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ABSTRACT  
The optical conductivity of single layer graphene (SLG) can be significantly and reversibly modified when the 

Fermi level is tuned by electrical gating. However, so far this interesting property has rarely been applied to 

free-space 2D photonic devices because the surface-incident absolute absorption of SLG is limited to 1-2%. No 

significant change in either reflectance or transmittance would be observed even if SLG is made transparent 

upon gating. To achieve significantly enhanced surface-incident optical absorption in SLG in a device structure 

that also allows gating, here we embed SLG in an optical slot-antenna-coupled cavity (SAC) framework, 

simultaneously enhancing SLG absorption by up to 20x and potentially enabling electrical gating of SLG as a 

step towards tunable 2D photonic surfaces. This framework synergistically integrates near-field enhancement 

induced by ultrahigh refractive index semimetal slot-antenna with broadband resonances in visible and 

infrared regimes, ~3x more effective than a vertical cavity structure alone. An example of this framework 

consists of self-assembled, close-packed Sn nanodots separated by ~10 nm nanogaps on a SLG/SiO2/Al stack, 

which dramatically increases SLG optical absorption to 10-25% at λ=600-1900 nm. The enhanced SLG 

absorption spectrum can also be controlled by the insulator thickness. For example, SLG embedded in this 

framework with a 150 nm-thick SiO2 insulating layer displays a distinctive red color in contrast to its 

surrounding regions without SLG on the same sample under white light illumination. This opens a potential 

path towards gate-tunable spectral reflectors. Overall, this work initiates a new approach towards tunable 2D 

photonic surfaces. 
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1.  Introduction 

Single layer graphene (SLG) attracts a lot of attention 

from the photonics community for applications in 

advanced photo-detection [1], image sensing [2], and 

energy harvesting devices [3]. Specially, the π 

electrons in the two dimensional (2D) hexagonal 

lattice demonstrate a unique conical band structure 

[4, 5]. The zero bandgap of SLG and consequently the 

very broad inter-band absorption spectrum makes 

SLG attractive for broadband infrared (IR) photonic 

devices. More interestingly, this optical absorption 

spectrum can be significantly and reversibly 

modified by tuning the Fermi level of SLG through 

electrical gating [6]. Since the first demonstration of 

gate-variable optical transitions in SLG [6], 

applications in waveguide-coupled optical 

modulators have been investigated extensively, 

achieving broadband and ultrafast photonic 

modulation [7-9] for optical communications. 

In contrast to waveguide-coupled modulators 

where light travels parallel to the SLG plane, 

gate-tunable surface-incident 2D photonic surfaces 

based on SLG have rarely been reported even though 

they have great potential applications in tunable 

optical reflectors/filters/attenuators, as well as 

high-speed low-power optical switches to substitute 

their micro-electromechanical (MEMS) counterparts. 

This is because the surface-incident optical 

absorption of free-standing SLG is limited to ~2.3% 

due to its atomic thickness, and it becomes even 

smaller when SLG is placed onto a substrate due to 

optical impedance mismatch (i.e. ~1.4% for a SLG 

placed on fused quartz substrate) [10, 11] 

Consequently, the free-space transmittance or 

reflectance can be increased by ~2% at most even 

when SLG is made transparent upon electrical gating, 

too small for any practical applications.  Therefore, 

for a tunable free-space 2D photonic device based on 

SLG, the prerequisite is having a much larger 

surface-incident optical absorption in SLG before 

Fermi level tuning. This way, the 2D photonic 

surface will demonstrate a notable increase in 

reflectance or transmittance upon gating when the 

SLG absorption is decreased to ~0. Optical 

absorption enhancement with broad optical 

bandwidth is highly desirable to best utilize the 

broad optical absorption spectrum of SLG. 

Meanwhile, tunable SLG photonic devices should 

have a capacitor-like structure, with an insulator 

layer between SLG and another conductor layer to 

modify the carrier density in SLG by 

charging/discharging the capacitor. For consumer 

applications, these devices must also be scalable to 

large area at low cost. 

Numerous approaches have been investigated to 

increase the free-space optical absorption of SLG, 

including plasmonics [12, 13] and high refractive 

index dielectric nanophotonic structures [14, 15]. 

Most of them require nanolithography [13-16] and/or 

noble metal deposition [12, 13], which are hardly 

scalable to large-area devices. In addition, the 

plasmonic resonance peak is relatively narrow in 

spectrum, unless further modified by increasing 

damping [17] or incorporating various resonator 

sizes [18], which are even more complicated. 

Self-assembly of noble metal nanostructures on top 

of SLG using conventional vacuum evaporation 

followed by thermal annealing also tends to damage 

the crystal lattice of SLG according to the report of 

Liu et al. [12].  

In this Paper, we introduce an optical 

slot-antenna-coupled cavity (SAC) framework that 

can simultaneously enhance SLG optical absorption 

by up to 20x and potentially enable electrical gating 

to tune its optical spectrum. Antennas were first 

utilized in radio wave regime to concentrate 

electromagnetic energy within a small volume <<λ3 

for effective radio detection [19]. Similarly, optical 

antennas are designed to efficiently convert 

free-space optical radiation energy into localized 

energy and vice versa at deep sub-wavelength scale, 

typically in the visible and near infrared (NIR) 

spectral regimes [20]. To achieve efficient and 

scalable optical antennas without complicated 

nanolithography, we utilize self-assembled, 

close-packed ultrahigh refractive index semimetal Sn 

nanodots (n~8-10 in NIR regime) separated by ~10 

nm nanogaps, concentrating the incident light into 

the nanogaps similar to the principles of slot 

waveguides [21, 22]. These self-assembled optical 

slot-antennas are further coupled to an optical cavity 

to form the optical SAC framework, analogous to 

cavity-backed slot antennas in radio wave and 

microwave regimes [23]. The optical slot-antennas 

effectively funnel the incident light into the 
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underlying SLG regions with >100x electromagnetic 

near-field enhancement, and scatter the light into 

oblique angles for coupling into the laterally 

propagating slab modes in the cavity to further 

increase SLG absorption. Therefore, this optical SAC 

framework goes beyond conventional optical 

antennas or Fabry-Perot cavities by synergistically 

integrating near-field enhancement with optical 

resonances. Actually, the acronym of “SAC” also 

refers to the fact that light is funneled and trapped 

into the cavity, analogous to the way that ink is 

sucked into a fountain pen sac.  As an example, we 

demonstrate that SLG in a Sn nanodot/SLG/100 nm 

SiO2/Al optical SAC shows a dramatic optical 

absorption enhancement from 1-2% to 10-25% at 

λ=600-1900 nm, as confirmed by up to 120× 

enhancement in Raman scattering and significantly 

increased photo-conductance in SLG. The optical 

SAC also forms a semimetal/dielectric/metal 

capacitor to allow potential electrical gating.  

Compared to very recent investigations on 

slot-cavity interactions in guided waves [24, 25], our 

optical SAC framework extends such interactions 

into free space towards tunable 2D photonic 

surfaces. 
 

2.  Results and Discussion 

2.1 Design Concept of Optical SAC 

Figure 1a is a schematic illustration of our optical 

SAC framework design, based on an example of Sn 

nanodots/SLG/100 nm SiO2/Al structure. Semimetals, 

such as Sn, Bi, and Sb, have a small overlap between 

the bottom of the conduction band and the top of the 

valence band in their band structures [26]. Hence the 

Fermi level can intercept with both the conduction 

band and the valence band. The inter-band 

transitions coming from this feature of quantum 

states occupation lead to ultrahigh refractive indices 

of semimetals in visible and NIR light regimes, as 

theoretically investigated in other literature [27]. For 

example, Sn has a much higher refractive index 

(n~8-10) [10, 27] than conventional high index 

dielectric materials (typically n4) [28] in the NIR 

spectrum. 

Utilizing this novel optical property as well as the 

concept of slot waveguide [21, 22] and slot antennas, 

self-assembled Sn nanodots separated by ~10 nm 

nanogaps have been identified as a good candidate 

to build near-field slot-antennas for effectively 

manipulating light-SLG interactions [10]. Due to the 

continuity of the electric displacement at the 

boundary between two media, the magnitude of the 

electric field at the nanogaps/slots (n=1) between two 

high refractive index Sn nanodots (n~8-10) is greatly 

enhanced, similar to the case of slot waveguides. 

Therefore, the optical power can be strongly 

concentrated into the nanogaps for highly effective 

photon management. To further enhance SLG optical 

absorption and simultaneously enable electrical 

gating to tune its Fermi level, the SLG is inserted into 

a Sn nanodots/SLG/dielectric/metal optical SAC 

framework. Since SLG is also a 2D Dirac semimetal 

at room temperature [29], this Sn/SLG/SiO2/Al 

optical SAC also constitutes a 

semimetal-insulator-metal parallel-plate capacitor 

structure towards potential electrical gating.  The 

nanogaps between the ultrahigh refractive index Sn 

nanodots effectively concentrate and funnel the 

incident light into the underlying SLG regions 

with >100x electromagnetic near-field enhancement, 

and scatter the incident light into oblique angles. 

Reflection by the backside Al layer and scattering by 

the frontside Sn nanodots couple the light into 

laterally propagating slab modes in the optical SAC 

to drastically enhance the SLG absorption, ~10x more 

effective than a simple back-reflector alone. The SiO2 

layer deposited by plasma-enhanced chemical vapor 

deposition (PECVD) also introduces atomic 

hydrogen to significantly reduce the surface 

recombination at the Sn/SLG and SLG/SiO2 interfaces 

compared to our previous work [10], as evidenced by 

a complete transfer of SLG optical absorption 

enhancement to the same amount of photocurrent 

multiplication to be discussed in Section 2.5. 

Therefore, this optical SAC framework greatly 

enhances SLG absorption and effectively improves 

the interface quality towards electrical gating at the 

same time.  

Furthermore, the enhanced SLG absorption 

spectrum can be controlled by the insulator thickness, 

offering flexibility for optical design. For example, as 

will be shown in Section 2.6, SLG embedded in this 

optical SAC framework with a 150 nm-thick SiO2 

layer displays a distinctive red color in contrast to its 

surrounding regions without SLG on the same 
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sample under white light illumination, opening a 

potential path towards spectrally tunable reflectors 

by gating 2D photonic surfaces. This facile 

bottom-up nanofabrication process is also scalable to 

large-area 2D devices. 

 

2.2 Enhanced Absorption Spectra of SLG in the 

Optical SAC 

Figure 1b compares the photos of our samples with 

and without photonic structures. The lower panel 

corresponds to a reference pristine SLG transferred 

onto a fused quartz substrate without any photonic 

structures. The SLG, located in the middle of the 

sample and indicated by the white rectangle, is 

nearly transparent in the photo. This is because it 

only absorbs ~1.4% of the incident light, as 

mentioned earlier [10]. The middle panel 

corresponds to an SLG/SiO2/Al optical cavity sample 

without Sn nanodots (i.e. without optical 

slot-antenna). On the same sample, there is a clear 

optical contrast between the middle area with SLG 

and the surrounding area without SLG. The darker 

color of the area with SLG indicates higher optical 

absorption in the visible spectrum regime compared 

to the surrounding area. Since the only difference 

between them is the existence of SLG, we can 

conclude that the enhanced absorption comes from 

SLG. Note that the region with SLG is also clearly 

darker than the SLG/quartz reference sample (lower 

panel of Figure 1b) due to absorption enhancement. 

The upper panel shows a photo of the ultrahigh 

refractive index Sn nanodots/SLG/SiO2/Al optical 

SAC sample. Compared to the SLG/SiO2/Al cavity 

structure (middle panel), the optical contrast 

between the regions with and without SLG is even 

higher and the SLG region appears much darker, 

indicating that the SLG absorption is further 

enhanced thanks to the coupling between the optical 

slot-antennas and the cavity.  

 
Figure 1 (a) A schematic illustration of the optical SAC framework. The 3D schematic figure on the left illustrates a zoomed-in view of 
the Sn nanodot/SLG region. (b) Photos of pristine SLG transferred on fused quartz substrate (Lower panel), the SLG/SiO2/Al/quartz 
optical cavity sample (Middle panel), and the Sn nanodot/SLG/SiO2/Al/quartz optical SAC sample (Upper panel). The SLG is in the 
middle of these samples. For the lower panel, the SLG region indicated by the white rectangular is nearly transparent. For the middle 
and upper panels, the SLG regions are darker than the surrounding regions on the same piece of sample due to the photon management 
effect introduced by the cavity or optical SAC, respectively. (c) Absorption contrast spectra induced by SLG on different samples, 
defined as the difference in absorption between the regions with and without SLG on the same sample. For the Sn/SLG/SiO2/Al optical 
SAC, the absorption contrast is contributed by the enhanced SLG absorption as well as the morphological differences between the Sn 
nanodots deposited on SLG and on SiO2, as will be discussed in Figure 2 and Figure S4.
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The observation above has been further 

quantified by measuring the optical absorption 

contrast spectra between the regions with and 

without SLG, as shown in Figure 1c. Transmittance 

(T) and reflectance (R) spectra are measured using a 

UV-VIS-NIR Spectro-photometer equipped with 

integrating sphere to capture both collimated and 

diffuse light [10]. The absorption (A) is obtained by 

A=1-T-R. Note that the optical absorption in the 

samples with Al coatings is simply A=1-R since the 

transmittance T=0 due to the opaqueness of the Al 

layer. For the same piece of sample with transferred 

SLG in the middle, the absorption contrast induced 

by SLG is defined as the difference in absorption 

between the regions with and without SLG (Figure 

1c). That is, the absorption spectrum of the 

SLG/quartz region is compared to that of the blank 

quartz substrate region, the SLG/SiO2/Al/quartz 

region to the SiO2/Al/quartz region, and the 

Sn/SLG/SiO2/Al/quartz region to the 

Sn/SiO2/Al/quartz region, each pair being on the 

same sample as shown in Figure S1. For the 

SLG/quartz reference sample and the SLG/SiO2/Al 

cavity sample, such an absorption contrast on the 

same sample can be considered as the net optical 

absorption from the SLG since there is no other 

difference between the middle and the surrounding 

regions. For the Sn nanodots/SLG/SiO2/Al optical 

SAC sample, on the other hand, such contrast can be 

contributed by two factors: (1) enhanced absorption 

in SLG due to the photon management of the optical 

SAC framework. In this case, the ultrahigh refractive 

index Sn nanodots play a critical role in 

concentrating the incident light into the nanogaps 

between them, funneling the light into SLG, and 

coupling the light into the optical cavity. (2) 

enhanced absorption from the Sn nanodots on SLG 

due to their morphological differences from those on 

PECVD SiO2. These factors will be discussed in more 

detail in the later text.  

The optical absorption of SLG in the pristine 

SLG/quartz reference sample reaches up to 2.3% at 

~500 nm (i.e. the green curve in Figure 1c). Due to 

the p-type doping of SLG transferred to the fused 

quartz substrate, the absorption keeps decreasing as 

the wavelength increases, and it approaches zero at 

λ>2000 nm [10]. For the SLG/SiO2/Al cavity structure, 

up to 8% absolute optical absorption from SLG is 

achieved at =700-900 nm, as shown by the blue 

curve in Figure 1c. Note that the maximal absorption 

enhancement (compared to the SLG/quartz reference) 

already reaches ~6x, much larger than 2x 

enhancement from a simple back-reflector. This 

result confirms that the SLG/SiO2/Al cavity 

introduces multi-pass optical absorption in SLG. For 

the Sn/SLG/SiO2/Al optical SAC sample, we observe 

an extremely high optical absorption contrast up to 

49% between the regions with and without SLG, as 

the red curve shows in Figure 1c. In both cases, the 

SLG optical absorption contrast spectra cover an 

extremely broad spectral range from visible to IR 

(=500-2500 nm), demonstrating a great potential for 

broad-band surface-incident 2D photonic devices. 

Due to the difference in surface energies between 

the PECVD SiO2 and the SLG [30], we found that the 

Sn nanodots on SLG indeed showed some 

differences in morphology from those on SiO2 in the 

same deposition process. This is characterized by 

scanning electron microscopy (SEM) images in 

Figure S2. Therefore, the very large absorption 

contrast (up to 49%) between the regions with and 

without SLG observed in the Sn/SLG/SiO2/Al optical 

SAC sample (Figures 1b and 1c) is not completely 

attributed to the enhanced absorption in SLG. To 

elucidate the photon management mechanism of the 

Sn nanodot/SLG/SiO2/Al optical SAC and single out 

the enhanced absorption in SLG for comparison with 

that of the SLG/SiO2/Al cavity, we performed wave 

optics modeling using COMSOL. We also compare 

the calculated SLG absorption data with 

experimental results of both Raman scattering 

enhancement and photo-conductance enhancement 

in SLG to verify the consistency.  
 
2.3 Wave Optics Simulation and Photon 

Management Mechanisms of SLG in Optical SAC 

The wave optics modeling results are summarized in 

Figure 2. For the SLG/SiO2/Al cavity structure 

without Sn nanodots optical slot-antennas, Figure 2a 

shows that the calculated absorption spectrum 

largely agrees with the experimental data measured 

by UV-VIS-IR spectro-photometer (also shown 

previously in Figure 1c).  Note that we used the 

optical conductance and refractive indices of intrinsic 



 7 

SLG in the simulation, which leads to the slight 

deviation from the experimental data since the SLG 

transferred on SiO2 is p-type [10]. Figure 2b further 

reveals that the enhanced SLG absorption is 

attributed to the optical field enhancement in SLG 

induced by the optical resonance and confinement in 

the SLG/SiO2/Al cavity. The field enhancement factor 

in SLG, defined as |E|2/|E0|2 where E and E0 are the 

electric fields in SLG in the photonic structure and on 

quartz substrate, respectively, is slightly higher at 

λ=750 nm (|E|2/|E0|2~3.07) than at λ=500 nm 

(|E|2/|E0|2~2.55). Since optical absorption is 

proportional to |E|2 [31], these field enhancement 

factors lead to ~7.1% absorption at 750 nm and 5.9% 

absorption at λ=500 nm from the SLG in the 

SLG/SiO2/Al cavity structure, in reference to the 

absorption of pristine SLG on quartz in Figure 1c. 

Both numbers agree with the measured absorption 

spectrum (red line) in Figure 2a. 

 

 
Figure 2 (a) Calculated (green line) vs. experimentally measured (red line) SLG absorption spectra from the SLG/SiO2/Al/quartz cavity 
sample. The calculated data agree with the experimental results. The SLG absorption data derived from Raman peak enhancement (blue 
dots) and photo-conductance enhancement (magenta dots) are also shown in the figure. They correspond to the results and analyses from 
Figures 3 & 4, which will be discussed later. (b) The electric field distributions under optical excitation at λ=500 nm (left panel) and 
λ=750 nm (right panel) for the SLG/SiO2/Al/quartz cavity. The unit of the electric field is V/m. The color bar is in log scale. (c) The 
electric field distributions (in 3D) under optical excitation at λ=500 nm (left panel), λ=1100 nm (middle panel), and λ=2000 nm (right 
panel) for the Sn nanodot/SLG/SiO2/Al/quartz optical SAC sample. The unit of the electric field is V/m. The modeling is based on a 
close-packed hexagonal lattice of Sn nanodots, and the unit cell used in the simulation is schematically shown by the green-shaded 
region in the lower-left panel of (c) (top view, a=90 nm based on SEM and AFM analyses). The modeled overall absorption spectrum 
agrees very well with the experimentally measured one, as shown in the upper-left panel of (c). (d) shows the field enhancement 
(|E|2/|E0|2) as a function of the horizontal position in the SLG layer of the Sn/SLG/SiO2/Al/quartz optical SAC sample at λ=500 nm, 
1100 nm and 2000 nm. The center of the gap between Sn nanodots correspond to x=0. The inset of (d) on the left side shows the 
corresponding field distribution and optical power flux at λ=1100 nm, using the same color scale as that of (b) and (c). The white arrows 
indicate the directions and magnitude (in logarithmic scale) of the optical power flux. Based on this analysis, the enhanced absorption in 
SLG is mainly attributed to (1) the optical field strongly concentrated to the nanogaps between the ultrahigh refractive index Sn 
nanodots and funneled into the underlying SLG regions; (2) coupling of incident light into optical SAC framework due to the scattering 
of Sn nanodots and back reflection of the Al layer. The inset of (d) on the right side schematically illustrates the orthogonal orientations 
of optical confinement inside the slot-antenna and the cavity. (e) Calculated SLG absorption spectra (green line) from the 
Sn/SLG/SiO2/Al/quartz optical SAC sample compared to those derived from experimentally measured Raman peak enhancement (blue 
dots) and photo-conductance enhancement (magenta dots). The Raman and photo-conductance data correspond to the results and 
analyses in Figure 3 & 4. 
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For the Sn/SLG/SiO2/Al optical SAC, based on the 

atomic force microscopy (AFM) analysis in Figure S3 

together with the SEM analysis in Figure S2, the 

pseudo-periodic Sn nanostructures are modelled as a 

close-packed periodic array of “cylinder + 

hemi-ellipsoid dome” structures [10]. Statistically, the 

heights of the cylinder and the dome are both 15 nm. 

The diameter of the cylinder is 78 ± 2 nm and the gap 

between the dots is 12 ± 2 nm (referring to Figure S2 

and S3). When the length scale of the ordering is much 

greater than the wavelength of interest, periodic 

approximation can be well applied in the optical 

simulation for pseudo-periodic photonic structures, as 

validated in previous literature [32, 33]. The actual 

thickness of the nominal 100 nm PECVD SiO2 layer, 

functioning as the dielectric medium of the optical 

cavity, is characterized to be 95 ± 2 nm as shown in the 

cross-sectional SEM in Figure S3. A top view of the 

unit cell of the simulated structure is schematically 

shown by the green shaded region in the lower-left 

panel of Figure 2c. Using these parameters, the 

calculated overall absorption spectrum of the 

Sn/SLG/SiO2/Al/quartz optical SAC sample agrees 

very well with the experimental results, as shown in 

the upper-left panel of Figure 2c. Due to the n-type 

compensation doping effect of the Sn nanostructures 

[10], the SLG in the Sn/SLG/SiO2/Al optical SAC is 

nearly intrinsic, leading to a better agreement between 

the experimental data and the theoretical modeling 

utilizing the refractive indices of intrinsic SLG.  The 

theoretical modeling also allows us to single out the 

absorption from the SLG in the Sn/SLG/SiO2/Al 

framework, as shown by the dashed green curve in 

Figure 2e. The SLG optical absorption peaks at 24% at 

~1150 nm with an ultrabroad full width at half 

maximum (FWHM) of ~1000 nm from =700-1700 nm. 

This is an outstanding result for ultra-broadband 

photon management in SLG towards broad-spectrum 

electrical gating of 2D photonic surfaces. The 

mechanism of this broadband photon management 

effect will be discussed in the following paragraphs. 

The rest of the absorption contrast between the 

regions with and without SLG in the Sn/SLG/SiO2/Al 

optical SAC sample, shown by the red curve in Figure 

1c, is attributed to the morphological differences 

between the Sn nanostructures on SLG and on SiO2, as 

detailed in Figure S4.  

The right panel of Figure 2c further illustrates the 

three-dimensional (3D) optical field distribution when 

different wavelengths of independent light interact 

with the Sn/SLG/SiO2/Al/quartz optical SAC. Firstly, 

the incident optical power is concentrated to the 

nanogaps between the Sn nanodots and funneled into 

the underlying SLG layer due to the ultrahigh 

refractive index of Sn nanostructures compared to that 

of the air gap, as discussed previously. Looking at the 

field enhancement profile in the SLG in Figure 2d, 

50-130× local field enhancement |E|2/|E0|2 can be 

achieved in the SLG region under the nanogaps 

between the Sn nanostructures at λ =1100 nm. Even 

though the electric field near the center of the Sn 

nanodots is compromised to some extent, we still 

obtain a dramatic overall absorption enhancement 

(proportional to |E|2/|E0|2) in SLG (see Figure 2e) 

thanks to the strongly enhanced electromagnetic field 

in the nanogaps and the SLG regions underneath. This 

analyses further confirms the near-field photon 

management effect of the ultrahigh refractive index Sn 

nanodot optical slot-antennas.  

Secondly, as the optical field is funneled through 

the nanogaps, it is scattered into oblique incidence 

angles (see the simulated optical power flow in the 

inset of Figure 2d and Figure S5). The front-side 

optical scattering by the Sn nanodots optical 

slot-antennas and the backside reflection by the Al 

layer synergistically couple the light into laterally 

propagating slab modes in the Sn/SLG/SiO2/Al optical 

SAC to further elongate the optical path for SLG 

absorption enhancement, much more effective than 

the vertical cavity structure alone in Figure 2a.  

Since the resonant wavelength is proportional to 

the effective optical path length in the cavity, the 

redshift of resonant absorption peak from λ~800 nm in 

Figure 2a to λ~1150 nm in Figure 2e suggests that the 

oblique scattering of Sn nanodots increases the optical 

path length, and hence the SLG absorption, by ~1.5x. 

Further considering that the peak absorption increases 

by ~3x from ~8% in the SLG/SiO2/Al cavity to ~24% in 

the Sn nanodot/ SLG/SiO2/Al optical SAC, we can also 

estimate that the optical slot-antennas contributed to 

another ~2x enhancement in SLG absorption via 

near-field enhancement. Therefore, near-field photon 

management and coupling to the lateral-propagation 

modes in the optical cavity contributed synergistically 

to SLG absorption enhancement in the optical SAC 

framework. 

To verify the theoretically calculated SLG 

absorption in the optical SAC framework, we further 

performed experimental analyses of Raman scattering 

and photo-conductance enhancement in SLG, as 

summarized by the blue and magenta symbols in 

Figure 2a and 2e. These will be detailed in the next 

two sections. 
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2.4 Field Enhanced Raman Scattering Intensities of 
SLG Embed in Optical SAC Framework 

Raman spectroscopy analyses are performed to 

experimentally verify the SLG absorption in the 

Sn/SLG/SiO2/Al optical SAC framework modeled in 

Figure 2 and to examine the quality of SLG upon Sn 

nanodots deposition. Raman scattering intensity is 

approximately proportional to |E|4 [34] while optical 

absorption is proportional to |E|2, where E is the 

electric field of the optical excitation wave. Therefore, 

the field enhancement and optical absorption 

enhancement in SLG can be derived from the 

corresponding Raman peak intensity enhancement 

using the equation below [10]:  

4
2

4
2 0

( ) | |
( ) | |

G D
Raman

G D

I SLG in optical SAC Framework E T
I SLG E





    (1) 

Here, IG+2D(SLG in optical SAC Framework) and IG+2D(SLG) 

refer to the integrated Raman peak intensities of SLG 

with and without optical SAC framework, 

respectively; E and E0 are the electric fields in SLG 

with and without optical SAC framework, 

respectively. G band and 2D band are two major 

characteristics of SLG in Raman spectroscopy used for 

integrated Raman peak intensity calculations. Because 

the Raman-scattered photons generated in the SLG 

region of optical SAC framework have to transmit 

through any layer on the top of the SLG before getting 

collected by the Raman spectrometer, a term TRaman is 

multiplied to represent the transmittance of the 

Raman-scattered photons. For the SLG/SiO2/Al cavity 

structure, TRaman is close to 1 since the incident light of 

Raman spectroscopy system interacts with SLG 

directly. For the Sn/SLG/SiO2/Al optical SAC 

framework, TRaman is reduced due to the scattering and 

absorption of the Sn nanodots on top of SLG. Since the 

transmittance loss of the quartz substrate is negligible, 

we can well approximate TRaman by the transmittance 

of Sn nanodots/quartz at the corresponding Raman 

scattering wavelengths. Using the experimentally 

measured morphological parameters of Sn 

nanostructures on the top of SLG/SiO2/Al/quartz (as 

discussed in previous text) and COMSOL 

Multiphysics software Wave Optics module, we 

calculated the transmittance spectrum of Sn 

nanostructures on quartz, as shown in Figure S6. 

 
Figure 3 Raman spectra of SLG with and without photonic structures at excitation wavelengths of (a) 532 nm; (b) 633 nm; and (c) 785 
nm. The red, blue, and green shaded areas correspond to the integrated Raman intensities of G and 2D bands in Sn/SLG/SiO2/Al/quartz 
optical SAC, SLG/SiO2/Al/quartz cavity, and reference pristine SLG/quartz samples, respectively. Quantitative analyses of the 
field-enhanced Raman peak intensities are summarized in Table 1 and Table 2. A zoom-in of (c) is also provided to demonstrate the 
dramatically enhanced Raman peak due to photon management of SLG. 

 

Figures 3a-c are the Raman spectra of pristine 

SLG/quartz, SLG/SiO2/Al/quartz cavity, and 

Sn/SLG/SiO2/Al/quartz optical SAC samples under the 

excitation wavelengths of 532 nm, 633 nm, and 785 nm, 

respectively. The redshift of 2D band from pristine 

SLG/quartz sample to SLG/SiO2/Al/quartz and 

Sn/SLG/SiO2/Al/quartz cavity samples indicates an 

n-type compensation doping effect [10]. This is 

beneficial for SLG absorption at longer wavelengths 

since the SLG becomes more intrinsic with the Fermi 

level close to the Dirac point. The G band and 2D band 

Raman peaks from the SLG region of the optical SAC 

samples increase by 1-2 orders of magnitude 

compared to those from the SLG/quartz reference, 

confirming the strong field enhancement and optical 

absorption enhancement in SLG due to the photon 

management effect. The Raman peaks from the SLG 

region of Sn/SLG/SiO2/Al optical SAC framework 

samples (i.e. red shaded region) are also significantly 

stronger than those of the SLG/SiO2/Al structure 

samples (i.e. blue shaded region) under 633 and 785 

nm excitation, which is consistent with our previous 

analyses on optical absorption in SLG. This result 

confirms that the SLG photon management does 

contribute to the optical absorption contrast in Figure 

1c.  
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Table 1 Summary of the integrated Raman peak intensity ratios IG+2D (SLG in SLG/SiO2/Al cavity)/ IG+2D (SLG on quartz) at different 
excitation wavelengths, the field enhancement ratios |E|2 /|E0|2 in SLG derived from Eq. 1, and the derived SLG absorption in the 
SLG/SiO2/Al cavity structure (which are also plotted in Figure 2a as the blue dots). Here IG+2D is calculated as the integrated intensity of 
the G band and the 2D bands of SLG.  
 

Excitation 
Wavelength 

Raman Intensity Ratio 
2 2

2

( / / )
( )

G D

G D

I SLG in SLG SiO Al cavity
I SLG on quartz





 

Field 
Enhancement 

2 2
0| | / | |E E  

Derived SLG 
Absorption in 
SLG/SiO2/Al 

Cavity Structure 
532 nm 8.65 2.94 6.91% 

633 nm 16.56 4.07 8.22% 

785 nm 16.64 4.08 7.18% 

 

Table 2 Summary of the integrated Raman peak intensity ratios IG+2D (SLG in Sn/SLG/SiO2/Al optical SAC framework)/ IG+2D 
(SLG on quartz) at different excitation wavelengths, the corresponding transmittance of Raman-scattered photons through the 
Sn/SLG nanostructures (TRaman), the field enhancement ratios |E|2 /|E0|2 in SLG derived from Eq. 1, and the derived SLG 
absorption in the Sn/SLG/SiO2/Al optical SAC framework (which are also plotted in Figure 2e as the blue dots). Here the IG+2D 

is calculated as the integrated intensity of the G band and the 2D band of SLG. 

Excitation 
Wavelength 

Raman Intensity Ratio 
2

2

( )
( )

G D

G D

I SLG in Optical SAC
I SLG on quartz




 

 

Transmittance of 
Raman-Scattered Photons 

TRaman 

Field 
Enhancement 

2 2
0| | / | |E E  

Derived SLG 
Absorption in 
Optical SAC 
Framework 

532 nm 8.15 0.46 4.21 9.91% 

633 nm 29.16 0.59 7.03 14.22% 

785 nm 119.86 0.70 13.09 23.03% 

  

The field enhancement |E|2/|E0|2 is quantitatively 

derived using Equation (1) and the transmittance of 

the Sn/quartz sample in Figure S6 at excitation 

wavelengths of λ=532, 633, and 785 nm. Table 1 shows 

the field enhancement in SLG from the SLG/SiO2/Al 

cavity sample compared to the pristine SLG/quartz 

sample, as derived from the Raman spectra. The SLG 

absorption derived from Raman scattering 

enhancement is also shown in Table 1 and Figure 2a 

(the blue dots).  The results are largely consistent 

with the absorption enhancement experimentally 

measured (i.e. the red curve) and theoretically 

calculated (i.e. the dashed green curve) in Figure 2a. 

Table 2 further shows the SLG field enhancement in 

the Sn/SLG/SiO2/Al optical SAC sample compared to 

the pristine SLG/quartz sample. The SLG absorption 

derived from the Raman peak enhancement of the 

Sn/SLG/SiO2/Al optical SAC framework is also shown 

by the blue dots in Figure 2e. Again, the results agree 

very well with the SLG absorption singled out from 

the Sn/SLG/SiO2/Al optical SAC sample (i.e. the 

dashed green curve in Figure 2e) based on wave 

optics modeling. These results confirm our theoretical 

model and further support the highly effective photon 

management in SLG by utilizing optical SAC 

framework. 

2.5 Photo-Conductance Enhancement of SLG Embed 

in Optical SAC Framework 

For practical applications in gate-tunable 2D photonic 

surfaces, it is important to test whether such a 

significantly enhanced optical absorption in SLG can 

be effectively transferred to the corresponding 

increase in photo-conductance. As discussed in 

Section 2.1, the complete transfer of optical absorption 

enhancement to photo-current multiplication is an 

indication of low surface recombination rate at the 

Sn/SLG and SLG/SiO2 interfaces, a prerequisite for 

electrical gating. Figure 4a is a schematic illustration 

of our experimental setup, similar to what we 

reported previously [10]. A photo of our 

photo-conductor device is shown in the inset of Figure 

S7. The incident laser beams (~1-4 mW) at λ=637 nm, 

780 nm, 850 nm, 1310 nm, and 1550 nm are modulated 

at >300 Hz by a function generator – a frequency high 

enough to minimize any laser induced thermal effect. 

The distance between the electrodes is approximately 

1 cm, and the laser beam is incident within the SLG 

region. The electrical current and light modulating 
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frequency signals are coupled into a lock-in amplifier 

for more precise photocurrent measurement, i.e. only 

the photocurrent at the modulation frequency is 

amplified and recorded.    

 
Figure 4 (a) Schematic experimental setup of the photocurrent measurement using a lock-in approach by modulating the laser diodes 300 
Hz. Only the photocurrent, i.e. the change in current between the on and off state of the modulation, is amplified and recorded by the 
lock-in amplifier. Comparison of photocurrent vs. applied voltage for Sn/SLG/SiO2/Al/quartz, SLG/SiO2/Al/quartz, and pristine 
SLG/quartz samples are shown under different excitation wavelengths in: (b) at λ= 637 nm; (c) at λ= 780 nm; (d) at λ= 850 nm; (e) at λ= 
1310 nm; (f) at λ= 1550 nm. 
 

The I-V characteristics of these large area devices 

without illumination largely show an ohmic behavior, 

as indicated in Figure S7. The photocurrent 

measurement results are shown in Figures 4b-f. 

Considering 1-4 mW incident optical power, the 

measured responsivity is on the order of μA/W, 

comparably to a recent study on surface plasmon 

enhanced, micron-scale SLG photodetectors fabricated 

by e-beam lithography [35]. Advantageously, our 

self-assembly approach enables orders of magnitude 

larger device area (~cm2 vs. tens of μm2). The 

deviation from linearity in Figures 4b-f for 

photo-conductance measurements are mainly due to 

two reasons: (1) A much larger dark current in mA 

scale compared to the photocurrent in nA scale, which 

leads to the noises in Figures 4b-f. The error bars in 

photocurrent reflect the standard deviation in 

multiple scans. (2) For the optical cavity and optical 

SAC structures, the Al layer under SiO2 acts as a 

common metal gate. When a voltage is applied 

between the two electrodes on SLG, the Fermi 

level/effective doping of SLG is actually changing 

gradually in the region between the two electrodes 

[36]. Furthermore, the Gaussian beam profiles of the 

incident lasers induce non-uniform distribution of 

photo-generated carriers and possibly Seebeck effect 

in SLG [36]. For the optical SAC sample, the size 

distribution of Sn nanodots also induces non-uniform 

compensation doping of SLG. These factors all lead to 

deviation from linearity in the dark I-V and 

photocurrent, as has been analyzed theoretically [37] 

and reported experimentally [36] in previous literature. 

On the other hand, despite of these non-idealities, a 

linear fit to the photo-conductance can still give us a 

good evaluation of SLG optical absorption 

enhancement. Looking at the measured photocurrents 

and photo-conductivities in Figures 4b-f, the 

SLG/SiO2/Al cavity structure shows 2.7x, 4.1x, 3.8x, 

3.8x, and 3.4x higher photo-conductance at λ=637 nm, 

780 nm, 850 nm, 1310 nm, and 1550 nm than the 

reference pristine SLG/quartz sample, respectively. By 

comparison, the Sn/SLG/SiO2/Al optical SAC sample 

shows 5.1x, 7.1x, 13.0x, 17.0x, and 13.5x higher 

photo-conductance at λ=637 nm, 780 nm, 850 nm, 1310 

nm, and 1550 nm than the pristine SLG/quartz sample, 

respectively. Within the error ranges, these all match 

very well with the calculated SLG absorption spectra 

in Figures 2a and 2e. This result again proves the 

highly efficient, ultra-broad-band photon 

management capability of the ultrahigh refractive 

index optical SAC framework. It also demonstrates 

that the optical absorption enhancement in SLG 
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directly transfers to the same amount of 

photo-conductance enhancement in these optical SAC 

samples, thanks to the diffusion of atomic hydrogen 

from PECVD SiO2 through SLG to help passivate both 

the Sn/SLG and SLG/SiO2 interfaces [38]. This 

interfacial passivation effectively overcomes the 

detrimental surface recombination issue at the Sn/SLG 

interface found in our previous work [10], which led 

to a lower photo-conductance enhancement than the 

optical absorption enhancement in SLG. This finding 

also provides a feasible approach to better passivate 

the interfaces of 2D photonic devices towards 

gate-tunable 2D photonic surfaces.  

 

2.6 Spectral Tunability of Optical SAC Framework 

by Insulator Thickness 

With the Optical SAC framework, not only the peak 

absorption of SLG is further enhanced from ~15% in 

our previous work [10] to ~25%, but the absorption 

enhancement spectrum can be effectively tuned by 

engineering the thickness of the insulating layer. To 

demonstrate it, we take another example of optical 

SAC framework, Sn/SLG/150 nm SiO2/Al structure, as 

presented in Figure 5. For the SLG/150 nm SiO2/Al 

cavity sample (i.e. without Sn nanodots), the SLG 

absorption peak position is notably redshifted into the 

IR regime compared to the cavity with 100 nm-thick 

SiO2 layer presented previously (see Figure 5a), and 

the peak absorption is slightly increased to ~8.5%. Due 

to this redshift, the SLG absorption now shows a 

valley in the visible regime. Therefore, the 

corresponding photo in the visible spectrum shows 

little contrast between the regions with and without 

SLG (see the inset in upper right part of Figure 5a).  

For the Sn/SLG/150 nm SiO2/Al optical SAC sample, 

the SLG absorption is singled out using the same 

method described earlier in the case of Sn/SLG/100 nm 

SiO2/Al optical SAC framework, i.e. via wave optics 

modelling that matches the experimentally measured 

overall absorption spectra. A detailed breakdown of 

the optical absorption contributed by SLG, Sn, and Al 

in the sample with 150 nm SiO2 is shown in Figure S8. 

With the ultrahigh refractive index Sn nanodots 

slot-antenna to provide strong field enhancement in 

SLG, Figure 5b shows that the optical absorption of 

SLG in the Sn/SLG/150 nm SiO2/Al optical SAC 

framework is increased to >20% in a very broad IR 

spectral range of =1300-1900 nm compared to the 

cavity structure alone shown in Figure 5a. The 

absorption spectrum is also redshifted compared to 

their counterpart incorporating 100 nm-thick SiO2 

(Figure 5b), with an even broader FWHM of 1500 nm 

(=1000-2500 nm) vs. 1000 nm. Interestingly, the SLG 

region of the optical SAC sample with 150 nm thick 

SiO2 also shows a higher order resonant absorption 

peak in the blue/green/yellow spectral regime at 

=400-600 nm, leading to a much smaller reflectance at 

 < 600 nm (Figure 5c). Therefore, the region with SLG 

mostly reflects red light at >600 nm, demonstrating a 

vivid red color compared to its surrounding area 

without SLG (see the inset on the upper right part of 

Figure 5b). Such an effective spectral tunability of SLG 

absorption enables better optical performance of 2D 

photonic devices in a targeted optical band. 

 

 
Figure 5 (a) SLG absorption spectra in SLG/SiO2/Al optical cavities with 100 nm (blue line) and 150 nm-thick (red line) SiO2 layers. The 
insets show the photos of the corresponding samples. (b) SLG absorption spectra in Sn/SLG/SiO2/Al optical SAC framework with 100 nm 
(blue line) and 150 nm-thick (red line) SiO2 layers. The insets show the photos of the corresponding samples. (c) Reflectance spectra of the 
Sn/SLG/150 nm SiO2/Al cavity region (green line) and the surrounding Sn/150 nm SiO2/Al region (magenta line), corresponding to the 
photo enclosed by the dashed red box in Figure 5b. The region with SLG demonstrates a low reflectance in the blue/green/yellow spectra 
at λ =400-600 nm and high reflectance in the red spectrum at λ>600 nm, leading to a vivid red color under white light illumination. 
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More importantly, compared with our previous 

report in Ref. [10], the capacitor-like optical SAC 

framework enables electrical gating of the SLG Fermi 

level and photon management at the same time. The 

position of SLG Fermi level EF (in reference to the 

Dirac point) has a strong impact on its optical 

transition since any inter-band transition at photon 

energies hv<2EF is forbidden [6]. Therefore, the 

significantly enhanced SLG absorption over both 

visible and NIR regimes and the gating capability 

through our optical SAC framework potentially 

allows appreciable changes in the reflectance of the 

device via gate-variable optical transition in SLG. 

Considering the vivid red color of the SLG region in 

the Sn/SLG/150 nm SiO2/Al optical SAC sample under 

white illumination, as shown in Figures 5b and 5c, 

gate-tuning the optical transition of SLG could 

potentially modify the color appearance of the whole 

structure, thereby taking a step towards large-area 2D 

consumer devices such as spectral reflectors, 

band-pass filters, and low-power optical switches to 

substitute their MEMS counterparts. 

3.  Conclusion 

In conclusion, to simultaneously enhance the optical 

absorption of SLG and potentially enable its electrical 

gating for tunable 2D photonic surfaces, we have 

demonstrated a highly effective and broadband 

optical SAC framework using an ultrahigh refractive 

index semimetal/SLG/insulator/metal structure. This 

framework synergistically integrates near-field 

enhancement induced by ultrahigh refractive index 

semimetal slot-antennas with broadband resonances 

in visible and infrared regimes, ~3x more effective 

than a vertical cavity structure alone. As an example 

of the optical SAC framework, a Sn 

nanodots/SLG/SiO2/Al stack takes advantages of the 

unique ultrahigh refractive indices of semimetal Sn, 

effectively concentrating and funneling the incident 

light from free-space into the SLG region through the 

nanogaps between the self-assembled, closely packed 

Sn nanodots. Light is further scattered and coupled 

into the slab modes of optical SAC framework by the 

reflection of the backside Al layer. Utilizing this novel 

optical SAC framework, we achieve a peak SLG 

absorption of ~25% with a spectral FWHM as broad as 

1500 nm.  The optical absorption is enhanced by 

5-20x compared to pristine SLG transferred onto 

quartz substrate in an ultra-broad spectral range of 

500-2500 nm, covering the entire visible and near IR 

regimes. The strongly enhanced, broad-band SLG 

absorption in optical SAC framework has also been 

confirmed by field-enhanced Raman scattering (by 1-2 

orders of magnitude) and significantly increased 

photo-conductance of SLG at multiple wavelengths, 

which is also spectrally tunable by engineering the 

thickness of the dielectric layer. Moreover, optical 

SAC framework also serves as a parallel-plate 

capacitor towards SLG-based gate-tunable 2D 

photonic surfaces for tunable visible and NIR 

reflectors/filters/attenuators, as well as optical 

switches. The fabrication of optical SAC framework 

samples based on deposition and self-assembly is 

facile and scalable to large area, bringing a great 

advantage to industrial manufacturing. 
 

4.  Methods 

4.1 Preparation of Self-Assembled Pseudo-Periodic 

Sn Nanodots with Ultrahigh Refractive Index 

A Lab18 Physical Vapor Deposition (PVD) system 

manufactured by Kurt J. Lesker Company is used to 

prepare the self-assembled pseudo-periodic Sn 

nanostructures via thermal evaporation. The 

chamber’s base vacuum is 510-8 Torr. Sn tablets 

(99.99%, Kurt J. Lesker) are used as the source material 

for evaporation. Key parameters include the nominal 

thickness of the Sn deposition as well as the 

deposition rates (typically ~0.12 Å/sec), which 

determine the morphology of the Sn nanostructures. 

The dewetting of Sn on various surfaces leads to the 

self-assembly of Sn nanodots, similar to the 

Stranski-Krastanov mechanism [39]. Other details 

have been reported in Ref. [10]. 

 

4.2 Preparation of SLG on Various Substrates 

The SLG used in this study is fabricated by chemical 

vapor deposition (CVD) [40]. PMMA-assisted SLG 

transfer technique is used [41, 42]. The fabrication 

process is identical to what has been reported in Ref. 

[10]. 

 

4.3 PECVD Deposition of SiO2 Thin Film 

The PECVD deposition of SiO2 thin film is 

implemented with a Plasmatherm 740 SLR at 500 

mTorr, 200 °C, with reagents of 150 sccm 5% SiH4 in 

He, 600 sccm of N2O and 600 sccm of N2. 

 

4.4 E-Beam Deposition of Al Thin Film 

AJA International ATC-E Electron Beam Evaporator 

System is used to deposit aluminum thin film. Al 

tablets (99.999%, Kurt J. Lesker, #EVMAL50QXHJ) 
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with a diameter of 1/4" and length of ½" were used as 

raw material.  The base pressure before evaporation 

is lower than 1×10-6 Torr. During the evaporation, the 

deposition rate is maintained at 0.5 Å/s. 

 

4.5 Morphological Characterization 

FEI Scios 2 dual beam system Scanning Electron 

Microscope and AIST-NT SmartSPM 1000 Atomic 

Force Microscope are used to characterize the 

morphologies of Sn nanostructures, i.e. Figure S2 and 

Figure S3. For AFM analysis, tapping mode is used in 

all cases. Statistical analyses of the diameters of Sn 

nanostructures and the gaps were conducted by 

manually collecting 200 diameter/gap data points on 

the SEM and AFM images of each sample. 

 

4.6 Optical Characterization 

The transmittance and reflectance spectra are 

measured by a Jasco V-570 spectrometer equipped 

with a Jasco ISN-470 integrating sphere, scanned from 

λ=300 nm to 2500 nm.  
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1. Comparison of Absorption Spectra between the Regions with and without Graphene on the Same 

Sample 

 
Figure S1 Comparison of absorption spectra on the same sample between the regions with and without SLG: (a) 

the SLG/quartz region (red line) vs. the blank quartz region (blue line); (b) the SLG/SiO2/Al/quartz region (red 

line) vs. the SiO2/Al/quartz region (blue line); (c) the Sn/SLG/SiO2/Al/quartz region (red line) vs. the 

Sn/SiO2/Al/quartz region (blue line). 
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2. Morphological Variation of Sn Nanostructures on Different Substrates 

 
 

Figure S2 (a, b) Wetting angle measurement results of DI water droplet on PECVD SiO2/Al/quartz and 

SLG/SiO2/Al/quartz, respectively. DI water droplets on SLG/SiO2/Al/quartz clearly show a much bigger contact 

angle than those on SiO2/Al/quartz, which indicates a big difference in surface energies between them. (c, d) 

Scanning electron microscopy (SEM) images of Sn nanostructures on the two substrates shown in (a) and (b). 

Both the diameter of Sn nanodots and the gaps between them show a clear difference statistically. 
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3. Materials Characterization for Wave Optics Modeling in COMSOL 

 
Figure S3 (a) Three-dimensional atomic force microscopy (AFM) image, and (b) cross-sectional profile of Sn 

nanostructures on SLG/100 nm SiO2/Al/quartz. (c) Cross-sectional SEM photo of the nominally 100 nm-thick 

PECVD SiO2 layer. 
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4. Contributors to the Optical Absorption Contrast in the Sn/SLG/100 nm SiO2/Al Optical SAC Cavity 
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Figure S4 Experimentally measured optical absorption contrast between the areas with and without SLG 

(green line) in the Sn/SLG/100 nm SiO2/Al Optical SAC cavity framework, contributed by both enhanced SLG 

absorption (red line; singled out using wave optics modeling) and the morphological differences between the 

Sn nanostructures deposited on SLG and on SiO2 (blue line).  
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5. Calculated Optical Power Flow through the Sn/SLG/100 nm SiO2/Al Optical SAC Cavity Framework 

at Different Wavelengths 

 
Figure S5 Calculated optical power flow through the Sn/SLG/100 nm SiO2/Al/quartz framework at different 

wavelengths using COMSOL Wave Optics Module. The unit of the electric field is V/m. The white arrows 

indicate the directions and magnitude of the optical power flux in which the arrow length is logarithmic to 

power flux density. The underneath Al/quartz layers are not presented. 
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6. Calculated Transmission Spectrum of Sn Nanostructures on Quartz 
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Figure S6 Calculated transmission spectrum of Sn nanostructures on quartz from COMSOL Multiphysics 

Wave Optics Module using experimentally measured Sn nanostructure geometry. The Sn nanostructures have 

the same morphological parameters as those deposited on the top of SLG/100 nm SiO2/Al/quartz. 
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7. Current-Voltage (I-V) Measurement in Dark Room 

 
Figure S7 Current-Voltage (I-V) measurement results of pristine SLG/quartz (green line), SLG/SiO2/Al/quartz 

structure (blue line), and Sn/SLG/SiO2/Al/quartz Optical SAC cavity framework (red line) samples under dark 

environment. The I-V curves of SLG/SiO2/Al/quartz and Sn/SLG/SiO2/Al/quartz are not completely linear, 

possibly due to a small Schottky contact barrier with more intrinsic SLG layers on these samples, as indicated 

by the Raman analysis in Figure 3. The inset shows a photo of the prototype photo-conductor device for 

demonstration of concept.  
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8. Optical Absorption of the Sn/SLG/150 nm SiO2/Al Optical SAC Framework 
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Figure S8 Optical absorption spectra of the Sn/SLG/150 nm SiO2/Al Optical SAC cavity framework, showing an 

excellent agreement between the experimentally measured overall absorption spectrum (blue line) and the 

wave optics modelling (dashed gray line) based on experimentally characterized morphology of the Sn 

nanostructures and the SiO2 layer thickness. The detailed breakdown of the optical absorption in SLG (pink 

line), Sn (green line) and Al (orange line) derived from the wave optics model is also shown in the figure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


