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ABSTRACT: Hybrid organic−inorganic heterostructures are
attracting tremendous attention for optoelectronic applica-
tions due to their low-cost processing and high performance
in devices. In particular, van der Waals p−n heterojunctions
formed between inorganic two-dimensional (2D) materials
and organic semiconductors are of interest due to the
quantum confinement effects of 2D materials and the
synthetic control of the physical properties of organic
semiconductors, enabling a high degree of tunable optoelec-
tronic properties for the heterostructure. However, for
photovoltaic applications, hybrid 2D−organic heterojunc-
tions have demonstrated low power conversion efficiencies
due to the limited absorption from constraints on the physical thickness of each layer. Here, we investigate the ultrafast
charge transfer dynamics between an organic polymer:fullerene blend and 2D n-type MoS2 using transient pump−probe
reflectometry. We employ plasmonic metasurfaces to enhance the absorption and charge photogeneration within the
physically thin hybrid MoS2−organic heterojunction. For the hybrid MoS2−organic heterojunction in the presence of the
plasmonic metasurface, the charge generation within the polymer is enhanced 6-fold, and the total active layer absorption
bandwidth is increased by 90 nm relative to the polymer:fullerene blend alone. We demonstrate that MoS2−organic
heterojunctions can serve as hybrid solar cells, and their efficiencies can be improved using plasmonic metasurfaces.

KEYWORDS: two-dimensional materials, hybrid organic−inorganic heterostructures, plasmonic metasurfaces,
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A great deal of interest has been generated recently for
thin-film photovoltaics because of the reduced material
waste, low-cost manufacturing, and flexible, lightweight

devices associated with this next-generation solar energy
technology.1 Emerging thin-film photovoltaics have relied
heavily on hybrid active layers composed of organic−inorganic
heterojunctions, which tend to be less expensive and well-suited
to more versatile applications than conventional Si-based
photovoltaics.2−9 For example, hybrid organic−inorganic
perovskites have led to the fastest growth in their power
conversion efficiencies (PCEs) since 2009,10 reaching values of
more than 20% by 2015.11 Additionally, heterojunctions have
been formed between organic dyes or polymers with either
quantum dots,12−14 metal oxide nanoparticles,15,16 or meso-
porous TiO2 (i.e., dye-sensitized solar cells).8,9,17−20 These

types of hybrid organic−inorganic materials combine the
properties of organic semiconductors (e.g., solution-based
processing,21,22 large absorption cross sections,23,24 synthetic
tunability,25,26 and mechanical flexibility27) with those of
traditional inorganic semiconductors (e.g., large carrier
mobilities, stability) to create heterostructures with advanced
functionalities. More recently, p−n van der Waals hetero-
junctions have been fabricated using inorganic two-dimensional
(2D) materials combined with organic semiconductors.28−31

Both 2D and organic semiconductors lack dangling bonds at

Received: May 24, 2016
Accepted: November 8, 2016
Published: November 8, 2016

A
rtic

le
www.acsnano.org

© 2016 American Chemical Society 9899 DOI: 10.1021/acsnano.6b03414
ACS Nano 2016, 10, 9899−9908

www.acsnano.org
http://dx.doi.org/10.1021/acsnano.6b03414


their surfaces, which allow them to interact via van der Waals
forces, enabling ideal interfaces between the two materials.29

Because of the extensive developing library of 2D materi-
als,32−34 including graphene, hexagonal boron nitride, transition
metal dichalcogenides, and layered oxides, coupled with the
synthetic tunability of organic semiconductors, van der Waals
heterostructures formed between 2D materials with organic
semiconductors allows for nearly limitless tailoring of the
resulting properties of the hybrid material. MoS2 is particularly
interesting as the n-type material in hybrid solar cells due to its
direct band gap in the monolayer,35−37 high absorption
coefficient,36,38−40 and tunable band gap for multilayer thin
films.36,41−44 For example, single-crystal 2D MoS2 has been
employed as the n-type material in heterojunctions with few-
layer molecular crystals28,30 and small-molecule thin films,29,31

and liquid-phase exfoliated MoS2 flakes have been used in
heterojunctions with conjugated polymer thin films.42 In these
studies, rectification ratios of up to 105 have been observed,28,30

and the photovoltaic effect has been demonstrated, suggesting
charge transfer from the p-type organic material to the n-type
MoS2. However, there have been limited studies exploring the
charge transfer across the interface between 2D and organic
semiconductors.
Organic−2D p−n heterojunctions that have exhibited

photovoltaic responses have, to-date, had extremely low
power conversion efficiencies (less than 1%).28,29,31 One
major limitation for the low PCE is from the limited thickness
of the active layer: in order to exploit the quantum confinement
effects of the 2D material, the material should be either a single
or a few layers in thickness. Similarly, organic semiconductors,
which have low carrier mobilities, should be kept physically thin
to minimize charge recombination in the active layer.45−47

However, keeping the active layer materials physically thin
prevents them from being optically thick. Plasmonic nano-
structures and metasurfaces have been shown to increase
absorption in ultrathin organic films48−54 and 2D semi-
conductors55−64 due to their large scattering cross sections
and local electromagnetic field enhancements near the surface
of the metallic nanostructure. In addition, plasmonic meta-
surfaces (i.e., nanostructured metallic films) can couple incident
light into surface plasmon polaritons (SPPs), which propagate
along the interface between the metasurface and the active layer
coating. This allows the unabsorbed incident light to be
redirected into in-plane guided modes that can travel several
orders of magnitude longer than the physical thickness of the
active layer.65−67 This can allow the ultrathin active layers to
become optically thick while maintaining a physically thin film
to preserve the monolayer properties of the 2D material and
minimize charge carrier recombination in the organic layer,
thereby potentially leading to an improved PCE.
Here, we combine a hybrid MoS2−organic heterojunction

active layer with a disordered plasmonic metasurface in order to
increase the absorption within the physically thin hybrid active
layer. We investigated a hybrid active layer composed of
poly(3-hexylthiophene) (P3HT) blended with phenyl-C61-
butyric acid methyl ester (PCBM) as the organic component
interfaced with n-type MoS2 as the inorganic 2D material. We
performed absorption measurements in the visible to under-
stand the influence of the plasmonic metasurface on the
efficiency of carrier generation in the P3HT:PCBM/MoS2
heterojunction above the band gap. Using time-resolved visible
pump−NIR probe reflectometry, we studied the dynamics of
the polaron and exciton states that form after photoexcitation.

We observed a 6-fold enhancement in the P3HT polaron signal
and a 90 nm increase in the absorption bandwidth for the
hybrid MoS2−organic active layer in the presence of the
plasmonic metasurface. We show that the 6-fold enhancement
in the P3HT polaron signal arose from a combination of
increased absorption in both the P3HT:PCBM and MoS2
layers with ultrafast hole transfer from MoS2 to P3HT. Thus,
we demonstrate that through the combined synergistic effect of
hybrid 2D−organic heterojunctions and plasmonic metasurfa-
ces one can potentially enhance efficiencies of thin-film solar
cells.

RESULTS AND DISCUSSION
To study the influence of the plasmonic metasurfaces on hybrid
MoS2−organic active layers, first, we prepared large-area
plasmonic metasurfaces composed of disordered Ag nano-
particle arrays on Ag films (AgNPA/Ag) by employing the
nanotemplating method (Figure 1a,c).50,68,69 Single-layer 2H-
phase MoS2 thin films (Figure 1b) were grown on SiO2/Si
wafers by chemical vapor deposition (CVD) over an area larger
than 1 mm2 (see Methods and Supporting Information Figures
S1 and S2). The MoS2 films were then transferred to either
planar Ag surfaces or plasmonic metasurfaces (Figure 1d−f).
Raman spectra obtained from the transferred MoS2 (Figure 1g)
showed the two dominant vibrational modes: the in-plane
mode, E1

2g, and the out-of-plane mode, A1g. The frequency
difference between the two modes (Δ) was ∼20 cm−1, which
confirmed the single-layer nature of the films70 as measured
using atomic force microscopy (Supporting Information Figure
S1). We note that the MoS2 film was uniform on the planar Ag
substrate (Supporting Information Figure S3), whereas the
MoS2 on the plasmonic metasurface partially conformed to the
surface of the Ag nanoparticles (AgNPs), as seen by the dark
patches in the SEM image (Figure 1d). The P3HT:PCBM
active layer coating was then deposited by spin-coating to
achieve a thickness of 79.3 ± 7.2 nm. Bright- and dark-field
images of P3HT:PCBM/MoS2 on the plasmonic metasurface
show the large-area coverage of the MoS2 films and the
plasmonic metasurface (Figure 1e,f).
To study the charge photogeneration and transfer in the

hybrid MoS2−organic active layer, with and without the
plasmonic metasurface, we employed two-color transient
pump−probe reflection measurements (Figure 2) using a 1
kHz, 800 nm, 70 fs amplified laser. We used pump wavelengths
of either 400 nm, by frequency doubling a portion of the
fundamental 800 nm laser output, or 800 nm itself. The
remainder of the laser power was directed to an optical
parametric amplifier (OPA) to generate probe wavelengths of
either 1000 nm (Figure 2a) or 1150 nm (Figure 2b), thereby
allowing the investigation of polaron and exciton dynamics
within the organic polymer, P3HT, as explained below. The
transient pump−probe reflection signal (ΔR/R) at 1000 nm
originated from the populations of both P3HT excitons (i.e.,
bound electron−hole pairs) and polarons (i.e., free charges
within the polarizable organic polymer).71−74 For the 1000 nm
probe wavelength, the ΔR/R signal was larger for the hybrid
P3HT:PCBM/MoS2 active layer relative to P3HT:PCBM
alone, demonstrating that MoS2 contributed to the polaron
or exciton population within P3HT:PCBM (note that the ΔR/
R signal was zero for MoS2 alone, see Supporting Information
Figure S4). The ΔR/R signal at 1150 nm (Figure 2b), which
originated from the population of P3HT excitons alone,71,73,74

showed a negligible increase for the hybrid P3HT:PCBM/
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MoS2 active layer, which proves that the increased ΔR/R signal
at 1000 nm arose from an increased P3HT polaron population.
This suggests that hole transfer occurred from the MoS2 to the
P3HT. Because the ΔR/R signal was enhanced from the
earliest, instrument-limited time scales, this hole transfer
process was determined to occur within 100 fs.
The hybrid P3HT:PCBM/MoS2 active layer employing the

plasmonic metasurface exhibited more than a 6-fold enhance-
ment in the ΔR/R signal at 1000 nm relative to P3HT:PCBM
alone for both 400 nm (Figure 2a) and 800 nm excitation
(Supporting Information Figure S5). Although the plasmonic
metasurface also led to enhancement of the ΔR/R signal in the
pure organic active layer (P3HT:PCBM), the enhancement was
significantly larger for the hybrid MoS2−organic active layer.
The small increases observed in the ΔR/R signal at 1150 nm in
the presence of the plasmonic metasurface arose from collective
electric field enhancements of the metasurface50 and increased
light scattering from MoS2 (see Supporting Information Figure
S6); we note that interference effects from the addition of the
monolayer MoS2 film between P3HT:PCBM and Ag did not
significantly impact the ΔR/R signals (see Supporting
Information Figure S7). However, the ΔR/R signal at 1000
nm exhibited a much larger increase, thus demonstrating that
the P3HT polaron population was enhanced to a much larger
degree than the exciton population in the hybrid MoS2−organic
heterojunction employing the plasmonic metasurface. In
addition to ultrafast hole transfer between MoS2 and P3HT,
which occurred both within the absorption band of P3HT (i.e.,
400 nm pump, Figure 2a) and for sub-band-gap wavelengths
(i.e., 800 nm pump, Supporting Information Figure S5), the
enhanced ΔR/R signal for the hybrid P3HT:PCBM/MoS2
active layer employing the plasmonic metasurface arose from
increased absorption in both the MoS2 and P3HT:PCBM
layers, as demonstrated below.
For all pump and probe wavelengths, the P3HT polarons and

excitons showed the same decay dynamics for both
P3HT:PCBM and P3HT:PCBM/MoS2, with and without the
metasurface, within the first 10 ps (see Supporting Information
Figure S8 and Table S1). However, the nanosecond-scale decay
dynamics of the P3HT polarons were significantly modified for
the hybrid MoS2−organic active layer, with and without the
metasurface (Figure 3). Over the 1 ns time scale, the magnitude
of the ΔR/R signal showed the same trend as the 10 ps time
scales (Figure 3a). However, the P3HT polaron lifetime was
reduced for the P3HT:PCBM/MoS2 hybrid active layer relative

Figure 1. (a) Schematic of the hybrid P3HT:PCBM/MoS2
heterojunction on a plasmonic metasurface. (b) Cross-sectional
schematic of monolayer MoS2. (c) True-color dark-field image of a
Ag nanoparticle array on a Ag film plasmonic metasurface; scale bar
value shown in (f). (d) SEM image of MoS2 on the plasmonic
metasurface prior to application of P3HT:PCBM. Inset is a
magnified view of the MoS2-coated metasurface. (e, f) Optical
images for P3HT:PCBM/MoS2 on a plasmonic metasurface. The
bright-field image (e) is labeled with different regions near the
edges of the MoS2 film; the dark-field image (f) was acquired from
the same area and helped to identify the different regions. Bright-
and dark-field images are on the same scale (value shown in (f)).
(g) Raman spectra of CVD-grown MoS2 thin films after being
transferred onto the Ag and metasurface substrates. The two
dominant vibrational modes are labeled.

Figure 2. Picosecond-scale transient pump−probe reflection measurements from P3HT:PCBM and the hybrid P3HT:PCBM/MoS2 active
layers with and without the plasmonic metasurfaces using a pump wavelength of 400 nm and probe wavelengths of (a) 1000 nm (i.e., probing
the polaron and exciton dynamics in P3HT) and (b) 1150 nm (i.e., probing the exciton dynamics in P3HT).
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to P3HT:PCBM alone (Figure 3b; Supporting Information
Figure S9 and Table S2). The presence of the MoS2 resulted in
an extra decay component, with a decay constant of ∼160 ps,

compared to P3HT:PCBM alone, which was fit to a constant
value within this time regime. This extra decay component
corresponded to the excess polarons transferred to the P3HT
from the MoS2. The presence of the plasmonic metasurface
resulted in an additional decay component in the hybrid
P3HT:PCBM/MoS2 active layer (Figure 3b; Supporting
Information Figure S9 and Table S2). For the hybrid active
layer with the plasmonic metasurface, the fast decay component
was ∼70 ps, and the slow component was ∼3 ns. These two
components correspond to the excess polarons transferred to
the P3HT from the MoS2 (fast component) in addition to the
excess polarons generated from the plasmonic metasurface
(slow component). The lifetimes of these P3HT polarons were
reduced relative to P3HT:PCBM/MoS2 (160 ps) or
P3HT:PCBM/metasurface (∼7 ns) alone due to the larger
population of carriers within the P3HT:PCBM layer, since
carrier concentration is inversely proportional to carrier
lifetime.75 However, even with the reduced polaron lifetime
for the hybrid P3HT:PCBM/MoS2 active layer with the
metasurface, the overall polaron population was still more than
4 times higher than that of the P3HT:PCBM alone after 800 ps
(Figure 3a). This suggests that a greater population of free
charges will be available for collection at the respective
electrodes for the hybrid P3HT:PCBM/MoS2 active layer
with the plasmonic metasurface. The larger P3HT polaron
population within the hybrid P3HT:PCBM/MoS2 active layer
with the plasmonic metasurface is further confirmed by the
enhanced photoluminescence (PL) from P3HT:PCBM (Sup-
porting Information Figure S10).
Having demonstrated increased photogeneration in the

hybrid P3HT:PCBM/MoS2 active layer in the presence of
the plasmonic metasurface, we now turn our attention to the
impact of the plasmonic metasurfaces on the active layer
absorption. We performed steady-state extinction measure-

Figure 3. Nanosecond-scale transient pump−probe reflection
measurements from P3HT:PCBM and the hybrid P3HT:PCBM/
MoS2 active layers with and without the plasmonic metasurfaces
using a pump wavelength of 400 nm and a probe wavelength of
1000 nm: (a) magnitude of transient reflectometry; (b) normalized
data.

Figure 4. (a) Microscope-coupled extinction measurements from P3HT:PCBM and the hybrid P3HT:PCBM/MoS2 active layers with and
without the plasmonic metasurface. (b) Simulated active layer absorptance, defined as the P3HT:PCBM absorptance plus the MoS2
absorptance. (c, d) Spatially varying cross-sectional simulated absorptance in the heterostructure at two different wavelengths: (c) 400 nm and
(d) 660 nm. The plots in (c) and (d) are on the same scale, and the scale bar is shown in (d).
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ments using a microscope-coupled spectrometer on the hybrid
P3HT:PCBM/MoS2 active layer with and without the
metasurface (Figure 4a) . Comparing the hybrid
P3HT:PCBM/MoS2 with the metasurface to P3HT:PCBM
alone, we observed increased extinction across the visible
spectrum, particularly for longer wavelengths, suggesting an
increase in the absorption bandwidth. For P3HT:PCBM on the
metasurface alone, the extinction was improved for shorter
wavelengths, but only slightly for longer wavelengths,
suggesting that the MoS2 plays the dominant role in the
improved extinction at longer wavelengths. For the hybrid
P3HT:PCBM/MoS2 active layer with the metasurface, we
obtained extinction enhancement factors of 1.5 at 410 nm and
2.9 at 670 nm (Supporting Information Figure S11a) relative to
P3HT:PCBM alone and a spectrally integrated extinction
enhancement factor of 1.4.
To understand these differences and to distinguish between

useful absorption (i.e., absorptance in the active layers) and
scattering within the extinction measurements, we performed
finite-difference time-domain (FDTD) simulations (Figure 4b−
d). As in the extinction measurements, we observed a generally
broadband active layer absorptance increase for the
P3HT:PCBM/MoS2 active layer with the metasurface. The
active layer absorptance enhancement was largest at wave-
lengths between 350−450 nm and ≥550 nm for the hybrid
P3HT:PCBM/MoS2 active layers in the presence of the
metasurface (Figure 4b and Supporting Information Figure
S11b). The reason for the absorptance enhancements at these
wavelengths was due to the formation of plasmon−exciton
hybrid modes. When plasmonic metasurfaces are coated by
absorbers (such as MoS2 or P3HT:PCBM), the plasmonic
modes are known to demonstrate splitting from coupling with
the excitonic transitions of the absorber.48−50,76−84 The
presence of the 80-nm-thick P3HT:PCBM layer red-shifted
and split the plasmonic modes to a much larger degree than the
monolayer MoS2 alone, as identified by scattered-light
simulations (Figure S11d). In the presence of the P3HT:PCBM
(with or without MoS2), the short wavelength plasmon−
exciton mode led to the absorptance enhancements observed
between 350 and 450 nm. However, the long-wavelength
plasmon−exciton hybrid mode was red-shifted outside of the
absorption band of P3HT:PCBM, but spectrally overlapped
with the strong absorption features in MoS2 between 550 and
700 nm.36,37 This led to a greater than 10-fold absorptance
enhancement within the MoS2 layer for wavelengths between
550 and 900 nm (Figure S11c). Without the P3HT:PCBM, the
absorptance enhancement within the MoS2 was much lower for
wavelengths greater than 500 nm (∼5; Figure S11c). Thus, the
synergistic effect of the P3HT:PCBM, MoS2, and metasurface
combined gave rise to the maximum absorptance within the
active layer. As a result, the active layer absorptance bandwidth
(i.e., full-width, half-maximum) of the hybrid P3HT:PCBM/
MoS2 active layer in the presence of the plasmonic metasurface
was increased by 90 nm relative to that of P3HT:PCBM alone.
We calculated a spectrally integrated enhancement factor
weighted by the AM1.5 solar spectrum of 1.3 for the hybrid
P3HT:PCBM/MoS2 active layer with the metasurface
(compared to <1.1 for P3HT:PCBM with the metasurface
and <1.0 for P3HT:PCBM/MoS2 without the metasurface).
Figure 4c,d shows cross sections of the simulated spatially

varying absorptance distribution for the hybrid P3HT:PCBM/
MoS2 active layer with the metasurface within the different
layers at two different wavelengths (i.e., 400 and 660 nm). At

both wavelengths, absorptance was stronger in the MoS2 than
in the P3HT:PCBM, due to the stronger absorption coefficient
of MoS2 and its closer proximity to the metasurface. At 400 nm
(Figure 4c), absorptance was strongest at the tip of the AgNP.
This suggests that even though experimentally the MoS2 film
did not conform perfectly to the surface of the AgNPA (Figure
1d), absorptance in the MoS2 should still be increased quite
strongly due to the intense electromagnetic fields near the tips
of the AgNPs. At 660 nm (Figure 4d and Supporting
Information Figure S11b,c), active layer absorptance predom-
inantly occurred in the MoS2, and most of the absorptance in
the MoS2 was confined to the base of the AgNPs due to the
coupling between the AgNPs with the planar Ag film.50 Because
the MoS2 film remained rigid in some regions, sitting on top of
several 10’s of particles (dark regions in Figure 1d), the
experimentally observed extinction enhancement was not
maximized (cf. Supporting Information Figure S11a,b). This
demonstrates the need to have a fully conformal coating of the
MoS2 on the AgNPs in order to achieve the maximum
broadening of the active layer absorptance: if the MoS2 is not in
close contact with the base of the AgNPs, the long wavelength
absorptance will not be maximized. Li et al. have recently
demonstrated a method of achieving completely conformal
coverage of a nanocone array using capillary-pressure-induced
nanoindentation.85

Utilizing the demonstrated enhanced absorption and charge
photogeneration due to the hybrid P3HT:PCBM/MoS2
heterojunction with the plasmonic metasurface, we outline
the combined mechanisms that would lead to enhanced solar
cell device efficiencies, which are depicted in Figure 5. Upon
photoexcitation (Figure 5a), both the MoS2 and P3HT absorb
light, promoting electrons from their valence band (VB) and
highest occupied molecular orbital (HOMO) to their
conduction band (CB) and lowest unoccupied molecular
orbital (LUMO), respectively. In the first excited state, the
electrons and holes are electrostatically bound, forming
excitons. At the same time, surface plasmons are excited within
the metasurface by a portion of the incident light, increasing the
generation of excitons in both MoS2 and P3HT. Since the CB
of MoS2 lies between the Fermi level (EF) of Ag and the
LUMO of P3HT, MoS2 is expected to serve as an efficient
electron transport layer. Due to the relatively low work function
of Ag,86 its EF is pinned close to the CB of MoS2, resulting in a
much smaller barrier for electron collection than for hole
collection.87 In addition, based on their staggered energy levels,
P3HT and MoS2 form a type-II p−n heterojunction,28−31

allowing for the efficient transfer of electrons from P3HT to
MoS2 and holes from MoS2 to P3HT, forming positive
polarons (Figure 5b). This was evidenced by the increased ΔR/
R signal at 1000 nm within the time resolution of our ultrafast
measurements (<100 fs). We note that CVD-grown MoS2
typically exhibits n-type conduction in standard field-effect
transistors87−94 and in van der Waals heterojunctions,95−100

demonstrating its use as an electron transport layer. By
contrast, chemically exfoliated MoS2 exhibits p-type con-
duction,39,101 thus demonstrating its use as a hole transport
layer.

CONCLUSION
In conclusion, we have demonstrated ultrafast hole transfer
between an inorganic 2D material, MoS2, and an organic
semiconductor blend, P3HT:PCBM. We have observed a 6-
fold increase in the P3HT polaron transient pump−probe
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signal in the hybrid P3HT:PCBM/MoS2 heterojunction in the
presence of a Ag nanoparticle array plasmonic metasurface,
which we have shown was a result of the combined effects of
absorption enhancement in both the P3HT:PCBM and MoS2
layers combined with hole transfer from MoS2 to P3HT. The
hole transfer from MoS2 was observed at both 400 and 800 nm
pump wavelengths, demonstrating that hole transfer occurs
both within the absorption band of P3HT and for sub-band-gap
wavelengths. We observed an increase in the active layer
absorption bandwidth of 90 nm through reflection measure-
ments and optical simulations for the hybrid P3HT:PCBM/
MoS2 active layer in the presence of plasmonic metasurface.
Future work includes fabricating full photovoltaic devices
employing hybrid 2D−organic heterojunctions, with and
without plasmonic metasurfaces to make use of the broadened
and enhanced solar spectrum. The enhancements we observed
in these hybrid P3HT:PCBM/MoS2 active layers in the
presence of the plasmonic metasurface could also be applied
to other thin-film photovoltaic active layers, such as amorphous
Si, CdTe, or hybrid organic−inorganic perovskites.

METHODS
Template-Based Fabrication of Plasmonic Metasurfaces.

The procedure to prepare a disordered Ag nanoparticle array on Ag
thin-film (i.e., AgNPA/Ag) plasmonic metasurfaces has been described
previously.50 Briefly, 150 nm Ag was deposited onto cleaned glass
substrates with a 5 nm Cr adhesion layer using thermal evaporation
(chamber pressure less than 8 × 10−6 mbar for each evaporation, and
the deposition rate was less than or equal to 0.1 nm/s). Through-hole
anodic aluminum oxide (AAO) nanotemplates (Synkera Inc.) with an
average pore diameter of 55 nm and AAO thickness of 500 nm were
employed as shadow masks for the growth of the nanoparticles (NPs).
The pores of the AAO nanotemplate were widened to ∼100 nm by
soaking the nanotemplates in aqueous H3PO4 (5%, w/w) at 30 °C for
30 min. The nanotemplates were transferred to the Ag films, through
which 60 nm Ag was evaporated to achieve AgNPs of ∼60 nm height
and ∼100 nm diameter.

MoS2 Growth and Transfer. Single-layer MoS2 nanosheets were
grown by CVD using MoO3 (Sigma-Aldrich, 50 mg) and sulfur
(Sigma-Aldrich, 250 mg) powders as solid precursors. SiO2/Si wafers
(2 cm × 1 cm), facing up, were placed above the MoO3 powder in the
center of a 1-in. quartz tube in the hot region of the furnace. Sulfur was
located upstream at the entrance of the furnace (∼20 cm from the
MoO3 boat). Prior to growth, air was evacuated by flowing Ar
(ultrahigh purity, Air Gas) for 15 min at 200 sccm, after which the
tube was heated at 200 °C for 15 min to remove moisture from the
precursors. The temperature was then increased to 750 °C under a 90
sccm Ar flow. After 45 min, the furnace was naturally cooled to room
temperature and samples were removed from the tube.

The wafers were further observed by bright-field optical microscopy.
Individual MoS2 crystals are typically between 5 and 30 μm in size
(Supporting Information Figure S1a−c) and grow in the center of the
wafer. When looking closer to the edge of the wafer located upstream,
the size of the crystals increases. The crystals eventually get connected
(Supporting Information Figure S1d−f), and a continuous single-layer
MoS2 film starts to form. Large-area polycrystalline domains without
pinholes can be obtained with dimensions over 1 mm2 (Supporting
Information Figure S1g−i).

MoS2 on SiO2/Si wafers was transferred on Ag and metasurface
substrates using poly(methyl methacrylate) (PMMA). A6 PMMA was
spin-coated on the SiO2/Si wafer covered with the MoS2 nanosheets
(4000 rpm for 45 s) and baked at 120 °C for 5 min to ensure good
adhesion between MoS2 and PMMA. The wafer was then etched using
a 1 M NaOH solution at 50 °C. After delamination, the PMMA layer
was transferred on various substrates and dried in air. Once dried in
air, the substrates were further dried under vacuum for 5 h. Finally the
PMMA layer was then dissolved using acetone (4 × 50 mL).

Polymer:Fullerene Solution and Thin-Film Preparation.
P3HT (Rieke Polymers, product number RMI-001EE; Mw 69 000 g
mol−1; polydispersity index 2.3; regioregularity 96%) and PCBM
(ONE Material, product number OS0266) in a 1:1 ratio were
dissolved in chlorobenzene (40 g L−1 total blend concentration) by
heating to 60 °C while stirring at 1200 rpm for >5 h. The solution was
then filtered through a 0.2 μm pore regenerated cellulose filter prior to
spin-coating. The solution was spin-coated onto the various substrates
(planar Ag, Ag metasurface, MoS2/Ag, and MoS2/metasurface) at
5000 rpm to achieve P3HT:PCBM coatings of ∼80 nm, as confirmed
through atomic force microscopy measurements.

Ultrafast Two-Color Pump−Probe Reflection Measure-
ments. Ultrafast two-color transient pump−probe reflection measure-
ments were obtained using a 1 kHz, 800 nm, 70 fs Ti:sapphire
amplified laser (Spectra-Physics Spitfire Ace). We used pump
wavelengths of either 400 nm, by frequency doubling a portion of
the fundamental 800 nm laser output, or 800 nm itself. The pump was
chopped at 500 Hz, and a fluence of ∼25 μJ cm−2 was used to
minimize damage to the P3HT:PCBM film during the measurements
(see Supporting Information Figure S13 for stability tests). The
remainder of the laser power was directed to an optical parametric
amplifier (Spectra-Physics TOPAS prime) to generate probe wave-
lengths of either 1000 or 1150 nm. The reflected probe beam

Figure 5. Energy level diagrams and photophysical processes for
the different components of the hybrid P3HT:PCBM/MoS2 active
layer with the plasmonic metasurface for two different time scales:
(a) instantaneously after photoexcitation, i.e., carriers are promoted
to the first excited state and the plasmonic modes of the
metasurface are excited; (b) less than 100 fs after photoexcitation,
when charge transfer processes occur. The black circles represent
electrons, white circles represent holes; the orange arrow indicates
the lowest energy absorption transition in P3HT; the red arrow
indicates the lowest energy absorption transition in MoS2; the
purple arrows indicate the direction of charge transfer. [EF = Fermi
level;86 CB = conduction band; VB = valence band;36,102,103 LUMO
= lowest unoccupied molecular orbital; HOMO = highest occupied
molecular orbital104,105]. Note that due to the conformal nature of
MoS2 on the metasurface, the PL emission from MoS2 shifted by 27
meV relative to planar MoS2 (Supporting Information Figure
S12).85 This relatively small shift (represented by the width of the
gray line for the VB of MoS2) does not significantly influence the
charge transfer between MoS2 and P3HT.
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(diameter ∼75 μm) was directed to a lock-in amplifier to collect the
signal, and a fluence of ∼5 μJ cm−2 was used. A delay stage step size of
50 fs was used for the 10 ps dynamics, and a step size of 10 ps was
used for the 800 ps dynamics. For all measurements, at least 20 scans
were averaged to improve the signal-to-noise ratio. Note that for the
800 nm pump/1000 nm probe measurements, the pump fluence was
increased to ∼240 μJ cm−2.
Steady-State Optical Spectroscopy. Extinction measurements

were obtained using a microscope-coupled spectrometer (Tokyo
Instruments Nanofinder 30) using halogen lamp illumination and a
100× microscope objective (NA = 0.95). Bright-field (BF) reflected-
light spectra of the selected region (BFsample) were acquired using a
pinhole diameter of 250 μm, in addition to an exposure time of 50 ms
with 10 accumulations. After binning, the total area from which the
spectra were collected was approximately 5 μm2. Spectra were
collected from a minimum of three regions for the most uniform
samples (i.e., for P3HT:PCBM) and a maximum of seven regions for
the most nonuniform samples (i.e., for P3HT:PCBM/MoS2/metasur-
face; see Supporting Information Figure S14 for individual spectra).
Background spectra were collected by blocking the light path to the
spectrometer (BFbkgd). Spectra were normalized to the lamp spectral
intensity using the BF reflection spectrum from a planar Ag film
(BFAg). Extinction was calculated using eq 1:

= −
−

−
Extinction 1

BF BF

BF BF
sample bkgd

Ag bkgd (1)

Dark-field (DF) scattered-light images were acquired using an
Olympus BX51 under xenon lamp illumination in reflection mode
with a 10× DF microscope objective (NA = 0.30).
Finite-Difference Time-Domain Simulations. FDTD simula-

tions were conducted as described previously using commercially
available software (Lumerical FDTD Solutions).50,106 Briefly, a
hexagonally packed array of paraboloids was used to simulate the
AgNPs having heights of 60 nm, base diameters of 100 nm, and a
period of 150 nm. The structures were defined in the software to
match the fabricated plasmonic metasurfaces as closely as possible (80
nm P3HT:PCBM coating/AgNPA/150 nm Ag/5 nm Cr/glass). For
the hybrid MoS2/organic heterostructures, monolayer MoS2 (thick-
ness of 0.67 nm) was used to conformally coat the AgNPs. This
idealized, periodic structure does not perfectly match the exper-
imentally prepared MoS2−metasurface heterostructures, but the main
differences are described in the text. The optical constants used for
each layer were obtained from the literature (Supporting Information
Figure S15). The excitation source used was a total-field scattered-field
(TFSF) plane wave incident at 5° from the surface normal using
transverse magnetic polarization. The wavelength range of the source
was 300−900 nm with 5 nm increments and a source pulse length of
1.995 fs. Bloch boundary conditions were used in the planes normal to
the substrate, and perfectly matched layers were used in the plane
parallel to the substrate. A mesh of 2 nm spacing was used throughout
the heterostructure, except where override regions were included. A
mesh override region of 0.6 nm in the lateral directions (x, y) and 0.4
nm in the surface normal direction (z) was used for the region
surrounding the AgNPs, and an override region of 0.3 nm in the z-
direction was used for the region surrounding the planar MoS2 at the
base of the AgNPs. The scattered-light spectra were acquired by taking
the transmission through a frequency-dependent power monitor
located outside of the TFSF source. For the absorption simulations, a
fully three-dimensional frequency-domain power monitor was placed
surrounding the thin-film stack to obtain the electric field intensity at
every position and wavelength. A three-dimensional refractive index
monitor was overlaid on the frequency-domain power monitor. The
fields were sampled every other mesh point due to the finite
computational memory associated with three-dimensional field and
index monitors.
As described in prior published work,50 absorptance in each layer

was calculated using the following equation:

λ λ α λ
λ

=A x y z n x y z x y z
E x y z

E
( , , , ) ( , , , ) ( , , , )

( , , , )

0

2

(2)

where n is the real part of the complex index of refraction, α is the
attenuation coefficient (4πk/λ), and |E/E0|

2 is the normalized electric
field intensity squared. The absorptance was integrated spatially and
normalized to the area illuminated (Sillum) to obtain the spectral
fraction of light absorbed in each layer:

∫ ∫ ∫
λ

λ
=

∂ ∂ ∂
A

A x y z x y z

S
( )

( , , , )
x y z

illum (3)

The absorptance in the P3HT:PCBM and MoS2 layers (Supporting
Information Figure S11b,c) were separated from each other and from
the absorptance in the AgNPA by using the refractive index monitor as
a reference. Finally, the spatially integrated absorptance in each layer
was weighted by the AM1.5 solar spectrum (PAM1.5) and integrated
over all wavelengths:

∫
∫

λ λ λ

λ λ
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λ

λ
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P A

P
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AM1.5

AM1.5 (4)

FDTD simulations were also conducted for planar Ag electrodes.
These simulations were identical to the absorption enhancement
simulations containing the AgNPA, except that the AgNPAs were
removed. Absorptance enhancement factors were calculated by
dividing absorptance in the active layer coating the AgNPA/Ag
substrates by the absorptance in the active layer coating the planar Ag
substrates.
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J. Plasmonic Pumping of Excitonic Photoluminescence in Hybrid
MoS2-Au Nanostructures. ACS Nano 2014, 8, 12682−12689.
(62) Sobhani, A.; Lauchner, A.; Najmaei, S.; Ayala-Orozco, C.; Wen,
F.; Lou, J.; Halas, N. J. Enhancing the Photocurrent and Photo-

luminescence of Single Crystal Monolayer MoS2 with Resonant
Plasmonic Nanoshells. Appl. Phys. Lett. 2014, 104, 031112.
(63) Yu, Y.; Ji, Z.; Zu, S.; Du, B.; Kang, Y.; Li, Z.; Zhou, Z.; Shi, K.;
Fang, Z. Ultrafast Plasmonic Hot Electron Transfer in Au Nano-
antenna/MoS2 Heterostructures. Adv. Funct. Mater. 2016, 26, 6394.
(64) Wang, Z.; Dong, Z.; Gu, Y.; Chang, Y. H.; Zhang, L.; Li, L. J.;
Zhao, W.; Eda, G.; Zhang, W.; Grinblat, G.; et al. Giant
Photoluminescence Enhancement in Tungsten-Diselenide-Gold Plas-
monic Hybrid Structures. Nat. Commun. 2016, 7, 11283.
(65) Atwater, H. A.; Polman, A. Plasmonics for Improved
Photovoltaic Devices. Nat. Mater. 2010, 9, 205−213.
(66) Ferry, V. E.; Munday, J. N.; Atwater, H. A. Design
Considerations for Plasmonic Photovoltaics. Adv. Mater. 2010, 22,
4794−4808.
(67) Munday, J. N.; Atwater, H. A. Large Integrated Absorption
Enhancement in Plasmonic Solar Cells by Combining Metallic
Gratings and Antireflection Coatings. Nano Lett. 2011, 11, 2195−
2201.
(68) Nemes, C. T.; Vijapurapu, D. K.; Petoukhoff, C. E.; Cheung, G.
Z.; O’Carroll, D. M. Absorption and Scattering Effects by Silver
Nanoparticles near the Interface of Organic/Inorganic Semiconductor
Tandem Films. J. Nanopart. Res. 2013, 15, 1801:1−13.
(69) O’Carroll, D. M.; Collopy, A. X.; Ferry, V. E.; Atwater, H. A. In
Surface Plasmon Assisted Absorption in Conjugated Polymer Thin Films
and Devices, 25th European Photovoltaic Solar Energy Conference,
Valencia, Spain, 2010; pp 834−837.
(70) Lee, C.; Yan, H.; Brus, L. E.; Heinz, T. F.; Hone, J.; Ryu, S.
Anomalous Lattice Vibrations of Single- and Few-Layer MoS2. ACS
Nano 2010, 4, 2695−2700.
(71) Guo, J.; Ohkita, H.; Benten, H.; Ito, S. Charge Generation and
Recombination Dynamics in Poly(3-Hexylthiophene)/Fullerene Blend
Films with Different Regioregularities and Morphologies. J. Am. Chem.
Soc. 2010, 132, 6154−6164.
(72) Hwang, I.-W.; Moses, D.; Heeger, A. J. Photoinduced Carrier
Generation in P3HT/PCBM Bulk Heterojunction Materials. J. Phys.
Chem. C 2008, 112, 4350−4354.
(73) Wu, B.; Wu, X.; Guan, C.; Tai, K. F.; Yeow, E. K. L.; Fan, H. J.;
Mathews, N.; Sum, T. C. Uncovering Loss Mechanisms in Silver
Nanoparticle-Blended Plasmonic Organic Solar Cells. Nat. Commun.
2013, 4, 2004:1−7.
(74) Piris, J.; Dykstra, T. E.; Bakulin, A. A.; van Loosdrecht, P. H. M.;
Knulst, W.; Trinh, M. T.; Schins, J. M.; Siebbeles, L. D. A.
Photogeneration and Ultrafast Dynamics of Excitons and Charges in
P3HT/PCBM Blends. J. Phys. Chem. C 2009, 113, 14500−14506.
(75) Sze, S. M.; Ng, K. K.Physics of Semiconductor Devices, 3rd ed.;
John Wiley & Sons, Inc.: Hoboken, NJ, 2007.
(76) Bellessa, J.; Bonnand, C.; Plenet, J. C.; Mugnier, J. Strong
Coupling between Surface Plasmons and Excitons in an Organic
Semiconductor. Phys. Rev. Lett. 2004, 93, in press DOI: 10.1103/
PhysRevLett.93.036404.
(77) Dintinger, J.; Klein, S.; Bustos, F.; Barnes, W. L.; Ebbesen, T. W.
Strong Coupling between Surface Plasmon-Polaritons and Organic
Molecules in Subwavelength Hole Arrays. Phys. Rev. B: Condens. Matter
Mater. Phys. 2005, 71, in press DOI: 10.1103/PhysRevB.71.035424.
(78) Fofang, N. T.; Park, T.-H.; Neumann, O.; Mirin, N. A.;
Nordlander, P.; Halas, N. J. Plexcitonic Nanoparticles: Plasmon-
Exciton Coupling in Nanoshell-J-Aggregate Complexes. Nano Lett.
2008, 8, 3481−3487.
(79) Hranisavljevic, J.; Dimitrijevic, N. M.; Wurtz, G. A.;
Wiederrecht, G. P. Photoinduced Charge Separation Reactions of J-
Aggregates Coated on Silver Nanoparticles. J. Am. Chem. Soc. 2002,
124, 4536−4537.
(80) Pockrand, I.; Brillante, A.; Möbius, D. Exciton−Surface Plasmon
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