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Supplementary Figures

Supplementary Figure 1: Optical microscope image showing the light collection area of the spec-

trometer. Here the spectrometer was replaced by a light source to project a spot on the sample.
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Supplementary Figure 2: The voltage-deflection curves for pure linear stiffness (blue), combined
linear and cubic stiffness (green), and combined linear, cubic and hydrostatic effects (red), as

obtained for k3 = 1000k, and 3 = 100k;.
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Supplementary Figure 3: Simulation of the normalized drum averaged reflectance based on Sup-

plementary Equation 10, using values for A(\) and B(\) from the fitted data.
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Supplementary Figure 4: Measured drum averaged reflection as obtained from spectrometer data,

shown as a function of electrostatic actuation voltage.
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Supplementary Figure 5: Experimentally obtained normalized reflectance at the center of all
drums as a function of frequency and phase for all the drums measured stroboscopically. The

same phase delay (from the signal amplifier) is observed as in Figure 3b from the main text.
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Supplementary Figure 6: Displacement as extracted from stroboscopic measurement shown as a

function of frequency for all devices. Note the larger response seen in Device 3.
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Supplementary Figure 7: Phase and amplitude Bode plots for all strobscopically measured devices,

showing that the response is flat up to 400 Hz (cutoff frequency of amplifier).
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Supplementary Figure 8: Simulated relative change in the R, G, B indices for a GIMOD pixel of

5 pm in diameter, under halogen lamp illumination.



Supplementary Figure 9: Simulated gamut pixel trajectory on a sRGB color triangle (CIE1931
colorimetry). a) Simulation of the average reflectance of a GIMOD pixel (5 pm in diameter) for
different depths of the cavity (A=1, B=0.2). b) Simulation of the pixel trajectory for cavity depth

of 600 nm, halogen illumination, and different values of B (A=1).
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Supplementary Figure 10: Simulated color difference (CD) and contrast ratio (CR) of a GIMOD

pixel for 1 layer (top panel) and 30 layers (bottom panel).
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Supplementary Figure 11: Simulated contrast ratio (CR, top panel) and color difference (CD,

bottom panel) for a GIMOD pixel with a number of layers ranging from 1 to 50 layers.

Supplementary Note 1: Area measured by spectrometer

For the spectrometer measurements, we used a focused fiber to collect the reflected light from
the graphene drumheads. In order to align the fiber so it points and covers the desired device,
we first connect the fiber to a light source so we can observe a bright spot on top of the sample.
Supplementary Figure 1 shows the light spot of 27.5 pim in diameter located away from the devices,

covering an area of graphene on SiO,.



Supplementary Note 2: Capacitance of the deflected circular membrane

We apply a 1 degree of freedom graphene membrane model that neglects bending rigidity, and de-
scribes the drums’ deflection by an axisymmetric parabolic profile given by d(r) = 6. (1 — (£)?),
where 0. is the center deflection, a is the radius of the drum, and r is the radial distance away from

the drum’s center. The capacitance of the circular membrane is now given by:

2 d d@
C= / / Corarey. (Supplementary Equation 1)
go —

We define § = g—;, Y = (1 — %) and Cyy = 60;“ and re-express Supplementary Equation 1 as:

0 0 71 _ %
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(Supplementary Equation 2)
C - —C()

Supplementary Note 3: Electrostatic force on a circular graphene membrane
We obtain the electrostatic force under the effect of an applied voltage V' by taking the spatial
derivative of the electrostatic potential energy, thus:

d 1 1

d1
FEZeC((Sc; V) = —d—éciCV = — 55
n(l—

FE:_ngV (5 (<5 )1>62 ))

Supplementary Note 4: Force equilibrium equation

(Supplementary Equation 3)

The deflection of the graphene membrane, if the perfect hermeticity assumption is to be main-
tained, requires that the force balance equation accounts for the hydrostatic pressure that develops
from the compression of the gas trapped within the cavity and cannot escape it. To calculate this
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last effect, we assume that the parabolic profile of membrane deflection applies and that the com-
pression is isothermal, thus applying the perfect gas law the gas pressure within the cavity reads:

:Agopo_ Ago Py K

P - - 5
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(Supplementary Equation 4)

where A is the area of the circular membrane, Fj is the initial (ambient) pressure, and the factor
% in the denominator on the rightmost hand side term comes from integrating the area under the
parabolic profile !. Thus the hydrostatic force acting on the membrane due to the change in the
cavity pressure can be written as:
5/2
FHydro = AAP = A(P - Po) == Apom
—9/ (Supplementary Equation 5)
Note that Supplementary Equation 5 applies in case of both positive and negative deflection, i.e.

positive and negative differential pressure.

Combining all the terms we obtain the following force equilibrium equation:

kléc + kB(SS + FHydro = FElec

6/2 CoV? [(6—(6—1)In(1—6)
1—6/2__2%( (6 —1)82 )

=> klgog + kggggg + APO

(Supplementary Equation 6)

Supplementary Equation 6 can be rewritten in the following non-dimensional form:

5/2 s ((5—((5—_1)[71(21—5))’

— 2 _ — 1)in(
O+ ks +51—5/2 2 (6—1)8

(Supplementary Equation 7)

where the non-dimensional parameters are given as ks = ksg2 k1, B = APy/k1go, and V2 =
COVQ/ k190.
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Typical values of ks range between 101 —10%, of 3 between 1—100, and V2 between (1073 —1)V2.
In Supplementary Figure 2 the voltage displacement curve is plotted according to Supplementary
Equation 7 to show the impact of nonlinear stiffness and gas compression on the mechanical sus-

ceptibility of the device.

Supplementary Note 5: Optical response of deflected drums
The optical reflectivity model used neglects any cavity effects and treats the suspended drum as
an absorbing layer placed in front of the silicon back mirror. This simplification is valid for thin

graphene membranes, less than 5 layers 2, and leads to the drum reflectance
R(r,\) = A(\) + B(\) cos(¢p — X (1)), for X(r), (Supplementary Equation 8)

where )\ is the wavelength, A(\) and B(\) are wavelength dependent constants, ¢ = 4% + ¢ is
a phase shift induced by the optical travel path and by the graphene, X (r) = @ and 0(r) =
¢ (1 — (2)2) Taking nominal values for the optical properties of graphene, we can neglect ¢’ as it

is negligibly small compared to the travel path term. By integrating the reflectance over the drum’s

area, we obtain:

2m a
Rdrum ()\) = / / R (7”, /\) rdrdd
0 0

=> Rypum (A) = 2 {— /1 : A(N) + B(X\)cos (¢ - 47;‘503/> dY]

(Supplementary Equation 9)
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where Y = (1 — ﬁ) Dividing Supplementary Equation 9 by ma? to obtain the drum’s average

a2

reflectivity, and integrating we arrive at:

46,
A

Ruyvg (A) = A(N) + B(\) {sm(d)) — sin (¢ - )} (Supplementary Equation 10)

479,
Supplementary Figure 3 shows the simulated spectral response, as obtained from Supplementary
Equation 10, of a graphene drum as a function of center deflection for a gap of 1140 nm. Supple-
mentary Figure 4 shows the experimentally obtained spectral response as a function of voltage for

the same gap.

Supplementary Note 6: Stroboscopic measurement of graphene drums/pixels
Supplementary Figures 5, 6 and 7 present the results of stroboscopic characterization for the all

the measured devices. The device shown in the main text corresponds to Device 4 in the figures.

Supplementary Note 7: Simulating the RGB response of GIMOD pixels

The RGB response of a GIMOD pixel can be obtained using the following equation:
Red, Green, Blue = / I(N)Cred,Green, Biue(A) Ravg(A)dA,  (Supplementary Equation 11)
0

where R,,,()) is the wavelength dependent drum average reflectivity obtained in Supplementary
Equation 10, /() is the power spectrum of the illumination source, and Creg Green, Biue 1S the CIE
1931 color matching functions for Red, Green, and Blue respectively . The left hand side simply
indicates the value for the Red, Green, or Blue.

The values obtained from Supplementary Equation 11, still need to undergo a gamma compression
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to account for the way human vision perceives colors. This is done by applying the following
transformation:

RGBcorrectea = RGBY (Supplementary Equation 12)

In this work, the value for gamma in Supplementary Equation 12 is taken to be v = ;—4, while the
illumination profile /() used in these simulations is that of a halogen lamp *. The Red, Green,
and Blue components for a GIMOD pixel are obtained numerically for various gaps and for A, B
values fitted experimentally (A=0.32, B=0.063), the relative change in each color component as a
function of center deflection and gap size is shown in Supplementary Figure 8.

In order to plot these values as trajectories on an RGB color triangle, the following coordinate

transformation is applied *:

Blue
x =
Red + Green + Blue
y = Green (Supplementary Equation 13)
Red + Green + Blue

Various trajectories of these GIMOD pixels on an RGB color triangle are equally plotted in Sup-

plementary Figure 9.

Supplementary Note 8: Optimizing the performance of GIMOD pixels

In order to find out what would be an optimal thickness, i.e. number of graphene layers, for a
GIMOD pixel we resort to more detailed simulations. These simulations are based on a full optical
model that accounts for the multiple reflectance and absorbance of the successive optical layers,
i.e. air-graphene-air-silicon, as described in °>. According to this optical model, the reflectance of a
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graphene layer suspended on top of a Silicon cavity is given as:

R =|2r1e?sin (¢y) + roe”(#1192)

P2yeflon62) (Supplementary Equation 14)

 eild1+2) + Tle_i(¢1_¢2) + 2r11ree~2 sin (gf)l)

,

where r; and 7, are the Fresnel reflection coefficients of air-graphene and air-silicon interfaces,
respectively. ¢; and ¢, are the phase changes induced by the optical path through the graphene

and the cavity respectively.

Next we maintain the assumed parabolic deflection profile of the graphene film, this is rea-
sonable since literature suggests that 2D materials continue to act as membranes for thicknesses
up to 50 layers . In order to obtain the drum averaged reflection of the GIMOD, we perform the

following integral:

27 a
R(\) = / / R(r, \)rdrd. (Supplementary Equation 15)
o Jo

Unlike in section 5, the function R(r, \) is now obtained from Supplementary Equation 14,
and the integration is performed numerically. Thereafter the color response is obtained following
the procedure detailed in section 7 (Supplementary Equations 11-13), here we use the X, Y, Z,
color matching functions for convenience. As figure of merits to judge the GIMOD performance
as a function of thickness, we use the color difference and the contrast ratio -8, The contrast ratio

(CR) between two points in color space is defined as follows.

Ly

CR:L_§7

(Supplementary Equation 16)
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where L* is the “Lightness” obtained from the CIE standard from:

(%)Y, for Y < (&)’

L*(Y) = (Supplementary Equation 17)
116Y'/3 — 16, for (2)° <Y

11

Whereas the color difference (A E) between two points in color space is defined as:

AE = /(L3 — L)+ (uj — ut)? + (v5 —v})2, (Supplementary Equation 18)
' u* = 13L* (v — uy) u = —372343‘1121’
with and
v* = 13L*(v' — ) v = —3_2211%

where z,y are the normalized tri-stimulus coordinates, and w;, and v, are the v’ and v’ values for
the illumination source. For the halogen illumination source assumed in this work u, = 0.1946,
and vj; = 0.4711. Note that the above definition correspond to color difference in the CIELUV
standard. As an example, Supplementary Figure 10 shows the color difference and contrast ratio

for a single layer graphene (top panel) and a 30 layers graphene GIMOD pixels (bottom panel).

We repeat the previous simulation for a range of graphene layers going from 1 to 50, the
resulting contrast ratio and color difference obtained are shown in the two dimensional plots of
Supplementary Figure 11. From these simulations we conclude that the number of graphene layers
that provide the highest contrast ratio and richest color gamut is around 29 layers, with a corre-
sponding optimal cavity gap of around 390 nm. Note that color difference values have a maximum
value around gap of 740 nm, however that cavity depth corresponds to a low contrast ratio. A gap

on the order of 400 nm thus offers the best values for both color difference and contrast ratio.
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