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Abstract

The unique properties of graphene offer an exciting opportunity towards tunable photonic
surfaces for flexible devices. In this paper, we design a gate-tunable, free-space graphene
electro-optical reflector based on cavity resonator structures. We firstly calculate the graphene
refractive index n and k as a function of Fermi level and external gating voltage. Then, we designed
the structure of the single-layer graphene reflective resonator by carefully selecting suitable
materials and device parameters to maximize the reflectance differences before and after
electro-optical tuning. We also developed a theoretical model to discuss this system based on the
optical transition matrix method. Moreover, we used field enhancement to further increase the
reflectance differences by incorporating Sn nanodots based optical slot-antenna coupled cavities.
The maximum broadband, incident angle insensitive reflectance differences could reach 28% with
an extinction ratio of 1.62 dB at a low insertion loss of 0.45 dB, and the spectral range is tunable by
changing the optical cavity length. We also used an indium tin oxide layer as part of the optical
cavity and the electrode simultaneously to reduce the voltage applied. To our best knowledge, this
work is the first one on tunable two-dimensional (2D) material reflectors for free-space
applications, apart from using liquid crystals or magnetic metasurfaces. This new design of tunable
2D electro-optical reflectors also reduces the complexity of fabrication steps, having promising
applications in tunable flexible photonic surfaces and devices for variable optical attenuators and
light detection and ranging systems.

1. Introduction

Graphene is a two-dimensional (2D) material consisting of one layer of carbon atoms in a hexagonal lattice
[1, 2]. Unlike other similar 2D materials, single-layer graphene (SLG) has a special band structure. The band
gap for the SLG is zero and there is a Dirac cone near the Fermi level [3-5], while for other 2D materials like
transition metal dichalcogenides (TMDC) and black phosphorus (BP), the band structure remains similar to
regular semiconductors with non-zero bandgaps [6—8]. As a result, the Fermi level and carrier density for
SLG are easily tunable by external gate voltage [9, 10]. Until now, several theoretical and experimental works
have been done on the gate tunable graphene properties. For example, Geim et al calculated the optical
conductivity of graphene as a function of Fermi level based on the tight-binding model [11]. Wang et al
explored the gate-variable optical transitions in graphene experimentally [12]. Liu et al fabricated a graphene
broadband optical modulator based on the gate tunable absorption [13]. An interesting potential application
of such properties is gate-tunable SLG reflectors. In previous literature, tunable reflectors have been
investigated using liquid crystal or magnetic metasurfaces [14, 15], while free-space tunable 2D reflectors
offer unique advantages of ultrathin thickness and mechanical flexibility. These 2D devices also have
promising applications in variable optical attenuators (VOAs) or tunable reflectors for light detection and

© 2021 The Author(s). Published by IOP Publishing Ltd
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ranging (LiDAR) systems. The key limitation, though, is the relatively low electro-absorption effect of SLG
under vertical incidence, where the absorption can be changed by ~2% at most.

Optical cavity is a very important part in optical devices to enhance light—matter interaction [16].
Traditional Fabry—Perot optical cavity consists of two high-reflective metal layers and one dielectric layer in
the middle. To tune the optical cavity behavior, we can change the reflective index of the dielectric, and the
reflectance will change [17, 18]. Another idea is changing the reflectance of the metal layer directly. Intrinsic
graphene behaves like a semimetal optically [19, 20], and it can be converted to a dielectric if we apply
enough gate voltage on it. Although graphene is very thin, we can still construct a graphene/dielectric
interface whose optical property would change a lot before and after tuning. If we couple this interface with
an optical cavity, we have a gate-tunable reflective resonator. This tunable resonator is different from
traditional resonator because it is based on the high refractive index change for graphene, i.e. the metallic
layer instead of the dielectric layer, before and after gate voltage applied.

In this paper, we design and optimize the graphene reflective resonator towards gate-tunable reflectors
based on 2D materials. We start this discussion from the graphene reflective index as a function of its Fermi
level, and the relation between graphene Fermi level and external gate voltage. Then, we examine each part of
the resonator carefully. We use vector analysis to find the tuning limit in this system, and we also select
suitable materials for the resonator. Finally, we optimize the structure based on Sn-nanodots optical
slot-antenna coupled cavities (SAC) previously demonstrated by our group to benefit from the strong field
enhancement in graphene [21]. An interesting feature of the optical SAC structure is that the tunable
reflectance spectrum is almost independent of the incidence angle compared to conventional optical cavities.
Moreover, we discuss some strategies to reduce the gate voltage applied, including incorporating indium tin
oxide (ITO) conductive layer as part of the optical cavity and the electrode simultaneously.

2. Method

OpenFilter and COMSOL Wave Optics Module are used in this simulation. OpenFilter involves the optical
transition matrix model to calculate the reflection, transmission and absorption in two-dimensional infinite
plane. The reflective index and thickness for each layer are the input parameters. COMSOL utilizes the
finite-element method to solve the Maxwell equation in three-dimensional space. We define the geometric
parameters, refractive index in each region and suitable boundary conditions (periodic condition in the
graphene plane and scattering boundary condition normal to the graphene plane) in the simulation. The
reflection and transmission are calculated by comparing the power input and output.

3. Graphene refractive index model

As mentioned earlier, SLG behaves like a Dirac semimetal. The energy band diagram is linear near the Fermi
level, and the slope is the Fermi velocity times the reduced Plank constant 4. The Fermi velocity is

vp=9 x 10°m s~ for graphene [11, 22, 23]. This band structure is called Dirac cone (figure 1(a)). The 2D
normalized density of state can be calculated by definition,

N(E) 2

S 4x?

/ 5 (E — By) 2mkdk. (1)

Here S is the SLG area, g, = 2 is the number of degeneracy for the band structure of SLG, and we have an

additional factor of 2 because of spin. Considering k = Z}Tfk and dk = 221}21( , we can solve this integral as,

@ = %VFZ |E| =2.25|E| eV~ 'nm~? (2)
where energy E is in the unit of eV here.

In this paper, we use an inherently p-type SLG from chemical vapor deposition, where the Fermi level is
0.251 eV below the Dirac point from our previous experimental data [21, 24, 25]. This kind of SLG is also
used in the previous experimental work of other researchers [12, 13] and it can reduce the voltage applied for
SLG transparency in the near infrared (NIR) regime. We would like to apply a positive gate voltage such that
the Fermi level will drop to some extent. The hole density change is calculated by the integral of Fermi-Dirac
distribution multiplying density of state,

so= [ " Psma, ®)
2
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Figure 1. (a) Illustration of the graphene band structure and the carrier density change. (b) Plot of the carrier density change as a
function of the Fermi level. (c) Plot of the relative magnitude of the optical conductivity for the function f(x). The critical photon
energy hw = 2Eg is shown on the graph. This critical value greatly influences the absorption spectrum. (d) Real part of the
graphene reflective index. The Fermi levels are set to be —0.251 eV (inherent), —0.565 eV (critical wavelength 1100 nm),

—0.777 eV (critical wavelength 800 nm) and —1.036 eV (critical wavelength 600 nm). (e) Corresponding imaginary part of the
graphene reflective index.

where f(E) is the Fermi-Dirac distribution function. Notice that the inherent Fermi level is not zero. For
convenience, we do an energy shift for the integral,

N(E) = —2.25(E—0.251) eV 'nm 2. (4)

If we assume that the Fermi level is t eV below Dirac point after tuning, the hole density changed is

0
—2.25(x—0.251)
A g
—14-0.251

at room-temperature (i.e. kgT = 0.026 eV).

We did the integral numerically for different ¢ values. The function plot of Ap versus ¢ is shown in
figure 1(b).

The reflective index is modeled by a semi-analytical formula. As we know, the reflective index is the
square root of the relative dielectric function. For the imaginary part, Geim et al has calculated the optical
conductivity by the tight-binding model [11]

3
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e hw + 2Eg hw — 2Eg
=—(tanh | ——— tanh | ——— | ). 6
o= (o (M) e (57 ©
The imaginary part of the dielectric function is the optical conductivity divided by the thickness of
graphene, which is 0.335 nm [26, 27]. If we set Er = —1.036 eV, we can plot the function

f(x) = tanh (%) + tanh (’Z(:?) to have an intuition of the optical conductivity relative magnitude
(figure 1(c)).

From the plot we can see that there is a critical photon energy 2Eg corresponding to the interband
transition from —Eg to +Eg, as shown on the graph. Below this value, the optical conductivity is almost zero
while above this value, the optical conductivity is not zero. Since the real part of the dielectric function is less
determined by the Fermi level, this critical photon energy greatly influences the graphene absorption
spectrum and the imaginary part of the reflective index.

For the real part of the dielectric function, it relates to the bounded electron, so we assume that it is not a
function of the Fermi level. We fit the real part by the polynomial function from previous experimental work
[28-30]. Combining the real part and the imaginary part, we take a square root of the relative dielectric
function and get the reflective index. The plot of reflective index #n + ik versus the wavelength is shown in
figures 1(d) and (e) with different Fermi levels. Besides the p-type graphene before gating, the other three
Fermi levels are set to be —0.565 eV (critical photon wavelength 1100 nm), —0.777 eV (critical photon
wavelength 800 nm) and —1.036 eV (critical photon wavelength 600 nm) upon gating.

From the graph, the k values will drop to zero and the graphene behaves like a dielectric if the wavelength
is larger than the critical wavelength. With lower Fermi level, the drop is steeper. We can control the graphene
n and k by applying suitable gate voltage, which is the starting point of this paper. In the next discussion, the
‘reflective index before tuning’ corresponds to the inherent graphene reflective index (blue curve), and the
‘reflective index after tuning’ corresponds to the 600 nm critical wavelength reflective index (red curve).
Clearly, with refractive index tuning, graphene behaves like a dielectric in the NIR region in that n is finite
and k is ~0. Therefore, electrical tuning changes SLG from a semimetal to a dielectric in the NIR spectral

regime.
At the end of this section, we briefly calculate the magnitude of the gate voltage by the parallel capacitor
model,

= £0ErS = : (7)

It is proportional to the hole density change Ap in (5), distance d between the two plates and inversely
proportional to the dielectric constant &,. If we use the same device structure as that in [12] (d = 7 nm,
e = 8.5 for Al,O3) and set the critical wavelength to be 600 nm, the voltage applied is 16.72 V. It is a
reachable value and not extremely large. We will discuss more and give the strategies to reduce the gate
voltage in the parameter optimization part.

4. Theoretical model for reflectance difference upon tuning and material selection

From the discussion in the last section, graphene has a very large reflective index change (An and Ak) before
and after tuning. It is very natural to build an interface of graphene with two dielectrics on both sides

(figure 2(a), left bottom), one of the dielectric being the medium of incident light while the other being part
of the optical cavity. The reflective indexes #n; and n, are no less than 1, and one of them might be air. If we
assume the reflective coefficients (vectors in the complex plane) are a and b before and after tuning, the
reflectance difference 6 is

§=|a*—b*|. (8)

It is difficult to get a large § in the simulation by simply changing 7, and #,. The reason is we do not
make use of the phase difference. For example, if a = Epexp(in/2), b = Epexp(im), d is just zero but the phase
difference is 7/2. To take advantage of the phase difference, we can add a backside reflection in this system.
The cavity length L might be changed to control the phase of the backside reflection (figure 2(a)). To simplify
the analysis, we assume the backside reflection coefficient ¢ is unchanged before and after tuning. Therefore,
the reflectance difference ¢ is

(e%)
|

(a+0)’—(b+c)
(a—b)(a+b+2c)
=(a—b)(a+b)+2(a—b)c. 9)

4
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Figure 2. (a) Structure illustration of the optical cavity. It consists of graphene, two dielectrics and backside metal. (b) Vector
analysis of the reflectance difference. To get the maximum J, the vector ¢ should be parallel to the vector (a) and (b). (c) The
tuning limit dmax :|a2 — b2| + 2|a — b as a function of n; and n,. The left axis is 7, while the right axis is 7. The analysis is
performed at 1550 nm wavelength. (d) Cutting line n; = 2.1 and n, = 1.46 of figure (c). The intersecting lines between the
surface in figure 2(c) and the planes of n; = 2.1 (blue) and n, = 1.46 (red). The green dashed line shows the case for n; = 2.1 and
n; = 1.46.

We briefly analyze this expression by drawing these vectors on the complex plane (figure 2(b)). The
vector a, b, a + b and a—b are denoted on the graph. If the dielectric is fixed, #; and 1, are fixed, so the
vector a, b, a + b and a—b are fixed. Since |¢|< 1 and the phase is arbitrary, the vector a + b + 2¢ lies in a
circle. We can select ¢ = —a or ¢ = —b, which means matching the reflectance at both sides and the
reflectance is zero, just as the blue line on the graph. However, this is not the maximum reflectance
difference. To maximize the reflectance difference d, the vector ¢ should be parallel to the vector a—b, and the
maximum difference is no larger than

Omax = |@* — b*| +2|c| 0 la—b| < |a® — V| +2|a—b]. (10)

Comparing (10) with (8), we have an additional term 2|a—b| in the expression. Since |a| and |b| are not
very large (0.05-0.3), this additional term greatly increases the reflectance difference by making use of the
phase difference. This analysis clearly shows the advantage of adding the backside reflector to form an optical
cavity.

Moreover, O,y is larger if |¢| is larger. It is better to use a good metal in the backside. A good metal has
low n values and high k values such that there is a large reflection at the dielectric-metal interface. Another
point is that the normal incidence is needed to maximize the |¢| value. In the following discussion, we use the
normal incidence if not specified. We can plot the tuning limit &, =|a> — b*| 4 2 |a — b as a function of n,
and n, in a certain wavelength. The vector a and b are calculated by analytical model. Figure 2(c) shows the
three-dimensional plot for the wavelength of 1550 nm.

From the plot, the tuning limit §,,,x is around 20%—25%. If n; and n, are both between 1.3 and 2.5
(common dielectrics), the tuning limit §,,x will not change a lot in this range. In addition, n; should not be
very small; otherwise the cavity length has to increase for the same phase shift and the voltage applied will be
larger (see formula 7). So there is a trade-off here for n;. To fabricate easily, we select the substrate to be silica
and the material inside the cavity to be tin dioxide so #; around 2.1 and n, = 1.46. The exact refractive index
of tin dioxide is fitted from experimental data in our group (see supplementary materials for more details).

5
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Table 1. Reflectance value of tin dioxide and different metal interfaces in the wavelength 1550 nm.

Metal n k R

Ag 0.14 11.37 0.971
Au 0.52 10.74 0.942
Al 1.58 15.65 0.936
Pb 1.70 8.59 0.813
/n 4.89 11.99 0.778
Sn 3.24 9.02 0.739
Ni 3.09 7.72 0.695
Fe 3.11 5.24 0.510
Mn 3.74 5.30 0.480
Ti 3.68 4.61 0.424
Bi 6.24 4.52 0.414

We can also plot the intersecting lines between the surface in figure 2(c) and the planes of n; = 2.1 and
n, = 1.46. (shown in figure 2(d)).

For the backside, table 1 summarizes the reflectance value of tin dioxide and common metal interfaces at
the wavelength of 1550 nm. The metal # and k values are adapted from the reflective index database [31-37].

From table 1, silver has the largest R value among all the metals. Therefore, we use silver as the backside
metal.

Finally, we would like to point out that this tuning difference model is a preliminary model. Some factors
are not considered in this model. For example, because of transmission difference before and after tuning,
the backside reflection coefficient ¢ is not exactly the same. However, this model gives the basic idea of
material selection, and the tuning limit (~24%) is confirmed in the following simulation by the optical
transition matrix model. Moreover, this model clearly shows why we need a backside reflection by comparing
formulas (8) and (10). As a result, this model is still an effective way to analyze this system.

5. Structure and parameters optimization

5.1. Thickness effect

After selecting the materials, now we come to optimize the structure. Apart from the silica substrate, we need
to determine the thicknesses of tin dioxide and backside silver. For the backside silver, it should be
sufficiently thick to avoid transmission at this side. Figure 3 shows a 100 nm SnO, test optical cavity
structure with different silver thickness values,

From figure 3, if the Ag thickness is larger than 60 nm, we can say there is no transmission at this side and
the thickness effect is very small. In the next simulation, we use 100 nm silver at the back side.

The SnO, thickness will influence the backside reflection phase and the interference order. To study it
systematically, we estimate the maximum thickness of SnO, in the following way: The wavelength range is
between 500 nm and 1600 nm and the n value for SnO; is between 2 and 2.5. For one cycle (phase changes
by 27), 2nt = Amax = 1600 nm, so t is no larger than 1600/2/2 = 400 nm. We simulate the thickness L from
50 nm to 400 nm with 50 nm interval (figure 4).

According to figure 4, the reflectance before tuning is smaller than that after tuning. The reason is that
SLG has more absorption before tuning, which reduces the reflectance. From figure 4(c), the incidence angle
does not influence the spectrum significantly. From figure 4(d), the broadband reflectance difference is
around 18%. The thickness dependence is just similar to the regular optical cavity. The red curves
(L =50 nm, 100 nm and 150 nm) are the first order, and there is only one large peak between the wavelength
range 500 nm to 1600 nm for these curves. Similarly, the yellow curves (L = 200 nm, 250 nm and 300 nm)
are the second order and the blue curves (L = 350 nm and 400 nm) are the third order. The reflectance
differences for the first order are larger than those in higher orders in the same wavelength. Therefore, we
keep the SnO, thickness 50 nm, 100 nm and 150 nm structures in the next optimization procedures. In the
real application, we can change the thickness of SnO, to match the target wavelength we intend, as
figure 4(d) shows.

5.2. Increase the reflectance difference by field enhancement in optical SAC structures

In our group’s previous work, we used Sn nanodot-based optical structures to dramatically increase the
graphene absorption under vertical incidence [21, 24, 25]. The nanogaps between ultrahigh refractive index
Sn nanodots acts as optical slot antenna that couples with the optical cavity to strongly enhance the
electromagnetic field in the SLG region. Generally speaking, smaller gaps between nanodots are beneficial for

6
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Figure 3. 100 nm SnO, test optical cavity structure (silica-SLG-SnO,—Ag) with 20 nm, 60 nm and 100 nm at back side.
(a) Reflectance before and after tuning. (b) Reflectance difference.
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Figure 4. SnO, thickness effect. The Fermi level before tuning is 0.251 eV below the Dirac point and after tuning is 1.036 eV
below the Dirac point separately. (a) Reflectance before tuning with eight different thicknesses. (b) Reflectance after tuning with
eight different thicknesses. (c) Comparison of reflectance changes for 50 nm and 100 nm SnO; structures under normal incident
and 45° incidence angle. (d) Reflectance difference with eight different thicknesses.

local field enhancement. On the other hand, very tiny gaps <10 nm would be difficult to achieve
experimentally. Therefore, in this design we use a Sn nanodots size and spacing experimentally achieved in
our previous work [21, 25], as shown in figure 5(c). We use 9 nm nanogaps between the Sn nanodots in the
simulation. The radius and height of the Sn nanodots are 40.5 and 30 nm, respectively. We note that these
parameters could be further optimized if better control of self-assembly can be implemented. The absorption
for intrinsic graphene (graphene suspended in air) is maw = 2.3%, where « is the fine structure constant,
around 1/137 38, 39]. For the graphene on silica substrate, the absorption could be increased from ~2% to
nearly 20% in the infrared region by utilizing this tin nanodots optical SAC structure (figure 5(a)) [25].

We can use a similar strategy to increase the reflectance difference. Since this model is the field
enhancement model, the reflectance difference may exceed the tuning limit calculated in the last section
because the tuning difference model is calculated by the optical transition matrix model without considering
near field enhancement. The idea is to maximize the electromagnetic field in SLG in order to sample a larger
change in reflectance when it is tuned transparent. Since we have a smaller absorption from SLG after tuning,
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Figure 5. (a) Enhanced graphene absorption on silica substrate by incorporating Sn nanodots optical SAC structure (red line)
compared to that of pristine graphene on silica (blue line) [25]. The cross-section of the Sn nanodots is shown in (c). We use

9 nm nanogaps between the Sn nanodots in the simulation. The radius and height of the Sn nanodots are 40.5 and 30 nm,
respectively. These parameters are based on the experimentally demonstrated Sn nanodot structures in [21] and [25].

(b) Reflectance differences of 50 nm, 100 nm, and 150 nm SnO, optical cavity without tin dots, confirmed by COMSOL optical
transition matrix model. (c) Electric field plot of two wavelengths (600 nm, 1600 nm) before and after tuning. The scale bar is
uniform and identical in vertical and horizontal directions. (d) Enhanced reflectance difference plot for Sn nanodot optical SAC
structures including the 45 degrees incidence results. This is the maximum reflectance difference we reached in this paper.

the reflectance increases correspondingly. The larger the field enhancement in SLG, the greater the
reflectance change. From the E-field magnitude plot (figure 5(c)), the wavelength of 1600 nm (infrared) has
a larger field enhancement than that that of 600 nm (visible light), which coincides with our previous
experimental data [21, 24, 25]. The larger absorption in the NIR region corresponds to a larger optical
response, so the reflectance difference is also larger in this region when graphene is made transparent upon
gating. Figure 5(d) shows the reflectance differences with Sn nanodot optical SAC. Comparing figure 5(d)
with figure 5(b), the peak reflectance difference increases by ~10%, and the peak position is red-shifted
because of the lateral scattering effect of the Sn nanodots that is equivalent to elongating the cavity length
[21]. In figure 5(d), the 45° incidence results also do not differ much from the normal incidence result. The
peak value is slightly smaller and the peak position is slightly blue-shifted. This tendency is similar to that in
figure 4(c). More data on the reflectance spectra at different incidence angles are shown in figure S2
(available online at stacks.iop.org/JPPHOTON/3/045003/mmedia) in the supporting information, indicating
little change in reflectance spectra as the incidence angle increases from 0 to 75°. Therefore, the tunable
optical SAC reflector performance is insensitive to the incidence angle, which offers convenience in practical
applications. This phenomenon is due to the scattering and strong field enhancement offered by the Sn
nanodots, which reduces the sensitivity to the original incident angles. In the following, we use the normal
incidence to further optimize the structure.

5.3. Optimization of gating voltage

In this system, another important topic is the gating voltage applied. In the first section, we have calculated
the carrier density, which is proportional to the voltage applied. Furthermore, the voltage depends on the
distance between two parallel plates and the relative dielectric constant €,. From the design above, we can
apply a voltage on the graphene and the backside metal. However, this will give an extremely large voltage,
since the dielectric is very thick.

We plan to optimize this structure by incorporating an ITO layer as both part of the optical cavity and the
conductive electrode simultaneously. ITO is a conductive material and has a low imaginary part of the
refractive index [40]. Here we used the ITO glass CG-60IN-CUYV in the simulation, whose refractive index is
measured by a general oscillator layer with VASE software in [40]. Therefore, with the ITO layer, the optical
path length can keep the same but the distance between two electrodes will greatly decrease, so the voltage
will decrease. Figure 6(a) shows a schematic structure. In this case, both SnO, and ITO contribute to the
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Figure 6. (a) The optimized resonator structure with tin nanodots and ITO layer added. (b) The reflectance difference with ITO
layer but without tin dots. (¢) The magnitude of the E-field plot. (d) The reflectance difference in the structure (a). The optical
resonator keeps a good behavior with this optimization.

optical cavity length L, while electrically the dielectric layer thickness is contributed by the insulating SnO,
layer only.

In this structure, the thickness of SnO is fixed to be 10 nm, and the optical path depends on the
thickness of ITO. To make the discussion continuously, we use the word ‘equivalent 50/100/150 nm SnO;),
which means the optical path length is equivalent between the SnO,/ITO and the SnO; structure. The actual
thicknesses of ITO are 50/110/170 nm (without tin dots) and 10/70/130 nm (with tin dots) separately.
Because of the lateral scattering effect of the Sn nanodots mentioned above, we have thinner ITO layer for the
same effective optical path length when Sn nanodots are introduced. Figure 6(b) shows the reflectance
difference by optical transition matrix model without tin dots. If we add tin dots, since the height of the Sn
dots is 30 nm, the thicknesses of ITO are reduced. Figure 6(c) shows the magnitude of E-field plot with ITO
layer added. The E-field is small inside the ITO layer, because ITO is conductive.

Comparing figures 6(b) and (d) with figures 5(b) and (d), the new structure keeps the characteristics of
the optical cavity in both cases. Moreover, we add one more layer and create one more interface, so the
reflectance difference will reduce a little because of interface reflectance loss. We have more losses in the
infrared region, because the refractive index difference An between ITO and SnO; is larger in this region.
Generally, the loss is just 0% —2% and will not have much influence in the optical cavity behavior.

We can calculate the voltage applied in this case,

Aped

Q
U=—== .
C €0Er

(11)

Set &, = 4.41,d = 10 nm, Ap = 1.125 nm™?(critical wavelength 600 nm), U = 46.0 V. If the critical
wavelength is shifted to 1100 nm, the voltage will be greatly reduced to 4.5 V. In comparison, if the ITO layer
is removed, the voltage value will be five times for the 50 nm SnO, optical cavity. We also did the simulations
of the reflectance versus different Fermi levels for the equivalent 100 nm SnO, optimized structures. Figure 7
shows the results.

Comparing figure 7 with the refractive index values in figures 1(d) and (e), we can conclude that in the
NIR region, we do not need an overly large driving voltage to achieve the maximum reflectance difference.
After applying enough voltage to let graphene k = 0 at a given wavelength, the reflectance difference will
saturate. Applying a larger voltage will only increase the tuning range but will not influence the reflectance
difference for a specific wavelength. Figure 7(c) shows the plot of critical wavelength versus the driving
voltage. In summary, the equivalent optical cavity length will determine where the maximum reflectance
difference appears, and the driving voltage will affect the wavelength range of tuning. If we would like to
achieve the maximum reflectance difference in the wavelength 1550 nm, we can use a 150 nm-equivalent
optical cavity with the driving voltage 4.5 V as shown above.
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Figure 7. (a) Reflectance versus different Fermi levels for inherent graphene and three tuned graphenes. The structures are
equivalent 100 nm SnO, optical cavities. (b) Reflectance difference between inherent graphene and three tuned graphenes.

(¢) Critical wavelength versus the driving voltage plot when the SnO, thickness is 10 nm. For a driving voltage on the graph, the
reflectance difference will reach the maximum if the wavelength is larger than the critical wavelength.

The driving voltage can be further decreased by setting the SnO, thickness to 5 nm, and the value will
reduce to one half. We preliminarily present these values here as a reference for future experiment work.

6. Conclusions

In this paper, we design a gate-tunable, free-space graphene electro-optical reflector working at NIR spectral
regime based on cavity resonator structures. We calculate the graphene refractive index as a function of the
Fermi level since there is a critical photon energy hw = 2E in this system. Then, we develop a theoretical
model to describe the tuning difference. From this model, a backside reflector is needed and the reflectance
should be as large as possible. We also select the dielectric materials next to graphene, which are SiO, and
SnO,, to optimize the optical performance while maintaining a good feasibility of device fabrication. We
simulate this optical cavity by transfer matrix method, and the broadband, incident angle insensitive
reflectance difference could reach 18%. We further increase this value to 28% with an extinction ratio

1.62 dB at a low insertion loss of 1 dB by incorporating tin nanodots based optical SAC structures. We also
use conductive ITO layer as a part of the optical cavity and the electrode simultaneously to reduce the voltage
applied. With an ITO layer, the optical cavity still shows a good property while the driving voltage can be
reduced by a factor of 5. To our best knowledge, this is the first investigation on tunable free-space NIR
reflectors based on 2D materials, rather than using liquid crystals or magnetic metasurfaces [41, 42].
Comparing to other graphene optical device simulated before, our structure is more feasible because it just
needs a single graphene layer without graphene arrays or patterns [43—45]. Compared to other
low-dimensional optical systems, such as TMDC, BP and metal-halide perovskites, graphene is air-stable,
less poisonous [46, 47], and easier to fabricate at higher quality and larger area. Experimentally, the graphene
layer can be transferred on the substrate by dry transfer or wet transfer method according to our pervious
experimental work [8, 21, 25]. In the optimized design in figure 6(a), the deposition of Sn nanodots and
SnO, on single layer graphene have also been demonstrated in our previous work [21, 24, 25], while the ITO
and Ag layers can be further deposited on top of SnO, by evaporation or sputtering. The reflectance before
and after gating can be measured by an optical spectrometer [21, 25]. The graphene Fermi level can be
controlled by external gating, i.e. applying a voltage between the graphene layer and the Ag electrode

(figure 6(a)). The graphene Fermi level and optical properties can be tuned by changing the gate voltage, as
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discussed earlier in equations (1)—(7). Because our device is easier to fabricate and compatible with the free
space optics, it has promising applications in tunable flexible photonic surfaces such as different kinds of
VOAs or tunable reflectors for LiDAR systems [48].
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