when coupled with gate tuning.

2 Results

The MoSs device used in this analysis takes the form of a circular drumhead (side view shown in Fig-
ure 1(a)). The thickness of the suspended MoSs is di, and the vacuum gap depth is do. When the
laser beam is incident on the MoS; membrane, it is reflected at multiple interfaces: the vacuum-MoS;
interface, the MoSs-vacuum interface, and the vacuum-Si interface. The total reflectance, defined by the
reflected light intensity divided by the incident light intensity, can be calculated using equations from
thin-film optics [17], and can be written as follows:
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where 71, r3, and r3 are reflection coefficients at the vacuum-MoSs, MoSs-vacuum, and vacuum-Si
interface, respectively:
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and 1, @9 are the phase shifts when the light is traveling in different media:
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where A\ is the laser wavelength; here we use 632.8 nm for He-Ne laser, which is commonly used for
MEMS/NEMS resonator measurements. In the above equations, each d stands for the thickness, and
each n stands for the complex index of refraction of the respective layers (MoSs, vacuum gap, and silicon),
with nyac being the only one with real value, which equals unity. Here we assume the normal incidence
of the light. In actual measurements, the light may have a small oblique angle due to imperfection in the
optical alignment. Such angle is typically very small (on the order of 0.1°), which results in a negligible
effect on the responsivity. The laser spot size is often notably smaller than the device size [17], and for
simplicity, we treat it as a point in our analysis, which is a good approximation for most measurement
conditions.

As the 2D membrane vibrates, the periodic change in do dynamically modulates the interferometric
condition and thus the total reflectance of the device structure (Figure 1(b)). The slope of the curve
in Figure 1(b) gives the displacement-to-reflectance responsivity (Figure 1(c)), defined as ORet/0ds.
Interestingly, from the analysis of a typical MoSs device (Figure 1(b) and (c)), we observe the striking
feature that at a specific do value, the reflectance does not change with vacuum gap, which means
0 responsivity for interferometric motion detection—the vibration just cannot be detected using laser
interferometry. We denote the dy value when such condition is met as dy(g)-

When a DC gate voltage V; is applied between the MoS; membrane and the gate electrode underneath,
the 2D structure is electrostatically attracted towards the gate, reducing the vacuum gap depth ds
(Figure 2(a)). Such variation in device structure statically tunes the interferometric condition, and thus
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Figure 1 (Color online) Responsivity of laser interferometric motion detection in 2D MoS; NEMS resonators. (a) Schematic
illustration of the laser interferometry. (b) Calculated reflectance as a function of vacuum gaps dz, for an MoSs device with
thickness di of 5 layers (3.25 nm), radius R of 3 pm, initial vacuum gap of 290 nm, pre-strain ¢ of 0.01%. The result shows how
the responsivity is derived using the slope of the curve, and 0 responsivity can be obtained at a specific vacuum gap depth dy(g)-
(c) Magnitude of responsivity as a function ds.

(2)

—
o
-

Mos, 300 : ; : @ 020 ; : :

= 2 _

g g o015} ]

£ s o

d, ” ~ 280 1 =
¢ § d, - =

z | 2 010 ¢ 1
Z 260 | 1 &

(b) Deflection § ! % 0.05 1
| |5}
06 2 4 6 8 mm 3 4

240 +
L L . 0.00 oV . L
0 3V, 6 9 0 3V, 6 9

. Gate voltage v, V) Gate voltage v, V)

Figure 2 (Color online) Responsivity variation induced by the gate voltage. (a) Schematic illustration of a deflected MoS,
membrane under DC gate voltage V,. (b) Three-dimensional (3D) deflection profile of the MoSz membrane under V, = 1 V,
obtained through finite element simulation. (c¢) Analytical solution showing the vacuum gap at different V;, using the same device
parameters as in Figure 1. The vacuum gap da(gy when 0 responsivity occurs corresponds to the gate voltage V(o). (d) Magnitude
of the interferometric responsivity as a function of Vy, clearly showing its variation before and after V).

the responsivity. The deflection of the MoS; membrane under V;; can be obtained through both finite
element simulations (Figure 2(b)) and analytical modeling (Figure 2(c)). Given the extremely large
aspect ratio of the 2D membrane which is atomically-thin, in analytical calculation we ignore the flexural
rigidity of the suspended 2D membrane, and calculate the static deflection at the center of the vacuum
gap zs (which equals the reduction in ds) by minimizing the total energy (electrostatic energy plus elastic
energy) [28], which is equivalent to setting its derivative to 0:
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where Ey is the Young’s modulus of MoSs, v, is the Poisson’s ratio, R and d; are the radius and thickness
of the circular membrane, C' is the capacitance between the MoS, and the back gate, C’ and C" are the
first and second derivatives of C' with respect to zs, evaluated at z;= 0. From our calculation (using the
same parameters as in Figure 1), we find that by just applying a V; of 10 V, da can decrease from 290
to 240 nm (Figure 2(c)). During this process, as the vacuum gap crosses dy (g, which corresponds to the
gate voltage of Vg, the responsivity value crosses 0, assuming the laser spot remains at the center of
the membrane (Figure 2(d)). As V, continues to increase beyond Vg, the responsivity becomes nonzero
again.

This finding shows that the laser interferometry responsivity can be effectively tuned by the gate
voltage, and has important implications for studying 2D NEMS, as responsivity optimization plays a key
role in 2D NEMS measurements, given the miniscule device size and motion amplitude. Meanwhile, in
2D device research, it is often necessary to apply a gate voltage. Therefore, understanding the effect of
gate voltage on responsivity is highly important.
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Figure 3 (Color online) Calculated responsivity at various gate voltages, for different (a) MoS> thicknesses (1-10 layers), and
(b) MoS2 device radius (1-7 pm).
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Figure 4 (Color online) Calculated responsivity at various gate voltages, for different (a) MoSs pre-strain values (0.01% to
0.07%), and (b) initial vacuum gap do (280-310 nm).

We further analyze and quantify such effect on 2D NEMS resonators with different MoS, thicknesses
(Figure 3(a)) and device radius (Figure 3(b)), by systematically sweeping these important device param-
eters in our calculations, and monitoring how the value of V, gy changes in response to these parameters.
In Figure 3(a), we sweep the MoSs thickness from 1 layer to 10 layers, while keeping the membrane radius
at 3 pm. In Figure 3(b), we sweep the MoSs radius from 1 to 7 pm, while keeping the thickness of MoSs
at 5 layers. We find that within the V; range of 0 to 10 V, Vg value increases with MoSz thickness and
decreases with device radius, consistent with the general observation that larger and thinner devices are
more easily deflected towards the gate for a given gate voltage, and thus they can more easily reach the
0 responsivity configuration.

Furthermore, we analyze the 0 responsivity point for devices with different pre-strain and initial vacuum
gaps (which is equal to the SiOg layer thickness in Figure 1(a)). Here we mainly focus on the initially-
flat membrane at zero gate voltage, i.e., with initial tensile strain, which is common in suspended 2D
materials. In Figure 4(a), we sweep the pre-strain in MoSs from 0.01% to 0.07%, which are typical values
of pre-strain in 2D NEMS devices [17], and correspond to pre-tension values from 0.088 to 0.614 N/m,
respectively, while keeping the initial vacuum gap dop = 290 nm. In Figure 4(b), we sweep the initial
vacuum gap dp (the vacuum gap without applying any gate voltage) from 280 to 310 nm, while keeping
the pre-strain at 0.01%. In both cases, we use d; = 3.25 nm (5 layers), and » = 3 pm, same as in Figure 1.
We observe that the V) value increases with pre-strain, as expected—devices with smaller pre-strain
are less tight, and can be more easily deflected by the gate voltages; thus V) occurs at smaller values.
We also find that larger initial vacuum gap dp results in larger Vi oy; here we note that changing the
initial vacuum gap dy and changing the gate voltage both result in a change in ds, so that a larger initial
dy requires a higher gate voltage to reach the responsivity zero point. This is consistent with the results
shown in Figure 1(c).

Because the V) value depends on all these different device parameters, we summarize the collective
effects of multiple such parameters on the Vg value, and present them as color maps (Figure 5). In the
first case, we vary both the radius and thickness of MoSy, and summarize the resulting V) values in
color scale in Figure 5(a). We find that thinner and larger-radius devices tend to have lower V) values,
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Figure 5 (Color online) Calculated V(o) value in color scale, for MoS2 NEMS resonators with different values of (a) thickness
and radius (pre-strain = 0.01%, initial vacuum gap = 290 nm), and (b) pre-strain and initial vacuum gap (MoSs thickness =
3.25 nm, device radius = 3 um).
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Figure 6 (Color online) Responsivity across the surface of a device with a gate-voltage-induced deflection profile. (a) Schematic
illustration of an MoS> resonator, with the MoSz membrane deflected under DC gate voltage. The laser spot is positioned away
from the center. The distance between the MoS; membrane and the bottom Si at the new laser spot position is dlz‘ (b) Analytically
calculated deflection profile of a 5-layer MoS> drumhead, with device radius of 3 pm, initial vacuum gap of 290 nm, under DC gate
voltage of 10 V, and initial strain of 0.01%. (c) Magnitude of the interferometric responsivity as a function of Vg, for different laser
spot positions incident on the device in (b), clearly showing how V,(0) depends on laser position.

as expected. The 2D color map can provide useful references for designing NEMS devices. For example,
when measuring a given MoS, device, as the thickness and radius are determined, an appropriate voltage
range can be chosen from the map to avoid the 0 responsivity conditions. Alternatively, for the desired
voltage range, choosing the proper MoS, thickness and radius can help ensure sufficient responsivity
throughout the measurements.

In the second case, we vary both the pre-strain and the initial vacuum gap, which are also important
device parameters, so that the proper voltage range or device parameter can be properly chosen to avoid
0 responsivity conditions. Basically, for 2D NEMS resonators, their radius, thickness, initial vacuum gap,
pre-strain, and applied gate voltage can all affect the responsivity, and our results presented in these
multi-parameter spaces can offer useful guidelines for optimizing the measurement condition.

3 Discussion

We now analyze the position effect of gate-induced deflection of the membrane on the responsivity. In
discussions above, we assume the laser spot is in the center of the membrane because when considering
the fundamental flexural vibration mode, the vibration amplitude is the largest at the center, resulting
in a larger detected signal for a given responsivity. When the laser spot moves away from the center
position by distance r;, as shown in Figure 6(a), the different vacuum gaps at different locations will
affect the interferometric responsivity. For a circularly-clamped and freely-suspended 2D membrane, the
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electrostatically induced deflection profile can be approximated as w(r) = zs(R? — r?)/R?, where z; is
the maximum deflection at the center (Figure 6(b)). As the laser spot position moves away from the
center, the dependence of responsivity on V; also changes, which is shown in Figure 6(c).

The results show that V) increases with rp, as expected. This is because further away from the
center, a larger gate voltage is required to pull down the membrane to reach the same vacuum gap da(q)-
We also find that when the laser spot is close to the center of the membrane, e.g., r,/R < 1/4, the change
in V(o) is negligible. This suggests that a slight deviation of the laser spot position from the exact device
center will not induce much change in the responsivity. Therefore, for practical purposes, our analytical
results (in all other figures) remain valid by assuming the laser spot is at the device center.

4 Conclusion

In summary, we have performed a detailed analysis of electrostatic tuning of device geometry and interfer-
ometric responsivity in 2D NEMS resonators. Our results offer new insights in adjusting and optimizing
signal transduction efficiency in NEMS measurements, enabling highly effective experimental exploration
of device motion in these atomically-thin NEMS structures.
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