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S1. Double-layer graphene transfer process
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Figure S1| Schematic of double-layer graphene transfer process. a, CVD-grown single-layer
graphene on a copper foil that is coated with a 200 nm thick layer of PMMA. b, PMMA on
graphene and copper. ¢, Dissolving the copper in FeCl;. d, Transferring 1% PMMA/graphene
stack of ¢ to 2" CVD-grown single-layer graphene on copper foil using a transfer process.
e, PMMA with double-layer graphene on copper. f, Dissolving the copper in FeCls.
g, Transfer of PMMA with double-layer graphene to pre-patterned SOI substrate. h. PMMA
and double-layer graphene on the top of SiO; layer on SOI substrate. i, Dissolving PMMA

firstly in acetone.



S2. Device characterization using optical microscopy, SEM imaging and Raman

spectroscopy
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Figure S2| Device characterization with optical microscopy, SEM imaging and Raman
spectroscopy. a, Optical microscope images of a device with dimensions of the proof mass of
25 ym x 25 pm % 16.4 pm, graphene ribbon width of 18 um, and length of the suspended
graphene ribbons (trench width) of 2 x 3 um. al, High magnification microscope image of
silicon proof mass attached to the suspended double-layer graphene ribbons. a2, High-
contrast microscope image of the device in al with adjusted light intensity. The graphene
ribbons can be clearly observed. b, 3D plot of the device from a using white light
interferometry. ¢, Corresponding SEM image. d, Raman spectroscopy of suspended double-
layer graphene in a device. The characteristic “G-peak” occurring at around 1586.9 cm™ and

the “2D-peak” occurring at around 2694.5 cm™ demonstrate the presence of graphene.



S3. Characterization using white light interferometry to verify release and static

deflection of the proof masses
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Figure S3| Demonstration of release of the proof masses using white light interferometry. The

Si0: residues

release of the silicon proof masses after vapour HF etching was confirmed using white light
interferometry by imaging to a depth of 17 um below the substrate surface. In this way
residues of the BOX (Si0O,) layer in the trenches became visible. a-¢, SiO; residues (dark blue
colour) that partly connect the silicon proof mass with the handle substrate, are visible in the
trenches, showing that these proof masses are not fully released. d, SiO; residues (dark blue
colour) are remaining, however they are not connected to the silicon proof mass. e-f, No SiO,

residues are left (no dark blue colour), confirming that the silicon proof mass is fully released.
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Figure S4| Measurement of static displacement of the released proof masses in relation to the
substrate surface using white light interferometry. a, Measurement of the top SiO, surface of a
device with silicon proof mass dimensions of 30 pm % 30 pm X 16.4 um, a graphene ribbon
width of 13 pum, and a length of the graphene ribbons (trench width) of 2 x 3 um. It can be
seen that the graphene ribbons with the suspended proof mass is deflected downwards. The
static displacement of the proof mass below the device surfaces is approximately 100 nm in
this device. b, Static displacement of released proof masses in 110 different devices, with
different trench widths, graphene ribbon widths and dimensions of the poof masses. ¢, Cross-
sectional schematic illustrating the static displacement of a proof mass in a device with
microscopically rounded edges. The adhesion between the graphene and the SiO, surfaces of

the substrate and the proof mass is due to van der Waals forces® *°.



S4. Electrical characterization of the patterned graphene
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Figure S5| Electrical characterization of the patterned graphene. a, Sheet resistance of
double-layer graphene measured by four-point measurements in 100 pA current sweeping
mode of 13 devices. The sheet resistance of the double-layer graphene typically is in the range
between 500-700 Q/sq. b, Sheet resistance measurements of device 10 from a, at current
sweeping mode from 20 pA to 100 pA with steps of 20 pA. The sheet resistance is reasonably
stable, with a slight increase of the sheet resistance for increasing currents caused by current
heating. ¢, Sheet resistance measurements of device 13 from a at current sweeping mode from
-100 pA to 100 pA with steps of 10 pA. The sheet resistance is reasonably stable, with a
slight increase of the sheet resistance for increasing currents caused by current heating.
d, Comparison of the resistance of the double-layer graphene ribbon of device 5 from a. The
device is wire bonded and measured by two-point and four-point measurements with a
sampling current of 50 pA. The results confirm a good contact resistance of about 40 Q
between the graphene patch and the gold electrodes. e, Data points from 100 measurements
over time using 4-point measurements of d. f, Data points from 1000 measurements over time
using two-point measurements of d. Double-layer graphene resistance variations of about

0.5 Q over long time intervals (seconds).



S5. Summary of devices and device dimensions

TABLE S1. Dimensions of the characterized devices.

Proof mass dimensions

imensions :
(width x length x Total combined length of .Graphe‘ne
q the two suspended ribbon width Notes
height) raphene ribbons (um) (pm)
Devices (pm’) e - a2

Device 1 20 x 20 x 16.4 6 13.5

Device 2 30 x 30 x 16.4 6 13

Device 3 30 x 30 x 16.4 6 24
Proof mass centre line is

Device 4 25 x25x16.4 4 10 placed ~2 pum beside the
centre line of the ribbons.

Device 5 30 x 30 x 16.4 6 7
Proof mass centre line is

Device 6 15x15x16.4 8 5 placed ~4 pm beside the
centre line of the ribbons.
One of the two suspended

Device 7 20x20x16.4 6 14 ribbons contains a defect

(hole).

Device 8 20 x 20 x 16.4 8 6

Device 9 20 x 20 x 16.4 8 10

Device 10 25 x25x16.4 6 6

Device 11 25 x25x16.4 6 10

Device 12 40 x40 x 16.4 8 8

Device 13 40 x40 x 16.4 8 5

Device 14 40 x40 x 16.4 8 20

Device 15 40 x40 x 16.4 8 20

Device 16 50 x 50 x 16.4 4 44

Device 17 25 x25x16.4 6 17

Device 18 40 x40 x 16.4 4 34

Device 19 40 x40 x 16.4 6 20

Device 20 50 x 50 x 16.4 4 15




S6. Comparison of suspended graphene structures with attached masses

TABLE S2. Comparison of suspended graphene membranes or ribbons with attached

masses reported in literature.

Side
Material(s) Shape length Thickness | Area Volume | Densit
cution of mass of mgss (n m2) or (nm) (umz) ( pmS) (g/cm%’ Ml ()
diameter
(nm)
SiO,: 1.4 215%6 22
Pvrvejfﬁlt Silicon/Si0, | Cube 50 x 50 2500 0.95 x 107
Silicon: 15 83117‘;’83: 2.329
Hurst'® SU-8 Cylinder 10 1.5 78.5 117.75 1.199 | 1.41x 10"
Blees'’ Gold ?‘m 10 x 10 0.05 100 5 193 | 9.65x 10"
ilm
Matsui®’ Carbon g‘g 0.5%1.5 0.02 0.75 0.015 3.8 57x10M"




S7. Comparison of proof mass dimensions and sizes, and normalized relative resistance

changes of reported MEMS accelerometers

TABLE S3. Comparison of proof mass dimensions and sizes of piezoresistive and

capacitive accelerometers.

Die area D I
occupied b occupied by Volume of Mass of
Author Material Type P y functional proof mass | proof mass
proof mass 3
(um?) device parts (nm”) (2
(wm’)
B el e e 4% 102 ~4.8x10° 6.56 x10° | 1.55x 10"
(device 1)

Wung* Silicon | piezoresistive | 2.4 x 10° >2.4x10° 9.6 x 107 227 %10
Kavitha™ Silicon | piezoresistive | 2.7 x 10’ >2.7 x 10’ 233x10" | 55x107
Roy*® Silicon | piezoresistive | 1.23 x 10’ >1.23 x 10’ 8.27x 10° 1.95 x 107
Roy® Silicon | piezoresistive | 4.84 x 10° >4.84 x 10° 327x10° | 7.73x 107
Zhang"’ Silicon | piezoresistive | 5.24 x 10’ >524 x10° 2.62 x 107 6.2 x 107
. 61 pOly ° o 0 5 5 7 5

Haris . piezoresistive 2.5x10 >2.5x%10 1 %10 2.37 x 10

silicon
Kal® Silicon | piezoresistive | 1.23 x 10’ >1.23 x 10’ 3.43 x 10° 8.1x107
Plaza™ Silicon | piezoresistive | 8.1 x 10° >8.1x 10° 3.65x10° | 8.62x 107
ADXL 05 Silicon | capacitive | ~29x10* | ~193x10° | 58x10° | 1.35x 107
(commercial)

Ma® Silicon capacitive 52 x10° >5.2x10° 1.3 x10° ~3x107
Junseok® Silicon capacitive 2.4 x10° >2.4x10° 1.14 x 10° | 2.65x 107
Zhou® Silicon capacitive 73 % 10° >7.3x10° 2.92x10" | 6.81x107
Aydin® Silicon capacitive 4.66 x 10° 1.06 x 107 1.63 x 10° 3.8x 10"

Sun®’ Silicon capacitive 1.71 x 10° >1.71 x 10° 8.58 x 10’ 2x10*
Amini®® Silicon capacitive 1.2 x 10’ >1.2x 10’ 4.8 x 10° 12 x 107

10




TABLE S4. Comparison of the relative resistance change per proof mass volume of

different piezoresistive accelerometers reported in literature.

Relative Relative resistance
Dimensions and Output voltage | resistance change (AR/R) per proof | Spring
volume of proof prior to signal | change (AR/R) ma lum. (AR/R) cior | and strain
Author Year | mass (width x amplification prior to signal s's volume v 'p 0 Auge
length x height) atapplied 1 g | amplification | t© mgnal amphﬁcatlop g tg ol
(um’) acceleration at applied 1 g apph_e}d I g acceleration | Materiass
acceleration (pm™)
AR/R AR/R
ARRsc** | (L85 | (FEsE) 30
1.88x10" [ 3.13x10° | 1.04x10”
Present 20 %20 x 16.4
work 2019 —6.56 % 10° 4.1 pV/100pA AR/R** (AR/R) (AR/R)/30* graphene
(devicel) ’ v v
2.73x10° | 4.16x10” | 1.39x10"°
: 59
Kavitha™ | 5914 2220(;; stlg?ox 860 4mv/V 4x10° 1.72x10°"3 silicon
Wung® | 2015 1090 6X f?gf 400 3.0015 pV/V 6x107 6.25x10" silicon
Roy* 2015 isgg;ffggo X675 1 20 uvi3s0pA | 1.84x107 223 x1075 silicon
60
Roy 2014 izfg; 321?)9 X 675 4mv/V 4x10° 1.22x10™" silicon
Fan-shaped: 1mm
47 radius, 50 pm 4 11 .
Zhang 2014 i, (0P s 0.155 mV/V 6.2x10 2.37x10 silicon
=2.62 x 10
. 61
Haris 2010 [[2U0X00 %40 0.077mV 426x10™ 6.53x107'2 by
otk =10 silicon
62
Kal 2006 | 2200332007280 0.506 mV 5.06x10™ 14810713 silicon
Plaza® | 2002 | 270930040 043 mV 43x10° 1.18x10™ silicon

*  As discussed in the paper, the effective acceleration acting on the suspended proof mass may be
significantly higher than the 1 g acceleration measured by the reference accelerometer of the shaker due to
vibration modes of that do not belong to the spring-mass system of the device. According to the analysis, it
is possible that the effective acceleration levels at the proof mass may reach up to 20-30 g at an applied
acceleration of 1 g. Therefore, we reduced the values for the relative resistance change per proof mass
volume in our devices by a factor of 30 times to obtain a fair and conservative comparison to other devices.

** R is the total resistance of a graphene device while Rgg is the total resistance of the suspended graphene
ribbons.

*** The values are based on simulation results.

*#**Because no amplification factor was provided, we assumed an amplification factor of 1.
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Figure S6 | Signal response of graphene devices and piezoresistive accelerometers reported in
literature (y-axis, log plot). a, Plot of relative resistance change (AR/R) of measured graphene
devices for an acceleration of 1 g at a frequency of 160 Hz as measured by the reference
accelerometer of the shaker b, Comparison of the proof mass volume of graphene device 5
with other silicon piezoresistive accelerometers reported in literature™****¥2
¢ and d, Comparison of relative resistance change per proof mass volume of graphene device
5 and other piezoresistive silicon-based accelerometers reported in literature, indicating that

the relative resistance change per proof mass volume of graphene accelerometers is at least
44, 46-48, 59-62

b

one order of magnitude larger than that of conventional silicon accelerometers
even though we exclude a possible amplification of the acceleration (30x) in our

measurements due to resonance effects (d). Tabulated values are provided in Table S4.
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S8. Measurement circuit and experimental setup for device characterization and

measurements

The total resistance of a graphene ribbon is the input resistance in the measurement circuit
supplied with an adjustable DC current (30-100 pA) as shown in Figure S7a. If the proof
mass is displaced, the resistance of the two suspended graphene ribbons changes due to the
piezoresistivity of graphene. The changes in the output voltage caused by the change of the
graphene resistance is read by a first-order high-pass filter with a cut-off frequency of
0.079 Hz, amplified by an amplifier (LT10010P, Linear Technology), read by another
external first-order high-pass filter with a cut off frequency of 15 Hz, recorded by a dynamic
signal analyser (HP 35670A), and finally recorded through the computer interface.

The packaged graphene device chip and the electronic measurement circuit were
encapsulated in a shielding box (Figure S7b-d), which was placed onto an air-bearing shaker
(PCB 396c11, The Modal Shop) with a build-in high-precision reference accelerometer.
Coaxial cables were connecting the measurement circuit inside the shielding box to a
spectrum analyser. An adjustable DC input current (30-100 pA) was produced by using a DC
stabilized voltage supply in combination with resistors. The air-bearing shaker and the
dynamic signal analyser are controlled through a computer interface to apply accelerations at
defined frequencies and to read out the sensing signal in form of the output voltage. A sine

wave excitation signal was used to excite the air-bearing shaker.

13
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Figure S7| Measurement circuit and experimental setup. a, Schematic of the measurement
circuit and the data acquisition setup. b, Photograph of the measurement setup. ¢, Shielding
box including the packaged graphene devices and measurement circuit with a signal
amplification of a factor of 500, placed on the air-bearing shaker. d, View inside the shielding
box that is providing electrostatic and magnetic shielding. A foil consisting of a ferromagnetic
alloy was used in the box to shield the devices and the measurement circuit towards outside
electric and magnetic fields, and to separate the graphene devices from the measurement

circuit, thereby effectively reducing crosstalk.
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S9. Reference device and control measurements

A reference device was used to verify if possible influences of external environmental
factors, such as humidity or parasitic electromagnetic signals induced in the graphene, have a
significant influence on the output signals of the graphene devices. The reference device
consisted of a graphene strip that is similar to the ones in the accelerometer devices, but
without etched trenches in the underlying substrate surface (Fig. 2d). When exposed to an
acceleration of 1 g at a frequency of 160 Hz as measured by the reference accelerometer, the
output signal of the reference device is on the order of ~0.05 mV, which is about 40 times
smaller than the output signal of ~2 mV of device 1 (Figure S8). The measurements of the
reference device confirm that environmental factors do not have a significant impact on the
output signal of the devices.

It is critically important to carefully shield the graphene devices and the measurement
circuit from electric and magnetic fields, which was done in our experiments by encapsulating
the devices and the measurement circuit in a shielding box that is covered on the inside with a
foil made of a high-performance ferromagnetic alloy®. Likewise, the same foil is used to
separate the graphene devices from the measurement circuit inside the shielding box
(Figure S7d). To ensure and confirm that we have achieved proper shielding of the devices we
have performed a number of control measurements of functional graphene devices and
reference devices placed in the shielding box on the shaker. These control measurements
included:

1) The shaker is not vibrating and there are no electrical connections to the measurement

circuit and the graphene device (no acceleration, no measurement current).

2) The shaker is not vibrating but there are electrical connections to the measurement

circuit and the graphene device (no acceleration, measurement current).

3) The shaker is vibrating but there are no electrical connections to the measurement

circuit and the graphene device (acceleration acting on device, no measurement current).

4) The shaker is vibrating and there are electrical connections to the measurement circuit

and the graphene device (regular measurement situation with acceleration acting on the
device, measurement current).

5) The shaker is vibrating and there are electrical connections to the measurement circuit,

but the shielding box is not mounted on / not in mechanical contact with the shaker

(vibrating shaker but acceleration not acting on the device, measurement current).

15



The results from our control measurements showed that in the cases of 1), 2), 3) and 5) we
measured no significant output signals, which is in contrast to the regular measurement
situation in case 4). This confirmed that there were no magnetic or electric fields inside the
box that caused significant noise signals or carrier conductivity modulation in the graphene

transducer elements.
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Figure S8| Control measurements. a, Measured spectrum of the output voltage of device 1 at
an applied acceleration of 1 g at a frequency of 160 Hz as measured by the reference
accelerometer of the shaker. For device 1 the dimensions of the proof mass are 20 um x
20 um X 16.4 um, the ribbon width is 13.5 um, and each of the two graphene ribbons is 3 um
long. b, Measured spectrum of the output voltage of a reference device at an applied
acceleration of 1 g at a frequency of 160 Hz as measured by the reference accelerometer of

the shaker. ¢, Comparison of the output voltages of device 1 and the reference device.
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S10. Noise spectral density and resolution

Figure S9a, ¢ and e show the measured output voltage of devices 1, 4 and 16 at the applied
acceleration of 1 g at a frequency of 160 Hz as measured by the reference accelerometer of
the shaker. Figure S9b, d and f show the measured noise spectral density (log-log plot) of
devices 1, 4 and 16 respectively. The noise densities of the graphene devices were directly
measured with a spectrum analyser (HP 35670A) in the frequency range from 16 Hz to 1600
Hz at an input current of 100 pA, while the shaker was not vibrating. The measured noise
densities were in the range from 107 to 10® V/ v Hz for devices 1 and 16, and 10° to
107 V/ ¥ Hz for device 4, illustrating that the 1/f-noise in these devices is comparably
moderate. This is in agreement with the reported relatively low 1/f-noise of graphene

2% 1t was reported*® that the 1/f-noise in bilayer graphene typically is lower than in

patches
single-layer graphene and that the 1/f-noise reduction in bilayer graphene is associated with
its band structure that varies with the charge distribution between the two atomic planes,
resulting in screening of the potential fluctuations owing to the external impurity charges. The
poor performance of device 4 as compared to device 1 might be due to a higher 1/f-noise
density of device 4, which may be attributed to variations in the graphene quality after
graphene transfer as devices 1 and 4 were fabricated in different process runs. In addition, the
variation of built in stress in the graphene ribbons among different devices is also expected to
influence the output signals and final performance of the graphene devices. The detection
resolution of a device is a function of the noise density and frequency characteristic. It can be

estimated by the noise density of the device at a frequency of 100 Hz knowing that it has a

1/f characteristic. For instance, in our measurements, according to Figure S9a and b, the noise

-9
density of device 1 can be expressed as Noise (f) = 200249~ ’1—20 g/ ¥ Hz. The resolution

2x1073

can be calculated by the Resolution (f) =~ \/ fff: Noise (f)2df . Thus, the noise density of

device 1 is estimated to be ~50 pg/ ¥ Hz at 100 Hz, limited by 1/f-noise. This corresponds to a

resolution of the order of 0.68 mg in the frequency range from 16 to 100 Hz.

17
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Figure S9| Measured spectrums of output voltages at an applied acceleration of 1 g at a
frequency of 160 Hz as measured by the reference accelerometer of the shaker, and noise
spectral density (V/ v Hz) measured without amplification using a spectrum analyser
(HP 35670A) in the frequency range from 16 Hz to 1600 Hz (log-log plot). a and b, device 1.

¢ and d, device 4. e and f, device 16.
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S11. Control measurements of a device packaged in vacuum

To verify that parasitic effects such as impacts from humidity or gas flow in the vicinity of
the graphene transducer are not causing the signal response of our devices, we placed device 5
inside a ceramic package with an actively pumped vacuum of ~10 bar and exposed it to an
acceleration of 1 g at a frequency of 160 Hz as measured by the reference accelerometer.
Therefore, the ceramic package containing the wire bonded chip was sealed by soldering a lid
on the package (Figure S10b). The lid contains a vacuum connector that is linked via a
vacuum pipe to a pressure gauge and a vacuum pump. Measurements of the graphene device
were performed while actively pumping a vacuum in the package. These control
measurements showed that the output voltages of the device are comparable when it is
operated in an actively pumped vacuum of ~10” bar and when it is operated at atmospheric
pressure (1 bar) in air (Figure S11). This demonstrates that the signal response of our devices
is not significantly impacted by parasitic effects from humidity or gas flow in the vicinity of

the graphene transducer.

Figure S10| Vacuum packaging of devices. a, Photograph of the packaged and wire bonded
chip without a lid sealing the ceramic package. b, Photograph of the ceramic package that is
sealed by a soldered lid containing a vacuum connector that is linked via a vacuum pipe to a

pressure gauge and a vacuum pump.
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Figure S11| Output voltages of device 5 at an applied acceleration of 1 g at a frequency of
160 Hz as measured by the reference accelerometer of the shaker. The measurement current
was 50 pA. The measurements in air were done at a pressure of ~1 bar and in vacuum at a

pressure of ~107 bar.
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S12. Measurement repeatability

a b C

25 25
- First time Second time
> 2| measurement 9 21 measurement
= E
o )
D15 215
£ £
S «—0
> Z i
E 3
! 2
5 = 05
o 05 O

950 155 160 165 950 155 160 165 170
Frequency (Hz) Frequency (Hz)

Figure S12| Repeatability of measurements of device 6 when exposed to an acceleration of
1 g at a frequency of 160 Hz as measured by the reference accelerometer of the shaker.
a, First measurement resulting in an output voltage of 2.229 mV. b, SEM image of device 6 in
which the proof mass centre is placed with a ~4 pm offset in relation to the centre-line of the
graphene ribbon. ¢, Second measurement (about half hour later than the first measurement)

resulting in an output voltage of 2.23 mV.
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S13. Measurement current versus output voltage of a graphene device
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Figure S13| Measurement current versus output voltage of device 7 when exposed to an

acceleration of 1 g at a frequency of 160 Hz as measured by the reference accelerometer of

the shaker, and SEM image of the device. When using different measurement currents, the

output voltage increases proportionally with the measurement current. This confirms

consistent and repeatable device functionality.

22



S14. FEA description of devices and simulation results

The FEA device model in Ansys along with the used elements and parameters are shown in
Figure S14. Using this FEA model, the static displacement of the proof mass caused by a
force acting on the mass was simulated under different values of built-in stress in the
graphene ribbons. The results of these simulations are shown in Supplementary Section S15,
Tables S5 and S6. In addition, the resonance frequencies as a function of the built-in stress in
the graphene ribbons were investigated. The simulations revealed that the rigid body motion
of the proof mass can only take place in a small number of ways as illustrated in Figure S15.
In this example the dimensions of device 1 were used in the simulation. The modal analysis
illustrates that there are three low-frequency modes that involve rigid body motions of the
proof mass (Figure S15a-c). The motion in z-axis direction is the rigid body mode (Z-mode)
of the proof mass that is easiest to excite (Figure S15b). A video of the Z-mode movement of
the proof mass is available in Supplementary Video 1. Overtones can exist for the rigid body
modes, but they have high frequencies, typically several hundred kHz, since they involve
unfavorable deformations of the ribbons (Figure S15d-f). In addition, high-frequency
eigenmodes with typical frequencies of several hundred kHz can exist that mainly involve
deformation and movements of the ribbons (Figure S15d-f). However, these high-frequency
membrane modes do not have sufficient energy to move the proof mass.

Using the FEA we studied the frequency response of a device in which the centre of the
proof mass is placed with an offset relative to the centre line of the graphene ribbon. An offset
of 2 um, as present in device 4, was evaluated and the simulation results illustrate that the
influence of the offset on the low-frequency modes is extremely small (Figure S16). For
example, in case of a realistic built-in stress in the ribbons of 250 MPa, the frequency of the
Z-mode shifts from 42.28 kHz (without proof mass offset) to 42.9 kHz (with proof mass
offset).
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Figure S14| Ansys FEA model. a, Three-dimensional model of the complete device structure,
including the different materials (graphene, silicon and SiO,, depicted by blue, red and purple,
respectively) and the clamped substrate (fixation depicted by light blue markers). The
coordinate system indicates the axes used in the model. b, In this model we used ~1 000 shell
4-node elements that account for bending, membrane stress and strain for the graphene, and
~12 000 solid 8-node elements for the proof mass and the anchor regions. Both element types
can handle large nonlinear deformations. The proof mass has six degrees of freedom (lateral
in directions of the X, Y and Z-axis and rotations around X, Y and Z-axis). We found that the
Young’s modulus and built-in stresses are the most important material parameters that have

significant impacts on the FEA simulation results.
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Figure S15| Simulated rigid body modes of a device with dimensions of those of device 1 at a
1 g vibration load, using a Young’s modulus of 0.22 TPa and a built-in stress in the graphene
ribbons of 250 MPa. a, Torsional mode around X-axis (top). b, Translational mode along

Z-axis. ¢, Torsional mode around Y-axis. d, Torsional mode around X-axis (bottom).

e, Torsional mode around Z-axis. f, Torsional mode around Y-axis (bottom).
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Mode 2

2 pm offset{_

\(x

Figure S16| Simulated rigid body Z-mode of device 4 at a 1 g vibration load, using a Young’s

modulus of 0.22 TPa and a built-in stress in the graphene ribbons of 250 MPa. The centre of
the proof mass is placed with a 2 um offset relative to the centre line of the graphene ribbons.

For improved visualization, the image includes only the graphene and SiO; layers.

26



S15. Analytic description of devices

To compare our experimental results with a theoretical description of the devices, we used
the system representation shown in Figure S17a as a model for our devices. The two graphene
ribbons (regions inside the red dotted lines) deflect in response to a force acting on the proof
mass. Since the system is symmetric and the proof mass is rigid compared to the graphene
ribbons, the model can be simplified to a single doubly-clamped graphene ribbon with a
centre point load (Figure S17b). The effective length Lsg of the doubly-clamped single ribbon
equals the combined length of the two ribbons, which equals two times the trench width.

Full system
(a) S ~ Force oo .

-

------ 1 Proof mass f------

(b) | Simplified Model

Force

Anchor \‘/ Anchor

Figure S17| Equivalent model of the devices. a, Model of two suspended graphene ribbons

with an attached poof mass. The proof mass is displaced in response to a force acting on the
mass, thereby deflecting the suspended graphene ribbons. b, Simplified device model

consisting of a single doubly-clamped graphene ribbon with a centre point load.
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For a doubly-clamped ribbon with a centre point load, and large deflections compared to
the thickness of the ribbon, the relation between the ribbon-deflection at the centre of the

ribbon caused by a centre point load is, according to reference’’, approximated by

F= [EW”]Z3 [EW”3]Z + T [ ]Z (S1)

where F is the load applied at the centre of the ribbon, Z the resulting ribbon deflection at the
centre of the ribbon, E the Young’s modulus, W the ribbon width, H the ribbon thickness, L
the total length of the ribbon, and T the built-in tension force of the ribbon. However, the
effect of membrane stress becomes noticeable in multiple-clamped structures when the
deflection exceeds half the thickness of the ribbon. For our ribbons the deflection is in most
cases well above this limit and the membrane stress will therefore dominate over the bending
stress. The deflection shape of the ribbons will reflect this and will be fairly straight between
its anchoring points and the proof mass, instead of the conventional smooth sinus-resembling
deflection that is characteristic when the bending stress dominates. Thus, the assumption of a
sinusoidal ribbon deflection shape is used to derive equation (S1), which is valid for typical
beams or ribbons in conventional MEMS structures. However, for typical graphene ribbons a
more realistic deflection shape is instead a linear deflection shape. Introducing the linear
deflection shape and combining it with the classical handbook expression for small-deflection
amplitudes®', results in an improved equation for the ribbon-deflection at the centre of the

graphene ribbon:

F=8[EZV—3H]Z3+16[EWH]Z+4HZ (1)

The detailed derivation of the new equation (1) is provided in Supplementary Section S16.

The average residual built-in stress (o) in a doubly-clamped ribbon can be approximated by

Oy = — (S2)

WH

A comparison of the calculated ribbon deflection in dependence of different forces using
our FEA model and equations (S1) and (1) shows that equation (S1) overestimates the
deflection of the graphene ribbon by about 12% for low built-in tension values (if the stress-
stiffening Z’-term dominates the equations), and by about 18% for large built-in tension
values (if the tensing-related Z-term dominates the equations). In contrast, the new
equation (1) produces more accurate results for all cases (Table S5 and S6). It should be noted
that in order to provide an accurate comparison between the FEA model and the analytical

equations, the Poisson’s ratio of graphene was set to 0 (Table S5 and S6). In addition, we
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have also performed the simulations using a Poisson’s ratio of graphene of 0.25, showing that
the Poisson’s ratio has no significant effect on the resulting calculated deflections (Table S5
and S6). If the built-in stress in the graphene ribbon is of the order of hundreds of MPa and
the applied force is small, the linear terms dominate equation (1) and the nonlinear (cubic)

term can be neglected. In this case equation (1) can be simplified to

EWH?3

F=16[ ]z+4[]z (S3)

This is a linear system that can be approximated by the standard linear accelerometer

model based on a spring-damper-mass system to arrive at the mechanical transfer function®’

1
H(s) = = 2
(s) = 2+MS+AI; 52+—27TQf°s+(27tf0)2 2)

where D is the damping factor, M is the mass and K is the effective spring constant of the

system. The effective spring constant (K) and the damping factor (D) of the system are

expressed by
K = (2mfo)?m (84)
D= ? (S5)

where m is the mass, Q is the quality factor and f; is the resonance frequency. The
relationship between the built-in stress and resonance frequency is expressed by

(2mfo)*m

16EWH

e (S6)

00 = 4-WH[

Using equation (S3) together with geometric considerations, the average strain (¢) in the
graphene ribbons, and the gauge factor (GF) of the strain gauge defined by the two suspended

graphene ribbons of our devices can be approximated by

222 2(Zo+zacc)2 - F? S7
2 12 = 862ZW2H? (S7)

_ DRsg/Rsg _ ARsG/Rsg (S8)"
£ (160 Hz) “ZOL#

where Z is the offset deflection resulting from the 1 g acceleration bias from the earth

gravitation, and z, is the displacement resulting from the acceleration.
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According to equation (S3), (S7) and (S8), and assuming that the piezoresistive effect is the
main contributing factor to the resistance change in the graphene ribbons, the theoretical
relationship between the suspended graphene resistance change ARg; (equals to AR and
corresponding to the output voltage) and applied acceleration (a) is

ARSG ~ 32 (S9)

If the nonlinear term in equation (1) is sufficiently large so that the linear terms in equation
(1) can be ignored, then the average strain (¢) in the graphene ribbons and the theoretical
relationship between the suspended graphene resistance change AR (corresponding to the

output voltage) and applied acceleration (a) are

_22% _ 2(Zo+Zace)® _
- LZ - LZ ~

(877)

ARSG ~ 32/3 (Slo)
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TABLE SS5. Ribbon deflection of device 9 for different centre-point forces.

Centre Point Ribbon Deflection (nm) Error (%)
P(;s:t(;:)l S| Force (nN)
(FEA-Eq. (S1))/ | (FEA-Eq. (1))/
FEA Eq. (S1) Eq. (1) FEA FEA
0.01 7.31 6.55 7.54 10.4% 3.1%
0.1 16.1 14.2 16.3 11.8% -1.2%
1 35.0 30.5 35.1 12.9% -0.29%
0
10 75.7 65.8 75.7 13.1% ~0
100 163 142 163 12.9% ~0
1000 353 306 351 13.3% 0.6%
0.01 7.21 6.55 7.54 9.2% -4.6%
0.1 15.9 14.2 16.3 10.7% 2.5%
1 345 30.5 35.1 11.6% -1.7%
0.25
10 74.7 65.8 75.7 11.91% -1.3%
100 161 142 163 11.8% -1.2%
1000 349 306 351 12.3% -0.6%

Footnote: The ribbon deflections of device 9 for different centre-point forces were calculated using the FEA
model and equations (S1) and (1), assuming negligible built-in stress (0 MPa) and a Young’s modulus of

0.22 TPa.
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TABLE S6. Ribbon deflection of device 9 with different built-in stresses.

Built-in Centre Point Ribbon Deflection (nm) Error (%)
Poisson’s
Ratio (S e (FEA-Eq. (S1))/ | ( 1)/
MPa FEA- Eq. (S1) FEA- Eq. (1)
FEA Eq. (S1) Eq. (1) FEA FEA
0.01 35 305 35.1 12.9% -0.29%
0.1 34.8 30.4 35.0 12.6% -0.57%
1 33.6 293 33.8 12.8% -0.6%
0
10 22.1 18.7 22.3 15.4% -0.9%
100 2.97 242 2.98 18.5% -0.3%
1000 0.291 0.242 0.299 16.8% 2.8%
0.01 33.6 305 35.1 9.2% 4.5 %
0.1 33.5 30.4 35.0 9.3% -4.5%
1 32.6 29.3 33.8 10.1% 3.7%
0.25
10 21.9 18.7 223 14.6% -1.8%
100 2.97 242 2.98 18.5% -0.3%
1000 0.291 0.242 0.299 16.8% 2.8%

Footnote: The ribbon deflections of device 9 with different built-in stresses were calculated using the FEA
model and equations (S1) and (1), with a centre point force of 1 nN, and Young’s modulus of 0.22 TPa.
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S16. Derivation of the analytic equation for the deflection of a centre-loaded doubly

clamped graphene ribbon

As shown in chapter 10.4 of Senturia S.D.”', for large deflections of double-clamped
ribbons the stress-stiffening caused by the elongation of the ribbon that causes an in-plane
stress in the ribbon has to be accounted for. Similarly, the built-in intrinsic in-plane stress has
to be accounted for. An energy method®' based on virtual work and vibrational methods is a
suitable way of addressing this problem. The first step is to calculate the potential energy of
the system. The potential energy has three contributions, two of which describe the energy
stored in (bending strain energy and stretching strain energy) and one describes the energy
added to the system (external work). In Figure S18 a model of the system is shown and the
following parameters are defined:

x-axis = along the ribbon

z-axis = perpendicular to the ribbon in the direction of its deformation

x = the displacement along the ribbon (stretching)

0z = the displacement perpendicular to the ribbon (bending)

0z(x) = the displacement’s variation over the length of the ribbon

o = built-in intrinsic stress

€ = strain

E = Young’s modulus

L = ribbon’s length

W = ribbon’s width

W = energy

H =ribbon’s thickness

F = the force load applied at the centre of the ribbon

Z, = the resulting ribbon deflection at the centre of the ribbon
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Figure S18| Doubly clamped ribbon with a point load in the centre. The centre deflection Zg
is comparable to, or larger than the ribbon thickness. The expanded view of the segment of

the original neutral axis is used to illustrate the components of the deformation in detail

(adapted from Figure 10.2 in chapter 10 of Senturia, S.D.*").
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Determination of the strain due to stretching

1) Strain in segment: the actual length, s, of a thin segment of the ribbon that is located
between x and x + Ax and that is stretched for the distance dx in x-direction and deformed for

the distance dz in z-direction (see lower part of Figure S18) is given by:

Ssegment = J(Ax + dx)? + dz?

= J[Ax + (6, (x + Ax) = 5,012 + (6,(x + Ax) — 8,(x))°
= \[[Ax + Ax - (Cilix)]z + [Ax : <Ciliz)]2
o [ren (1) 4 (B (22

a1 ds, N 1 <d52)2
x dx 2 dx

Q

dé, 1 (d&,°

The local axial strain due to stretching is:

ASsegment ddy 1 (dSZ)Z
e — = %% 4 2L (222 S11
stretch Ax dax 2 dax ( )

2) The elongation of the ribbon caused by this stretching results in:

L L L 2
A_2 d_zded 12d52d
L= f-_Lemmh X= f—%(dx) X+ 3 f—%(dx) x

2

The endpoints of the ribbon are clamped and do not move, thus

5.9 5.(2) =0

The first item in this equation is 0 after integration, resulting to

L
2

AL = 1 f (ddz)zd
2 J-t\dx x

2

Consequently, the average strain of the ribbon due to stretching is

L
= 2
AL 1 5 (dS,
Estretch.average = T 2L f__L (_dx) dx (S12)
2
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3) The ribbon is homogeneous and thus, the axial stress in the ribbon is constant over the

length of the ribbon. A consequence is that also the strain will be constant over the length of

) . s . ) .
the homogenous ribbon, which means that d—xx = 0, and one can describe the axial strain via

its average (Estretch.average)-

4) The situation within the cross-section also has to be accounted for. A curving of the
ribbon introduces a local axial strain that varies over the cross-section due to the bending. The
standard expression that couples the curving to how the strain varies over the cross-section

(assuming z =0 at the centre of the ribbon) is:

d?68,
€pend = TZ' 5 (S13)

Thus, the resulting expression for the local strain in each point of the cross-section is:

L
et 2 2
_ 1 7 (ds, dzs,
€local = Estretch.average T €bena = oL f_—L(dx dx — z- dx? (S14)
2

Compute the stored strain energy in three steps:

1) The strain energy (stretching + bending) stored in a small local volume

AVol (0 = gy + E - ¢)is:
oca E-€loca 2
Wstrain.Avol = [foel Z(O-O +E- g)de] AVol = (UO " Elocal T %) -AVol (SIS)

2) The total energy in the entire volume (sum over all the small volumes) is:

E- elocalz E 2
Wstrain = 0o " €local T T ~dVol = gy | gocardVol + E Elocal” dVol

fz glocal ?dz dx ) (816)

= (O-O J'Z 2 glocale dx +

3) Calculate each of these two items of equation (S16) separately by substituting
equation (S14) into equation (S16):

% dzs,
Wstraing = w - Og * f _fH oL _f_L dX— VA dx? dz dx

f 2 (42) ax (S17)
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2
d2s,
dx?

dz dx

dx— z-

|p. N[~

N

Wstraine = f IH[ZL f
L 2
E |z ch d d2s,\’ i
E _f—_L_f— f x| + z? dx? Z dax
2

L L
E .z H |z (d5z) H3 (dZSZ)
2 I‘TLMZ f‘TL dx dx + 2 \Ge) 9 (S18)
The total stored potential energy is:
Weotalstrain = Wstraine T WstrainE (819)

Determine the equilibrium condition

The final aspect that has to be considered is the stored potential energy that should equal
the energy supplied by external forces. In the equilibrium, when the force is increased a small
amount, the incremental energy supplied must equal the small increase in potential energy.
Mathematically it means that:

A (supplied energy) = A (potential energy), at equilibrium when A is small, or written in a
different way:

[A (potential energy) — A (supplied energy)] / Ac =0,

where c is the amplitude of the deformation and A(Fc) = F x Ac is the change in supplied
energy. In the following we assume that the external force is a point force and that it is
applied at the centre of the ribbon, and that c is the amplitude at this point.

Wpotential.total = Wpotential.stored — Wpotential.applied = Wtotal.strain — F " C (520)

The equilibrium here is obtained by requiring that:

AWpotential.total __ 0
dc

(S21)

Apply the general expressions to two specific cases

The above are general expressions. The following are two trial functions for a double-

clamped ribbon [-L/2, L/2]:
§p.(x) = 2 (1 + cos (Z’L”‘)) (S22)

072(%) = z4° (1 -

Equation (S22) describes a smooth deflection that is bending-stress dominated, while

2x ) (S23)

L

equation (S23) describes a straight-line shaped deflection that is membrane-stress dominated.

In both cases the edges are clamped [d (+ L/2) = 0] and the centre point deflection equals Zo.
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In addition, the first trial function (equation (S22)) has also flat ribbons at the clamped ends

3—i(i g) = (0, while the second trial function (equation (S23)) doesn't. This is in agreement

with that the first trial function (equation (S22)) is close to that expected when the bending
energy dominates while the second trial function (equation (S23)) is close to that expected

when the membrane energy dominates.

d —Zom . (2T

L6, () = 2. sm( ’L”‘) (S24)
d Zo

Ix 2() = — sz (S25)
d?6,, _ —2:Z, T2 . 2-mx

= 2T cos (272) (S26)
d%8,

Loz o (S27)

Substituting the above trial functions (equation (S24) - (S27)) into equation (S14) yields:

€locall = (ZZO_ZT)Z +z- ZIZZZ.HZ *CoSs (ZIZIx) (S28)
Elocalz = 2° (ZTO)Z (S29)

The indices 1 and 2 denote the results for these two trial functions, combining equation
(S17) and (S18) yields:

L
L 2 2
— ‘H 2 (462 _ W-H (zyom
Wtrainoa = 0o - J5,(52) dx = o - 22 (27 (S30)
2
L
_ _ WH 5 (dé& 2d _ 2WH o
Wstraine2 = G0 ", f—L dx X = 0p" . 2o (S31)

2
2 3 2y 2

_ E |w Zo T L H 2ZpT L
Wstrainel = W a5 L.Lz [( L ) E] L+ 12 ( L? ) El

— _E (mn*H 4  H?® z3m*
=Wy (16-L3 o e T3 ) (S32)
E [w [@z)%] 2W-H
Wstraing2 = W+ 5 [m : [ZT] 'L] =E- — ZO4— (S33)

Further substituting the above four equations (S31) - (S34) into equation (S20) yields

WH [(zym\> TwWH (1 w2
Wiotal.strain1 = 0o " — ( 2 ) +E-—- (_ ’ Zg + 1z Zg) (S34)

L 2 L3 32 1
Wtotal.strain2 — 0o * L z,“+ E- 3 Zg (S35)

Substituting equations (S34) and (S35) into equation (S20) yields

2 4 2
_ . W-H fZom U ‘W-H 1 4 w 2
Wpotential.total.l — 0o L ( 5 ) +E ' (_ "Zot =25 ) —F 2z, (S36)
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2‘W-H

_ . . 2 . ZWH
Wpotential.total.z = 0p L Zo + E

L3

2, —F -z, (S37)

dWpotential.total

Taking the derivative = 0 yields the fundamental expressions that describe

dc
the equilibrium:
n? W-H n*t W-H n* w-H3
F1:7.T.O-0.ZO+?.L_3.E.Z(§+?- e -E-Zo (838)
Fy=4-"70y 2, +8- "1 E -z} (839)

Equation (S39) gives a poor result (negligible deflection) for very small deflections and no
intrinsic stress since its deflection shape does not account for the bending energy. This can
easily be addressed by adding the classical handbook response for a double-clamped ribbon®".
This term will only affect the result in the regime where the expression fails since it has a
negligible influence when the deflection or the intrinsic stress gets larger. The expression for

F» (equation (S39)) then becomes

. . .y3
Fy=4-"7 0y 2y +8- " E-z3 +16- "5 E -z, (S40)
which is identical to equation (1):
_ o [EWH] 3 EWH3 T
F =828 723 + 16 |2 2 + 47| 2 (1)

Expression for nonlinear spring behaviour

Taking the derivative of F with respect to the amplitude at the deflection (c), we get an

expression for the nonlinear spring constant for the ribbon:

2 w-H 3-t* W-H 4 w-H3
kl:%._L O'0+TT[L—3EZ§+ % E -E (S41)

. - -H3
k2=4-—WL”-ao+24-%- - z2 + 16-WLI: E (S42)

The resonance frequency for a spring-mass system with the mass located at the point where

the force is applied is given by:

1 ko

fo= ="

21T mass

(S43)

This expression is valid also for a nonlinear system when the vibration amplitude is
sufficiently small that the k value is the same over the entire vibration cycle. In this case k, =
ki or ko, where z, is the "DC" offset of the vibration's deflection around which the vibration
takes place. In case the vibration is so large that the spring constant varies over the vibration

cycle this expression for the resonance frequency cannot be applied.
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S17. Force-displacement measurements using AFM indentation

Force versus proof mass displacement of devices 8 to 11 was measured using indentation
with the AFM (Dimension Icon, Bruker) tip at the centre of the suspended proof masses. As
shown in Fig. 3b, the resulting force-displacement curves of devices 8 and 9, respectively.
The suspended double-layer graphene ribbons survived the largest used indentation force of
1000 nN, resulting in proof mass displacements of 374 nm and 310 nm in devices 8 and 9,
respectively. We did not observe any failure of any double-layer graphene ribbon in the AFM
indentation measurements, confirming the robustness of the structures. As shown in Fig. 3b,
force-displacement data points of the proof masses of devices 10 and 11 using AFM
indentation with force up to 200 nN. Table S7 shows the force-displacement measurements
using indentation with the AFM tip at positions on the proof masses that have different offsets
in relation to the centre line of the graphene ribbons and corresponding calculations by
equation (1) and FEA simulations based on a Young’s modulus of 0.22 TPa and a built-in
stress of 318 MPa. When the force is close to the centre of the proof mass, there is good
agreement between the measurement results and the FEA for these experiments. When the
placement of the indentation force has an offset, although there are non-ignorable differences
of deflection values at the same applied force between AFM experiments and FEA
simulations, there is an agreement in the trend that the deflection is significantly increased
with applied force between AFM experiments and FEA simulations. It should be noted that
the accurate offset values of the AFM tip acting on the proof mass are not exactly known and
are probably not exactly equal to the 4 pm and 8 pm offset that we use in the FEA simulations.
In addition, the accuracy of the simulations is harder to estimate when a large indentation
force is placed with an offset and the deflection becomes larger since there are no simple
nonlinear analytical predictions to compare with. The rotational deflections of the ribbons that

are created by the large AFM indentation forces appear to complicate the mechanical behaviour.
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TABLE S7. Comparison of AFM force displacement of device 8 between centre

indentation and off-centre indentation.

AFM indentation measurements Theoretlcg ! calc_u lations and Equation (1) . FEA.
simulations simulation
Deflection Deflection Deflection
Force (nN) i) Force (nN) fiim) fiim)
10 20 10 15.6 16
AFM tip b Sl
close to the point force
100 118 acting on the 100 119.5 119
centre of the
centre of
proof mass
proof mass
1000 374 1000 379.8 379
10 61 A single 10 = 95
AFM tip off- point force
centre of the acting on the
proof mass to 100 241 proof mass 100 - 427
some extent with 4 pm
(~4 pm) offset from
1000 1400 the centre 1000 - 1061
A single
AFM tip 10 115 point force 10 . 304
acting on the
close to the roof mass
edge of the pr
with 8 um
proof mass
100 385 SRS o 100 - 1107
the centre

Footnote: Corresponding calculations by equation (1) and FEA simulations were based on a Young’s modulus
of 0.22 TPa and a built-in stress of 318 MPa.
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TABLE S8. Comparison of the strain in suspended graphene caused by AFM

indentation experiments.

Deflection | Length | Radi Strain
Thickness Force ehection eng adus (excl.
Author Type z) @L) (a) e s
(nm) (nN) (nm) (um) (um) built-in .
h a strain) (g)
Doubly-
This work clamped Double-layer 1000 374 8 ~4.4 %107
ribbons
Gomez- Doubly-
9 clamped Single-layer | ~17.5 ~24 ~0.65 ~2.75 %107
Navarro 5
ribbons
Doubly-
Shivaraman® clamped Single-layer ~18 ~33 ~11 ~1.8 %107
ribbons
Doubly- Graphene
Frank®’ clamped sheets (2-8 ~18 ~12 ~1.2 ~2 x 10"
ribbons nm)
sl Single-layer
Traversi” clamped ri henye ~17 ~15 ~1 ~4.5x 10"
ribbons grap
Doubly- Graphene
Li* clamped sheets (1-5 ~60 ~90 ~4.2 ~9.2 x10*
ribbons nm)
" Doubly-
Huang™® clamped Single-layer | ~1800 ~100 ~1 ~2.6 x 107
ribbons
Fully-clamped .
Lee’ circular Single-layer | -1, ~120 ~0.75 | ~1.7x 102
graphene
membranes
Fully-clamped .
Guillermo'* circular Single-layer | =55, ~80 ~05 | ~1.7x10?
graphene
membranes
Fully-clamped .
Lee™ circular Single-layer | 54, ~95 ~0.75 | ~1.07 x 10?
graphene
membranes
Fully-clamped .
Annamalai’' circular SielEyeT ~560 ~128 ~1.88 ~3.1 x 107
graphene
membranes
Fully-clamped Graphene
Poot” circular Ul gy | VRLLO ~15 ~0.5 ~6 % 10™
wn
membranes layers)
Fully-clamped
Bunch® square | Single-layer | ~10.7 ~30 ~2.375 | ~1.06 x 107
membranes

*  Strain for a doubly-clamped ribbon is estimated to & = 2Z°/L* while strain for a fully-clamped circular
membrane is estimated to £ = 2Z*/3a”, where Z is the deflection of the suspended graphene, L is the length
of a doubly-clamped suspended graphene ribbon, a is the radius of a fully-clamped suspended circular or
square graphene membrane.

**  This work used a specially designed wedge indentation tip inside a custom indentation instrument
composed of a field-emission gun in a vacuum chamber to apply loads on short ribbons made of exfoliated
graphene flakes. Thus, this work does not involve AFM indentation.

*** Fully clamped square membranes are approximately assumed to be fully clamped inscribed circular
membranes.
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S18. Device failure mode

Figure S19| Illustration of the typical failure mode of graphene devices after exposure to
excessive shocks during device handling. a, SEM image of a defected device with proof mass
dimensions of 40 pm x 40 pum x 16.4 pm, ribbon width of 12 um, and length of the two
graphene ribbons of 2 x 3 um. The proof mass is tilted and sticking to a trench sidewall.

b, SEM image with close-up of the device in a.
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S19. Laser Doppler vibrometry (LDV) measurements
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Figure S20| LDV frequency scans of device 12 (a), device 13 (b) device 14 (¢) and device 15
(d) measured by LDV using a piezo-voltage of 0.1 V for the shaker to actuate the devices.
The extracted resonance frequencies of devices 12, 13, 14 and 15 are 14.9 kHz, 16.2 kHz,
24.2 kHz, and 27.2 kHz respectively. The acceleration values at the shaker measured by the
reference accelerometer are of the order of 0.0022 g, 0.0018 g, 0.0082 g, and 0.0032 g at
frequencies of 14.9 kHz, 16.2 kHz, 24.2 kHz, and 27.2 kHz respectively, which are resolved
in the frequency domain using fast Fourier transform (FFT). The features of the peaks in the
frequency spectra of devices 12 to 15 (in a, b, ¢ and d) are detailed in Tables S9, S10, S11
and S12 respectively. Most of the frequency peaks are believed to be spurious modes caused
by parts external to the proof mass and the graphene ribbon. If we use the resonance
frequencies 14.9 kHz (device 12), 16.2 kHz (device 13), 24.2 kHz (device 14), and 27.2 kHz
(device 15) to provide an approximate estimate of the quality factors (Q), they are on the

order of 62.5,42.3,77.5 and 112.7 for devices 12, 13, 14 and 15 respectively.
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TABLE S9. Peaks in the measured frequency spectrum of device 12.

Device 12: Frequency scan from 300 Hz to 40 kHz at 0.1 V piezo-voltage of shaker

Movement Y
Frequency peak (kHz) Type of frame Vibration mode

1.225 Spurious Substantial Z dominant
9.713 Spurious Small Z dominant
10.65 Spurious Large Q dominant

14.9 True Near static Z

resonance
16 Spurious Very small Combination of Z, 2
p (in-plane movement) and Q,

21.813 Spurious Medium Q,
23.338 Spurious Medium Slight Q,

24.5 Spurious Large Slight Q,
33.188 Spurious Substantial Z
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TABLE S10. Peaks in the measured frequency spectrum of device 13.

Device 13: Frequency scan from 300 Hz to 40 kHz at 0.1 V piezo-voltage of shaker

Frequency peak Movement S
(kH2) Type of frame Vibration mode
1.225 Spurious Substantial Z dominant
8.737 Spurious . Small Q, dominant
(in-plane movement)
9.675 Spurious . Small Q, dominant
(in-plane movement)
) ) Combination of Z,
10.7 Spurious Medium Qx and Qy
11.61 Spurious Medium Z dominant
12.51 Spurious Medium Combination of 2
and Qy

13.7 Spurious Small Q,

14.87 Spurious Small Q,

15.91 Close to true Near static Z

resonance
16.17 True Near static Z
resonance

22.88 Spurious Large Z

24.5 Spurious Large Z

31 Spurious Large Z

33.26 Spurious Substantial Z
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TABLE S11. Peaks in the measured frequency spectrum of device 14.

Device 14: Frequency scan from 300 Hz to 40 kHz at 0.1 V piezo-voltage of shaker

Frequency peak Movement S
(kH2) Type of frame Vibration mode
1.225 Spurious Substantial V4
9.675 Spurious Very small Qy dominant
10.7 Spurious . Very small Q,
(in-plane movement)
11.15 Spurious . Very small Q.
(in-plane movement)
13.713 Spurious Small Q. dominant
21.775 Spurious Medium Z dominant
24213 True Near Static z
resonance
33.212 Spurious Large Q, dominant
37.5 Spurious Near static Q,
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TABLE S12. Peaks in the measured frequency spectrum of device 15.

Device 15: Frequency scan from 300 Hz to 40 kHz at 0.1 V piezo-voltage of shaker

Frequency peak Movement S
(kH2) Type of frame Vibration mode
1.225 Spurious Substantial Z
9.68 Spurious . Very small Q dominant
(in-plane movement)
. Small
10.7 Spurious (in-plane movement) {2
13.71 Spurious Small Q dominant
) Combination of Z,
17.26 Spurious Small Q, and Q,
21.77 Spurious Medium Z dominant
24.49 Spurious Small to medium Z
27.2 True Near static Z
resonance
31.07 Spurious Medium Z
33.22 Spurious Medium Z
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From the LDV measured proof mass displacements listed in Table S13 it can be seen that
for device 12 the averaged measured displacements for applied accelerations of 0.5 g and 1g
at a frequency of 160 Hz are about 11 = 2 nm and 22 + 3 nm, respectively. These proof mass
displacements are much higher than those of about 0.75 + 0.25 nm and 1.25 £+ 0.25 nm,
respectively, for the same applied accelerations of 0.5 g and 1 g at a frequency of 9.725 kHz,
at which the peak in the frequency scan is assumed to be an artefact and mostly likely from
the measurement platform rather than from graphene devices. This is because the peak at
around 9.725 kHz was always observed in the commercial reference accelerometer during
each frequency scan. In device 13 the averaged measured displacement at applied
accelerations of 0.5 g and 1g at a frequency of 160 Hz are about 17 = 2 nm and 31 + 4 nm,
respectively, which are also higher than those of device 12 at the same measurement
conditions. The substantial differences in proof mass deflection at different actuation
frequencies in our devices is a strong indication that resonances of system parts that are
external to the proof mass and the graphene ribbons distort the real effective acceleration
acting on the proof mass of the devices. This can cause significant amplifications of the
acceleration acting on the proof mass, resulting in actual accelerations that are more than one
order of magnitude higher than the acceleration introduced by the shaker. This in turn would
lead to proof mass displacements that are much larger than expected. It should be noted that
there are significant uncertainties in the LDV measurements of very small proof mass

deflections, including due to possible frequency effects.
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TABLE S13. LDV proof mass displacement measurements of devices 12 and 13 at

applied accelerations (0.5 g and 1 g) at fixed frequencies as measured by the reference

accelerometer.
Device 12
Applied
acceleration 0.5gat 1 gat 0.5 gat 1 gat
at fixed 160 Hz 160 Hz 9.725 kHz 9.725 kHz
frequency
Measured
 averasge ~11£2 ~22+3 ~0.75+0.25 ~1.25+0.25
displacement
(nm)
Device 13
Applied
acceleration 0.5 gat 1 gat 1 gat
at fixed 160 Hz 160 Hz 16 kHz
frequency
Measured
e ~17+2 ~31+4 ~10 £1
displacement
(nm)
Device 14
Applied
acceleration 0.5gat 1 gat 0.5 gat 1 gat
at fixed 20 kHz 20 kHz 21.688 kHz 21.688 kHz
frequency
Measured
R ~15£05 ~3+0.5 ~6+1 ~12+2
displacement
(nm)
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S20. Comparison of built-in stress and tension of suspended graphene structures

TABLE S14. Comparison of the built-in stress and tension of clamped graphene devices.

Graphene Thickness Measurement gL Built-in
Author Year Structure stress .
type (nm) method (MPa) tension
Mechanical
Doubly-clamped resonance ~2 % 10*
Present suspended graphene | Double-layer frequency 6
work 20 (VD ribbons with (~0.67 nm) AFM R
attached proof mass . . ~3 x 10
indentation
Electrostatic 1
Mechanical Fully-cla(ljnlz()ied Multi-layer resonance ~2x 10 0.107 N/m
Davidovikj73 2017 cchanica suspende graphene
exfoliation membrane on Tl (& ) AFM 1
circular cavity indentation ~2x 10 0.093 N/m
Multi-layer
74 Mechanical graphene Mechanical >
L A exfoliation Cmtenshin flake (~ 7.5 resonance SSI
nm)
Lopez- Mechanical Single-layer AFM ~1.5 x 10%- 0.05-0.8
Polin'* A | iten | CERSSERE | Sas e indentation | ~2.4 x 10° N/m
SU-8 polymer- . .
Lee” 2013 CVD clamped graphene Sl el Mechanical ~2.3 % 10°
(~0.335 nm) resonance
drum
Fully-clamped Single-layer
71 Mechanical suspended to five layer AFM 3 0.79-2.3
e 22U exfoliation membrane on (0.335to indentation R N/m
circular cavity 1.675 nm)
. sillyrelmps . 25%10* | 0.085N/m
Ruiz- 2011 CVD suspended Single-layer AFM — ——
Vargas™ membrane on (~0.335 nm) indentation N N
. . value) value)
circular cavity
Doubly-clamped . .
Zande76 2010 CVD suspended beam Sl el Mechanical ~10!
(~0.335 nm) resonance
over trench
. Doubly-clamped . .
Chen”’ 2009 Mech'an%cal srpentied bemm Single-layer Mechanical ~10'- 10
exfoliation (~0.335 nm) resonance
over trench
Pressurized
blister tester and 2 % 102 ~0.06 N/m
el d resonance
Bunch® 2008 Mechanical us };_Ceﬁgége Single-layer frequency
4 exfoliation usp (~0.335 nm) Theoretical
membrane on well timation b
CSUMAton B 1 3% 10> | ~0.1 N/m

van der Waals
interaction
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Fully-clamped

Single-layer

6 Mechanical suspended AFM ~2.1x10° | 0.07-0.74
ILe 200 exfoliation membrane on (025 m) indentation ~2.2 % 10° N/m
circular cavity
Mechanical Fully-clamped
7 exfoliation suspended Graphene AFM 2 ~0.2-15
Poot 2008 . flakes . . ~10
by adhesive membrane on indentation N/m
. . (<33 nm)
tape circular cavity
Chemical
R . Doubly-clamped .
Gomez , 2008 reduction susoeiled femm Single-layer ' AFM. ~10! 4% 10°N
Navarro of graphene (~0.335 nm) indentation
. over trench
oxide
Garcia- Mechanical Lo Il ot e Electrostatical 3
37 2008 . L. suspended beam graphene ~1.5%x10
Sanchez exfoliation resonance
over trench sheets
el Electrical or
= . 1 8
. Doubly-clamped (~0.335 nm) optical 2.2x100 1 1.3x 107N
10 Mechanical resonance
Bunch 2007 . suspended graphene -
exfoliation over trench Graphene Electrical or
sheets optical ~10"-10" | 10%-10°N
(<7 nm) resonance
. Doubly-clamped Graphene
Frank™ 2007 Mech'an%cal suspended graphene sheets . AFM. ~10' 3x107N
exfoliation indentation
over trench (2-8 nm)
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S21. Geometric considerations at the graphene anchors

/ ol
/ Proof mass Ribbon Substra

F Graphene ribbon

Figure S21| Schematic of the geometric situation at the trench edge, i.e. the anchor points of

the graphene ribbons.

Figure S21 illustrates the geometric situation at the anchor points of the graphene ribbons.
The van der Waals interactions between the graphene and the SiO, surface are comparably
strong, causing "roll-down" of the graphene along the rounded edges of the substrate at the
trenches and thereby tensioning of the graphene ribbon. The roll-down caused by the van der
Waals forces is counteracted by the tensioning/straining of the graphene ribbon, resulting in
an equilibrium situation between the "roll-down" and the build-in stress of the graphene
ribbon. This means that there will be a “competition” between the adhesion forces wanting to
increase the adhesion area, and the tension force in the graphene ribbon that wants to
delaminate the graphene from the SiO, surface. We expect that a part of the build-in stress is
generated in the suspended graphene ribbon in this way, mainly determined by the geometry
at the graphene anchor points and by the strength of the van der Waals interactions. It should
be noted that the same effect may exist at both anchor points, i.e. also at the attachment point

between the proof mass and the graphene ribbons.
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To evaluate the plausibility of this hypothesis, we use € = % to arrive at an estimated

strain of 0.114% in a 3 um long suspended graphene ribbon, assuming a graphene Young’s
modulus of 0.22 TPa and built-in stress in the graphene ribbon of 250 MPa. The
corresponding elongation of the 3 um long ribbon is estimated to be of the order of 3.4 nm,
according to AL = € L. Assuming a radius of about 100 nm of the surface at the anchors edge
along which the graphene is pulled towards the SiO, surface, a ribbon elongation of the order
of 1.5-8.1 nm would be realized if the roll-down causes a vertical ribbon displacement h;
(Figure S21) in the order of 10-30 nm (corresponding to the angle 6 of 26-46°). The exact
displacement depends on the exact radius of the anchor edges, the strength of the van der
Waals interactions and the pre-stain (or possible pre-existing folds) in the graphene ribbon.
This analysis is consistent with our measurements of the static displacement of the released
proof masses in our devices, which is in a range between 20-300 nm (Supplementary
Section S3). The large static deflections on some of our devices indicates that pre-existing
folds have been present in the graphene ribbons prior to the release of the proof mass, which
can explain the large static deflections of the proof masses in some of the devices (> 50 nm).
In summary, the built-in stresses can be explained as a result of strong van der Waals
interactions between the graphene and the SiO, surface at the microscopically rounded edges

6:3% " In the case of ribbons made of single-layer graphene,

and sidewalls of the etched trenches
this force only influences the adhesion between the edges of the graphene ribbons and the
underlying SiO, surface while for ribbons made of double-layer graphene it influences the

graphene and substrate adhesion as well as the adhesion between the graphene layers””".
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S22. Spring constants of suspended graphene devices reported in literature

TABLE S15. Reported spring constants of clamped and suspended graphene devices.

Author Year Graphene Structure and Thickness Measurement c?)ﬁz;:ﬁ ¢
type dimensions (area) (nm) method (N/m)
Doubly-clamped .
Mechanical
Present 2019 CVD suspe':nded graphene Double-layer resonance ~10°
work ribbons with (~0.67 nm) & n
attached proof mass equency
Graphene kirigami
cantilever with pad Sinale-laver Th 1
Blees” | 2015 CVD at the end Eo erma 10°-10°
Ty 550 i (~0.335 nm) fluctuations
Width: 2-15 pm)
Graphene kirigami .
Blees'’ 2015 CVD pyramid with central ST Therm_al 10°
-~ (~0.335 nm) fluctuations
AFM 107!
indentation
. Doubly-clamped .
Shivara | 5509 | Epitaxy graphene (ribbon) (S iE Ot 10°
man o 4 e % 113 ) sheets (1 nm) resonance
Standard beam 102107
theory
. Doubly-clamped Graphene Thermal
Bunch'’ | 2007 t/iet% l;;rggz:ll graphene (ribbon) sheets excitation 0.7
(~2.7 pm % 0.6 um) (5 nm) resonance
. Doubly-clamped Graphene
Frank™ 2007 t/iet% l;;rggz:ll Graphene (ribbon) sheets in dlgrizfion 1-5
(~3 um x 1.2 pm) (2-8 nm)
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S23. Gauge factors of graphene strain gauges

TABLE S16. Gauge factors of graphene strain gauges reported in literature.

Gauge
h train i
Author Year Graphene Structure type G raphene e factor of
source thickness (nm) | graphene
graphene
(Glianit] Porous structure for
.78 .
Li 2016 rgii;}clt;g: (()))t;ide RGO membranc Membrane 0% - 1% 15.2-46.1
Graphene microdrums
79 on a freestanding Few-layer o
Wang 2016 CvDb perforated SiNx thin (~ 2 nm) i 44
membrane
. Doubly-clamped .
Benameur™ 2015 Mech.an.lcal suspended ribbon over Sl o 8.8
exfoliation (0.335 nm) 5%
trench
Young® 2015 CVD Stac.ked multi-layered Single-layer 2.67%, 14-2
strain sensor (0.335 nm)
10%
. Doubly-clamped .
Xu®! 2014 Z[;gﬁzrtlilgﬁl suspended ribbon over (S(;r%lz rliz;r 0% - 0.6
trench ’ 0.054%
Chemical . .
Gamil® 2014 | reductionof | pOD SN gaugeona g‘gltﬂ;y)er film 0.01 - 61.5
graphene oxide B 0.04%
Suspended membrane Sinele-laver
Smith'? 2013 CVD clamped on rectangular ge-ay 0.29% 3.67
. (0.335 nm)
cavity
Zheno! 2013 Mechanical Gr?p hen:h0n stili§0n One to five layers 0% - 10 - 15
eng exfoliation g;u; with a strain (0.335-1.675nm) | 0.084%
Suspended membrane .
Zhu® 2013 CVD clamped on circular balelileye 1.6
. graphene ~0.25%
cavity
83 Spray-deposited | Percolative film on . )
Le(Ermgsl A0 dispersion plastic substrate Uina i 0% - 1.7% MUSTLY
84 Densely packed Nanographene film _
Zhae 2012 RPECVD nanographene islands (one to few layers) | 0% - 0.3% 0-325
-85 Graphene woven N
Li 2012 | VD fabrics on PDMS 2% - 6% 1000
S Single-layer
Hosseinzadegan® | 2012 CVD suspended silicon- © 3g3 5 nrﬁ) 0% - 18000
nitride membrane ’ 0.00025%
. Doubly-clamped Flakes (one or two
Huang® 2011 Z[;gﬁzrtlilgﬁl suspended ribbon over | layers) -39 ~19
trench (0.335-0.67 nm) °
87 Mechanical Graphene ripples on Single-layer o _
Rl Dl e PDMS (0.335 nm) - z
Graphene/ 1000
Kim®® 2011 Dispersion raphene/epoxy micro- 11.4
composite .
strain
Mainly one and
Lee® 2010 | CVD Graphene on PDMS two layers (0.335- | |, 6.1
(V]

0.67 nm)
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S24. Discussion of possible effects at the graphene anchor positions

It is in principle possible that interactions between the graphene ribbons and the SiO,
surface at the trench edges (i.e. the anchoring positions of the graphene ribbons) and
delamination effects contribute to the resistance changes in the graphene ribbons in our
acceleration measurements. However, based on our theoretical analysis we presume that
possible contributions from effects at the trench edges on the measured resistance changes in

the graphene transducers are negligible. Our analysis is based on three items:

1) Koenig et al.” report that the van der Waals forces between graphene sheets and SiO,
surfaces are extremely strong. For example, adhesion energies of 0.31 £ 0.03 J m™ were
measured between two to five-layer graphene and SiO; surfaces. In the study by Koenig et
al.” the delamination of graphene from a SiO, substrate surface was investigated for the case
of a graphene membrane that is suspended over a circular cavity with a diameter of 5 pm.
Delamination of the graphene from the SiO, substrate was only observed if a pressure
difference of more than 1.9 MPa was applied between the inside of the cavity and the outside
atmosphere. Based on a rough approximation (multiplying the membrane area with the
applied pressure), the corresponding critical force on the graphene membrane that caused the
graphene to delaminate at the edge of the cavities can be estimated to ~ 40 uN. In contrast, the
forces that act on the graphene ribbons in our devices when exposed to an acceleration of 1 g
are of the order of 1 nN. While the geometric situation is not identical for both cases, the
forces acting on the graphene ribbons in our devices are more than 4 orders of magnitude
smaller than the forces that caused the graphene to delaminate in the circular devices in
Koenig et al.’. This is a very strong indication that delamination of the graphene ribbons
should not be expected in our devices.

2) The deflection of suspended graphene ribbons with an attached silicon proof mass is very
small in our acceleration measurements. For example, when an acceleration of 1 g at a
frequency of 160 Hz (as measured by reference accelerometer of the shaker), is applied to
device 1, the deflection of the proof mass and the graphene ribbons is assumed to be at most
of the order of 10 nm. For a geometric analysis of the situation at the trench edges, we
assumed that the edges have rounded corners with a radius of the order of 100 nm
(Figure S22). For deflections of the graphene ribbons towards the substrate (with the
conservative assumption of absence of van der Waals forces), the line segment “GF” is the
deflection (d) of the proof mass, the line segment “EF” is the width of the trench (1), and the

line segments “OA”, “OB” and “OC” are approximated by the curve radius (r) of the trench
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edge. “AC” is the length (z) of the section of the graphene ribbon that gets in contact with the
Si0, substrate surface as a result of the graphene ribbon deflection. The length z can be

approximated by

1
2~ mr, 1 (S44)
(Zrd) -

472

In the example of device 1 and assuming d = 10 nm, 1 = 3 um and r = 100 nm, the length of
the section of the graphene that contacts the SiO; substrate surface as a result of the ribbon
deflection is of the order of 0.65 nm. This means that any small movement of the graphene
with respect to the SiO, surface at the trench edges would affect only an extremely short
section of the graphene ribbons, thus having a negligible impact on the overall resistance of

the graphene ribbons in our devices.

[~ e Possible lamination

during vibration
‘accelera ion

F ¢———— | (width of trench)—»j

eflection)

v G
Figure S22| Schematic of the geometric situation at the trench edge, i.e. the anchor points of

the graphene ribbons, when the graphene ribbons are deflected towards the substrate.

3) Kang et al.”® report that the influence of a SiO, surface on the resistivity of double-layer
graphene is much smaller as compared to the influence of a SiO, surface on the resistivity of
single-layer graphene. This means that any small movement of the double-layer graphene
ribbons relative to the SiO, surface at the trench edges would have only a very small impact

on the resistance of the double-layer graphene ribbons in our devices.
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S25. Young’s modulus of graphene-based materials

A comparison of reported Young’s modulus values of graphene-based materials is shown

in the Table S17. The reported Young’s modulus values range from 0.06 TPa to 3.43 TPa,

depending on the graphene type, quality, number of layers and the measurement method.

TABLE S17. Comparison of Young’s modulus values of graphene-based materials

reported in literature.

Graphene Young’s
Author Year Graphene Structure thickness Measurement modulus
source method
(nm) (TPa)
Doubly-clamped
suspended ribbons | Double-layer . . 0.22 (average
Present work 2019 CVD I e (~ 0,67 nm) AFM indentation ceilie)
mass
Fully-clamped ) AFM indentation
Mechanical suspended R Eyer
Davidovikj”? 2017 R p graphene 0.59
exfoliation membrane on El g
ircular cavit flake (5 nm) ectrostatic
crren y resonance
Fully-clamped
suspended 0.06-03
membrane on
circular cavity Electrostatically AT 0006
. 46 Fully-clamped Single-layer pressured with U = :
Rlichel 2 CVD suspended (~0.335 nm) interferometric (ribbon width:
membrane on profilometry S pm)
circular cavity - 0.9+ 0_'15
followed by being (ribbon width:
cut into a ribbon 2.7 pm)
. 14 Mechanical Single-layer . . ~0.75 -
Lopez-Polin 2015 exfoliation Graphene drum = (0555 ) AFM indentation ~1.07
i?;gﬁ;ggg Single-layer
Lee™ 2013 CVD . (~0.335 nm) AFM indentation 1
clamped on circular
cavity
Sl Raman spectrosco 24+04
(~ 0.335 nm) P py A=
. Suspended
Lee” 2012 Mech.almcal membrane clamped Wz Lo (= Raman spectroscopy 2+0.5
exfoliation . . 0.67 nm)
on circular cavity
Four layers (~
1.34 nm) Raman spectroscopy 1.7£0.5
g eyer AFM indentation 1.12
(~0.335 nm) ’
Fully-clamped TVB";"WS -~ AFM indentation 325
. Mechanical suspended 67 nm)
Annamalai 2012 o
exfoliation membrane on Three layers ) )
circular cavity = 1154 ) AFM indentation 3.25
17570 5 (= AFM indentation 3.43

1.675 nm)
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One to five

Mechanical b o layers (~
Koenig’ 2011 e membrane clamped 4 Pressurized blister tester ~1
exfoliation on circular cavit 0.335 -~
Y| 1.675 nm)
Suspended Sinele-laver 0.164
Ruiz-Vargas®™ | 2011 CVD membrane clamped g e ay AFM indentation (average
X . (~0.335 nm)
on circular cavity value)
. Suspended Single-layer
Lee® 2008 Mechfimcal membrane clamped | (~0.335 nm) AFM indentation 1
exfoliation . .
on circular cavity
Gomez- rgillllecrtril(l):la(l)f Doubly-clamped | ;. 1 Jayer
9 2008 suspended beam g e ay AFM indentation 0.25
Navarro graphene (~0.335 nm)
: over trench
oxide
. Doubly-clamped Graphene
Frank™ 2007 Mechfimcal suspended beam sheets AFM indentation 0.5
exfoliation
over trench (2-8 nm)
Ultrasonic,
Blakslee® 1970 | Bulk graphite sonic resonance and 1

static tests
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