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ABSTRACT: We numerically demonstrate broadband ab-
sorption enhancement in the visible in monolayer MoS, placed
on a photonic crystal slab, backed by a perfect electric
conductor mirror. The absorption enhancement arises from
interaction between the MoS, and the guided resonances of
the photonic crystal slab. Through consideration of light
trapping theory and parametric studies of the design
parameters, it is shown that the optimal photonic crystal slab
has a grating period that is subwavelength to most of the
frequency region of interest, has large air holes, and is thin. The
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optimal design features an average absorption of 51% at normal incidence in the visible above the band gap of MoS, (400—690
nm) and is less than 100 nm thick. We also comment on the angular response of the optimal device.
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O ver the past decade, there has been a growing interest in
the optics of atomically thin materials.' In particular, the
last several years have seen a flurry of studies on the transition
metal dichalcogenides (TMDCs) MoS, and WSe, which in
their monolayer form are direct band gap semiconductors.”>
Having a direct band gap opens up many exciting possibilities
for optoelectronic devices with an atomic-scale dimension.
Recently, TMDC-based photodetectors,é’7 solar cells,® LEDs,’
and optically pumped lasers'® have been demonstrated.

TMDCs can have single-pass absorption of 10—20% in the
wavelength range above the band gap. While this is remarkably
high for a single atomic layer, for applications such as solar cells
and photodetectors this absorption is insufficient for high-
performance devices. For solar cell applications, moreover,
enhancement of absorption over the entire wavelength range
above the band gap is desirable.

In this paper, we consider the use of resonances in photonic
crystal slabs for broadband enhancement of above-band-gap
absorption in single-layer MoS,. The schematic of the
configuration considered in this paper is shown in Figure la,
where a single layer of MoS, is placed on top of a photonic
crystal slab that sits on a mirror. Recently, there has been a
great deal of interest in studying the interaction of 2D materials
with engineered nanostructures.'' ™'Y We have previously
proposed”””' and demonstrated”” the use of guided resonance
in photonic crystal slabs for absorption enhancement in
graphene, another monolayer two-dimensional material.
However, refs 20—22 focus on critical coupling as the
absorption-enhancement mechanism, which results in relatively
narrow-band performance. In contrast, here we show that, with
proper design, the use of multiple resonances can lead to
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absorption enhancement over the entire frequency range above
the band gap of MoS,. For normally incident light, our optimal
structure shows an average absorption of 51% over the visible
spectrum, which is a significant enhancement over the average
single-pass absorption of MoS, of approximately 10% in the
same spectral range. Due to the 90° rotational symmetry of the
photonic crystal resonator used, the two polarizations are
degenerate at normal incidence. We also account for the
performance of our absorption enhancement scheme with light
trapping theory.

The remainder of the paper is organized as follows. In the
Theoretical Background section, we briefly review the proper-
ties of the resonances of the photonic crystal slab that we use
for the absorption enhancement, as well as the theory of
broadband light trapping using multiple resonances. In the
Design Parameter Study section, we discuss the optimal
structure. We illustrate the physics of the optimal structure
by examining the performance of the structure as a function of
its geometric parameters. In the Angular Response section, we
discuss the angular response of the optimal structure. We
summarize our results in the Conclusion section.

B THEORETICAL BACKGROUND

To enhance absorption, the common approach is to utilize
resonances.”” In the visible wavelength range, monolayer
TMDCs do not possess strong resonant behavior. Therefore,
we place the TMDC layer on a photonic crystal slab, in order to
utilize the resonances of the photonic crystal slab. The
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Figure 1. (a) Schematic of absorption enhancement system for MoS,. The system uses a perfect electric conductor mirror (yellow) and a high-index
dielectric photonic crystal slab (blue). The monolayer MoS, is the honeycomb fishnet on top. (b) Absorption spectrum for the locally optimal
structure, along with the single-pass absorption of MoS, and the absorption as predicted by the 4n* limit.
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Figure 2. Energy density enhancement for a photonic crystal slab backed by a PEC mirror (blue curves), compared to that in an unpatterened
dielectric slab on a PEC mirror (green curves). (a) The photonic crystal slab has A = 438 nm, r = 0.043A, d = 97 nm, n = 2.1. The homogeneous
dielectric slab has d = 97 nm, n = 2.1. The high-Q guided resonances are superimposed on top of a Fabry—Perot background. (b) The photonic
crystal slab has the same period and thickness, but r = 0.43A, while the homogeneous dielectric slab has d = 97 nm and n = 1.6.

absorption enhancement in our device is due to the interaction
of MoS, with two types of resonances, a Fabry—Perot
background and the photonic crystal guided resonances, so
we examine each of them in turn.

An unpatterned dielectric slab on a mirror exhibits a series of
constant-Q resonances that are evenly spaced in frequency; we
refer to these as the Fabry—Perot background, since such a
system forms a simple type of Fabry—Perot resonator. For a
slab of thickness d and index # on a mirror, the resonances will
be periodically spaced in frequency at @ = (2m + 1)cz/2nd,
with m an integer; the line width of the resonances is constant
at " = —clog R/4nd, where R is the fraction of power reflected
at an air—dielectric interface.

In addition to the Fabry—Perot background, the photonic
crystal slab exhibits guided resonances, which arise from
coherent scattering by the periodic pattern of air holes. Guided
resonances are quasi-bound optical states that can be excited by
light incident from free space.

We use the average energy density enhancement U/Uj in the
(homogeneous or patterned) slab as an indicator of resonant
behavior. This dimensionless quantity indicates the enhance-
ment in the average energy density inside the slab (U) as
compared to the energy density in the incident wave (U,). On-
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resonance, the slab has significant energy storage, and off-
resonance it does not.

In Figure 2a, we see the energy density enhancement in a
photonic crystal slab (n = 2.1, appropriate for Ta,0;) with
small air holes backed by a PEC mirror (blue curve), along with
the corresponding energy density enhancement for an
unpatterned dielectric slab with the same thickness on a PEC
mirror (green curve). The first two Fabry—Perot resonances, at
mc/2nd or 1.22 um™ and 37c/2nd or 3.68 um™', are clearly
visible in Figure 2a. On top of this Fabry—Perot background are
superimposed a number of high-Q Lorentzian-like contribu-
tions from the guided resonances.

Figure 2b shows corresponding curves for a photonic crystal
slab with large air holes (blue) and a homogeneous dielectric
slab with a reduced effective index (green). As we increase the
size of the holes in the photonic crystal slab, the leakage rates of
the guided resonances go up and their quality factors go down.
The resonances begin to overlap each other and may
constructively interfere to create a high background field
enhancement. Further, as we remove material from the slab, its
effective index decreases, so that we calculate the Fabry—Perot
background using a slab with the original thickness but a
reduced refractive index. In Figure 2b the green curve is
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Figure 3. (a) Absorption as a function of frequency and photonic crystal slab period A, for fixed thickness d = 95 nm and normalized radius r =
0.431A. (b) Integrated absorption as a function of photonic crystal slab period A.

calculated using a slab with n = 1.6. The blue and green curves
match well for low frequencies, but the constructive
interference between the multiple guided resonances leads to
an enhanced background energy density for the patterned slab
as opposed to the unpatterned slab; this background
contributes significantly to the broadband absorption enhance-
ment in our device.

To account for the features of light trapping in the structure,
we use the statistical temporal coupled mode theory formal-
ism.”* Coupled mode theory is useful for analyzing resonant
systems where direct and resonant reflections and transmissions
interfere coherently. In particular, coupled mode theory has
been useful for discussing the guided resonances of photonic
crystal slabs.” In this analysis, each incoming or outgoing plane
wave with a fixed ky and frequency constitutes a channel. These
waves interact with the resonances (hereafter, modes) of the
photonic crystal slab. We can characterize each mode by its
central frequency @y, its external leakage rate y,, and its intrinsic
loss rate 7, (Note that in this paper the loss is due to a thin
lossy layer next to the lossless photonic crystal slab, rather than
a photonic crystal slab that is made of a lossy material.) The
total absorption in a lossy photonic crystal system will include
contributions from each guided resonance, as well as a
background term that looks like the absorption of a lossy,
unpatterned slab with an effective dielectric constant.

We apply coupled mode theory to a resonator with M
resonant modes and N channels. Consider a frequency range
to @ + Aw that contains multiple modes. Assuming that each
mode in this frequency range leaks equally to each of the
channels at the rate y, and that the intrinsic loss rate y; of every
mode is equal, it can be shown that the spectrally averaged
absorption within the frequency range is™*

%

2
A= T
N+ y/y,

T Ao

modes

(1)

where the summation is over all modes in the frequency range
[, w + éw]. This sum achieves its maximum in the case where
all the resonances are overcoupled (y, > 7,), in which case we
have

2my, M

" Aw N ()

Furthermore, it can be shown from a statistical physics
argument that the broadband absorption is maximized when all
the leakage rates are equal, indicating that eq 2 is an upper
bound on the absorption in a real system.”® For a thick film
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with Lambertian (random) texturing backed with a mirror, it
can further be shown that

A< ad

T ad + 1/4n* (3)

where ad is the single-pass absorption of the lossy film. For
small loss, this expression reduces to A < 4n’ad. This result
reproduces the so-called Yablonovitch limit on absorption
enhancement, originally derived from a combination of
statistical mechanics and ray optics.”” While the Yablonovitch
derivation assumes a thick film (d > A,,.), this result was later
extended to the case of thin lossy films.”

A caveat is in order when discussing the Yablonovitch limit.
First, the assumption that the single-pass absorption in a thin
film is given by ad is only true for materials with small
absorption and negligible reflection. For films thick enough to
act as etalons, the absorption is an oscillatory function of
thickness or wavelength. On the other hand, for very thin films
with strong absorption (n & k), one can derive using a sheet
conductance model that the single-pass absorption at normal
incidence is nad. In particular, MoS, has strong absorption, so
when we refer to its single-pass absorption in this article, we
mean the observed fraction of incident light absorbed by a
monolayer of MoS, in air, rather than the smaller number that
would be calculated from oad. Likewise, in applying the
Yablonovich 4n* limit, we use the observed single-pass
absorption rather than ad.

B DESIGN PARAMETER STUDY

Consideration of the light trapping theory reveals three
fundamental design rules for our broadband absorption
enhancement system. We expect the photonic crystal slab
periodicity to be subwavelength to most of the frequency region
of interest, reducing the number of channels N to 1 at most
frequencies.”* Further, the photonic crystal slab will have large
air holes, increasing the external leakage rate y,.”* Finally, and
(perhaps counterintuitively) the photonic crystal slab will be
thin. In the remainder of this section we show how these design
rules are reflected in our optimal design and examine each of
the rules in turn to study the behavior of the optimal design as
two parameters are held constant and the third is swept.
Optimal Design. The schematic of our optimal device is
shown in Figure la. Our structure features an average
absorption of 51% over the visible spectrum (400—700 nm),
surpassing the Yablonovich 4n* limit, as derived for a
Lambertian absorber. These spectra are shown together in
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Figure 4. (a) Absorption as a function of frequency and hole radius r for a photonic crystal slab with fixed period A = 434 nm and thickness d = 95
nm. (b) Integrated absorption as a function of photonic crystal hole radius.

Figure 1b. (For reference, the integrated single-pass absorption
above the band gap of MoS, is around 10%. We take the band
gap energy as that of the lowest exciton transition, v & 1.8 eV,
around 690 nm.) The photonic crystal slab is constructed of a
high-index dielectric slab (Ta,Os, n = 2.1) with a square lattice
of cylindrical air holes. We characterize the photonic crystal slab
by its lattice constant A, the normalized hole radius r/A, and its
thickness d. For the optimal design, we use A = 438 nm, r =
0.431A, and d = 97 nm.

Lattice Constant Variation. To maximize absorption at
normal incidence, we want to minimize the number of free-
space channels. Since the normal incidence wave can couple to
the resonance, by reciprocity the resonance must be able to leak
back into the normal direction as well, and hence diffraction at
zero order will be present. On the other hand, any diffraction
orders beside zero order represent an additional leakage
mechanism for the resonance that reduces the resonant
absorption enhancement. Therefore, we expect a lattice period
that is subwavelength to most of the frequency band of interest.
Here, we consider the visible regime, so A, = 400 nm and 4_,,,
= 700 nm. Indeed, the optimal structure has a period of A =
438 nm. For a material with frequency-independent single-pass
absorption, we would obviously choose A < 4,;,. Due to the
frequency-dependent absorption of MoS, we obtain the
optimal frequency-integrated absorption with a period that is
inside the frequency region of interest.

We show the absorption versus frequency and period A in
Figure 3a, for thickness d = 95 nm and normalized radius r/A =
0.431. The vertical green stripes at frequencies of approximately
1.5 and 1.66 um™" correspond to the peaks in the MoS, single-
pass absorption at the A and B exciton transitions.”” The bright
white and pink horizontal bands correspond to significant
absorption enhancement via interaction with guided reso-
nances. The absorption enhancement is strongest for 260 nm <
A <700 nm, just slightly broader than the wavelength range of
interest. For periods with A > 700 nm, the diffraction losses
become high, reducing the absorption enhancement. In
contrast, when the grating period is much smaller than the
wavelength, the slab begins to look like a homogeneous
dielectric with an effective index. Therefore, for periods smaller
than about 200 nm the absorption is a smooth function of
frequency without any sharp peaks (area of Figure 3a below the
white bands).

We show the integrated absorption as a function of A in
Figure 3b. The integrated absorption reaches a maximum of
51% at A = 438 nm. Since we hold r/A constant, as we increase
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A both the hole radius and the distance between holes increase.
When both of these quantities are larger than the wavelength,
we expect a decrease in scattering efficiency. This accounts for
the drop in absorption to the right of the peak in Figure 3b. For
large A, the absorption flattens out to around 27%. For very
small (large) periods, the feature size will be much smaller
(larger) than a wavelength, and thus we can treat the structure
as a homogeneous slab using effective medium theory. For r/A
= 0.431, this gives a filling fraction of 0.416 for an effective
index of n4 = 1.42. This in turn yields an expected integrated
absorption of about 26%, very close to the value observed for
large periods.

Hole Radius Variation. Due to the requirement of
operating in the overcoupling regime, we expect to use a
large radius for the air holes, since in general the radiative
leakage rates for the guided resonances of a photonic crystal
slab increase with r. In Figure 4a we see the MoS, absorption as
a function of frequency and hole radius r, for A = 434 nm, d =
95 nm. The absorption due to the A and B exciton transitions is
again visible as the vertical green streaks at around 1.5 and 1.66
um™". The three pink-white bands represent strong absorption
due to interaction with the guided resonances. The resonances
exhibit some blue shift as r increases, since the effective index of
the slab decreases as r increases. In addition, the bands widen in
frequency for larger air holes, which significantly broadens the
bandwidth of the resonances, as expected since larger holes
result in stronger out-of-plane scattering. The right edge of the
figure, with frequencies above 1/A = 2.3 um™’, appears “grayed
out”. These frequencies have wavelengths shorter than the
lattice constant (4 < A = 434 nm), which allows light at these
frequencies to be diffracted from the photonic crystal slab and
propagate in air away from the normal direction. This opening
of a second free-space channel leads to reduced absorption in
this frequency range.

Figure 4b shows the integrated absorption versus , for d and
A fixed. There is a maximum for r = 0.431A. The monotonic
rise in integrated absorption as the hole radius increases from
zero is expected, since we will have the greatest absorption
enhancement in the overcoupled regime, which requires large
holes. For hole radii larger than the peak, we observe a
monotonic decrease. This is also expected, since once we
remove too much of the high-index dielectric, we expect the
total energy storage in the slab to decrease, and hence the
integrated absorption as well.

Slab Thickness Variation. Naively, one may assume that a
thick slab will maximize light trapping, since there are more
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Figure 5. (2) Absorption as a function of frequency and photonic crystal slab thickness, for constant period A = 438 nm and hole radius r = 0.431A.

(b) Integrated absorption as a function of photonic crystal slab thickness.
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Figure 6. Frequency-integrated absorption as a function of angle for (a) p-polarization and (b) s-polarization.

guided resonances that the incident radiation can couple to.
However, as the slab thickness increases, the modes become
increasingly confined inside the slab and therefore have less
overlap with the MoS, layer where the absorption occurs. As a
result, for each mode the intrinsic dissipation rate y; decreases
as the slab thickness increases. Furthermore, increasing the slab
thickness will reduce the external leakage rate y,, so that we
may no longer be operating in the overcoupling regime. In
contrast, in the regime where the slab is very thin (d < 1/4n)
the slab operates as a single-mode waveguide. While this
reduces the number of modes M to unity, it maximizes the
overlap between the single guided mode and the MoS,.
Furthermore, as the mode is less confined, we expect y, to be
larger, ensuring that we operate in the overcoupling regime. For
the optimal structure, the thickness is 95 nm, clearly in the
single-mode regime.

Figure Sa shows absorption in the MoS, as frequency and the
photonic crystal slab thickness d are varied. The pink-white
bands indicate near-total absorption due to coupling to
photonic crystal slab resonances, while the green bands
(primarily visible in the lower left of the figure) represent
absorption enhancement due to the Fabry—Perot background,
as would also be observed by replacing the photonic crystal slab
with a homogeneous dielectric slab. Consecutive Fano
resonances are required to have opposite symmetry, unless
there is a Fabry—Perot resonance between them. In this case,
the Fano resonances will add constructively, which can lead to
regions of broadband absorption that are nearly constant.”” In
the regions where the slab is thinner, these broad absorption
bands tend to be flatter. Therefore, for a thin slab there will be
only a few resonances, but they will each have a broad

bandwidth, while for a thick slab there will be more resonances
but they will each have a narrower bandwidth. Figure Sb shows
the integrated absorption as a function of thickness for A = 438
nm, r = 0.431A. As the slab thickness goes to zero, integrated
absorption goes smoothly to zero. We expect this since the
mirror, which is assumed to be a perfect electric conductor,
ensures that E; = 0 at its surface. As d increases, integrated
absorption increases smoothly to an optimum at d = 95 nm.
From there it reduces a bit and oscillates around a final value of
about 35%. The oscillations arise from the competing processes
of additional guided modes becoming available and the
concomitant reduction in the mode overlap with the MoS,
layer.

B ANGULAR RESPONSE

We now examine the angular response of the structure. The
frequency-integrated absorption as a function of polar angle 6,
azimuthal angle ¢, and polarization is shown in Figure 6.
Approximately 30% of the sunlight that reaches Earth’s surface
is diffuse; we may treat this diffuse contribution as isotropic
illumination spread over a hemisphere, with the incident
intensity per solid angle constant. However, in order to
calculate the angle-integrated intensity at a point, we must
consider the incident flux. Thus, we calculate the angle-
integrated absorption as

_ J,d0 [, 46A(6, $) cos(9) sin(6)
fqﬁd(ﬁfede cos(0) sin(0) @
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where the cos(6) term arises since for a set of rays with angle of
incidence @ the projected area of the solar cell to the plane
perpendicular to the ray has a cos @ dependence, and the
denominator allows us to assume a unit incident intensity.

As can be seen in Figure 6, the integrated intensity drops off
with increasing polar angle for both polarizations and is largely
independent of azimuthal angle. (Due to the symmetry of the
structure, we need to study only the first 45° of azimuthal
angle.) While the absorption drops off more quickly with polar
angle for s-polarization, it remains higher overall (note the
different lower limits of the two color bars). Over the frequency
range of interest, the angle-integrated absorption was 0.355 for
p-polarization and 0.382 for s-polarization. Therefore, the
photonic crystal approach as discussed here can be used to
achieve broadband absorption enhancement over a broad range
of angles.

B CONCLUSION

In conclusion, we have presented a simple geometry for
optimized broadband absorption enhancement in monolayer
MoS,, with absorption surpassing the 4n* limit at normal
incidence. Through consideration of light trapping theory and
parametric studies of the design parameters, we arrived at
several design rules. First, we showed that the optimal photonic
crystal slab has a grating period that is subwavelength to most
of the frequency region of interest. This ensures that over most
of the frequency range of interest diffraction orders above the
directly transmitted zero order, which represent waves traveling
away from the active layer that cannot be absorbed are
eliminated. Second, the photonic crystal slab will have large air
holes. The large holes will ensure that the guided mode
resonances supported by the slab will be low-Q (high y.),
ensuring that the device operates in the overcoupling regime.
Finally, the optimal photonic crystal resonator will be thin.
Using a thin slab ensures that the device operates in the single-
mode regime, thereby increasing the overlap between the
guided modes and the lossy layer. Furthermore, the thin slab
leads to resonances with larger external leakage y,, again
ensuring that the device operates in the overcoupling regime.

The geometry presented here is general and could be used
with other TMDCs, such as WS, or WSe,. In practice, the
perfect electric conductor mirror could be replaced by a
dielectric Bragg mirror, or a dielectric spacer could be added
between the photonic crystal slab and a realistic metal mirror,
in order to avoid parasitic losses in the metal. (For simplicity in
illustrating the physics we have considered only a perfect
electric conductor mirror in this article. However, we have also
simulated the case where the perfect electric conductor mirror
is replaced by a silver mirror separated from the photonic
crystal by a dielectric spacer and observed similar broadband
absorption enhancement in the MoS, layer.) While optimized
for normal incidence light, the device also offers significant
absorption enhancement for diffuse light as well. This geometry
points directly toward a high-efficiency solar cell with
nanometer-scale thickness.

B MATERIALS AND METHODS

All calculations were performed with the $* implementation®'
of the rigorous coupled wave analysis algorithm.** The
frequency-dependent complex permittivity of MoS, measured
by Li et al. was used for the calculations.”
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