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ABSTRACT: Atomically thin materials such as graphene and
transition metal dichalcogenides are being developed for a range
of optoelectronic devices, but their applications are currently
limited by low light absorption. Here, we describe a dielectric
cavity design with chirped Bragg reflectors for broadband
coherent absorption. The chirped cavity absorption is calculated
by the transfer matrix method and optimized using the Nelder−
Mead optimization protocol. We numerically demonstrate that
with cavity enhancement, a monolayer MoS2 photodetector
absorbs as much as 33% of incident visible light over a 300 nm
bandwidth, and the external quantum efficiency of an atomically thin monolayer graphene/monolayer MoS2 solar cell can be
enhanced 3.6 times to a predicted value of 7.09%. The proposed layered dielectric structures operate across a wide range of
incident angles and could enable applications for atomically thin photodetectors or solar cells.
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Atomically thin materials such as graphene or monolayer
transition metal dichalcogenides exhibit unusually strong

light-matter interaction relative to their thickness and offer
significant advantages as potential light harvesters for
optoelectronic devices.1,2 However, light trapping techniques
are required to overcome their low single-pass light absorption
(2.3% for graphene across the visible spectrum and ∼10% at
the band edge for MoS2

3). Graphene, because it has very large
mobilities, can form the basis for ultrafast photodetectors4 and
high-speed optical modulators.5 Owing to its large direct
bandgap and corresponding low dark current, MoS2 has
comprised photodetectors with noise equivalent power as
high as 1.8 × 10−15 W Hz−1/2.6 Atomically thin solar cells also
seem viable. It has been theoretically predicted that a graphene/
MoS2 Schottky junction solar cell can achieve up to 1% power
conversion efficiency, which corresponds to 1 to 3 orders of
magnitude higher power densities than the best existing
ultrathin solar cells.7 Power conversion efficiencies as high as
18% are theoretically achievable for a bilayer phosphorene/
MoS2 heterojunction.8 The advantages of 2D materials
heterostructures for photovoltaics include flexibility, promising
mobilities, atomically sharp interfaces, and diverse direct
bandgaps spanning much of the solar spectrum.9,10 The
feasibility of optoelectronic devices11−17 including solar
cells18,19 from 2D materials or vertical heterojunctions of
several 2D material layers has been demonstrated experimen-
tally.

Various light trapping techniques have been applied to
enhance the optical absorption by thin-film materials.20

Broadband coherent light absorbers have been studied for
applications such as organic light-emitting diodes (OLEDs),21

distributed feedback lasers,22 photodetectors,23 and solar
cells.24,25 However, studies of absorption enhancement for
2D materials have predominantly focused on narrow
bandwidths. In the case of graphene, resonant absorption of
100% in the infrared region has been predicted utilizing the
plasmonic response from patterned disks of graphene.26 In the
visible region, 100% absorption can be achieved in a narrow
band by placing the graphene inside of a Fabry−Perot cavity27
or on a photonic crystal.28,29 Broadband absorption has been
shown to be achievable for graphene within a narrow set of
incident angles.30,31 For photovoltaic applications and some
photodetection applications, however, a robust absorption
enhancement strategy must be effective when averaged over all
incoming wavelengths and angles. For atomically thin materials
such as monolayer MoS2 or graphene, broadband coherent light
trapping at normal incidence or averaged over incident angles
has not yet been explored.
Here, we investigate broadband light absorption in atomically

thin materials by incorporating them within layered stacks of
dielectrics. We focus on a cavity that consists of a 2D material-
on-spacer-on-reflector stack32 with a chirped distributed Bragg
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reflector (DBR) above the 2D material that adjusts the phase of
the reflected light in a wavelength-dependent manner. Chirped
DBRs have been previously investigated both in theory for
dispersion compensation to generate ultra short laser pulses33,34

and for their implementation in thin-film solar cells.25,35 For
example, absorption enhancement as high as 40% was obtained
for organic photovoltaic devices using a structure similar to that
proposed here.25 Here, by casting the cavity design as an
optimization problem and then using heuristic optimization
techniques to achieve maximal absorption enhancement over a
broad bandwidth, we find that adding a chirped dielectric cavity
to a bilayer graphene/MoS2 solar cell results in a 260%
enhancement in external quantum efficiency (EQE), resulting
in a maximum possible quantum efficiency exceeding 7%. For
photodetection applications, we investigate the limits of
broadband light trapping in this structure, showing that
monolayer graphene can achieve almost 100% absorption
over a 2 nm bandwidth around 600 nm (corresponding to a
fractional bandwidth of Δω/ω0 ∼ 0.003) or 8.5% absorption
over a 360 nm bandwidth (Δω/ω0 ∼ 0.65). An optimized
cavity containing a single monolayer of MoS2 can attain an
average absorbance of 33.3% for above-bandgap photons.
Unlike metallic structures for plasmon-mediated absorption
enhancement,20 the dielectric structures described here can
have negligible parasitic absorption. The resulting absorption
enhancement improves the viability of photodetectors and solar
cells from 2D materials.

■ THEORETICAL CONSIDERATIONS

We consider a Gires-Tournois etalon-based layout in which the
atomic absorber is sandwiched between a top and bottom
mirror, as shown in Figure 1a. The cavity is terminated on one
end with a perfect electric conductor (PEC). Using aperiodic
dielectric stacks as cavity mirrors, we then tailor the complex
reflectivity of the dielectric stacks to achieve critical coupling
over a broad bandwidth. The cavity-enhanced absorption

spectrum can, in this way, greatly exceed the Lorentzian
spectrum of a typical cavity.
Considering the stack above and beneath the absorbing layer

as the top and bottom mirrors, we denote the reflection
(transmission) coefficient as r12 (t12) for the top mirror and r23
(t23) for the bottom mirror. The reflection coefficient of the
whole cavity is then given by the transfer matrix method
(TMM). By approximating the reflectivity of graphene as zero
(see Supporting Information), ∼100% light absorption can be
achieved analytically for this layout as long as the following two
conditions on the top and bottom mirrors can be satisfied by,
for instance, optimizing the layer thicknesses of the two
dielectric stacks:

| | = | |r t12 g
2

(1a)

ϕ ϕ ϕ π+ + = m2 2r t r21 g 23 (1b)

where m is an integer, tg is the transmission coefficient of a
suspended graphene sheet, and ϕr21, ϕtg, and ϕr23 are the phases

accumulated when light reflects from the top mirror, passes
through the graphene, and reflects from the bottom mirror,
respectively. The two conditions correspond to amplitude
match and phase match. Should the two constraints be satisfied
over a broad bandwidth, we can expect nearly 100% light
absorption over this bandwidth. However, satisfying eq 1b
would require broadband anomalous phase dispersion, which is
nonphysical.21

We therefore seek to approach maximum possible broadband
absorption by numerical optimization of the thicknesses of
dielectrics in the stacks. Absorption is A = 1 − R − T = 1 − R
since no light is transmitted through the PEC. Therefore,
maximizing the absorption is equivalent to minimizing the
reflectivity, or in optimization form:

Figure 1. (a) General structure of the coherent broadband cavity explored in this work. (b) Electric field profile for an example cavity designed to
maximize absorption over 599−601 nm is shown as a function of spatial position for incident light of wavelength 599, 600, and 601 nm. The
absorption profile for this cavity is shown in Figure 2a. The inset is a magnification of the electric field intensity around the graphene. The black
dashed lines indicate the placement of the graphene sheet. (c) Electric field vs space and wavelength (590−610 nm) for the same structure shown in
(b); the white dashed line indicates the placement of the graphene sheet.
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where n is the total number of dielectric layers and ti is the
thickness of the ith layer. The objective function, which is the
cavity intensity reflection coefficient as a function of all
thickness variables, can be calculated using TMM. The
optimization problem is multiextremal and nonlinear, with
many parameters and a large search space, as is common for
such problems. Applicable numerical algorithms include genetic
algorithms, dynamic programming, simulated annealing, and
Monte Carlo techniques.36 We tested various heuristic search

techniques in MATLAB and found the best performance for
genetic algorithms and a Nelder−Mead simplex method, and
also good agreement between TMM and RCWA (rigorous
coupled-wave analysis) using Rsoft (see Supporting Informa-
tion). These optimizations are performed for different values of
λ1,λ2, depending on the application. The weighting function
w(λ) in eq 2 equals the solar flux spectrum for solar cell
optimization, while for photodetection applications w(λ) = 1.

■ RESULTS AND DISCUSSION

Coherent Absorption for Photodetectors. To inves-
tigate the limits of absorption enhancement using this
approach, we optimize absorption over different bandwidths
for graphene, for which we can compare our results to the
baseline value of 2.3% broadband absorption. First, we aim for

Figure 2. (a) Absorbance of as a function of wavelength for an optimized cavity which enables graphene to absorb ∼100% of incoming light over a 2
nm bandwidth. (b) The plots show how this cavity satisfies the two matching conditions shown in eq 1. Top panel corresponds to eq 1a; the solid
red line shows |r12|, while the blue shows term |tg|

2. Bottom panel corresponds to eq 1b; the line in red indicates the term ϕr21 + 2ϕtg + ϕr23, while the

blue line denotes the desired value of 0.

Figure 3. (a) Three optimized graphene cavities for different target bandwidth: Average absorbance is 90.7% for 597−603 nm (in blue), 29.4% for
570−630 nm (in black), and 13.2% for 510−690 nm (in red). (b) Log-scale absorbance averaged over target bandwidth as a function of normalized
bandwidth. The dotted line in blue represents the optimized cavities, while the dotted green line shows a quarter-wave stack cavity reference, which
corresponds to a cavity with critical coupling to 600 nm light. The blue/black/red dash-dotted lines correspond to three different target bandwidths
indicated by the corresponding dash-dotted lines in (a). The dashed line in magenta/cyan denotes the average absorbance of the optimized cavities
when they are terminated with silver/aluminum instead of a PEC. (c) The amplitude and phase match conditions are stated in eq 1. The green lines
on the top and bottom panels show the right side of eq 1. The blue/black/red lines correspond to the three optimized cavities in (a), as shown in the
legend in (b). (d) For different target bandwidths, average absorption as a function of the number of bilayers in the top mirror.
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nearly 100% absorption over a small bandwidth. As shown in
Figure 2, the optimum cavity design achieved 98.9% absorbance
over a 2 nm bandwidth for a single layer of graphene. The
simulated phase and reflection amplitudes show good agree-
ment with eq 1 (shown in Figure 2b), indicating that nearly
100% destructive interference was achieved over 599−601 nm
bandwidth. This optimized cavity has 12 pairs of alternating
dielectrics in the top mirror and 9 bilayers in the bottom
mirror, with layer thicknesses ranging from 53 to 155 nm. The
electric field of this optimized cavity is shown in Figure 1b for
599, 600, and 601 nm light. Figure 1c gives the electric field as a
function of both space and wavelength, which shows that
multiple modes give rise to the broadband absorption.
As the target bandwidth increases, we find that replacing the

bottom mirror with a spacer consisting of a single dielectric
layer results in negligible absorption loss. For simplicity,

therefore, the remainder of the paper focuses on a stack
consisting of a top chirped mirror and an atomically thin
absorber followed by a spacer and a reflector. In Figure 3a, we
obtain three optimal cavities for three different normalized
target bandwidths with center wavelength 600 nm. The average
absorbance over the target range decreases as a function of
normalized target bandwidth (Figure 3b, blue dotted line).
However, the average broadband absorbance is superior to that
obtained by a “naive” quarter-wave stack cavity optimized for a
single wavelength, as calculated analytically (Figure 3b, green
dotted line).37 As we increase the target bandwidth, the average
absorbance of the optimized graphene cavities decreases, since
it becomes difficult to satisfy eq 1, as shown in Figure 3c.
However, for a 420−780 nm bandwidth, the average
absorbance of the optimized cavity is 8.5%, nearly three times
greater than the corresponding value of 2.9% for the quarter-

Figure 4. (a) Average absorbance and (b) EBWP over different target bandwidths (center wavelength 520 nm) for monolayer MoS2 in different
optimized cavities. Solid lines in blue (green) indicate the optimal (naive) case. In (a), the dashed line in magenta/cyan denotes the average
absorbance of the optimized cavities when they are terminated with silver/aluminum instead of a PEC.

Figure 5. (a) Schematic structure of a solar cell made of a single layer of graphene on a single layer of MoS2. (b) Absorbance over different
bandwidths as a function of number of layer pairs in the top mirror. The bottom mirror is a dielectric spacer followed by a PEC. (c) EQE of cavities
with graphene/MoS2 optimized over different target bandwidths, with center wavelength at 520 nm (blue line). The highest EQE is 7.09%,
corresponding to the cavity optimized over 366.6−673.4 nm. The green line indicates the EQE of graphene/MoS2 without a cavity, which is 1.96%,
assuming the internal quantum efficiency is 1. The dashed line in magenta/cyan denotes the EQE of the optimized cavities when they are terminated
with silver/aluminum instead of a PEC. (d) Absorbance (left axis) and absorbed photon flux (right axis) as a function of wavelength. This
corresponds to the cavity that has the highest EQE in (c). The blue solid line denotes the absorbance of this cavity for uniformly distributed light.
The dashed green line shows the incident solar photon flux, while the solid green line is the photon flux absorbed by the optimized cavity, and the
dotted green line is the absorbed photon flux without a cavity.
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wave cavity. Furthermore, the impact of replacing the PEC with
a realistic metal mirror is determined and shown by the dashed
lines in Figure 3b. In the broadband case, the average
absorbance is ∼8.0% when the cavity is followed by silver
instead of a PEC (dashed line in magenta), while the
broadband average absorbance is ∼7.2% for an aluminum
mirror (dashed line in cyan). The minor difference (8.0% in the
case of silver compared to 8.5% in the PEC case) between using
a PEC for our structure and using a metal mirror justifies the
viability of using a PEC instead of a metal material in our
simulation. As shown in Figure 3d, average absorbance over
different bandwidths depends on the number of layer pairs on
top mirror, indicating the cost-benefit trade-off involved in
fabricating cavities with many dielectric layers.
In Figure 4 we show results for cavities containing only

monolayer MoS2 as the photoactive material, with the intent of
enhancing MoS2 absorption for photodetection.6 We assume a
center wavelength of 520 nm. Figure 4a shows that the average
absorbance of the optimized chirped-DBR cavity is markedly
superior to that of the quarter-wave stack cavity reference, with
a maximum average absorption of 33.3% attained for a 370−
670 nm target bandwidth, compared to 11.1% over the same
bandwidth for the reference cavity. To analyze this improve-
ment, we plot in Figure 4b the enhancement-bandwidth
product (EBWP). The EBWP is the product of the absorption
enhancement and the target bandwidth, which is proportional
to total number of photons absorbed assuming a flat spectral
distribution of incoming light. With a “naive” cavity, the EBWP
stays roughly constant as our target bandwidth increases, but
for the optimized cavity, the EBWP increases dramatically with
target bandwidth. For narrow target bandwidths, therefore, the
chirped DBR enhances absorption no better than the naive
cavity, but as bandwidth increases, chirping the cavity produces
much stronger absorption.
Coherent Absorption for 2D-Material Solar Photo-

voltaics. Next, we analyze the efficiencies of solar cells made
from 2D materials that benefit from coherent broadband light
trapping. An example device structure made from a graphene/
MoS2 bilayer, as proposed by Bernardi et al.,7 is shown in
Figure 5a. For this section, we use EQE over the full solar
spectrum (280−4000 nm) as the figure of merit, assuming that
each photon absorbed by the MoS2 generates one electron−
hole pair. We use Global Tilt data from ASTMG173−03
Reference Spectra as the weighting function w(λ) in eq 2.
The optimized results are shown in Figure 5c,d. With no

photonic enhancement, the absorption of the MoS2 in the

graphene/MoS2 bilayer is 1.96%. With the cavity optimized
over 366.6−673.4 nm (see Methods), we predict an optimal
weighted average absorption of 7.09% over 280−4000 nm,
representing a 260% improvement in EQE. We also investigate
the absorbance as a function of the number of bilayers in the
top mirror in Figure 5b. The results show diminishing returns
as the number of layers increases, suggesting that only several
dielectric layers are necessary to make a near-optimal top
mirror. In particular, we found that by removing the top mirror
and optimizing only the thickness of the spacer (optimal
thickness: 71.82 nm for the low index material nL = 1.5),38 the
average absorbance of 365−680 nm light increases from 8.88%
single pass absorption to 28.85%, while with an optimal top
mirror the absorbance over the same range increases to 32.35%.
For solar cell applications, it is also important to address the

angular dependence of absorption enhancement. Using
Lambert’s cosine law (solar intensity I ∼ cos θ) for angular
dependence, assuming that the TE/TM mode are equally
distributed in incident solar power, and using a target
bandwidth of 365−680 nm, we found that an optimal
graphene/MoS2 solar cell can absorb 26.72% of incident solar
photons (compared to 30.71% absorption for this configuration
for normal incidence light only). The polarization dependence
in Figure 6b shows that this optimized cavity favors TE
polarization over TM mode polarization, perhaps because TM
polarized light is restricted by the waveguide mode of the layer
dielectric structure.
Fabrication of 1D photonic crystal cavities incorporating 2D

materials is possible using various techniques, including
chemical vapor deposition (CVD) or spin-coating. Recent
work on MoS2 synthesis has demonstrated growth in large areas
directly on SiO2.

39 Therefore, fabrication of the proposed solar
cell could start with the chirped DBR terminating with SiO2,
followed by CVD growth of MoS2 directly on top of the oxide,
and finishing with lamination of the graphene40 followed by
evaporation of contacts, a spacer and reflector such as a highly
conductive metallic mirror. Using this method, integration
difficulties should be minimized since the DBR can be entirely
fabricated before integration with the 2D material.
For photonic applications of 2D materials, enhancing light-

matter interaction will be of crucial importance. In this work,
we demonstrated a simple layered structure that can greatly
enhance broadband absorption for 2D materials. The
simulations indicate a large broadband absorption enhancement
produced in graphene for light at normal incidence, achieving
8.5% absorption in graphene over a 360 nm bandwidth. With

Figure 6. (a) Absorbance of an optimal cavity vs wavelength and incident angle, bandwidth 365−680 nm. The maximum absorbance sits at (λ =
430.5 nm, θ = 33°), indicating that the optimized cavity has the strongest absorption (power absorption of 75.5%) coefficient at θ = 33° even though
the intensity of angled incident light is weighted lower than that of normal incidence light (I ∼ cos θ). (b) Performance of the optimized cavity for
different polarization as a function of angle. The blue (green) solid line indicates the absorbed photon flux when the incident solar power is entirely
TE (TM).
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respect to applications, we demonstrate that a single layer of
MoS2 in such a cavity can absorb 33.3% of above-bandgap light,
and we predict over 7% external quantum efficiency for a
bilayer graphene/MoS2 solar cell. Our layered structures are
relatively simple to fabricate, and the analysis and optimization
approach is generalizable to other 2D materials. Our results
suggest that 2D materials−based optoelectronic devices
incorporating additional layers of material to enhance
absorption will be capable of achieving quantum efficiencies
comparable to those of traditional photovoltaic materials.

■ METHODS
For dielectric mirrors, we use materials with indices nH = 2.5
and nL = 1.5, close to the values for TiO2 and SiO2, respectively.
For graphene, we use the effective complex refractive index in
the visible range41

λ= −n i
C

3.0
3g (3)

where C = 5.446 μm−1 and a graphene thickness t = 0.34 nm is
assumed. As a test, an absorption of 2.27% is obtained by
setting all the thickness variables to zero and changing the PEC
material to air, indicating that graphene absorbs 2.27% of light
for a single pass, which is close to the exact value πα = 2.3%42

in the linear dispersion regime.
For monolayer MoS2, we use a thickness t = 0.65 nm and an

experimentally measured refractive index for wavelengths
ranging from 365 to 680 nm43 (there is no absorption above
the MoS2 bandgap at ∼680 nm). For MoS2 in air, the TMM
indicates an average absorbance of 8.91% from 365 to 680 nm.
For solar cell simulations, the refractive index of MoS2 is
matched to the solar spectrum using nearest interpolation. We
also note that for a suspended bilayer of graphene/MoS2, the
average absorbance is 10.74%. However, for our hypothetical
graphene/MoS2 solar cell, we set the graphene absorbance to
zero since electron−hole pairs generated in the graphene are
expected to recombine before they can be extracted.
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