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Abstract—Organic solar cells (OSCs) have recently attracted considerable research interest. For
typical OSCs, it is highly desirable to have optically thick and physically thin thickness for strong light
absorption and efficient carrier collection respectively. In the meantime, most organic semiconductors
have short exciton diffusion length and low carrier mobility [1-3]. As a consequence, the active layers of
OSCs are generally thin with a thickness of a few hundred nanometers to ensure the efficient extraction of
carriers, hence limiting the total absorption of incident light. Optimizing both the optical and electrical
(i.e., multi-physical) properties of OSCs is in demands for rationally designed device architectures.
Plasmonic nanomaterials (e.g., metallic nanoparticles [4-6], nanorods [7, 8], nanoprisms [9, 10], etc.)
have recently been introduced into different layers of multilayered solar cells to achieve highly efficient
light harvesting. The multilayered solar cells structures commonly have active layer, carrier (electron and
hole) transport layer and electrode (anode and cathode). Through the localized plasmonic resonances
(LPRs) [11-16] from metallic nanomaterials, very strong near-fields will be generated, which can provide
a large potential for enhancing optical absorption in the multilayered OSCs. Besides the optical effects,
it has been reported that metallic nanomaterials can modify the morphology, interface properties as well
as the electrical properties of OSCs which will significantly modify the performances of OSCs [17-23]. In
this article, the effects of various optical resonance mechanisms and the theoretical studies of the multi-
physical properties of OSCs will be reviewed. Meanwhile, the experimental optical and electrical effects
of metallic nanomaterials incorporated in different layers of OSCs will be studied. The morphology and
interface effects of metallic nanomaterials in the carrier transport layers on the performances of OSCs
will also be described.

1. FUNDAMENTAL PHYSICS OF ORGANIC SOLAR CELLS WITH METALLIC
NANOMATERIALS

1.1. Resonance Mechanisms and Couplings

Critically different from thin-film polycrystalline or amorphous silicon solar cells with active layer
thicknesses of a few microns [24], the active layer of OSCs only has a few hundred nanometers or
even thinner thickness [25-27]. Meanwhile, the refractive index of organic materials is typically low.
The thin active layer with a low refractive index not only causes weak optical absorption, but also
fundamentally limits (half-wavelength) the optical designs [11]. On one hand, a strong Fabry-Perot
mode (or waveguide mode) cannot be supported. On the other hand, near-field concentration (rather
than far-field scattering) will likely govern the optical design. We will describe versatile resonance
mechanisms for enhancing the optical absorption of OSCs.

Fabry-Perot mode. Planar multilayer device structures support Fabry-Perot mode with a Lorentzian
spectral line shape. Considering an incident plane wave, eigenmodes of the planar multilayer device
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cannot be excited owing to momentum or phase mismatch. The Fabry-Perot mode is the mode coupling
(overlap integral) between the excitation solution (with a plane wave source) and eigenmodes. The
fundamental limit in the optical design of OSCs forbids the Fabry-Perot mode to be confined in a
single active layer Thus, compared to thicker silicon solar cells, OSCs support weaker Fabry-Perot
modes [28]. Importantly, non-planar device structures can support the Fabry-Perot mode because they
can be approximately regarded as a superposition of different planar structures [29].

Quasi-guided mode. Space harmonics in periodic nanostructures offer the additional momentum
for exciting the eigenmode or guided mode governed by the phase matching condition of Re(3) =
kosin@+27mm/P, m =0, 1, 2, etc. with a periodicity P and an incident angle 6 of a typical 1D periodic
structure. The complex propagation constant § suggests that the excited guided mode is not perfectly
trapped but becomes a leaky wave. Arising from constructive and destructive interferences between
a narrow discrete guided mode and a broad continuum (incident light), the quasi-guided mode [30]
with an asymmetric and narrow Fano line shape has extraordinary transmittance and reflectance,
which is also called Wood’s anomaly [31,32]. The pronounced quasi-guided mode enhances the optical
absorption however, the enhancement is limited by the narrow bandwidth. Moreover most light energy
will radiate away from the solar cell devices via the zero-order diffraction beam and light trapping only
can be supported by high-order diffractions according to the total internal reflection. The supercell
concept [33,34] and double-interface gratings [35] can be employed to study the redistribution of the
energy between diffraction beams of different orders.

Plasmonic modes. Excitation of plasmons by light induces a surface plasmonic resonance (SPR)
for planar surfaces and LPR for nanometer-sized metallic structures [11-16]. SPRs are surface waves
propagating at the interface between a dielectric and a metal, evanescently confined at the perpendicular
direction. Using light to excite SPRs, the phase matching will be satisfied by using a periodic structure
with space harmonics or a subscatterer generating evanescent waves. LPRs are non-propagating
excitations of conduction electrons of a metallic nanomaterial coupled to electromagnetic fields. The
curved surface of a metallic nanomaterial exerts an effective restoring force on the driven electrons, so
that a resonance arises at a specific wavelength independent of wave vector. The half-wavelength limit
in the optical design motivates researchers to focus on physical mechanisms of near-field concentration
(not far-field scattering). Hence, plasmonic mode, which has unique features of near-field enhancement,
is one of best candidates to boost the optical absorption of OSCs [36-41]. The resonant peaks of
plasmonic modes strongly depend on the material, geometry, and surrounding environment and can be
highly tunable and manipulated [4, 5,9, 10, 42-45].

Mode Coupling/hybridization. The superradiant plasmonic mode oscillating in phase can be

realized by the mode coupling and hybridization [46,47], which occurs in the close-packed metallic
nanomaterials. For example, longitudinal modes in a metallic nanosphere chain or symmetric modes in
two coupled metallic plates increase the optical absorption of OSCs by several folds [43,48]. Likewise,
the LPR by a metallic nanosphere interacted with the SPR by a metallic plate leads to a coherent
near-field enhancement [48,49]. Furthermore, the plasmonic mode will couple to the Fabry-Perot mode
through carefully optimizing both device and metallic structures [28, 38]. Finally, interferences between
SPRs open up a plasmonic band gap and induce plasmonic band edges [44, 50-52]. Mode couplings and
hybridizations offer an effective and flexible way in the optical design of OSCs.

Strong plasmonic-induced absorption enhancement. In order to achieve strong plasmonic-induced
absorption enhancement, it is important to have a good spectral overlap between absorption regions
of active materials and plasmonic resonances [53]. Importantly, in studying the spectral overlap, the
plasmonic resonance in the device structure where the metal nanomaterials will be incorporated shall be
determined because the plasmonic resonance will change depending on the optical environment [4, 44].
Besides, exploring mode hybridization is an alternative way to increase absorption enhancement. By
tuning the thicknesses of active and spacer layers, plasmon-coupled Fabry-Perot mode can spectrally
overlap with the absorption region of active materials 28,34, 52]. Symmetry breaking and retardation
effects allow us to excite dark modes or high-order modes of metallic nanomaterials with broadband
and strong resonances [9, 10, 42, 54].
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1.2. Theoretical Studies of Optical and Electrical Properties

The governing equations for describing optical properties of OSCs are Maxwell’s equations
VXE=—jwuH, VxH=jwe(w)E (1)

where E and H are electric and magnetic fields, and e(w) is the complex permittivity of materials.
Computational electromagnetics [55], which is used for modeling the interaction of electromagnetic fields
with objects and surrounding environment, plays an important role in characterizing and optimizing
the optical design of OSCs. A rigorous, fast, and efficient solution to Maxwell’s equations facilitates
understanding device physics, reducing experimental costs, and shortening development periods. With
the aid of state-of-the-art algorithms, important physical parameters in the optical design, such as optical
absorption of active materials, can be extracted for analyzing and optimizing device structures. It is
highly desirable to know the strengths and weaknesses of various theoretical methods for characterizing
optical properties of OSCs.

Time-domain methods versus frequency-domain methods. Most optical materials are dispersive,

therefore, a recursive convolution method [56] or a piecewise linear recursive convolution method [57]
must be adopted for time-domain simulation [58,59]. For metals with plasmonic effects in the visible
light range, such as silver and gold, the complex refractive index has to be represented by a large number
of terms in the Lorentz-Drude model [60] leading to a long calculation time. However, for frequency-
domain methods, one can directly employ experimental refractive indices. Another challenge in time-
domain methods is to treat periodic boundary conditions (in contrast to frequent-domain methods)
for oblique incident waves [61]. In most places, unless a solar panel is mounted on an expensive
tracking system, most of the time, light is incident on the array obliquely. Hence, the capability of
frequency-domain methods to handle the case of oblique incidence is clearly an important advantage
over time-domain methods. Meanwhile, time-domain methods have a concern in numerical dispersion
and instability in contrast to frequency-domain methods [62, 63]. This drawback becomes more severe if
a 3D large-scale OSC structure is investigated. A significant merit inherent from time-domain methods
is a broadband simulation covering the whole solar spectrum of interest. The frequency-domain methods
can employ parallel computing techniques to circumvent the problem.

Integral equation methods versus differential equation methods. Differential equation methods
including finite-difference and finite-element algorithms [58, 59, 63, 64] handle a variety of inhomogeneous
boundary conditions conveniently. The methods are suitable for modeling complicated device structures
of OSCs incorporated with metallic nanostructures and nanomaterials. The generated matrix by
differential equation methods is sparse matrix because of the ‘local’ differential operators of Maxwell’s
equations or wave equations. The methods consume a memory cost of O(N) and complexity of O(N)
per matrix-vector multiplication by using Krylov subspace iteration algorithm [62,65,66]. Besides,
multifrontal or multigrid methods [67,68] can be used to accelerate the computation of the solution to
differential equations. To model interactions between light and OSCs, an efficient absorption boundary
condition, as well as additional volume grids enclosing the OSC device, shall be imposed.

In comparison with differential equation methods, integral equation methods [55,62,64] establish
connections between field components and equivalent currents by using ‘global’ integral operators
represented with the dyadic Green’s functions. Consequently, integral equation methods have higher
accuracy but produce full dense matrix. Matrix-free fast algorithms [55, 67, 69-75], such as fast Fourier
transform and fast multipole methods, can considerably reduce computer resources (memory and
CPU time) occupied by the dense matrix. Thanks to the Green’s tensor, integral equation methods
automatically satisfy the radiation boundary condition although it needs singularity treatments.
Particularly, surface integral equation method (boundary element method) with a unique feature of
surface triangulation has much less unknowns compared to volume integral equation method and
differential equation methods. However, the surface integral equation method can only model a
homogenous or piecewise-homogenous structure. Regarding a complex inhomogeneity in plasmonic
OSCs with multiplayer device structures, the near-field computation by the surface integral equation
method is hard to be implemented.

Mode-matching methods. Mode-matching method [76-79] is a commonly-adopted technique for
modeling optical structures consisting of two or more separated regions. It is based on expanding
the fields and matching them at the boundaries of different regions and thus lends itself naturally
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to the analysis of multilayer optical devices. Most representatives of mode-matching methods involve
rigorous coupled-wave analysis, scattering matrix method, and plane wave expansion method. Using few
computer resources, these methods are very useful in studying optical responses of periodic-patterned
OSC devices [80]. The zero-order and high-order transmittance and reflectance can be trivially obtained.
However, mode-matching methods are not suited for characterizing plasmonic effects. On one hand, a
large number of modes are required to capture plasmonic mode couplings resulting in a bad convergence.
On the other hand, computing optical absorption of active materials for the OSCs incorporating metal
nanostructures is difficult. The total absorbance (1-R-T) of OSC devices cannot correctly represent
the optical absorption of active materials, and a postprocessing procedure is required for excluding
the metallic absorption [43,80]. Additionally, cascading many layer media with repeated matrix
multiplications will lead to instability and bad accuracy, which always occurs in the OSCs with curved
geometries.

Generation rate extraction. To model optical properties of OSCs with Maxwell’s equations,
the finite-difference frequency-domain method [29], integral equation with fast Fourier transform
algorithm [48], and scattering matrix approach [80] can be used. After obtaining optical electric fields,
the exciton generation rate G can be evaluated by

800

G(r) = [ S-eon(A)ki(A)[E(r, NPT (A)dA (2)

400
where n, and k, are the real and imaginary parts of refractive indices of active materials, h is the plank
constant, and I' is the AM 1.5G solar spectrum.

Optical and Electrical Properties Modeling. The performance of OSCs depends not only on photon
harvesting but also on photocarrier transport. An electrical model is essential to understand full physics
of OSCs. We have developed a unified finite-difference approach to characterize both optical and
electrical (multiphysical) properties of OSCs. Figure 1 shows the schematic pattern of the multiphysical
model.
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Figure 1. A multiphysics (optical and electrical) model for plasmonic OSCs.

Considering most polymers are strongly dispersive in the visible light range, the finite-difference
frequency-domain method [29] can be adopted to discretize Maxwell’s equations (See Equation (1)), the
first-order differential operator can be approximated as

of| _ fli+1/2)— fi-1/2)
x|, Ax

(3)
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The complex-coordinate stretched perfectly matched layer (PML) [81,82] can be employed to absorb
outgoing waves scattered from OSCs

0 10
= - - = =17 4
0% s, 0z’ Sz J WEQ (4)
where ¢, is the permittivity of free space, and ¢ is the conductivity of PML. Regarding 3D OSC devices

with a 2D periodicity, Floquet-Bloch theorem can be used at the lateral sides of OSCs, i.e.,
E(I‘ + PI) Yy + Pya Z) = E(ﬂ?7 Y, Z) exp(_]kIOPx) exp(_jkyOPy) (5)
where P, and P, are the periodicities along the x and y directions, respectively. k;, and ky, are the x
and y components of wave numbers of the incident light, respectively.
For modeling photocarrier transport, recombination and collections in OSCs, three coupled

nonlinear partial different equations (PDEs) including Poisson equation, drift-diffusion equation, and
continuity equation [83-86] have to be solved.

V- (eV9) = —alp—n) (6)
(Zj; _ ;v.(qﬂnnEﬁanw) +QG-(1-QR (7)
gfz _ —2v (quppEy — gDVp) + QG — (1 — Q)R 8)

where ¢ is the electron charge, ¢ is the potential, and n and p are electron and hole concentrations
respectively. u, and p, are field-dependent mobility with the Frenkel-Poole form respectively for
electrons and holes [87]. Moreover, D,, and D, are diffusion coefficients of electrons and holes
respectively, which can be accessed by the Einstein relations D, , = ,unypkBTT. In addition, @ is the
exciton dissociation probability expressed by the Onsager-Braun model [88,89], R is the recombination
rate with the Langevin bimolecular form [90], and G is the exciton generation rate obtained by the
optical model (See Equation (2)). Particularly, the internal electrostatic fields considering extraction
and injection barriers between carrier transport layers and the active layer are given by [23, 83]

VX kBT

E, = -Vo¢— VIR TV [In (V)] (9)
E, = ~Vé - qu - qug + ’“Bqu In (V)] (10)

where F,, and E, are the internal electric fields for electrons and holes respectively, x is the electron
affinity, and E, is the band gap. N, and N, are effective density of states (DOS) for electron and
hole conducting materials, respectively. The extraction or injection barrier can be formed by the
discontinuities of the electron affinity and effective DOS at the heterojunction interfaces between carrier
transport layers and the active layer.

Boundary conditions are important to simulate electrical responses of OSCs. The potential
boundary condition for the Schottky contact is [83]

W,

¢ = Vapp — T (11)

where W, is the work function of metal electrodes and V,,,, is the applied bias voltage. For the ohmic
contact, the built-in potential relates to the difference between HOMO (highest occupied molecular
orbital) and LUMO (lowest unoccupied molecular orbital) of carrier transport materials. The Neumann
(floating) boundary condition is used to truncate the lateral sides of OSCs

ny Vo =0 (12)
where ny is the unit vector normal to the non-electrode boundaries. Considering a finite surface
recombination velocity and image force effect, the boundary conditions for currents at electrodes

(organic-metal interfaces) shall adopt the Scott and Malliaras model [91]. Under infinite surface
recombination velocity condition and ignoring the image force effect,

n = Neexp(—¢p/ksT), p= Nyexp((—E4+ ¢5)/kpT) at cathode (13)
p = Nyexp (—¢%/kpT), n=Ncexp ((—Ey+ ¢%) /kpT) at anode (14)
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where ¢’ is the injection barrier between LUMO of the electron transport material and cathode, and
7. is the injection barrier between HOMO of the hole transport material and anode.

For the space domain, we employed the Scharfetter-Gummel scheme [83,86] to approximate the
spatial differential operators. For the time domain, the semi-implicit strategy is utilized [83,86]. For
sparse matrix inversions, multifrontal fast solver was adopted [68]. Regarding algorithm details, please
refer to our published works [23, 86, 92].

2. THE OPTICAL AND ELECTRICAL EFFECTS OF METAL NANOMATERIALS
IN ACTIVE LAYERS

2.1. Optical Effects

Through various optical effects of nanomaterials such as LPR, scattering, etc. [39], it is possible to
modify the light absorption of OSCs. There are many reports about incorporating metal nanomaterials
into active layers to enhance light absorption in the OSCs [5,8-10, 34, 42-44,48,93-113]. Active layer
is a region which can absorb light and convert the absorbed light into charge carriers [114-116].
Generally, the materials, concentrations, shapes, sizes of the nanomaterials will strongly affect the
optical effects [9, 39, 44, 109).

From materials point of view, the reports about embedding gold (Au) and silver (Ag) nanomaterials
into active layer are popularly reported in recent years. Figures 2(a)—(c) show the results of Au
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Figure 2. (a) Schematic of the OSC with incorporating Au nanoparticles, (b) SEM image of Au
nanoparticles; inset of (b) is a schematic graph of Au nanoparticle, (¢) experimental diffused reflection
of the OSCs with (red line) or without (black line) incorporated Au nanoparticles into the active
layer [109], (d) theoretical near field of Au nanoparticle when the Au nanoparticle with size of 18 nm
is embedded into active layer [44], (e) theoretical contour-plot of |Exp|?/|Eo|?, where Exp and Ej
denote the F field with and without nanoparticles, respectively at wavelength of 690nm [99], (f)

theoretical absorption enhancement of different metal nanoparticles incorporated into the active layer
of PCPDTBT: PC;BM [97].
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nanoparticles incorporated into the active layer of poly(3-hexylthiophene) (P3HT):/[6,6]-phenyl Crg
butyric acid methyl-ester (PC7oBM). As shown in Figure 2(c), the diffused reflectance spectra of the
device fabricated with and without Au nanoparticles in P3HT /PC7oBM. The lower reflectivity of the
device with Au nanoparticles indicates stronger absorption of the incident light. The improvement
of absorption can be explained by the LPR effect and scattering of nanoparticles [109]. At the
optimized blend ratio (5% Au nanoparticles), the short circuit current (Js.) and power conversion
efficiency (PCE) increase from 10.65mA cm~2 and 3.49% to 11.18 mA c¢cm~? and 4.36%, respectively.
Besides Au nanoparticles, Ag shows a most effectively optical trapping potential due to its relatively
stronger scattering efficiency among noble metals in the visible range. In the report of Ref. [111],
positive optical-trapping effects have been demonstrated through the addition of Ag nanoparticles
with controlled diameter size in active layer. The optical effects of Au nanoparticles incorporated
into the active layer of OSCs with other donor polymers such as poly|[2,7-(9,9-dioctylfluorene)-alt-2-
((4-(diphenylamino)phenyl)thiophen-2-yl)malononitrile] (PFSDCN) are also investigated in detail [44].
The work shows that LSPR excited by the metal nanoparticles can enhance the light absorption in
the active layer of OSCs because the strong near field mainly distributes laterally along the active
layer as described in Figure 2(d). Besides, the near-field interactions between Ag nanoparticle surface
plasmons and small molecules excitons in thin-films have been studied. As shown in Figure 2(e), very
large field enhancement close to the Ag nanoparticles (NPs) surface has also been observed like the case
shown in Figure 2(d), which will contribute to the absorption enhancement. In addition, the near-field
plasmon-exciton interactions between Ag NPs and organic molecules in thin-film have been probed
experimentally by time-averaged and time-resolved photoluminescence (PL) measurement, which are
used to determine the distance dependence of the plasmon-exciton interaction when a transparent, non-
emitting spacer layer between the organic emitter and the Ag NPs is applied [99,117]. Besides, large
AuAg alloy nanoparticles have been introduced in organic media using a one-plot reaction and enhance
the PCE of OSCs by taking advantage of plasmonic light-trapping effect [118]. Theoretically, it is found
that Al nanoparticles yield significantly greater enhancement than Ag or Au nanoparticles because much
higher plasma frequency of Al nanoparticles ensures a better overlap between plasmon resonance and
absorption band of OSCs (Figure 2(f)) [97]. Cu nanoparticles are also reported absorption and current
enhancement [106]. Although metals such as Al, Cu are more low-cost in fabricating metal-enhanced
OSCs, the synthesis of Al and Cu nanomaterials with well-controlled sizes and shapes and the concerns
of oxidation need to be further investigated in the future.

The shape and size of metal nanomaterials (e.g., nanoparticles) are extensively demonstrated to
show significant effect on the optical absorption [8,9,95,110]. Earlier research on metal nanoparticles
introduced into active layer focused on relatively small particles with diameter less than 10 nm. Although
optically small nanoparticles create a very strong near field around the nanoparticles and enhance
absorption of the active layer, too small nanoparticles embedded into active layer will partly decrease
the PCE of OSCs mostly likely due to the large absorption loss portion in the extinction and quenching of
the excited state in the polymer and segregation phenomena [107]. Relatively large metal nanoparticles
(high order modes plasmonics contribute to scattering) can reflect and scatter more light and thereby
increase the optical path length within the active layer [49,109-111]. As shown in Figures 3(a) and (b),
the absorption intensity of active layer gradually enhances as concentration of Au nanoparticles in the
active layer increases. Especially, compared with small metal nanoparticles (20nm diameter), a strong
light-trapping ability is shown when relative large metal nanoparticles (50 nm diameter) are introduced
(Figures 3(a) and (b)) [49].

Apart from the metal nanoparticles, other differently shaped nanomaterials are recently introduced
into active layer for PCE enhancement. For example, Ag nanowires are demonstrated to improve
absorption and PCE more effectively by addition into the active layer [95]. By comparing Ag
nanowires with Ag nanoparticles, they find the Ag nanowire exhibits a stronger light-trapping ability
(Figure 3(c)). In addition, Ag nanoplates embedded into OSCs also show obvious light-trapping
effects compared that of Ag nanospheres [110]. Meanwhile, triangular Ag nanoprisms show many
interesting properties including large electromagnetic field enhancement particularly at the nanoprism
corners, broad tunability of their plasmon resonances across the visible spectrum, and self-assembly
without aggregation due to the surfactant on nanoprism in the active layer [119]. By incorporating Ag
nanoprisms into PSHT:PCBM active layer and further studying the surface plasmon Raman spectrum
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Figure 3. Extracted absorption (1-diffused reflection-transmission) of active layer with incorporated
different sized metal nanoparticles: (a) 20nm Ag nanoparticle, (b) 50nm Ag nanoparticle [49], (c)
absorption of the active layer with incorporated different shaped metal nanomaterials. Inset of
Figure 3(c) is the absorption of Ag nanowire in water [95], (d) normalized absorption of active layer
with incorporated different shaped nanomaterials [9].

(SERS) to better study the plasmonic-enhanced OSCs [119], it is found that the Raman intensity of
polymer (active layer) will be drastically enhanced if the plasmonic peak of the metal nanomaterials
incorporated into the active layer matches well with the laser wavelength of the Raman instrument.
In order to provide an electrically insulating surface that does not interfere with carrier generation
and transport inside the active layer, some work introduce silica-coated Ag or Au nanospheres into the
active layer for high performance OSCs [8,93]. Most of these studies show that the shape of the metal
nanomaterials is a critical factor in maximizing the light scattering and trapping in OSCs.

The resonant wavelength region of metal nanomaterials is typically narrow, determined by the
nanomaterials size, shape, and its local dielectric environment, which inevitably limits the PCE
enhancement to a narrow spectral range. Meanwhile, sunlight is a broadband light source. It is desirable
to extend wavelength region of the enhanced light absorption by using plasmonic nanostructures.
Recently, a new method based on combining differently shaped nanomaterials of Ag nanoparticles
and Ag nanoprisms has been proposed and demonstrated to achieve broad spectral enhancement range
(Figure 3(d)) [9]. The results demonstrated Js. enhancements of 17.91%, PCE enhancement of 19.44%
as compared to pre-optimized control OSCs.

2.2. Electrical Effects

Regarding the electrical effects of the metal nanomaterials on OSCs, the metal nanomaterials can
improve the charge carrier transport in the active layer. An early report of nanoparticles incorporated
in active layer has stated that the increase of solar cell performance may be due to the introduction of
dopant states which increase the electrical conductivity of the active layer [96]. Recently, incorporation
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of Ag nanowire into the active layer of OSCs has been shown to increase both hole and electron
mobility. Through the time-of-flight method for measuring mobility, it is reported that the active
layer film has a 1.5 times larger electron mobility /hole mobility after the introduction of Ag nanowires
into the active layer. As a result, an improved PCE has been observed [95]. Importantly, it is
found that the increased hole mobility and better balance of electron and hole mobilities can be
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Figure 4. (a) Hole-only device with and without metal nanomaterials [9], (b) Au nanoparticle
concentration effect on the mobility in the OSCs, (c) Au nanoparticles concentration effect on incident
photon to current efficiency (IPCE) of OSCs with or without embedded metal nanoparticles into OSCs,
and (d) Au nanoparticles concentration effect on the absorption of device with or without embedded
metal nanoparticles into OSCs. Inset of Figure 4(d) is the theory study on concentration effect on the
absorption of device with or without embedded metal nanoparticles into OSCs [44], (e) schematic of
three different samples for photoinduced absorption spectroscopy measurements using KNP-525 silver
nanoprisms, and (f) in-phase (X-channel) photoinduced absorption spectroscopy spectra for the two
blend samples and the control sample using a blue pump (455 nm) LED [10].
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achieved when incorporating Au or Ag nanomaterials into active layer, which can partly account for the
increased Js. and the higher fill factor (FF) [5,9,49]. The FF is defined as the ratio of the maximum
output power to the product of the Js. and open circuit voltage (Voc), which is a key parameter
in characterizing solar cell performance. As shown in Figure 4(a), the hole mobility improves from
1.14-10~"m?V~—1s71 (control) to 2.23- 107" m?V~1s~! (with Ag nanoparticles), 2.60E - 107" m?V~1s~1
(Ag nanoprisms), and 2.60 - 107" m?V~!s~! (Ag nanoparticles + nanoprisms), determined by the
space-charge-limited current (SCLC) model together with hole-dominated devices with structures of
ITO /poly-(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) (30 nm)/P3HT:PCBM
(220nm) with and without Ag nanomaterials/MoOgs (15nm)/Ag [9].

In addition, the carrier mobilities are also affected by the concentration of metal nanoparticles
doped into the active layer [44]. As shown in Figures 4(b)—(d), at high concentration compared to
optimized concentration, the carrier mobility is expected to be degraded (Figure 4(b)); and then OSCs
will encounter deterioration of device performances (Figure 4(d)) although the absorption of OSCs
continuously increases to higher value (Figure 4(c)). It is also reported that the concentration of metal
nanoparticles in the active layer is proportional to the optical absorption enhancement of active layer but
will produce partially different electrical effect, such as decreased V,. and FF [109-111]. Therefore, it is
very important to carefully tune the concentration of metal nanoparticles for achieving metal-enhance
organic solar cells.

Besides affecting carrier mobilities, the metal nanomaterials incorporating into the active layer will
produce positive effect on photogeneration rate. Very recently, Ginger et al. have reported a plasmon-
enhanced charge carrier generation in organic photovoltaic films using silver nanoprisms by photoinduced
absorption spectroscopy, which provides a new route to metal-enhanced organic solar cells (Figures 4(e)
and (f)) [10]. In general, reports about enhancing PCE by dispersing metal nanoparticles in the active
layer of OSCs are very popular and the corresponding effects and roles including improving optical and
electrical properties have already sufficiently revealed.

3. THE OPTICAL AND ELECTRICAL EFFECTS OF METAL NANOMATERIALS
IN CARRIER TRANSPORT LAYERS

3.1. Optical Effects

Light trapping is an important strategy for thin-film OSCs to improve light absorption and thus the
device performance [49,120,121]. Enabled by LPRs, metallic nanomaterials embedded in the active
layer have been extensively studied for improving the light absorption of OSCs as described in previous
section. Nevertheless, when the metallic nanomaterials are incorporated into the interface layer, it is
a matter for debate whether the improved performance of OSCs is mainly due to the direct optical
enhancement in the light absorption of OSC devices.

It is reported that the incorporation of plasmonic Ag nanoparticles (with a size of ~ 13 nm) between
the surface modified electrode and the PEDOT:PSS hole transporting layer [17]. The authors attribute
the increased PCE of the NP-embedded OSCs mainly to the improved photocurrent density as a result
of enhanced absorption of the photoactive conjugate polymer. Meanwhile, Au nanoparticles with size
of 70-80nm have been added into the interconnecting layer of PEDOT:PSS in an inverted plasmonic
polymer tandem solar cell [6]. The authors demonstrated simultaneous enhancement in efficiencies of
both the top and bottom subcells. The improvement is ascribed to the enhanced optical absorption
from the Au NPs without degrading the electrical characteristics within the tandem cell as shown
in Figure 5(a). For the large Au NPs, high-order quadrupole distribution of the near-field can be
obtained. In two other different studies, the enhanced performance of OSCs using nanoparticle blended
PEDOT:PSS layer are also observed [122,123]. Besides improved optical absorption, the enhancement
is also from the increase of the probability of exciton dissociation. Differently, some theoretical and
experimental results rule out direct optical effects from Au NPs doped in the PEDOT:PSS layer within
OSC devices particularly for Au NPs with size smaller than thickness of the carrier transport layer, as
there is no clear light absorption enhancement observed in the active layer as shown in Figure 5(b) [4].
Theoretical modeling conducted by the authors indicates that the very strong near field around Au NPs
from the dipole resonance of LPRs mainly distributes laterally along the PEDOT:PSS layer rather than
vertically into the adjacent active layer as shown in Figure 5(c). As a result, only relatively small optical
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Figure 5. (a) Comparison of tandem cells results with and without Au NPs in the PEDOT:PSS
layer: (left) absorption of the tandem solar cell (inset shows extinction spectrum of Au solution),
and (right) external quantum efficiency of the tandem solar cell [6]; (b) absorbance of the
PEDOT:PSS/P3HT:PCBM film with or without Au NP incorporation (0.32wt%), with inset showing
theoretical absorption enhancement factor [4]; (c¢) theoretical electric field profile in the PEDOT:PSS:Au
NPs/P3HT:PCBM PSCs [4].

enhancement can be obtained. Further investigation reveals the underlying origin for the enhanced OSC
performance to be the electrical and morphological changes introduced by the metallic NPs, i.e., reduced
PEDQOT:PSS resistance, increased interfacial roughness which contributes to the improvement of hole
collection efficiency and reduced exciton quenching.

3.2. Material Effects of Metallic Nanomaterials for Interface Modification

Besides the potential optical enhancement, the material effects of the nanoscale metal are very interesting
aspects of the metallic nanomaterials which are equally important for improving the performance
of OSCs. When incorporated at the interface, the metallic nanomaterials can have a series of
material effects on the properties of OSCs such as electrical characteristics, interface morphology,
energy alignment and surface wettability. Commonly used interface layers such as PEDOT:PSS can
be a problematic issue for the stability and performance of OSCs for several reasons. The aqueous
PEDOT:PSS suspensions are strongly acidic (pH ~ 1) [124] and can potentially introduce water into the
active layer [125]. In this regard, metallic nanomaterials incorporated between the active layer and the
electrodes can provide PEDOT-free interface modifications with better energy aligning capabilities due
to the wide selection range of materials and available treatments. It has been reported that an ultra-thin
layer of metal nanoclusters at the anode can provide reduced energy barrier for hole collection, leading
to improved performance in small molecule OSCs compared to the case without the nanoclusters [18, 19].
Moreover, a PEDOT-free approach was reported using UV-ozone (UVO) treated Au nanoclusters at
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Figure 6. J-V characteristics of the representative OSCs using UVO treated Au nanoclusters and
reference PEDOT layer [20].

Table 1. Performance of the OSCs using different UVO treated Au nanoclusters. The device structure
is ITO/Au (rnm)/P3HT:PCBM/LiF/Al, and the structure of the conventional PEDOT-based PSC is
ITO/PEDOT:PSS/P3HT:PCBM/LiF /Al [20].

Au thickness: x (nm) | Jsc (mA/cm?) | Voc (V) | FF (%) | PCE (%) | Rs (2 cm?)
0 8.33 0.52 55.9 2.42 2.8
1 8.75 0.59 67.2 3.47 1.8
2 8.52 0.57 63.9 3.1 2
3 6.94 0.56 64.2 2.5 1.8
) 5.78 0.55 62.2 1.98 2.1
8 4.59 0.55 60 1.51 2.9
15 3.65 0.55 58 1.16 4.8
PEDOT-based 9.33 0.6 60.4 3.38 3.2

the anode interface in polymer solar cells as shown in Figure 6 [20]. The OSCs using the treated Au
nanoclusters exhibited enhanced performance comparable to devices using PEDOT:PSS layer, while
avoid stability issues arising from the PEDOT:PSS. The results showed that the UVO-treated Au offers
favorable band alignment at the ITO/polymer interface for efficient hole collection, meanwhile reducing
the series resistance as shown in Table 1.

More importantly, metallic nanomaterials have demonstrated potential applications as effective
interface modifications for graphene electrode, which is a promising candidate for next generation
flexible OSCs. Commonly used electrode materials such as indium tin oxide (ITO) have been reported
with issues of being relatively expensive [126] chemically unstable [127] and brittle [128] which is not
compatible with the flexible organic materials. On the other hand, the newly emerged graphene
has competitive optical transparency [129] and electrical conductivity [130], while being potentially
advantageous for low-cost and large-area production [131]. Furthermore, graphene electrode has been
reported to be more mechanically robust and flexible than ITO, showing superior performance under
bending [132-134]. By introducing a thin layer of Au nanoclusters on multi-layer graphene anode in OSC
devices with shortened UVO treatment as shown in Figure 7(a) [21], graphene OSCs with enhanced FF
and PCE are obtained, exhibiting better performance compared to graphene devices directly modified
with PEDOT:PSS and UVO. Further analysis shows that the UVO treated Au nanoclusters considerably
increase the work function of graphene anode to facilitate hole collection as shown in Figure 7(b). In
addition, the improved interfacial contact and shortened UVO durations reduce the series resistance of
OSCs significantly. In a more recent study, an Al-TiOy composite modified graphene cathode for OSCs
was reported [22]. The evaporated Al nanoclusters in the composite benefit the graphene cathode
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Figure 7. (a) Illuminated J-V characteristics of representative graphene OSCs using PEDOT and
UVO treated Au nanocluster layer, inset summarizes the performance of respective graphene OSCs
and reference ITO device [21]; (b) UPS spectra of graphene samples with different UVO treated Au
nanocluster layers [21]; (c) surface contact angles of (left) graphene and (right) graphene/Al (~ 0.5 nm)
samples [22].

by simultaneously achieving two roles, which are improving the surface wettability of graphene for
subsequent TiOy deposition (see Figure 7(c)) and reducing its work function to offer better energy
alignment. Consequently, the graphene cathode modified with Al-TiOs composite in inverted OSCs
gave rise to one of the highest PCEs for graphene cathode OSCs (2.58%), reaching ~ 75% performance
of control devices using ITO.

3.3. Plasmonic-electrical Effects of Metallic Nanomaterials for Enhanced Carrier
Extraction

Previously, studies on the enhanced performance of OSCs generally focused on the individual effects
from the optical and material aspects of the metallic nanomaterials, while it is quite interesting to
investigate the changes in electrical properties directly induced by the optical plasmonic resonances
in the semiconductor-metal (metallic nanomaterials) composite interface layer (hereafter named as the
plasmonic-electrical effects) which can significantly improve the charge extraction in OSCs. UV light
soaking is an interesting phenomenon observed in wide-bandgap semiconducting metal oxides such as
TiOg and ZnO, where UV light is required to activate the carrier transport of the oxide layers. For
TiO9, the UV-excited electrons can fill the shallow electron traps in order to provide favorable electron
extraction [135]. However, the required high-energy UV exposure for the metal oxide charge transport
layers to become fully functional and efficient may degrade the organic materials in organic devices [136].

The use of metallic nanomaterials in metal oxide for photocatalytics and photoelectrochemistry
applications has been previously reported [137-140]. Accordingly, under visible illumination with photon
energy well below the UV region (near the plasmon resonance band of the metallic nanostructures),
the presence of metallic nanostructures can lead to noticeable photocatalytic enhancements in the
metal oxide layer. However, the physical mechanism of the enhancements remains inconclusive.
Some studies suggest the injection of energetically active carriers (named as hot carriers) from
the plasmonically excited Au/Ag NPs to TiO2 to be responsible for the observed photocatalytic
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Figure 8. (a) J-V characteristics of P3BHT:PCg;BM OSCs measured under monochromatic light of
532 nm and 600 nm with pristine TiO2 and NPTiO2 composite (TiO2+Au NPs) as the electron transport
layers (for pristine TiO9 only J-V characteristics under 532 nm monochromatic light are shown) [23];
(b) representative AM1.5G J-V characteristics of inverted single-junction PTB7:PC7;BM OSCs with
TiOy and NPTiO2 composite (with the optimized NP concentration) as the electron transport layers;
the device performances are summarized in the inset [23].

enhancement [137,140,141]. Meanwhile, some other studies report that such improvement of
photocatalytic activity in the visible region is due to the local electric field enhancement near the
TiOs surface, rather than by the direct transfer of charges between the metallic nanostructures and
TiO2 [138].

Recently, an efficient TiOgy electron transport layer (ETL) for OSCs utilizing the plasmonic-
electrical effects from metallic nanomaterials has been reported [23]. In the absence of Au NPs, OSCs
using pristine TiOg ETL can only operate by UV activation with very short wavelength (< 400nm),
otherwise S-shape J-V characteristics are observed indicating poor device performance. On the other
hand, OSCs using Au NPs incorporated TiOg is readily activated by a plasmonic wavelength (560—
600nm) which is far longer than the originally necessary UV light as shown in Figure 8(a). The
performance of OSCs with different polymer active layers is further enhanced and an optimal efficiency
of 8.74% is reached (see Figure 8(b)). Based on rigorously solving the Maxwell’s equations and organic
semiconductor equations an integrated optical and electrical model (i.e., a multiphysics model) as
described in previously section is introduced in this work, which takes into account plasmonic-induced
hot carrier tunneling probability and extraction barrier between TiO2 and the active layer. Notably,
both the theoretical and experimental results show that the contributions of metallic NPs in the oxide
ETL of OSCs are the injection of plasmonically generated hot carriers into TiOs. The hot carriers can
fill the trap states in TiOy and therefore lower the effective extraction barrier. As a result, efficient
carrier extraction in OSCs is introduced by this interesting mechanism facilitate.

4. CONCLUSIONS

In this article, we have summarized the effects of metallic nanomaterials on OSCs. The fundamental
physics of various optical resonances and the approaches for modeling the optical and electrical
properties of OSCs are described. By incorporating various metallic nanomaterials into the active
layers, both the electrical and optical properties of OSCs will be modified. In addition, the shape,
concentration and size of the metallic nanomaterials and the optical environment will also change the
effects of the metallic nanomaterials for enhancing the performance of OSCs. For carrier transport layers,
besides the optical and electrical effects, metallic nanomaterials will also change the interface properties
including the wettability and worfunction. The interesting plamonic-electrical effects are also studied.
Consequently, with the comprehensive understanding and appropriately introducing the multiphysical
effects of metallic nanomaterials into various layers of OSCs, a new class of organic photovoltaics can
be developed for emerging green energy applications.
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