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The use of two-dimensional (2D) materials in optoelectronics has attracted much attention due to

their fascinating optical and electrical properties. However, the low optical absorption of 2D mate-

rials arising from their atomic thickness limits the maximum attainable external quantum effi-

ciency. For example, in the visible and near-infrared regimes monolayer MoS2 and graphene

absorb only �10% and 2.3% of incoming light, respectively. Here, we experimentally demonstrate

the use of Fano-resonant photonic crystals to significantly boost absorption in atomically thin mate-

rials. Using graphene as a test bed, we demonstrate that absorption in the monolayer thick material

can be enhanced to 77% within the telecommunications band, the highest value reported to date.

We also show that the absorption in the Fano-resonant structure is non-local, with light propagating

up to 16 lm within the structure. This property is particularly beneficial in harvesting light from large

areas in field-effect-transistor based graphene photodetectors in which separation of photo-generated

carriers only occurs �0.2lm adjacent to the graphene/electrode interface. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919760]

Two-dimensional (2D) materials with exceptional opti-

cal and electrical properties are promising for use in the next

generation of optoelectronic devices. For instance, graphene

has been proven to have ultrahigh charge mobility1 and

broadband absorption,2 which has led to ultrafast3–8 and

broadband photodetectors.9,10 Its unique cone-like electronic

band structure also allows one to actively tune the absorption

through electrostatic gating, allowing realization of high-

speed modulators.11 Monolayer semiconducting transition

metal dichalcogenides (TMDCs), such as MoS2, are more

preferable materials for photodetectors due to their direct

band gap and internal amplification, and they have been

employed as ultrasensitive photodetectors with photorespon-

sivities up to 880 A/W.12 However, the efficiency of 2D

material-based optoelectronic devices is typically limited by

their poor optical absorption, a feature which is a direct con-

sequence of their atomic thickness. For instance, a single

pass through MoS2, with a thickness 6–7 Å,13 results in a

peak absorption of �10% at 660 nm.14 Graphene, whose

thickness is 3 Å, absorbs 2.3% of the incident light2 and only

responds to light with the electric field component polarized

parallel to the atomic plane. Several methods have been

reported to enhance the absorption in 2D materials, and partic-

ularly in graphene, including patterning graphene into periodic

arrays15 and integrating it with plasmonic structures16,17 or

microcavities.18,19 Among these methods, the highest gra-

phene absorption that has been realized experimentally in the

near-infrared or visible regime was accomplished using

microcavities where 60% absorption was achieved.19

In this letter, we demonstrate that absorption in 2D

materials can be significantly enhanced by incorporating

them into a Fano-resonant photonic crystal (FRPC, Figure

1(a)), which consists of a photonic crystal slab exhibiting

Fano resonances, or guided resonances20–23 and a silver back

reflector to completely block the transmission. This type of

structure has recently been examined theoretically with a

perfect mirror as the back reflector,24 and 85% total absorp-

tion was experimentally measured though the portion of

absorption occurring in graphene, opposed to the portion in

the back reflector, was not measured.25 Here, we implement

the FRPC with both graphene and MoS2. For the graphene-

integrated FRPC (Gr-FRPC), in addition to showing 96%

total absorption, we experimentally demonstrate that gra-

phene absorbs 77% of the incident light within the telecom-

munications band. This is the highest graphene absorption

demonstrated experimentally in the telecommunications

band, to the best of our knowledge. Moreover, we experi-

mentally show that the absorption in the FRPC is a non-local

effect, namely, light can propagate in the structure to as far

as 16 lm from the illumination point before being absorbed.

For graphene-based field effect transistor (GFET) photode-

tectors, non-local absorption opens up a new route to

increase the external quantum efficiency which suffers from

the fact that electrons and holes are only separated within a

�0.2 lm region adjacent to the electrodes26 in the absence of

an external bias or photothermoelectric effects.a)Email: jason.g.valentine@vanderbilt.edu
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Figure 1(a) shows the schematic of the FRPC structure.

In order to increase absorption, it is essential to achieve

modal overlap of the in-plane electric field and the 2D mate-

rial. This goal is achieved by using the Fano resonance20 in

photonic crystal slabs. In these Fano resonances, a guided

resonance mode excited in the photonic crystal interferes

with the free space mode, creating a Fano line shape in the

transmission and reflection spectra.21–23 Furthermore, we

employ a silver back reflector to block transmission, allow-

ing absorption to approach unity. The back reflector is

spaced from the photonic crystal (PC) slab (composed of

TiO2 cubes) by an Al2O3 spacer layer, and the 2D material is

sandwiched between the Al2O3 and the PC slab. A weak

Fabry-Perot cavity is then formed between the silver mirror

and the PC slab, providing a broadband reflectance spectrum.

Interference occurs between the PC modes and the Fabry-

Perot resonance, resulting in sharp Fano resonance peaks,

which reduces to a Lorentzian line shape when the direct

transmission is zero, as is the case here.21,22 The thickness of

the Al2O3 is chosen such that spectral overlap of the two

modes is achieved.

The normal-incident total absorption spectrum of a

Gr-FRPC structure (p¼ 1370 nm, d¼ 950 nm, h¼ 120 nm,

t¼ 275 nm) is shown in Figure 1(b). While two absorption

modes in Figure 1(b) exhibit total absorption approaching

unity, at the first resonance mode located at 1900 nm, gra-

phene absorbs only 31.8% of the light while silver absorbs

59.2%. These values were obtained by multiplying the mate-

rial loss with the integration of the E-field within graphene

and the metal separately. The enhancement of absorption in

silver rather than in graphene is a result of the E-field being

confined near the silver back reflector (Figure 1(b), right field

profile). In contrast, at the second band located at 1507 nm

(Figure 1(b), left field profile), the in-plane E-field is highly

confined at the interface between Al2O3 and the PC slab,

resulting in 79% of the incident light being absorbed within

graphene. The graphene absorption spectrum around the two

resonant modes are presented in Figure 1(b) with dashed

lines, and remainder of this letter will be focused on examin-

ing the second resonant mode which exhibits high absorption

enhancement in graphene.

Other than graphene, the FRPC performs equally well in

the visible regime and for a wide range of 2D materials with

varied absorptivity. In Figure 1(c) (upper panel), the second

resonance mode has been scaled to a wavelength of 540 nm

and 2D materials with in-plane imaginary permittivities (ejj;i)
ranging from 1.5 to 7.8 are embedded into the FRPC struc-

ture. Graphene absorbs 84.7% at the resonance peak while

absorption rises up to 95% for materials with larger loss. The

single pass absorption of these 2D materials is provided in

the lower panel of Figure 1(c) for reference.

To experimentally demonstrate the absorption enhance-

ment in 2D materials, Gr-FRPC and MoS2-FRPC were fabri-

cated. For proof of principle experiments, graphene was

chosen due to its relatively poor absorption compared to

TMDCs, thus representing the worst-case scenario, while

MoS2 is selected as a representative of TMDCs that absorb

in the visible regime. Monolayer CVD graphene (confirmed

by Raman spectroscopy), or monolayer exfoliated MoS2,

were transferred onto a Al2O3/silver stack, and a TiO2 pho-

tonic crystal with an area of 100 lm � 100 lm was defined

on top. Images of a fabricated FRPC structure designed for

graphene and a MoS2-FRPC device are shown in Figures

2(a) and 2(b), respectively. In the MoS2-FRPC, the flake is

smaller than the array and sits at the center.

The response of the FRPC structure is sensitive to the

angle of incidence (see supplementary material Figure S127)

and to account for this dependence, the optical absorption of

the Gr-FRPC was measured with light confined to within

62.5� normal to the substrate (see Figure S227 for the optical

set-up). A tunable diode laser with full width half maximum

(FWHM) less than 200 kHz (New Focus 6326) was used as

the laser source and reflection from the center of the array

(R) was measured, yielding the absorption, A ¼ 1� R. A

peak absorption of 96% was obtained at 1507 nm and

matches well with the simulation (Figure 2(c)). The absorp-

tion of bare graphene sitting on the same Al2O3/silver stack,

but without the PC, was measured to be 8.5%, also matching

the simulation.

For the MoS2-FRPC, the resonance is designed to be at

538 nm (p¼ 387 nm, d¼ 172.2 nm, h¼ 46 nm, t¼ 203.5 nm).

In this case, 16 nm of PMMA was spun on top of the device to

perfectly match the resonance wavelength with the laser. The

solid red and blue curves in Figure 2(d) are the simulated total

FRPC absorption and absorption within MoS2 as a function of

FIG. 1. (a) Schematic of the Fano-resonant photonic crystal. (b) Total

absorption (solid line) and the absorption in graphene (dashed line) at nor-

mal incidence and the in-plane E-field (jEjjj) distribution at the vertical cross

section of the structure at the first resonance mode near 1900 nm (upper

right) and the second mode at 1507 nm (upper left). (c) Absorption within

different 2D materials when integrated with a FRPC structure resonant at

540 nm (upper) and the single pass absorption (lower) as a function of the

imaginary part of the in-plane component of the permittivity (ejj;i) at the

same wavelength.
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wavelength, showing values of 95% and 90% at the resonance

peaks, respectively. This is higher than in the case of graphene

as MoS2 is more absorptive in this wavelength range. The fact

that the small piece of MoS2 is embedded in the FRPC array

allows us to directly visualize the absorption enhancement in

MoS2 by illuminating the entire array with a collimated laser

at various wavelengths, both on and off resonance. A map of

absorption is obtained by comparing the reflectance intensity

obtained from the MoS2-FRPC and from a mirror, as is shown

in Figure 2(e) (on resonance), and 2(f) and 2(g) (off reso-

nance). The absorption values from the center of FRPC array

where MoS2 is present were extracted and are plotted with red

dots in Figure 2(d). The illumination laser has a FWHM of

3–4 nm, and the measured absorption is the average value

within this bandwidth, lowering the measured value compared

to the simulation. For comparison, the inset of Figure 2(g)

shows a map of bare MoS2 on top of Al2O3/silver illuminated

at 538 nm with a measured absorption of 24.6%, closely

matching the simulation value, which is �25% in this wave-

length range.

While the total absorption enhancement in the Gr-FRPC

and MoS2-FRPC clearly indicate strong light-matter interac-

tion, these measurements do not allow us to experimentally

validate the percentage of absorption in the 2D materials. To

extract this information, we measured the photocurrent from

a Gr-FRPC device and compared the result with the photo-

current from bare graphene sitting on top of the same Al2O3/

silver stack. The schematic of the photodetector device is

shown in Figure 3(a). A source drain bias of Vsd ¼�4.1 V

was applied over a 180 lm long channel with a channel

width of 210 lm to negate the variations in the Fermi level

due to doping non-uniformities that resulted from the fabri-

cation process. Note that the DC current was measured to be

IDC� 1.1 mA, resulting in an electrical power density of

�12 W/cm2, which is small enough to avoid significant Joule

heating of the film.28 A gate voltage of VG¼ 60 V was used

to ensure that the Pauli blocking is not active.29 The device

was illuminated in the middle of the Gr-FRPC array, and a

reference measurement was taken on bare graphene (points

A and B in Figure 3(a)). The incident laser beam, with a spot

size greater than 15 lm and the E-field polarized parallel to

the electrodes, was located 50 lm away from the nearest

electrode. The illumination power was kept low so that the

power absorbed by graphene is less than 35 lW. With this

setup, the measured photocurrent is a result from photovol-

taic and bolometric effects,30 both of which increase by the

same amount due to the enhanced absorption. The current

from the thermoelectrical effect31 is negligible due to the

fact that this effect is based on the difference in the Seebeck

coefficient between two different regions, which is negligible

under the applied source-drain voltage. The photocurrent as

a function of incident power is provided in Figure S4.27

The experimentally measured photocurrent from the de-

vice, IFRPCðkÞ, and from bare graphene, IGrðkÞ, are shown in

Fig. 3(b), with the peak current occurring at k0¼ 1507 nm,

matching well with the shape of the simulated graphene

absorption. Comparison of IFRPCðkÞ to the mean value of

IGrðkÞ yields an experimental photocurrent enhancement fac-

tor FI of 14.33 at k ¼ k0 with FIðkÞ defined as IFRPCðkÞ=
IGrðkÞ (red dots in Figure 3(c)). As a reference, the theoreti-

cal absorption within graphene for the case of a bare film sit-

ting on the same Al2O3/silver stack, defined as AbsbareðkÞ, is

5.23% at 1510 nm with an average value from 1480 nm to

1530 nm of 5.4% (solid line in the inset of Figure 3(b). These

values yield a theoretical graphene absorption enhancement fac-

tor FAbsðk0Þ of 14.63, where FabsðkÞ ¼ AbsFRPCðkÞ=AbsbareðkÞ
(black line in Figure 3(c)) and AbsFRPCðkÞ is the graphene

absorption when it is embedded in the FRPC. The measured

photocurrent enhancement factor FIðk0Þ is close to the simu-

lated absorption enhancement FAbsðk0Þ and indicates that 77%

of the light is being absorbed within the graphene layer at the

resonance peak, which is obtained using the relationship

AbsFRPC; exp k0ð Þ ¼
FI k0ð Þ

FAbs k0ð Þ
AbsFRPC;sim k0ð Þ: (1)

The same enhancement is also observed when the E-field is

perpendicular to the electrodes (see Figure S527).

Another key feature of our structure is that absorption is

non-localized due to propagation within the photonic crystal.

Opposed to conventional photonic crystal cavities where

light is confined within a small volume, photons in the FRPC

are confined vertically to a thin region near the 2D material

but are free to propagate in the lateral direction. Figure 4(a)

FIG. 2. (a) SEM of the fabricated FRPC designed for graphene, scale

bar¼ 1 lm. (b) Microscope image of the MoS2-FRPC with a MoS2 flake at

the center. (c) Experimentally measured absorption of the Gr-FRPC and

bare graphene on the substrate (Al2O3/silver stack). (d) Experimentally

measured absorption of the MoS2-FRPC. (e)–(g) Absorption maps of the

MoS2-FRPC array shown in (b) at various wavelengths. The inset of (g)

shows the absorption map of bare MoS2 on the substrate (the monolayer

MoS2 flake is marked by a green dash line). The green arrow in (e) indicates

the incident light polarization and the scale bar is equal to 20 lm.
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shows the intensity of the in-plane electric field (jEjjj2) when

a Gaussian beam with a 1/e2 half-width of wgaus=2¼ 4.5 lm

and Ey polarization is incident on a FRPC that has not been

integrated with a 2D material. The excitation of the TE mode

with Ey and Hz components results in the field spreading out

in the x direction, as can be observed in Figure 4(a). Fitting

the envelope of the field intensity along the white dashed

line gives a Lorentzian line shape with a half width in the

x direction of 28.4 lm, indicating that light propagates

�24 lm away from the spot of incidence. The intensity pro-

file along the grey dashed line matches a Gaussian line shape

whose half width is 5.6 lm.

To demonstrate non-local absorption experimentally, we

scanned a laser beam with a 1/e2 half width of 4.5 lm over a

FRPC that was partially covered by graphene. The sample

was broken down into 3 regions, as is shown in simulated

absorption profile Asim (inset of Figure 4(b)), where region I

consists of the FRPC, without graphene, region II consists of

the FRPC with graphene, and region III is void of the FRPC.

Absorption in region I is soley due to ohmic loss in the metal

back plane while absorption in region II is dominated by gra-

phene. Due to the finite beam size and propogation within

the PC, the measured absorption is blurred as the beam trav-

els from regions I into II (black line Figure 4(b)). The blur-

ring process is a convolution between the field profile and

the Asim, and it can be shown that the derivative of the meas-

ured absorption, as a function of position, is proportional to

the field distribution in the FRPC array (details are discussed

in Sec. 7 of the the supplementary material). The derivative

of the measured absorption is shown in Figure 4(b) (red

line), and the data to the left of the green dashed line

(x¼ 115 lm) are fitted with a Lorentzian curve (red dashed

line). To the right of the green dashed line, the response of

the FRPC is dominated by the unpatterned area (region III)

and absorption begins to dip. From the fit to the derivative of

absorption, we obtain an intensity distribution whose 1/e2

half width within the FRPC is 20.7 lm, indicating a propaga-

tion distance of �16 lm from the incident spot. This value is

slightly smaller than the calculated value of 24 lm and the

error most likely arises from defects within the FRPC due to

fabrication imperfections and contamination from the gra-

phene transfer process. It should also be noted that the simu-

lated propagation distance in region II is only 8.9 lm due to

the existence of graphene which introduces a larger non-

radiative decay rate. This indicates that in our photocurrent

enhancement measurements (Figure 3) light is not making it

to the electrodes, but rather being absorbed within the FRPC

and thus the current enhancement is due to absorption

enhancement rather than more effective charge collection.

In summary, we have experimentally demonstrated that

optical absorption in 2D materials as thin as a monolayer of

graphene can be increased to 77% by integrating the material

within Fano-resonant photonic crystals. Furthermore, the

same structure is able to enhance absorption in other 2D

materials in the visible regime with absorption in the 2D ma-

terial reaching values of up to 90% in the case of MoS2. We

also demonstrated that the FRPC structure can be utilized to

collect photons incident 16 lm away from the 2D material

flake thus increasing the effective detection area, which is

typically limited by the flake size. This concept could lead

to long channel graphene-based FET photodetectors with

greatly enhanced external quantum efficiency while still

maintaining an ultrafast photoresponse.

FIG. 3. (a) Schematic of the Gr-FRPC photodetector device. (b) Photocurrent from the center of the Gr-FRPC array (point A) (red dots) and on bare graphene,

corresponding to point B (black dots). The red and black solids lines correspond to the simulated graphene absorption in the FRPC and on an Al2O3/silver sub-

strate, respectively. Inset: zoom in of the graphene photocurrent and simulated graphene absorption for the case of bare graphene. (c) Photocurrent enhance-

ment factor FIðkÞ (dots) and the graphene absorption enhancement factor FAbsðkÞ(line).

FIG. 4. (a) Intensity plot of the in-plane electric field (jEjjj2) distribution

when a Gaussian beam with a 1/e2 half width of 4.5 lm is incident on the

FRPC without graphene. The two curves on the bottom and right are enve-

lopes of jEjjj2 taken along the white and grey dashed lines within the FRPC,

respectively. (b) Measured absorption (black line) and the derivative of

absorption (red line) near the region I/II border. Red dashed line shows the

fit to the derivative. The inset depicts the simulated normal incidence

absorption of the entire array Asim.
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