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of a graphene-on-semiconductor device
for optical monitoring of cell electrophysiology

Jon Gorecki1,3,* and Steffi Krause2
SUMMARY

Spatially resolved sensing devices for electrostatic potentials are extremely useful for characterization of
living cells, however, many current techniques lack the speed necessary to capture spatially resolved,
functional information of cells in real-time. Here, an optical sensing technique is proposed based on gra-
phene on a semiconductor stack operating in the near-infrared spectrum. By modeling coherent interfer-
ence of multiply reflected beam paths within the semiconductor stack, we demonstrate how the device
produces a continuous reflectivity change in response to graphene Fermi energy which is ideal for sensing
changes in local electrostatic fields produced by action potentials of living cells. By coupling the device
with a high-speed camera, we propose this platformwill allow for high-speed imaging of action potentials
over a large sensing area with micron scale resolution.

INTRODUCTION

Measurement of the electrostatic environments surrounding cells provides a wealth of information on physiological processes such as neuron

signaling,1–3 ion channel states,4,5 and interactions of pharmaceuticals with cells.6 There are a wide range of available methods to measure

these electrophysiological signals, each with their own distinct advantages and drawbacks. The patch clamp amplifier is a method tomeasure

electrical currents in cells and is considered the ‘gold standard’, providing high sensitivity measurements of individual cells.7 The main draw-

backs to this technique are that it is work-intensive and requires a probe to be placed into a cell, and therefore does not allowmeasurement of

multiple cells simultaneously with spatial resolution.Microelectrode arrays (MEAs) allow formany individual electrical sensors to be patterned

onto a substrate, and can achieve sensor densities around 1 sensor per 10 mm.8 The sensors demonstrate good sensitivity9 and benefit from a

large crossover with the mature fabrication technology of thin-film transistor (TFT) televisions; however, as each sensor requires individual

electrical contacts it leads to complicated fabrication and many measurement channels are required to record the signals. To overcome

the issues to multiple electrodes with independent electrical readout, it is possible to use light addressable electrode technologies such

as light addressable potentiometric sensors (LAPS).5,10–12 The LAPS technique utilizes an insulated planar semiconductor substrate in which

a focusedmodulated laser locally creates photocarriers within the space charge layer of the substrate. By electrically biasing the substrate an

alternating current is measured, which depends on the potential near the surface of the insulator. By scanning the laser over the surface, a 2D

map can be built up of the surface charge.

Optical techniques (see here for recent review13) have also been used as they remove the need to individually address each ‘sensor’ and

instead perform awide area spatially resolved detectionwith an optical sensor (such as a camera) which can be purchased commercially. Fluo-

rescent dyes (fluorophores) are optically activated by short wavelength light (often in the blue-green region) which undergoes a molecular

energy shift and re-emits light at a longer wavelength.14–16 They are extremely useful as one can use tailor the fluorophores to bind to specific

biomolecules, and using fluorophores with different emission wavelengths allows for easy identification and characterization. Voltage sensi-

tive dyes17–19 are able to alter their spectral properties in response to local voltage changes. Both fluorescent and voltage sensitive dyes are

extremely useful as they have a high degree of penetration through tissue and versatile applications, however, they can cause long term phys-

iological changes to cells and even cytotoxicity. Pristine graphene sheets are an excellent material for investigating the electrophysiology of

cells as they demonstrate a high degree of biocompatibility,20 and allows for good cell adhesion.21 Recently a device consisting of graphene

on multilayered semiconductor substrate has been demonstrated for optical measurement of bioelectric potentials.22 The device utilizes the

semiconductor layers as a thin waveguide for oblique incident light. The graphene top-layer (at the semiconductor - electrolyte interface)

experiences a local change in electrical properties in response to electrostatic fields of the cells, which alters the coupling conditions of

the waveguide device, and causing large changes in the reflectivity which can be measured in a spatially resolved manner with a CCD array.

Measurements were performed on cells, revealing 1% reflectivity changes in response to action potential, which can be seen tomove spatially
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Figure 1. Electrostatic screening effect on charged cell, and corresponding changes to electronic properties of graphene

(A) Schematic diagram depicting a cell with charged surface in an electrolyte solution, in close proximity to graphene monolayer. The electrostatic charge of the

cell will result in an ionic screening effect in the electrolyte.

(B) Decaying potential due to ionic screening effect as a function of distance away from the cell.

(C) Change in graphene Fermi energy and carrier density in response to cell potential.
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through a cell cluster. Due to the oblique illumination angle and the multiple reflections within the waveguide structure the resultant images

contained a smearing effect where multiple reflected images were appeared to overlay and slightly offset along the direction of illumination.

This artifact limits the ability to spatially resolve fine details in the images, yet was a necessary condition to achieve guiding within the wave-

guide structure.

Here a graphene device is modeled for its applications in sensing action potential of cells in ionic solution, which consists of a thick silicon

substrate covered with thin silicon dioxide and a graphenemonolayer. By analyzing the graphene light interactions in terms of inter and intra-

band transitions and modeling multiple internal reflections within the thin silicon dioxide layer it is shown that by tailoring the silicon dioxide

layer thickness it is possible design a device which, when illuminated from the back silicon side, will alter the strength of its reflection to an

incident beamof 1560 nmby� 1%, which is of similarmagnitude to other demonstrated opticalmethods. Further, it is shown that illumination

with a shorter wavelength of 800 nm will render the device reflection insensitive to action potential, which enables a method for referencing

and normalizing the data.Wepropose that this platformwill allow for superfast recording of electrostatic potentials over a large areawith high

resolution, which will be capable of capturing detailed information on cell interactions such as signaling in neuron networks.

Electrostatic field magnitudes

To investigate the potential applications for electrostatic sensing devices based on graphene it is essential to first understand the nature of

the electrostatic environment which will be encountered. In Figure 1A a schematic diagram is presented which depicts a cell in electrolyte

solution located at a discrete separation distance away from an electrically grounded graphene sheet. The cell has a net negative electrostatic

charge. When an electrostatically charged object is surrounded by an ionic solution a screening effect will occur in which the oppositely

charged ions of the solution are electrostatically attracted to the object. The screening effect can be simply modeled by using the Debye

length, which characterizes the length at which a potential voltage will be reduced by a factor of 1=e by the screening effect. In physiological

buffer solutions, the Debye length is � 0:7nm.23,24

First, we must establish how close a cell could come to the surface of the graphene. Via use of transmission electron microscopy, cells

cultured on flat surfaces have been measured to have separations in the region of 40–100 nm, measured as the distance from cell membrane

to surface.25 When cells are cultured to surfaces they attach by protruding focal adhesions, which leave a layer between the cell and the sur-

face that then fills with liquid and causes ionic screening. At this distance the ionic screening effect is massive and electrostatic fields at the

semiconductor surface would be negligible, and therefore further engineering is required to overcome this issue.

In the work of Jacques26 photoelectrochemical measurements are performed on cardiomyocytes; in one experiment cells are cultured

directly onto the semiconductor surface, while in the second experiment cardiomyocyte organoids (cultured in suspension) are mechanically

pressed against the surface. It is found that the surface-cultured cells exhibit near undetectable photo-electrochemical signal (due to ionic

screening), while the mechanically pressed cells can be individually located by their electrostatic fields, allowing their action potentials to
2 iScience 27, 108554, January 19, 2024
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be recorded. It is believed this effect is possible as the mechanically pressed cells have not formed focal adhesions and can therefore

approach closer to the semiconductor surface. In this work average action potential amplitudes of 8 mV were measured, while similar cells

have been measured with patch clamp amplifier techniques in a range of electrode geometries and found action potentials � 100 mV on

the cell surface.9 By taking the Debye length as 0.7 nm, and a conservative nominal value of the screened action potential as 5 mV, it is found

that an action potential of 100 mV would be reduced to this nominal value over a distance of 2 nm as shown in Figure 1B. The value of 2 nm

separation is used here to investigate the possibility of using graphene as a sensing surface for action potentials. It is interesting to note that

this distance of 2 nm is very similar to that of the distance between two cell membranes observed in cell junctions,27 therefore it is not unre-

alistic that a cell could come to such proximity to a semiconductor surface. Vibration isolation may be required to avoid mechanical noise and

keep the applied pressure constant when applying mechanical pressure to cells.

The charge carrier injection into graphene can be described by Equation 1, where n0 is the number of injected carriers per m2, er is the

relative permittivity of the separating medium, e0 is the vacuum permittivity, V is the potential difference given in volts, d is the distance given

in meters, and e is the elementary electron charge given in Coulombs. In practice n is more often quoted in units of cm� 2, where a carrier

injection on the order of 1012 cm� 2 constitutes a significant carrier injection into a graphene monolayer.

n0 =
ere0V

ed
(Equation 1)

For the case of electrostatic gating of graphene in an ionic solution Equation 1 is modified to include an exponential damping term char-

acterized by the Debye length, shown in Equation 2, where l is the Debye length (given here a nominal value of 0.7 nm).

n =
ere0V

ed
expð�d = lÞ (Equation 2)

The Fermi energy of the graphene Ef is given by Equation 3, where - is the reduced Planck constant, and Vf is the Fermi velocity of gra-

phene (106 m/s). This value of Fermi velocity has been experimentally determined for polycrystalline graphene and exfoliated sheets, and has

been found to be similar in both cases.28

The resultant Fermi energy is given in SI units, however, it is conventional to convert this to electron volts by dividing by the elementary

electron charge. Typical values for graphene Fermi energy are in the region ofG1 eV, where a changeon 0.1 eVwould produce significant and

measureable alteration in the optoelectronic properties of graphene. Figure 1C plots the change in Fermi energy against potential (at the

surface of the cell), for the nominal case of a 2 nm separation between graphene and charged object. From this graph we see that the action

potential of a cell (brought into close contact to the surface by mechanical force) is capable of inducing significant changes to the graphene

Fermi energy of 0.13 eV in response to a 100 mV action potential.

Ef = -Vf

ffiffiffiffiffiffi
pn

p
(Equation 3)

Interactions of graphene with light

The interactions of light with a graphene monolayer in the presence of an electrostatic field can be easily defined by the Kubo equations to

describe the AC conductivity29 as a function of wavelength and Fermi energy, whereby the Fermi energy can be tuned by a local electrostatic

field. An in-depth description is provided in Section S1. Once the AC conductivity is calculated the reflection coefficient can be calculated by

the Tinkham equations as shown in Section S2.

Considering the case of a graphenemonolayer on a thick silicon substrate with initial graphene Fermi energy of 0.3 eV and a nominal Fermi

energy change of 0.1 eV, we investigate the resultant change in reflected intensity as a function of incident wavelength (Figure 2A). At visible

wavelengths (< 1 mm) it can be seen that the reflectivity change is extremely small (< 10� 4 %) which would make sensing applications difficult.

This is unfortunate because at visible wavelengths sensing equipment and light sources are extremely well developed commercially, and the

short wavelength allows for high resolution imaging. At the other end of the scale around 100 mm (which corresponds to the crossover of the

long infra-red into the THz region) it can be seen that the sensitivity is far higher, however, at this wavelength the resolution of a sensing device

would be far too large for useful application to cells. In the intermediate region (1–3 mm) it can be seen there is a broad, flat topped, feature

which peaks with a maximum reflectivity change around 1 %. This feature is due to the cross-over point between inter-band and intra-band

transitions in the graphene.

In Figure 2B this feature is investigated further by plotting the change in reflectivity at 1560 nm as a function of graphene Fermi energy

(which can be altered by a local electrostatic field). It can be seen that at low Fermi energy the reflectivity is a flat constant value, which abruptly

increases by nearly 1% in a sharp step-like feature. This response is not desirable for sensing applications as it would return only a binary

response between high and low Fermi energy, whereas the ideal response would be a continuous linear change. To overcome this issue,

we investigate how this device response can be improved by incorporating multiple semiconductor layers to utilise coherent interference

effects.
Device optimization

Figure 3A shows a schematic diagram of a proposed device consisting of a thick slab of silicon (~n = 3.5 + 0i), followed by a thin layer of silicon

dioxide (~n = 1.47 + 0i) with thickness d (155 nm), covered with a graphene monolayer. Silicon and silica are chosen here as they both exhibit
iScience 27, 108554, January 19, 2024 3



Figure 2. Reflectivity changes for intrinsic graphene monolayer

(A) Reflectivity change vs. wavelength for silicon substrate covered with graphene layer increasing Fermi energy from 0.3 to 0.4 eV.

(B) Reflectivity change vs. Fermi energy for an incident wavelength of 1560 nm.
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high transparency and low values of absorption in the NIR region.30 When illuminated with a 1560 nm coherent source from the silicon side

light will undergomultiple reflections within the silicon dioxide layer. The first three reflection paths are depicted with red arrows, however, in

reality this will extend to infinity. There are no reflections within the graphenemonolayer as it is too thin to support internal reflections. On the

other hand, the silicon layer is too thick to allow for internal reflections to be coherent (for optically thick substrates the surface parallelism and

roughness prevent internal reflections from interfering coherently).

The first pulse is reflected by the silicon - silicon dioxide interface, which is described by the Fresnel reflection equation. The second pulse

is transmitted through the silicon - silicon dioxide interface (described by Fresnel transmission equation), is exponentially attenuated while

passing through the silicon dioxide slab, reflects off the graphene (described by the Tinkham equation), then passes again through the silicon

dioxide slab, and the silicon dioxide - silicon interface. Subsequent pulses (as shown for the third pulse) will reflect multiple times within the

silicon dioxide andwill therefore contain increasingly more interaction terms. Section S2 of the supplementary section describes in detail how

the reflection values are calculated.

Figure 3B plots reflectivity (subtracted from themaximum reflectivity) for the device for two different thicknesses of silicon dioxide layer. It can

be seen that by including the additional silicon dioxide layer the reflectivity profile has changed from a sharp step feature into a smoother

response over a wide range of Fermi energy values. There is also a large dependence in the response shape andmagnitude upon the thickness

of the silicon dioxide layer. This thickness effect is investigated in Figure 3C where the reflection percentage (subtracted from the maximum

reflection for each thickness value) is plotted as a color plot against thickness of silicon dioxide layer and Fermi energy for an incident wavelength

of 1560 nm. It can be seen that close to 0.4 eV there is a sharp transitionwhich corresponds to themaximum rotation angle. Anoptimum thickness

of 155nm is chosen as this provides the largest change in reflectiononeither side of the Pauli blocking feature. Figure 3Dexplores how thedevice
4 iScience 27, 108554, January 19, 2024



Figure 3. Design of a sensing device based on layered semiconductor/graphene stack to broaden the sensitivity region

(A) Schematic diagram of a Si-SiO2-graphene-electrolyte with top-down illumination. Multiple coherent reflections are created within the SiO2 layer.

(B) Reflection intensity plotted against Fermi energy for case of Si-graphene and Si-SiO2-graphene, for two different SiO2 thicknesses. The addition of the SiO2

layer results in a smooth change in reflection over a broader range of Fermi energies.

(C) Reflection plotted against SiO2 thickness and Fermi energy reveals reflection intensity magnitude strongly depends on thickness of SiO2 layer, where the

optimum reflection is seen at a thickness of 155 nm.

(D) Reflection intensity plotted against potential for a range of initial Fermi energies.
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would respond to an action potential of a cell at 2 nm separation with ionic screening effects. The red, blue, and green curves plot the reflection

changes for a range of initial graphene Fermi energies at 1560 nm. It can be seen that depending on the initial Fermi energy the graphene can be

tuned tobecome sensitive todifferent values of potential. By electrically connecting the silicon layer to a voltage supply the initial Fermi energyof

the graphene can be tuned to the desired starting condition. In black the reflection changes are plotted for an initial Fermi energy of 0.34 eV

when illuminated at 800 nm. It can be seen that when illuminating with a wavelength/Fermi energy combination far from the Pauli blocking

feature there is negligible change in reflection in response to potential. This effect is useful as it can allow for a reference measurement for

example if two detectors are used with narrow band filters. The optimized device produces � 1 % change in reflectivity in response to a

100mV potential (a typical value for the action potential of a cardiomyocyte) which is of similar magnitude to other optical sensing techniques.11

DISCUSSIONS

Future work will involve the experimental fabrication and characterization of this device. The proposed fabrication route is to obtain commercial

CVD (chemical vapor deposition) graphene on SiO2 on silicon, or to thermally grow a silica layer vie thermal evaporation to the desired thickness,

and coatwith CVDgraphene onpolymer substrate. This fabrication route is simple andwill be able to produce sensing deviceswith large sizes as

commercial CVD graphene can be produced with areas larger than several square centimeters. A further advantage of the proposed optical

sensing scheme is that the electrical sensing does not need any further fabrication (such as electrode arrays) as it can be accomplished by a

commercially available camera which will allow for high pixel count and fast data recording on millisecond timescales. Modern commercial

NIR cameras can achievemaximum frame rates of hundreds of Hz. From electrostatics simulations presented in Section S3 we find that the elec-

trostatic doping effect could differentiate betweenmultiple charged objects in close proximity withminimal cross-talk, which could therefore be

used to image action potentials from multiple cells simultaneously. We find that the spatial resolution of such a device is 4 mm.

It is important to note that the reflection changes presented here are highly dependent on the separation between a cell and the graphene

surface due to the ionic screening effect where any electrostatic field will decay exponentially over the Debye length. Although this may

appear to be a limiting factor in the device the distance dependence could be overcome in the time domain as the electro-migratory behav-

iors of ionic solutions are highly dependent on the electric field modulation frequency due to the finite size and therefore finite diffusion

speeds of ions in solution. Above MHz frequencies (ms timescales) the ionic solutions move from a Debye screening regime to being

more suitably modeled as a dielectric insulator31,32 which would dramatically increase the electrostatic gating effects in the absence of

screening. Indeed, graphene transistor devices have been demonstrated for operation at high frequencies to overcome this specific issue.33

Practically these measurements could be achieved by replacing a typical camera with a Single Photodiode Avalanche Detector (SPAD) which
iScience 27, 108554, January 19, 2024 5
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can produce spatially resolved images with nanosecond time resolved information. This leads to the possibility of investigating a wide range

of fast electrophysiological processes34 in a spatially and time resolved manner without the limitation of ionic screening.

In future experimental verification of such a device it will be essential to characterize the achievable signal-to-noise ratio (SNR) as this will

allow us to determine the minimum Fermi level changes that will be measurable. Future development of the graphene sensing effect could

investigate the use of patterned graphene which could sustain plasmonic resonances in the IR region. By using plasmonic resonances it is

possible to greatly enhance the sensitivity of the spectral response to the Fermi energy change, however to produce such geometries would

require more in-depth fabrication procedures.

Conclusions

In this work graphene on semiconductor devices were proposed as a spatially resolved sensing platforms for action potentials. The response

of the graphene devices is investigated by calculating the reflected intensity as a function of graphene Fermi energy, which can be tuned by

local electrostatic fields (action potentials). It is shown that to produce a sensing device with a smooth response over a wide range of Fermi

energies it is essential to use graphene on layered semiconductor stacks, as the inherent properties of graphene alone are unsuitable for this

task. In this manner themultiple reflections within the layered semiconductor stack coherently interfere with each other and result in a smooth

response over a wide range of Fermi energies. We investigated a stack consisting of silicon - silica - graphene, and demonstrated that the

optimal device performance can be obtained by a silica thickness of 155 nm. Future work will involve experimental verification of this effect

could produce spatially resolvedmeasurements of action potentials withmilli-second resolution, which will be of interest to researchers inves-

tigating electro-physiologically active cells.

Summary of supplementary information

Supplementary information is available for this publication which includes; S1: theoretical discussions on graphene conductivity, S2: a deri-

vation of the graphene-semiconductor-stack reflection, S3: finite element simulations investigating the spatial resolution of graphene elec-

trostatic gating, S4: MATLAB scripts for producing figures presented in the paper.

Limitations of the study

The work presented in this study utilized published reports of real-world values for physically measured parameters to theoretically model a

proposed sensing device. The sensing device described in this paper has not yet been experimentally verified.
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METHOD DETAILS

Calculation of graphene conductivity

The interactions of graphene are modeled by the Kubo equations which describe the complex frequency dependent conductivity as a func-

tion of Fermi energy and carrier mobility. When an incident photon is absorbed by graphene there are two possible types of band transition

which can happen; inter-band transitions, and intra-band transitions. Photons at visible and NIR wavelengths will generally have sufficient en-

ergy to excite an inter-band transition where an electron is excited from valence to conduction band, while at longer wavelengths the photons

will cause intra-band transitions where an electronmoves within its initial energy band. The equations for the inter and intra band transitions of

shown in Equations 4 and 5 respectively, where the charge carrier scattering time t is 0.1 ps, which corresponds to a carrier mobility value of

10; 000 cm2=Vs.

sinter =
e2

p-

�
1 +

i

p
ln

�
-ðu+it� 1Þ� 2Ef

-ðu+it� 1Þ+2Ef

��
(Equation 4)
sintra =
ie2

p-2
Ef

u+it� 1
(Equation 5)

At visible wavelengths the electronic (and therefore optical) properties are dominated by the inter-band transitions which are essentially

constant and unaffected by the graphene Fermi energy, while at long wavelengths (FIR and THz) the electronic properties are dominated by

intra-band transitions and are strongly dependent on Fermi energy. For practical imaging devices it is preferable to operate in the visible/NIR

region where wavelengths are smaller (and therefore spatial resolution is increased) and there are a range of mature technologies for the

emission, control, and detection of visible wavelength light. Due to the nature of the inter-band transitions graphene is unsuitable for elec-

trostatic sensing at visible wavelengths, however there is a crossing point at which the inter and intra-band transitions change their domi-

nance, which results in a sharp step-like feature in the electrical conductivity.

In Figure S1 the real and imaginary components of the graphene conductivity are plotted for a range of wavelengths and Fermi energies.

To provide a general intuitive relation between the complex conductivity and the optical properties, the real conductivity relates to optical

attenuation while the imaginary conductivity relates to phase delay of an optical pulse. Figure S1A plots the real conductivity of graphene at

three different Fermi energies for a range of wavelengths from the visible to THz region on a logarithmic x axis. At short wavelengths the
8 iScience 27, 108554, January 19, 2024
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conductivity is dominated the by inter-band transitions and is invariant to changes in Fermi energy. Around 1 mm there is a sharp step-like

feature where the inter-band transitions suddenly become forbidden due to the Pauli blocking effect (it is forbidden to excite an electron

into a higher filled energy state), and moves to shorter wavelengths as the Fermi energy increases. At long wavelengths the intra-band tran-

sitions dominate and show an exponential-like curve. Figure S1B plots the imaginary conductivity which again shows two distinct regions

where the inter and intra-band transitions independently dominate. Figures S1C and S1D shows the real and imaginary conductivity in the

vicinity of the Pauli blocking feature. This spectral crossover region between inter-band and intra-band transitions is well understood from

theory35 and has been experimentally verified by a number of groups36–38 which has been observed to occur in the region of 1–3 mm, where

the location of the feature is dependent on the graphene Fermi energy.37

Figures S1E and S1F plot the real and imaginary conductivity as a surface plot against wavelength and Fermi energy to gain further un-

derstanding of the behavior around the Pauli blocking feature. It can be seen for the real conductivity that this feature essentially creates

a binary function of high and low conductivity, while for the imaginary component there is a smoother variation of conductivity.
Calculating device reflectivity

Equation 6 describes the Fresnel transmission coefficient for light passing from medium a with complex refractive index ~na into medium b.

Equation 7 describes the Fresnel reflection coefficient as light reflecting within medium a, bounded by medium b. Equation 8 describes the

attenuation as a beam passes through a medium of thickness d, where u is the angular frequency of the light, and c is the speed of light.

Equation 9 is known as the Tinkham reflection coefficient which describes light reflecting off of a graphene monolayer within a medium

with complex refractive index, bounded by air on the other side of the graphene. z0 is the vacuum impedance, and s is the complex frequency

dependent conductivity of the graphene.

Tab =
2~na

~na+~nb
(Equation 6)
Rab =
~na � ~nb

~na+~nb
(Equation 7)
Pd = expð � i~nud = cÞ (Equation 8)
Rg =
1 � ~n � z0s
~n+1+z0s

(Equation 9)

To find the total reflected pulse it is necessary to add together the first, second, third. (and so on to infinity) reflected pulses together; this

infinite sum can conveniently be calculated to an exact value with a Taylor series, where the total reflected pulse X is given in Equation 10,

where silicon is denoted as medium a, and silicon dioxide is denoted as medium b.

X =
Tab Tba

Rba

�
1

1 � P2d Rg Rba
� 1

�
+Rab (Equation 10)

The resultant light pulse described by Xwill give the complex electric field, however at visible wavelengths it is not possible tomeasure the

electric field of light directly in the time domain detectors only can measure the time averaged intensity. This value can be found by multi-

plying the complex field by its complex conjugate as shown in Equation 11 where X� is the complex conjugate of X.

XTimeAvg: = R½XX�� (Equation 11)

Determining device spatial resolution

To investigate the issue of spatial resolution of the graphene device a finite-element simulation is performed in Comsol Multiphysics. The

simulation models the case of two charged objects (cubes of side length 10 mm) which are sitting at a distance of 2 nm above a grounded

plane. This scenario is analogous to two charged cells in the vicinity of a graphene sheet. The model is solved for various distances of sep-

aration between the two charged objects, and the induced surface charge on the graphene sheet is plotted. It can be seen for 32 mm sep-

aration the charges induced in the graphene make two distinct peaks, however as the objects are brought into close proximity the peaks

begin to overlap. It is not possible to make a direct analogy here to the Rayleigh definition for optical resolution which is defined as the

maximum of one peak overlapping with the first minimum of the second peak, as in our case the features do not have minima. Instead we

highlight the object separation of 4 mm as the point in which the peak surface charge of the first peak falls to half its maximum value before

mixing into the second peak. This model does not include the effects of ionic screening, which could only serve to improve the resolution as

they will limit long-range effects of electrostatic fields.
QUANTIFICATION AND STATISTICAL ANALYSIS

This article does not include statistical analysis.
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