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organic absorbing layers to achieve effi -
cient charge dissociation and transport in 
devices. [ 6–8 ]  Severe charge recombination 
that decreases the fi ll factor (FF) of PSCs 
becomes more prevalent as the thickness 
of the active layers increases. [ 9 ]  In addi-
tion, thin absorbing layers induce remark-
able optical dissipation, which causes an 
inhomogeneous electromagnetic (i.e., 
optical) fi eld distribution to form within 
the device that limits the harvested pho-
tocurrent ( J  SC ) despite internal quantum 
effi ciencies (IQEs) approaching 100% for 
select architectures. [ 10 ]  

 To boost the light-harvesting effi ciency 
of PSCs, researchers have developed 
sophisticated polymers with high carrier 
mobilities, which improves charge disso-
ciation and transport in thick active layers 
(>180 nm). [ 11–16 ]  Additionally, optical engi-
neering was introduced to enhance light 
trapping in devices, and signifi cant optical 
enhancement has been realized via a 

number of approaches in recent years. To capture the essence 
of these optical engineering strategies, we herein provide a 
comprehensive overview of recent developments in effi cient 
PSCs with a focus on electrode engineering. First, we review 
the optical strategies exploited in PSCs thus far and follow 
with a detailed discussion on the diversity of electrode designs. 
The recently reported microcavity resonance effects arising 
from planar electrodes will be highlighted, due to the resulting 
enhancements in PSC photovoltaic performance. We conclude 
this review with a perspective on the future development of 
microcavity resonance effects for high-performance PSCs.  

  2.     Optical Engineering in PSCs 

 To date, optical engineering has been applied extensively in 
PSCs to enhance the light absorption of the organic absorbers, 
which consequently improves their resultant EQEs. For a thin-
fi lm PSC in which the thickness of the active layer approaches 
the wavelength of the visible spectrum, the spatial distribution 
of the optical fi eld within it is determined by the interference 
of incident light between the transmitted and refl ected waves at 
each internal interface, which in turn affects charge generation 
within the organic absorbing layer. [ 17–19 ]  

 To date, a variety of strategies with distinct mechanisms has 
been employed to enhance the optical density in the photoac-
tive region of PSCs. The most direct approach is to incorporate 
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  1.     Introduction 

 Inexpensive and lightweight polymer solar cells (PSCs) have 
attracted considerable research interest in the past decade due 
to their fl exibility and low-temperature solution processability. 
These inherent advantages make PSCs more compatible for 
scalable roll-to-roll fabrication than their inorganic counter-
parts. [ 1 ]  Thus far, power conversion effi ciencies (PCEs) greater 
than 10% have been realized in bulk-heterojunction (BHJ) 
PSCs, demonstrating the promising potential of PSCs for 
future large-scale commercialization. [ 2–5 ]  

 To develop high-performance PSCs, the most critical chal-
lenge lies in the incomplete absorption of incident light arising 
from thin photoactive layers (≈100–180 nm). The intrinsically 
high exciton binding energy, short exciton diffusion length, and 
low carrier mobility of organic semiconductors necessitate thin 
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an additional anti-refl ection (AR) layer ( Figure    1  a) or a light 
in-coupling texture at the front surface of device (Figure  1 b). 
Such a buffer layer can reduce the refl ection loss of the inci-
dent light and thus increase the light coupling into the device. 
For example, Xue et al. utilized a transparent polymeric micro-
lens texture molded on the front side of the device to increase 
the light-trapping inside the organic active layer, resulting in a 
15–60% enhancement in PCE (Figure  1 d, left). [ 20 ]  A polymeric 
retrorefl ective texture has also been successfully applied by 
Janssen et al. to alter the angle of the incident light and reduce 
the light refl ection simultaneously, yielding a 19% increase 
in PCE (Figure  1 d, middle). [ 21 ]  More recently, Tang et al. inte-
grated a moth eye antirefl ective texture along with the moth eye 
nanostructured active layer to yield a  J  SC  enhanced by 24.3% 
for the P3HT:IC 60 BA BHJ PSC and a promising PCE of 7.86% 
(Figure  1 d, right). [ 22 ]   

 Incorporating an optical spacer in a stratifi ed PSC is another 
facile way to increase the optical fi eld inside the active layer. 
This additional layer can alter the optical interference inside a 
multi-layered device to modulate the intensity of optical fi led in 
the photoactive region. Consequently, the exciton density gen-
erated in the active layer can be increased to improve the  J  SC  of 
the device. [ 23–28 ]  

 Constructing a multi-junction tandem PSC is another pre-
vailing method used to improve light-harvesting effi ciency. [ 2,29 ]  
The multi-junction confi guration extends the optical path in the 
tandem PSC to maximize the total number of absorbed pho-
tons in the photoactive regions. In addition, the decreasing 
bandgap (E g ) of the individual sub-junctions broadens the light 
absorption window of the tandem PSC. Given these advan-
tages, record-high PCEs of 11.3% and 11.8% in PSCs have 
been achieved in series-connected double-junction and triple-
junction devices, respectively, where the sub-junctions with cas-
cading E g s were sequentially stacked. [ 5,30 ]  

 The decreased effectiveness of geometric light scattering 
for thin-fi lm PSCs with active layer thicknesses comparable to 
the wavelength of the visible light [ 31–33 ]  has inspired the recent 
development of coherent light-trapping strategies based on 
wave optics (Figure  1 c). [ 17,18 ]  By exploiting the wave nature of 
light, light trapping in the device can be enhanced through 
optical interference to confi ne the optical fi eld of the incident 
radiations in the photoactive region. Based on this principle, 
numerous approaches including the use of photonic crystals, [ 34 ]  
metal nanomaterials and nanostructures, [ 35–39 ]  and resonant 
cavities [ 40–43 ]  have been employed to enhance the light-trapping 
and resulting PCE in thin-fi lm PSCs. 

 To date, plasmonic-enhanced PSCs that employ metal 
nanomaterials or nanostructures in devices have attracted 
sizable research interest (Figure  1 e). [ 35–37,39 ]  The associated 
optical modes for plasmonic-enhanced PSCs mainly include 
quasi-guided modes (Figure  1 e, left), surface plasmonic reso-
nance (SPR) effects (Figure  1 e, middle), and localized surface 
plasmon resonance (LSPR) effects (Figure  1 e, right). In-depth, 
fundamental introductions of the underlying optical physics 
for plasmonic-enhanced PSCs can be found in other review 
articles. [ 17,18,35–37 ]  Generally, employing nanostructured metal 
electrodes in the devices can induce SPR effects at the corre-
sponding metal-organic interfaces. Meanwhile, LSPR effects 
can be introduced into the thin-fi lm PSCs by incorporating 
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metal nanomaterials into the constituent interlayers of the 
devices, such as the charge-transporting layers (CTLs) and the 
active layer. Notably, the LSPR peaks of the nanomaterials can 
be tailored by manipulating the size, composition, and shape 
of the nanomaterial. [ 43–54 ]  We note that these plasmonic effects 
might have a more profound infl uence on organic absorbers 
than their inorganic counterparts due to their much smaller 
refractive indices, which can enable stronger overlapping 
between the derived plasmonic effects and the solar spectrum. 
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 Recently reported plasmonic-enhanced PSCs utilize either 
LSPR, SPR, or a combination of the two to enhance light-trap-
ping in devices. For instance, Hou and Choy et al. have intro-
duced cooperative resonance effects of LSPR and SPR into the 
PSC by using dual plasmonic nanostructures in a device, where 
the gold nanoparticles (Au NPs) were embedded in the active 
layer along with a top silver (Ag) nanograting electrode. [ 52 ]  As a 
result, the PCE of a PBDTTT-C-T:PC 71 BM BHJ device improved 
from 7.59% to 8.79%. 

 Lately, incorporating a microcavity structure in PSCs has also 
been proven as an effective approach to improve the light-trapping 
inside the device ( Figure    2  ). Different from plasmonic-enhanced 
PSC, the microcavity-enhanced device is composed of planar elec-
trodes that possess the refl ectivity required to induce microcavity 
resonance inside the device. In principle, incident light with 
resonant frequencies will be optically confi ned and reinforced 
between two refl ective electrodes due to coherent interference. To 
develop effi cient microcavity-enhanced PSCs (MCPSCs), there are 
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 Figure 1.    Illustration of the optical enhancement in the thin-fi lm photovoltaics, including a) anti-refl ection, b) geometric scattering, and c) coherent 
light-trapping, with d–e) its respective representative examples. a–c,e) Adapted with permission. [ 17 ]  Copyright 2011, Cambridge University Press. 
d) (left) Adapted with permission. [ 20 ]  Copyright 2012, The Royal Society of Chemistry. d) (middle) Adapted with permission. [ 21 ]  d) (right) Adapted with 
permission. [ 22 ] 

 Figure 2.    The typical device structures of microcavity-enhanced PSCs and illustration the of optical microcavity.



FE
A
TU

R
E 

A
R
TI

C
LE

324 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

several challenges that must be addressed, such as the growth of 
homogeneous ultra-thin metal fi lms (UTMFs) and the reduction 
of refection loss caused by the refl ective electrodes (Figure  2 ). In 
order to capture the essence of rapid developments of MCPSCs, 
we will focus on this microcavity resonance effect and its effects 
on MCPSC performance later in this review.  

 As discussed earlier, coherent interference between the 
transmitted and refl ected waves inside the device determines 
the distribution of the internal optical fi eld. Hence, the refl ec-
tivity and the parasitic absorption of the employed electrodes 
play an important role in the optical engineering of PSCs. 
Optimal electrodes should have minimized parasitic absorption 
and high internal refl ectance throughout the visible spectrum 
to enable high optical density within PSCs. [ 26,28,55 ]  Moreover, 
the recent achievement of plasmonic/microcavity-enhanced 
PSCs also displays the importance of electrode engineering to 
PSC performance enhancement. [ 56 ]  Based on the distinct mech-
anisms used to induce optical coherence, we conclude that the 
electrodes employed in PSCs thus far can be divided mainly 
into two types: nanostructured and planar. In the following sec-
tions, we summarize the signifi cant progress of electrode engi-
neering employed in high-performance PSCs. We fi rst review 
the recent progress of nanostructured electrodes for high-
performance PSCs and then highlight recent developments of 
emerging MCPSCs derived from planar electrodes.  

  3.     Nanostructured Electrodes in PSCs 

 Various designs of metal nanostructured electrodes have been 
exploited to improve the light-harvesting effi ciency of PSCs thus 
far. They enhance light-trapping inside devices mainly through 

the geometric light scattering and plasmonic 
effects as described earlier. In principle, plas-
monic effects can occur at the metal/organic 
interface when the incident light possesses 
a resonant frequency to the surface plasmon 
polariton (SPP) of the patterned electrodes. 
SPR effects can propagate along this corre-
sponding interface, while LSPR effects are 
only confi ned in the proximity of specifi c 
nanostructrues. [ 17,18,35–37 ]  Both effects are not 
only tightly bound to the associated interface 
with a skin depth of tens of nanometers, but 
also are strongly correlated with the geometry 
of the electrode. The electrode nanostructure 
will create distinct phase matching conditions 
between the incident light and SPP of the 
electrodes; thus the derived plasmonic reso-
nance can be easily tuned from the visible 
to near-infrared (NIR) region via the rational 
design of the employed electrode. 

  3.1.     2D Nanostructured Electrodes 

 Among the variety of reported nanostruc-
tured electrode geometries, 2D metallic 
nanogratings were the primary structures 

utilized in PSC to improve light absorption by either serving 
as a semitransparent frontside electrode, [ 57,58 ]  backside 
refl ector, [ 43,59–62 ]  or a combination of the two. [ 63 ]  For example, 
Choy et al. successfully utilized Ag nanogratings as backside 
electrodes to improve the light-harvesting effi ciency of several 
BHJ systems and the resultant PCEs. They prepared the nano-
structured electrode by directly depositing the metal on a pre-
imprinted active layer capped with an ultra-thin fi lm (≈10 nm) 
of the hole-transporting layer (HTL) MoO 3  ( Figure    3  a). [ 62 ]  Their 
experimental and theoretical results indicated that the observed 
optical enhancement stemmed from the synergistic effects 
of scattering and SPR induced by the 2D nanogratings. The 
enhanced absorption of high-energy photons arose from the 
waveguide modes, while the increase in low-energy photons 
resulted from the SPR effects. A high PCE of 7.73% with an 
increased  J  SC  (15.50 mA cm −2 ) was achieved in the patterned 
PTB7:PC 71 BM BHJ device, surpassing the PCE (7.20%) of the 
fl at cell with a lower  J  SC  of 14.05 mA cm −2 . Furthermore, they 
integrated the plasmonic Au NPs embedded in the BHJ layer 
with this Ag nanograting backside electrode to enable a broad-
band absorption enhancement by collective resonance effects. 
Consequently, an impressive PCE of 8.79% with a high  J  SC  of 
18.39 mA cm −2  was realized in the PBDTTT-C-T:PC 71 BM BHJ 
device, which is much higher than the values (PCE: 7.59% and 
 J  SC : 17.09 mA cm −2 ) of the fl at nanostructure-free device. [ 52 ]   

 However, the sensitive light polarization dependence of 
the 2D nanograting electrode causes the transverse electric 
(TE) and transverse magnetic (TM) modes to possess unequal 
light-trapping behavior in the derived device. [ 36,39,63 ]  Choy and 
co-workers [ 64–66 ]  revealed that only the TM wave, where the 
electrical fi eld is perpendicular to the pattern direction of 2D 
nanograted electrode, could induce the SPR effects, while the 
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 Figure 3.    Comparison of a) 2D nanograting and b) 3D nanopatterned electrodes in thin-fi lm 
PSCs. Adapted with permission. [ 38 ]  Copyright 2014, The Royal Society of Chemistry.
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TE wave, where the electrical fi eld is par-
allel to the pattern direction of electrode, 
contributed to other waveguide modes. 
Also, the derived SPR effects were largely 
dependent on the angle of incident light due 
to the intrinsic dispersive properties of the 
selected metal. [ 36 ]  Such polarization- and 
angle-dependent optical properties of 2D 
nanograting electrodes are unfavorable for 
broadband optical enhancement. Therefore, 
3D nanopatterned electrodes were investi-
gated since they possess geometric symme-
tries associated with the different in-plane 
directions, enabling both TE and TM modes 
to excite SPPs in different directions at the 
organic/metal interface to reduce the polari-
zation dependency. 

 Consequently, Choy et al. systemati-
cally compared the plasmonic response of 
2D nanogratings with 3D nanocylinders 
(Figure  3 b). [ 64 ]  They demonstrated the ben-
efi ts of the polarization-independent plas-
monic response of the 3D patterned elec-
trode, which yielded a higher PCE enhance-
ment of 24.6% in the P3HT:PC 61 BM BHJ 
device, surpassing the PCE enhancement 
of 17.5% obtained by the reference 2D elec-
trode. Moreover, they also revealed that the 
increased interfacial area of the 3D patterned 
electrode improved charge collection at 
the corresponding metal/organic interface, 
reducing the series resistance ( R  s ) of the 
device.  

  3.2.     3D Nanostructured Electrodes 

 The 3D patterned electrodes developed to date can be classifi ed 
into two types: periodic metal arrays and randomly patterned 
metal nanostructures. For the periodic metal arrays, various 
nanostructures have been reported including hexagonal nano-
pillars, [ 67 ]  nanotriangles, [ 68 ]  nanopyramids, [ 69 ]  and moth's eye 
nanostructures. [ 22,70 ]  Similar to the 3D nanocylinders intro-
duced earlier, Heeger et al. utilized a nanoimprinting method 
to fabricate a 3D-patterned IZO anode consisting of hexagonal-
like nanopillars on a fl exible substrate, which improved the 
PCE of a PCDTBT:PC 71 BM BHJ device with a planar anode 
from 3.0% to 3.9%. This enhancement was attributed to the 
largely increased  J  SC  from 8.22 mA cm −2  to 10.26 mA cm −2  that 
resulted from improved light-trapping in the device. [ 67 ]  Mean-
while, in separate reports Sum and Ren et al. decorated indium 
tin oxide (ITO) anodes with Ag nanotriangle and Au nanopyr-
amid arrays fabricated by nanosphere lithography (NSL). They 
respectively yielded a ≈12% enhanced  J  SC  and a ≈31% enhanced 
PCE due to the scattering and LSPR effects introduced by these 
3D electrodes, as illustrated in  Figure    4  . [ 68,69 ]  Importantly, the 
sharp edges of the nanotriangles/nanopyramids induced more 
intense LSPR effects than spherical NPs, thus increasing 
absorption.  

 Most recently, Li and Tang et al. have reported a quasi-peri-
odically biomimetic moth eye nanostructure prepared by soft 
nanoimprinting lithography (Figure  1 d, right). [ 22 ]  Not only used 
as a frontside antirefl ective texture as discussed, this nano-
structure was also simultaneously employed as a backside 
electrode to enable large, polarization-independent enhance-
ment in broadband absorption, which results from the reduced 
refl ectance and induced SPR effects. As a result, an enhanced 
PCE from 6.43% to 7.86% was realized in a P3HT:IC 60 BA 
BHJ PSC with these nanostructured electrodes because  J  SC  
increased from 12.20 mA cm −2  to 15.16 mA cm −2 . In addi-
tion, they incorporated this nanostructured electrode architec-
ture into a PTB7:PC 71 BM BHJ system to achieve a promising 
PCE of 9.33% with a ≈20% enhanced  J  SC  compared to the 
control device, demonstrating the great effi cacy of this device 
architecture. [ 68 ]  

 The development of randomly patterned metal electrodes 
for high-performance PSCs also has progressed in recent 
years. [ 71–73 ]  One representative example is a random array 
of aperture electrodes. [ 46,74–76 ]  Hatton et al. fi rst reported an 
ultrathin Au electrode with microscale large-size apertures by 
applying microsphere lithography to an ultrathin Au fi lm evap-
orated on to various molecular adhesives ( Figure    5  a). [ 75 ]  How-
ever, these large-size apertures in the electrode induced only 
detrimental geometric scattering effects, not plasmonic effects. 
Such scattering induced by the microscale apertures resulted 
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 Figure 4.    3D a) nanotriangle- and b) nanopyramid-based electrodes used in thin-fi lm PSCs. 
a) Adapted with permission. [ 68 ]  Copyright 2012, American Chemical Society. b) Adapted with 
permission. [ 69 ]  Copyright 2012, The Royal Society of Chemistry.
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in inferior far-fi eld transmittance compared to that of the pris-
tine ITO electrode, leading to a ≈10% loss in the resultant  J  SC . 
So, they next fabricated an electrode with a high density of 
nanoscale small-size apertures via a lithography-free approach. 
The processing conditions of the molecular adhesives were 
carefully controlled to reduce the surface coverage of the adhe-
sives, which promoted the formation of dense nanoscale aper-
tures in the evaporated metal fi lm. [ 76 ]  These electrodes with 
sub-wavelength apertures not only demonstrated strong cou-
pling with incident light but also excited SPPs near the perim-
eter of the aperture, thus increasing the optical density near the 
metal/organic interface to enhance light-trapping in the device. 
Consequently, these nano-sized aperture electrodes yielded 
enhanced  J  SC s for PCDTBT:PC 71 BM BHJ devices on both glass 
and plastic substrates. A fl exible PSC with an improved PCE 
from 4.6% to 5.1% was demonstrated, validating the superior 

mechanical and plasmon-active advantages 
of this nano-sized aperture electrode.  

 Additionally, nanoscale indented electrodes 
were developed to enhance the photovoltaic 
performance of PSCs. [ 77,78 ]  Rand et al. utilized 
non-destructive hole-mask colloidal lithography 
(HCL) to fabricate a plasmon-active indented 
backside electrode to enhance the PCE of a 
P3HT:IC 60 BA BHJ PSC by ≈5% (Figure  5 b). [ 78 ]  
Notably, they observed that the indent feature 
size could be tuned such that the LSPR coin-
cided with the absorption edge of the organic 
absorber to maximize optical enhancement. 

 Recently, Huang et al. utilized a Blu-ray 
disc (BD) as a nanoimprinting template to fabricate a quasi-
random nanostructured electrode to enhance PSC performance 
( Figure    6  a). [ 79 ]  Their analysis of the Fourier transforms of the 
subwavelength features suggested that the light-trapping capa-
bility of the BD pattern was comparable to that of quasi-random 
pattern due to its effective light coupling into the waveguide 
and SPR modes. [ 79,80 ]  As a result, a PTB7:PC 71 BM BHJ device 
using a BD patterned electrode delivered a 16.9% enhanced  J  SC  
and a 11.9% increased PCE compared to the fl at control device. 
Most recently, Oh and Hwang et al. employed an Ag nanowire 
(NW) mesh electrode to fabricate a highly effi cient fl exible 
PTB7:PC 71 BM PSC (Figure  6 b). [ 81 ]  They revealed that the optical 
enhancement introduced by this mesh electrode resulted from 
both geometric scattering and SPR effects as supported by 
their fi nite difference time domain (FDTD) simulation, which 
defi ned a prominently enhanced optical fi led around the Ag 
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 Figure 5.    3D a) aperture, where the microscale one is plasmonic-inactive while the nanoscale 
one is plasmonic-active, and b) nanoknob electrode used in thin-fi lm PSCs. a) Adapted with 
permission. [ 75 ]  b) Adapted with permission. [ 78 ] 

 Figure 6.    a) Blu-ray disc (BD) patterned electrode and b) Ag nanowire (NW) mesh electrode employed in thin-fi lm PSCs. a) Reproduced with permis-
sion. [ 79 ]  Copyright 2014, Nature Publishing Group. b) Reproduced with permission. [ 81 ] 
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NWs. Finally, a highly effi cient fl exible PTB7:PC 71 BM BHJ 
device with a decent bending durability was demonstrated 
(PCE: 7.58%), which surpassed the performance of the control 
device using a rigid ITO/glass substrate (PCE: 7.12%).  

 Randomly wrinkled architectures with deep folds also were 
exploited by Loo et al. to enhance the light-trapping in PSCs 
recently. [ 33 ]  As displayed in  Figure    7  a, excessive compressive 
stress was applied to an optical adhesive on a glass substrate to 
create a template of wrinkles and deep folds for the evaporated 
Au anode. They revealed that the geometric refraction arising 
from both the wrinkles and deep folds in the anode introduced 
strong waveguiding properties to trap the light inside the device 
effi ciently; however, the strongest enhancements in light trap-
ping fell in the NIR region and were non-linear across the solar 
spectrum. Accordingly, a device using this wrinkled template 
with deep folds improved EQE in the NIR region (>650 nm) 
over 600%, resulting in a 47% enhanced  J  SC  compared to that 
of the pristine planar device. Encouragingly, these wrinkled 
structures could relieve mechanical stress, enabling the excep-
tional bending durability observed for these device.  

 Based on their previous report describing the incorporation 
of moth eye nanostructured electrodes in thin fi lm PSCs, Tang 
and Li et al. further developed wrinkle-like deterministic ape-
riodic nanostructures (DANs) to enhance broadband optical 
absorption by PSCs with minimized charge recombination. [ 82 ]  
DANs were fi rst patterned onto the substrate by a facile rolling 
nanoimprinting technique, which was followed by sequential 
layer deposition to complete device fabrication (Figure  7 b). By 
applying this nanoimprinting onto both sides of ITO/glass, a 
completed DAN-based device with both patterned anti-refl ective 
texture and backside electrode was fabricated with an archi-
tecture similar to that used in the moth eye nanostructured 
device (Figure  1 d, right). Benefi tting from the collective effects 
of reduced refl ection, enhanced light scattering, and SPR, the 
fabricated DAN-based PTB7-Th:PC 71 BM BHJ device delivered 
an impressive PCE of over 10%, representing 18% and 20% 
enhancements in  J  SC  and PCE, respectively.   

  4.     Planar Electrodes: Optical Microcavity 

  4.1.     Microcavity Resonance 

 Adopting a metallic refl ective microcavity confi guration in thin-
fi lm PSC recently emerged as an effective approach to enhance 
the light-trapping inside the device. This resonant cavity design 
has been used commonly to enhance the performance of photo-
detectors and light-emitting diodes (LEDs) previously. [ 83–85 ]  An 
optical microcavity is formed when a thin organic absorbing 
layer is sandwiched by two refl ective electrodes. Ideally, these 
refl ective electrodes are located at the nodes of the optical fi eld 
to achieve constructive interference within the device. The 
conditions for constructive interference also can be met if the 
optical length of the chamber equals a multiple integer of the 
wavelength of the incident light. In addition, the phase change 
of the fi eld induced by refl ection at each electrode must be 
taken into account when determining the optical path length of 
the incident light. Consequently, the optically resonant condi-
tion for the light with a certain wavelength ( λ ) can be formu-
lated by Equation  ( 1)  , [ 43,86 ] 

 4 2
1 2d

m
i i

i
∑η ψ ψ λ

π
λ( )+ + =

  
(1)

 

 where  η i   is the real part of the refractive index,  d i   is the thick-
ness of the fi lm between two electrodes,  ψ  1  and  ψ  1  are the 
respective phase changes due to the refl ection at the each inter-
face, and  m  is a positive integer. 

 Once this constructive interference condition is satis-
fi ed, incident light with resonant frequencies can be trapped 
effectively in this optical microcavity. [ 43,86–89 ]  Therefore, the 
microcavity resonance can improve the light-trapping inside the 
devices only over a narrow spectral and angular range. There-
fore, the optical fi eld distribution and the resonance effects 
inside the devices need to be carefully controlled to suppress 
optical dissipation arising from the non-resonant wavelengths. 

Adv. Funct. Mater. 2016, 26, 321–340

www.afm-journal.de
www.MaterialsViews.com

 Figure 7.     Thin-fi lm PSCs with the device confi guration of a) wrinkled nanostructure associated with deep folds and b) deterministic aperiodic nano-
structures (DANs). a) Reproduced with permission. [ 33 ]  Copyright 2012, Nature Publishing Group. b) Reproduced with permission. [ 82 ] 



FE
A
TU

R
E 

A
R
TI

C
LE

328 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

More importantly, a PSC with an active layer thickness compa-
rable or smaller than the wavelength of visible light will exhibit 
much stronger resonance induced by a microcavity structure 
because coherent interference within the fi lm weakens as fi lm 
thickness increases. [ 83–86 ]  

 To develop effi cient MCPSCs, two important factors need 
to be addressed: the constituent interlayers inside the reso-
nant cavity and the choice of electrodes. Most high-perfor-
mance PSCs reported to date incorporate CTLs with organic 
absorbers to achieve effi cient charge dissociation and extrac-
tion. Such a multilayered architecture will affect the reso-
nant conditions of the microcavity chamber because these 
CTLs will alter the refl ection at the BHJ/electrode interfaces, 
resulting in asymmetric optical fi eld distributions. Long has 
suggested that the thickness of the CTLs greatly infl uenced 
the total absorbed photons (TAPs) of the central active layer 
in the microcavity structure by optical simulation based on 
the transfer-matrix method (TMM). [ 87 ]  Additionally, he further 
showed that these CTLs can serve as optical spacers to sig-
nifi cantly enhance the TAPs of the thin BHJ layer (<80 nm, 
P3HT:PC 61 BM). Consequently, a 70 nm thick BHJ layer in the 
optimized microcavity device possessed a TAPs equivalent to 
that of a non-cavity device with a 200 nm-thick active layer, 
representing a 16.3% optical enhancement as compared to 
the non-cavity device using the same BHJ thickness. Subse-
quent demonstrations of employing CTLs as optical spacers in 
microcavity structures were reported by several groups; [ 88,90,91 ]  
as exemplifi ed in  Figure    8  , the optical fi eld distribution of the 
formed resonant cavity were infl uenced by the employed CTLs 
in the devices. [ 91 ]   

 The proper choice of a transparent electrode is another 
important factor when designing an effective microcavity 
structure. Transition metal oxides (TMOs), such as ITO and 

fl uorine-doped tin oxide (FTO), are the most commonly used 
electrodes because they feature both high transparency (≈82% 
in the visible spectrum) and conductivity (low resistivity of 
10–20 Ω � −1 ). [ 92 ]  While ITO can be used in a microcavity con-
fi guration in a PSC, its high transparency limits its potential 
as a resonant cavity because a large fraction of unabsorbed 
photons will escape from the device. To address this issue, 
Long inserted a thin TiO 2  layer at the ITO/glass interface to 
serve as a dielectric mirror that increased the microcavity reso-
nance effects in the regular ITO-based PSCs. [ 88 ]  However, the 
high transparency of TiO 2  still made the bi-layered electrode 
suffer from large optical dissipation, limiting the effi cacy of 
the device. 

 In this regard, refl ective and transparent ultra-thin (<10 nm) 
metal fi lms (UTMFs) have been employed widely as a mirror-
like planar electrode to achieve high-performance MCPSCs 
due to their compatibility with organic semiconductors and 
simple processability by thermal evaporation. The superior 
refl ective transparent properties of UTMFs compared to ITO 
ensure a stronger microcavity is formed to yield more effec-
tive optical confi nement inside the active layer. Furthermore, 
these UTMFs can possess a higher conductivity than ITO and 
thus become a promising candidate for developing ITO-free 
PSCs. [ 93 ]  It is well known that ITO has several inherent disad-
vantages, such as a delicate depositing process, poor ductility 
and high sheet resistance ( R  sheet ) (≈60 Ω  −1 ) on fl exible sub-
strates, and the scarcity of indium. [ 93 ]  Hence, a UTMF-derived 
microcavity confi guration not only can provide improved 
light-trapping for thin-fi lm PSCs but also can result in stable, 
effi cient, ITO-free, and fl exible device architectures. In the fol-
lowing sections, we review recent developments of UTMFs 
in MCPSCs and the resulting enhancements in photovoltaic 
performance.  
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 Figure 8.    a–d) Distribution of the optical electric fi eld | E ( x )| 2  in MCPSCs with or without using the CTLs, where the ETL is ZnO with a thickness of 
30 nm while the HTL is MoO 3  with a thickness of 14 nm. a) ITO/thin Ag/ETL/BHJ/HTL/Ag (Device A); b) ITO/thin Ag/BHJ/HTL (Device B); c) ITO/
thin Ag/ZnO/BHJ/Ag (Device C); and d) ITO/BHJ/Ag (Device D). e) The absorption spectra of the devices shown in (a–d). f) Normalized | E ( x )| 2  of a 
734 nm light wave (incident from the left) in Device A with different HTL thickness. All the optical electric fi led shown here is calculated by the optical 
modeling based on TMM. Reproduced with permission. [ 91 ]  Copyright 2011, Elsevier.
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  4.2.     Ultra-Thin Metal Film (UTMF) 

 To obtain an effective, mirror-like UTMF, the uniformity, thick-
ness, and refl ective transparent properties of the fi lm must be 
controlled carefully. As shown in Figure  2 , both seeding and 
capping layers commonly are required to fabricate an effective 
UTMF electrode used in a microcavity structure. In a conven-
tional bottom-illuminated confi guration, an interfacial fi lm 
can function simultaneously as the seeding and capping layer, 
while this fi lm can serve as a capping layer and a CTL in the 
top-illuminated structure (a separate capping layer is required 
for the latter). In the next two subsections, we defi ne and eluci-
date the importance of these interfacial layers in MCPSCs. 

  4.2.1.     Uniform Thin-Film Growth of UTMF 

 In addition to applications in MCPSCs, effective UTMF-based 
electrodes are also very important for the development of 
semi-transparent PSCs. [ 94,95 ]  Among all UTMFs explored to 
date, Ag is the most commonly used metal because it has the 
lowest resistivity (1.62 µΩ cm), highest optical transparency, 
and remarkable fl exibility that is inferior only to Au. [ 43 ]  Nev-
ertheless, the physical properties of any UTMF will be greatly 
infl uenced by the quality of the thin fi lm rather than the bulk 
materials properties of the metal. In principle, the quality of 
a UTMF is determined by its nucleation and growth kinetics. 
Taking Ag UTMFs as an example, several distinct growth 
modes have been investigated, including the Volmer-Weber 
mode (“island” mode) and the Stranski-Krastanov mode (“layer-
plus-island” mode), [ 96–98 ]  indicating that the surface energy ( γ ) 
of the substrate and the vacuum deposition rate will affect the 
physical properties of UTMFs. 

 The conductivity and optical properties of Ag UTMFs deteri-
orates when fi lm thickness dips below its percolation threshold 
(empirically measured to be ≈10 nm) as a result of the inhomo-
geneous, island-like fi lm formation associated with the Volmer-
Weber growth mode. This rough, discontinuous surface leads 
to undesired optical scattering and decreased conductivity. The 
compatibility between the Ag UTMF and the underlying sub-
strate determines the percolation threshold; therefore, high 
compatibility between these layers is desired to minimize fi lm 
thickness and to ensure uniform fi lm morphology. [ 28,44,99 ]  

 It has been recognized that the tradeoff between the resist-
ance and transparency of UTMF strictly depends on its thick-
ness. A thick UTMF might incur unsatisfactory transparency, 
while an excessively thin UTMF could result in a high  R  S . There-
fore, a proper seeding layer is necessary to facilitate the uniform 
thin-fi lm growth of UTMF to be as thin as possible (≈ 10 nm) 
to maintain high conductivity and transparency. [ 28,44 ]  The pur-
pose of this seeding layer is to modulate the surface energy ( γ ) 
of the substrate to improve the compatiblity between molten Ag 
and the substrate. Note that the seeding layer itself also must be 
highly transparent to avoid any parasitic absorption losses. 

 Various kinds of seeding layers for UTMFs have been 
investigated so far, such as thin metals, [ 100–103 ]  TMOs, [ 104–107 ]  
and organic materials. [ 41,108–110 ]  Recently, Schuberts et al. sys-
tematically studied Ag UTMFs grown on various ultra-thin 
metallic seeding layers, including calcium (Ca), aluminum (Al), 

and Au to investigate surface wetting issues during thin-fi lm 
growth. [ 103 ]  As shown in  Figure    9  a, the surface morphology of 
Ag UTMFs on MoO 3  is rough, but the morphology improves 
as the surface energy of the seeding layer increases. The Au 
seeding layer delivers the smoothest surface, resulting in the 
highest conductivity and transmittance of the resultant Ag 
UTMFs (Figure  9 b). A 7 nm Ag UTMF grown on 1 nm Au had 
an  R  S  of ≈19 Ω  −1  and a high transmittance of 83% at 580 nm, 
which are comparable to the values of a conventional ITO elec-
trode. They utilized this composite UTMF electrode to fabricate 
an MCPSC (PCE: 4.7%) that slightly exceeds the PCE of the 
pristine UTMF-free device (4.6%).  

 Utilizing TMOs as seeding layers in a dielectric/metal/die-
lectric (D/M/D) electrode is another widely used method [ 110,111 ]  
because they possess excellent  γ  compatibility with molten Ag, 
which facilitates homogeneous thin-fi lm growth. In addition, 
the large dielectric constant ( ε ) of these TMOs enables them to 
serve as an effective capping layer to enhance the optical trans-
mittance of the adjacent UTMFs. A more detailed discussion per-
taining to capping layers incorporated with UTMFs will be dis-
cussed in the next subsection. Besides studying various metallic 
seeding layers, Schubert et al. also have investigated Ag UTMF 
formation on different TMOs, including molybdenum trioxide 
(MoO 3 ), tungsten oxide (WO 3 ), and vanadium oxide (V 2 O 5 ). [ 106 ]  
Figure  9 c shows the improved surface morphology of all UTMFs 
after introducing the TMO-based seeding layers, especially for 
MoO 3 . This enhancement in UTMF formation thus results in 
improved transmittance in the red/near-IR regime (>600 nm) 
(Figure  9 d), the most effi cient absorption region of the studied 
organic absorber. Encouragingly, these TMO-supported MCPSCs 
not only delivered improved PCEs but also showed superior 
ambient stability and fl exibility compared to the control ITO 
device. In addition, the TMO-based seeding layers in the top-
illuminated confi guration also functioned as CTLs (Figure  2 ). 
For example, for the devices used in Figure  9 c–d, the TMO-based 
seeding layers simultaneously served as HTLs. Therefore, the 
corresponding charge-transporting capability of the TMOs also 
needs to be taken into consideration while designing high-per-
formance, TMO-supported MCPSCs. 

 Organic-based D/M/D electrodes have also attracted much 
attention in recent years. Several groups have demonstrated 
that the organic CTLs can serve as effective seeding layers in the 
top-illuminated MCPSCs. For instance, Lee et al. have utilized 
bathocuproine (BCP) to fabricate a BCP/Ag/MoO 3  electrode, 
where the BCP simultaneously serves as a ETL and a hole-
blocking layer in the device. [ 108 ]  Recently, Jen et al. employed 
a fullerene-based (Bis-C 60 ) seeding layer to build a Bis-C 60 /
Ag/tellurium dioxide (TeO 2 ) electrode that yielded highly effi -
cient, fl exible MCPSCs with remarkable bending durability; in 
addition, Bis-C 60  was used serve as an effi cient optical spacer 
and conductive ETL in the device. [ 28,112,113 ]  More detailed 
applications of these UTMFs in high-performance MCPSCs 
will be introduced in Section 4.3.  

  4.2.2.     Capping Layers for UTMF 

 As illustrated in Figure  2 , there exists a compromise between 
the transmittance and refl ectance of the incoming light incident 
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to a UTMF. In order to minimize the refl ected fraction of the 
incident light, a capping layer that behaves like an anti-refl ec-
tive coating must be indirect contact with the UTMF. Note that 
the dielectric constant ( ε ) of this layer greatly infl uences the 
resulting optical properties of the adjacent UTMF. As illustrated 

in  Figure    10  a, [ 104 ]  an Ag UTMF grown on a capping layer (also 
serving as a seeding layer herein) with a small  ε  (<9.7) will 
suffer a large optical dissipation due to the emission of non-
radiative surface plasmons (SPs) at the dielectric-Ag interface, 
and thereby reducing its optical transparency. However, such SP 
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 Figure 10.    Illustration of the transparency mechanism of a D/M/D electrode with a) a small- ε  dielectric/Ag (10 nm) and b) a large- ε  dielectric/Ag 
(10 nm). c) Transmittance spectra of glass/Ag (10 nm) and glass/WO 3  (30 nm)/Ag (10 nm). Reproduced with permission. [ 110 ]  Copyright 2012, Society 
of Photo Optical Instrumentation Engineers.

 Figure 9.    SEM images of a) 7 nm Ag UTMF deposited on top of different metallic seeding layers with distinct surface energy ( γ ) and c) 5 and 14 nm Ag 
deposited on different TMOs. b,d) The transmittance and  R  S  of the Ag UTMFs shown in (a) and (c). a,b) Reproduced with permission. [ 103 ]  c,d) Repro-
duced with permission. [ 106 ] 
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coupling can be effectively suppressed by using capping layers 
with high  ε  (>9.7), which consequently increases the optical 
transparency of the adjacent UTMF (Figure  10 b). Therefore, 
TMOs with large  ε  have been extensively employed as the cap-
ping layers in the D/M/D electrodes. Figure  10 c demonstrates 
that an Ag UTMF (10 nm) deposited on WO 3  ( ε  = 35.2), serving 
as both capping layer and seeding layer in this example, exhib-
ited improved transmittance across the visible region, sur-
passing that of the Ag UTMF grown on glass ( ε  = 5.7). [ 105 ]   

 This discussion underscores the importance of interfacial 
layers when fabricating a high-quality UTMF, which is a pre-
requisite for an effi cient MCPSC. With this in mind, we sum-
marize the recent progress of high-performance MCPSCs with 
UTMFs.   

  4.3.     Microcavity-Embedded PSCs 

  4.3.1.     Single-Junction PSCs 

 Based on the previous achievements by Long and Kim 
et al., [ 86–88,90,91 ]  MCPSCs have achieved rapid progress in recent 
years. Various composite UTMFs as discussed previously have 
been used to fabricate effective microcavity confi gurations to 
enhance the light-trapping within PSCs. For metallic bi-layered 
UTMFs, Ghosh et al. reported a MCPSC derived from a Cu-Ni 
UTMF electrode. [ 114 ]  Owing to the low percolation threshold of 

Cu (5.5–6.5 nm), they did not incorporate a seeding layer. There-
fore, the electrical properties of this bi-layered electrode were 
directly determined by the quality of the Cu UTMF. As shown 
in  Figure    11  b, the conductivity of this bi-layered UTMF dramat-
ically increased when the Cu UTMF exceeded 7 nm. The thin 
Ni layer served as a work function (WF) modifi er (Figure  11 a) 
to shift the WF of pristine Cu from 4.65 eV to 5.06 eV (Cu–Ni), 
enabling better hole extraction, and to enhance the stability of 
Cu (Figure  11 b, insert). As a result, the MCPSC derived from 
the optimized Cu–Ni electrode yielded a performance compa-
rable to the value of the ITO device due to the microcavity reso-
nance effects, despite the fact that Cu–Ni UTMF possessed only 
65% of the transparency of ITO (Figure  11 c-d).  

 As discussed earlier, TMO-based D/M/D electrodes are the 
most widely used UTMFs for MCPSCs to date. Shen and Long 
et al. fi rst investigated the effi cacy of WO 3 –Au–WO 3  UTMF-
based MCPSCs in various BHJ systems. [ 115–118 ]  They reported 
that the strength of the microcavity resonance was strongly 
correlated with the thickness of the active layers used in the 
devices. As shown in  Figure    12  a, the microcavity-enhanced 
 J  SC  was observed in the thin PCDTBT:PC  71 BM (70 nm) device, 
boosting the PCE from 4.28% to 4.55%. [ 116 ]  However, the  J  SC  
of the microcavity device decreased when using a thicker BHJ 
layer (130 nm), resulting in inferior performance relative to 
the ITO control device. The TMM optical simulation results 
shown in Figure  12 b suggested that the optical resonant cavity 
contributed to a stronger optical fi eld in the thin BHJ device 
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 Figure 11.    a) Energy level diagram of MCPSC based on Cu-Ni UTMF, where Ni acts as a WF modifi er of Cu. b) Comparison of optical transmittance of 
Cu-Ni UTMFs with other common transparent electrodes (ITO, graphene, and single walled carbon nanotubes (SWNT)); insert is the polar Figure for 
thermal stability of the Cu-Ni UTMFs compared with the pristine Cu UMTF in terms of  R S   change. c)  J–V  curves of MCPSCs (insert) using different elec-
trodes. d) Comparison of transmittance and refl ectance of Cu (7 nm)–Ni (1 nm) UTMF with ITO. Adapted with permission. [ 114 ]  Copyright 2011, Elsevier.
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compared to the regular ITO device, while this enhancement 
diminished as the BHJ thickness increased. Once the resonant 
cavity effects were weakened, detrimental off-resonance effects 
emerged, reducing the light absorption and resultant  J  SC  of the 
device.  

 Based on the same BHJ system, Rand et al. subsequently fab-
ricated an MoO 3 –Ag–MoO 3  UTMF-based MCPSC as shown in 
 Figure    13  a. [ 41 ]  They revealed the Ag UTMF (6 nm) deposited on 
a thin MoO 3  (2 nm) seeding layer possessed a much lower  R S   
(6.2 Ω � −1 ) than ITO (18 Ω � −1 ). They also illustrated that the 

resonant cavity width could be modulated by tuning the HTL 
thickness since it served as an optical spacer that could affect the 
resonant condition of the resulting microcavity in the device. 
Therefore, microcavity resonance effects could be manipulated 
to compensate for weak absorption at any given wavelength. 
As a result, the optimized thin-fi lm PCDTBT:PC  71 BM (55 nm) 
MCPSC delivered a PCE of 4.44%, comparable to the value of 
the control ITO device (PCE of 4.43%). Meanwhile, Meredith 
et al. independently employed similar MoO 3 –Ag–MoO 3  UTMF 
electrodes to fabricate a top-illuminated large-area sub-module 
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 Figure 12.    a) (top) Device architectures of the WO 3 /Au/WO 3  based MCPSCs and the control ITO-based PSCs. (bottom) The corresponding EQE 
curves of these devices with thin and thick BHJ layers. b) Distribution of the optical electric fi eld | E ( x )| 2  in the devices with thin and thick BHJ layers as 
simulated by TMM optical modeling. Adapted with permission. [ 116 ]  Copyright 2014, Elsevier.

 Figure 13.    MoO 3 –Ag–MoO 3  UTMF-based MCPSCs: a) bottom-illuminated and b) top-illuminated confi gurations. Adapted with permission. [ 41 ]  Adapted 
with permission. [ 119 ] 
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of MCPSC (Figure  13 b). [ 119 ]  Benefi tting from low  R  S  (5.0 Ω � −1 ) 
and coherent optical interference effects introduced by this 
UTMF electrode, the derived MCPSC possessed a high trans-
lational factor of ≈74% when its active area was scaled up from 
0.2 cm 2  (PCE: 4.16%) to 25 cm 2  (3.08%). In contrast, the control 
ITO device that had an inferior translational factor of ≈32%; the 
PCE dropped from 5.48% (0.2 cm 2 ) to 1.75% (25 cm 2 ) due to 
the high R S  (15–20 Ω � −1 ) of ITO (Figure  13 b).  

 Lately, Yun et al. reported a high-performance fl exible 
MCPSC based on ZnO–AgO  X  –ZnO (ZAOZ) transparent con-
ducting electrode (TCE) as displayed in  Figure    14  a. [ 120 ]  They 
showed that slight oxidation of the central Ag UTMF (denoted 
as AgO  X  ) facilitated homogeneous thin-fi lm formation on ZnO 
due to improved wettability. Accordingly, a reduced percolation 
threshold as low as 6 nm was achieved for the AgO  X   UTMF. 
This enabled the optimized ZAOZ TCE to possess an improved 

transmittance across the entire visible spectrum (average trans-
mittance (AT) of 91% across the spectral range of 400–1000 nm 
without sacrifi cing electrical conductivity (20 Ω � −1 ) compared 
to the ZnO–Ag–ZnO (ZAZ) TCE comprising of a 6 nm Ag 
UTMF with a granular morphology. Consequently, the opti-
mized ZAOZ TCE yielded an effi cient (PCE: 6.34%) fl exible 
MCPSC, exceeding the performance (5.65%) of the ZAZ UTMF 
based MCPSCs (Figure  14 a). In addition, the MCPSCs exhib-
ited remarkable bending durability due to the excellent ductility 
of Ag-based UTMFs.  

 Taking a different tack, Jen et al. engineered the interfaces 
of the ZAZ TCE with functional self-assembled monolayers 
(SAMs) to fabricate effi cient, fl exible, stable, and ITO-free 
PSCs. [ 121 ]  As illustrated in Figure  14 b, a double-ended function-
alized organic SAM, 11-mercapto-undecanoic acid (MUA), was 
fi rst attached covalently onto the ZnO seeding layer to serve as 
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 Figure 14.    a) ZnO–Ag(O  X  )–ZnO UTMF based fl exible MCPSCs and b) SAM-modifi ed ZnO–Ag–ZnO UTMF based MCPSC. a) Adapted with permis-
sion. [ 120 ]  b) Adapted with permission. [ 121 ] 
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a molecular binder. The terminal thiol group bonded with Ag, 
while the carboxylic acid reacted with the hydroxyl group on the 
ZnO surface to form an ester linkage. Owing to the improved 
compatibility with the molten Ag introduced by the MUA 
SAM, the surface diffusion of Ag on ZnO was reduced, thus 
facilitating the nucleation and growth of the Ag UTMF. Conse-
quently, a 10 nm Ag UTMF had a smooth surface (root-mean-
square roughness: ≈0.95 nm) and low  R  S  (8.6 and 9.0 Ω � −1  
on glass and polyethylene naphthalate substrates, respectively). 
Furthermore, the MUA SAM was used to modify the other Ag/
ZnO interface (the other ZnO layer served as an ETL) to enable 
improved interfacial adhesion and energy level alignment, facil-
itating charge extraction from the organic absorbers. Finally, 
the surface of ZnO ETL was modifi ed with a C 60 -based SAM to 
passivate surface traps, which enhanced the electronic coupling 
and charge selectivity between the ZnO ETL and the active 
layer. [ 122 ]  Given these advantages, this SAM-modifi ed ZAZ TCE 
enabled an effi cient (average PCE of 6.00%), fl exible MCPSC 
based on PIDT-PhanQ:PC 71 BM BHJ with superior mechanical 
stability to the pristine ITO device (average PCE of 5.49%). 

 In addition to the MoO 3  and ZnO TMOs, Guo and Liu 
et al. developed WO 3 /Ag/WO 3  (WAW) and NiO/Ag/NiO 
(NAN) TCEs to fabricate stable and high-performance fl ex-
ible MCPSCs. [ 123,124 ]  They reported that both WO 3  and 
NiO behaved as effective seeding layers for high quality Ag 
UTMFs (10–11 nm) with decent optical and electrical proper-
ties on both rigid ITO and fl exible substrates. The optimized 
WAW electrode had an AT of 82.6% over a spectral range of 
350–700 nm (cf. 84.2% for ITO over the same range) with a 
low  R  S  of ≈9 Ω � −1  on glass, while the optimized NAN TCE 
showed a slightly lower AT of 77% over 400–700 nm (cf. 79% 
for ITO over the same range) with a low  R S   of ≈7.6 Ω � −1  on a 
polyethylene terephthalate (PET) substrate. Moreover, WO 3  and 
NiO (the other TMO layer in the composite TCE) also served as 
effi cient HTLs and modify the WF of the derived TCE to pro-
vide better energy level alignment at the electrode/BHJ inter-
face, facilitating charge extraction in the device. As a result, 

the derived fl exible MCPSCs not only possessed PCEs superior 
to those of the regular ITO devices but also exhibited much 
improved mechanical and environmental stability. 

 As mentioned above, the organic-based D/M/D TCEs have 
also been exploited in recent years. Lee et al. fi rst demonstrated 
a BCP/Ag/MoO 3  electrode to build a top-illuminated PSC. [ 108 ]  
They showed that the MoO 3  with a high refractive index 
( η  ≈ 2.0) served as an effi cient light in-coupling layer for Ag 
UTMFs, while the BCP layer functioned as a seeding layer and 
ETL simultaneously. The resultant BCP/Ag/MoO 3  TCE achieved 
the optimal zero-refl ection condition, leading to its high optical 
transparency (>75% in the visible region, 400–700 nm) and low 
 R  S  (≈8.6–9 Ω � −1 ) ( Figure    15  a). Lin et al. followed by employing 
a similar BCP/Ag/MoO 3  TCE to fabricate high-performance 
microcavity small molecule organic solar cells (SMOSCs). [ 42 ]  As 
shown in Figure  15 b, they revealed that the optical-fi eld distri-
bution inside the device had a strong correlation with both the 
in-cell optical spacer layer (an MoO 3  HTL in this case) and the 
out-of-cell capping layer (LiF, η ≈ 1.4; or MoO 3 , η ≈ 2.1). They 
concluded that the transparent capping layer with a higher 
refractive index could result in a higher effi ciency of the derived 
device. The fl exible SMOSC yielded a PCE of 5%, comparable to 
that of the reference ITO device. More encouragingly, scaling up 
the device area from 5 mm 2  to 36 mm 2  resulted in only a slight 
effi ciency loss of ≈4% (PCE: 4.8%).  

 In the meanwhile, Jen et al. used another high refractive 
index material, TeO 2  (η ≈ 2.15), as an effective capping layer 
to fabricate highly effi cient MCPSCs both in bottom- and top-
illuminated confi gurations. [ 43,113 ]  A TeO 2 /Ag/PEDOT:PSS 
TCE was fi rst developed and utilized in a bottom-illuminated 
MCPSC ( Figure    16  a). [ 43 ]  In this structure, the TeO 2  also func-
tioned as a seeding layer to facilitate the growth of Ag UTMF 
for high conductivity and optical transparency. For example, a 
12 nm-thick Ag UTMF deposited on TeO 2  possessed a low  R S   
of 7.02 Ω � −1  and an AT of 54.89% in the wavelength range 
of 330–800 nm. The importance of the refractive index and 
thickness of this capping layer on device performance was 

 Figure 15.    a) Schematic of the electric fi eld propagation in a BCP/Ag/MoO 3  TCE and its  R S   and optical transmittance. b) BCP/Ag/MoO 3  UTMF based 
SMOSC. a) Adapted with permission. [ 108 ]  b) Adapted with permission. [ 42 ] 
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revealed. By comparing MoO 3  (η ≈ 1.75) and TeO 2  (η ≈ 2.15), 
we showed that the optimized TeO 2  capping layer yielded an 
increased photocurrent of the derived resonant microcavity, 
consistent with the trend reported by Lin et al., and our results 
indicated that the thickness of this out-of-cell TeO 2  layer infl u-
enced the optical distribution inside the device. MCPSCs based 
on PIDT-PhanQ:PC 71 BM BHJ yielded slightly higher PCEs 
than the control ITO devices on both glass (PCE TeO2/Ag  = 6.6%, 
PCE ITO  = 6.5%) and plastic (PCE TeO2/Ag  = 5.8%, PCE ITO  = 5.6%) 
substrates.  

 Afterward, Jen et al. explored another TeO 2 -based TCE 
(TeO 2 /Ag/Bis-C 60 ) to fabricate a top-illuminated MCPSC 
with improved light-trapping effi ciency, as illustrated in 
Figure  16 b. [ 113 ]  The infl uence of the thickness of the in-
cell BHJ layer and the out-of-cell TeO 2  capping layer on the 
resultant microcavity resonance effects were investigated sys-
tematically. Once again, the higher refractive index of TeO 2  
compared to that of MoO 3  afforded a higher  J  SC  for the derived 
MCPSC. Due to prominent microcavity resonance effects, the 
enhanced light-trapping inside the devices boosted the  J  SC  in 

PIDTT-DFBT:PC 71 BM BHJ MCPSCs, leading to improved PCEs 
on both glass (PCE TeO2/Ag  = 8.5%, PCE ITO  = 7.2%) and plastic 
(PCE TeO2/Ag  = 8.4%, PCE ITO  = 6.6%) substrates. These results 
also indicated the microcavity confi guration in the top-illumi-
nated architecture played a more essential role in device opera-
tion than in the bottom-illuminated architecture. Recently, we 
modifi ed this top-illuminated microcavity confi guration with 
a more conductive fullerene ETL (FPI-PEIE) and integrated it 
with a more effi cient PBDTT-F-TT:PC 71 BM BHJ system to yield 
a high PCE of 10.4% (Figure  16 c), which represented 11% and 
10% enhancements in  J  SC  and PCE, respectively, compared to 
the control ITO device. [ 125 ]  Moreover, the TCE MoO 3 /Ag/TeO 2  
modifi ed with semitransparent metal grids was incorporated to 
realize a high PCE of 7.21% in large active-area (1 cm 2 ) devices 
(Figure  16 c), representing a 26% enhancement in PCE com-
pared to the large-area ITO device. The improved PCE in the 
large-area device was attributed to the superior conductivity and 
comparable transparency of the UTMF. These results signify 
the great potential of high-performance, large-area, and fl exible 
MCPSCs for future commercialization. 

 Figure 16.    a) Bottom-illuminated MCPSC with a TeO 2 /Ag/PEDOT:PSS TCE and top-illuminated MCPSCs with b) TeO 2 /Ag/Bis-C 60  and c) TeO 2 /Ag/
MoO 3  TCEs, respectively. a) Adapted with permission. [ 43 ]  b) Adapted with permission. [ 113 ]  c) Adapted with permission. [ 125 ] 
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 Intriguingly, SPR effects have been coupled with the micro-
cavity confi guration to achieve enhanced broadband absorp-
tion in PSCs. [ 126–128 ]  Jung et al. have modifi ed the opaque rear 
metal electrode with nanogratings or hemispherical nanoarrays 
to introduce scattering and SPR effects into top-illuminated 
MSPSC ( Figure    17  a). [ 126,127 ]  They showed that not only did the 
nanostructured backside electrodes enhance absorption via 
scattering and SPR effects, but also the increased interfaces 
between the nanostructured electrode and BHJ layer facilitated 
charge collection effi ciency. However, these nanostructured 
electrodes deteriorated fi lm refl ectivity and the resultant micro-
cavity resonance effects in the derived devices, suggesting that 
this may not be the best approach to integrate SPR effects into 
a microcavity confi guration.  

 Hence, Jen et al. recently induced LSPR effects into the 
microcavity structure by embedding metal NPs into both 
the ETL and HTL of the devices [ 128 ]  as done in their previous 
reports. [ 53,54 ]  These NP-embedded CTLs were incorporated 
into a top-illuminated MCPSC to combine LSPR and micro-
cavity resonance effects in a synergistic manner, enabling the 
broadband optical enhancement illustrated in Figure  17 b. 
Consequently, a high-performance (PCE ≈ 9.4%), ITO-free, 
and fl exible MCPSC based on PIDTT-DFBT:PC 71 BM BHJ was 
demonstrated. [ 128 ]  More intriguingly, the resonant wavelengths 
of the plasmonic effects introduced by the metal NPs could be 
tuned by carefully controlling NP size and doping position in 
the device to increase complementary light harvesting.  

  4.3.2.     Multi-Junction Tandem Solar Cells 

 Based on Kirchhoff’s junction rule, imbalanced  J  SC  contribu-
tions between constituent subcells of a series-connected tandem 
device limit device PCE. Ensuring balanced  J SC  s contributions 

necessitates careful manipulation of the optical fi eld in each 
constituent subcell. With this optoelectronic requirement 
in mind, microcavity confi gurations have been adopted into 
tandem architectures to manage the optical distribution within 
each constituent subcells. Kim et al. fi rst evaluated the effi cacy 
of the microcavity confi guration in a tandem device with TMM 
optical simulation. [ 129 ]  They demonstrated that microcavity res-
onance effects can enable a 25% increased  J SC   in the tandem 
SMOSC compared to an ITO-based counterpart by controlling 
the optimized thicknesses of both the in-cell optical spacer layer 
(i.e., CTLs) and the out-of-cell capping layers of the TCE (BCP/
Ag/Alq 3 ). 

 Feng and Sun et al. followed by experimentally verifying this 
 J  SC  enhancement in a similar microcavity-embedded tandem 
SMOSC that integrated SPP effects, [ 130 ]  where a periodically 
corrugated microcavity tandem architecture was introduced to 
match current contributions between the subcells, optimizing 
the resultant  J  SC  and PCE ( Figure    18  a). [ 130 ]  They revealed 
strong interference between the SPP and microcavity modes 
occurring at the backside Ag/BHJ interface (Figure  18 b) and 
demonstrated that this anti-crossing effect can enhance the 
light harvesting of the rear subcell to yield a more balanced 
photocurrent with the front subcell. Consequently, 10.4% 
and 11.3% enhancements in the resultant  J  SC  and PCE of the 
derived device were achieved as compared to the planar micro-
cavity device.  

 As discussed previously, microcavity resonance effects will 
diminish as the length of the chamber gradually increases. 
Therefore, instead of fabricating a microcavity tandem struc-
ture with a long chamber across the constituent subcells, the 
UTMF was recently employed as an interconnection layer 
(ICL) in the tandem device to form a microcavity within the 
subcell. This mirror-like ICL manipulates the reciprocity 
between refl ection and transmission of incoming light to 

 Figure 17.    a) Top-illuminated MCPSCs with nanostructured rear electrodes. b) Top-illuminated MCPSCs with metal NP-embedded CTLs that induce 
LSPR effects. a) (top) Adapted with permission. [ 127 ]  Copyright 2014, The Royal Society of Chemistry. a) (bottom) Adapted with permission. [ 126 ]  b) Adapted 
with permission. [ 128 ] 
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modulate the optical distribution inside the tandem device, 
providing better photocurrent matching between the subcells. 
More importantly, this UTMF ICL can either serve as an excel-
lent charge recombination site for a series-connected tandem 
device or as an intermediate electrode to construct a three-
terminal parallel-connected tandem cell. Recently, Long et al. 
evaluated the effi cacy of a WO 3 /Ag/WO 3  ICL in a parallel-
connected tandem structure by TMM optical modeling. [ 131 ]  
Encouragingly, their results suggested that a microcavity in the 
rear subcell could shift the absorption spectrum of the rear cell 
to match the minimum absorption of the front cell, facilitating 
complementary absorption and increasing total absorption in 
the tandem cell. 

 As mentioned previously, the active layer of the front sub-
cell of an optimal tandem device should possess a relatively 
large E g  to absorb high-energy photons, while the active layer 
of the rear subcell should have relatively a low E g  to absorb 

transmitted low-energy photons. This archi-
tecture minimizes thermalization loss in 
the low-E g  subcell, increasing the  V  OC  and 
PCE of the derived tandem device. Simula-
tion results reported by Long et al. [ 131 ]  indi-
cated that the transmitted photons near the 
absorption band edge (usually close to NIR 
region) of the front subcell could be trapped 
and reabsorbed in the rear subcell as a 
result of the formed microcavity inside, sug-
gesting that using a UTMF as an ICL can 
help reduce the absorption overlap between 
the constituent subcells, providing a more 
balanced  J  SC  from each subcell. A 80% 
improvement in the NIR absorption was 
realized in the microcavity-embedded rear 
subcell, thereby leading to a 17.8% enhance-
ment in the TAP within the entire tandem 
device ( λ  = 400–900 nm). 

 Recently, Jen et al. independently reported 
this enhanced light-trapping in microcavity 

tandem devices and realized impressive, high-performance 
parallel- and series-connected tandem PCSs with PCEs of 
9.2% and ≈11%, respectively. [ 132,133 ]  The MoO 3 /Ag/PEDOT:PSS 
TCE was utilized as an intermediate electrode to combine a 
semitransparent device with a top-illuminated MCPSC in a 
parallel-connected tandem PSC architecture, as illustrated in 
 Figure    19  a. [ 133 ]  The EQE of the individual subcells was meas-
ured to determine the individual photocurrents and demon-
strate the advantage of embedding a microcavity structure into 
the rear subcell. The EQE results indicated that microcavity-
embedded rear subcells could improve the absorption of low 
energy photons near the absorption band edge of the BHJ 
layer to improve the light-trapping in the tandem architecture, 
increasing the tandem J SC  (Figure  19 b), which experimentally 
supported the hypothesis made by Long et al. [ 131 ]   

 Shortly, a novel MoO 3 /Ag/PFN ICL with cascaded energy levels 
was designed to establish a high-performance series-connected 

 Figure 18.    a) Device structure of the corrugated microcavity tandem SMOSC. b) (top) The dis-
persion relationship for the wavelength versus the period of the corrugation of the corrugated 
tandem devices. (bottom) The experimentally measured absorption spectra of the planar and 
corrugated tandem device with periods of 300 nm. Adapted with permission. [ 130 ] 

 Figure 19.    a) Schematic of the parallel-connected microcavity tandem PSC. b) Light intensity distribution in the parallel-connected microcavity tandem 
devices with various BHJ systems and their experimental EQE spectra in comparison with those of the reference single cell and the constituent subcells. 
Adapted with permission. [ 133 ] 
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tandem PCS, as present in  Figure    20  a,b [ 132 ]  In addition to serving 
as an effi cient charge extraction and recombination site, this 
mirror-like ICL further optimized the distribution of optical fi eld 
inside the tandem device to achieve balanced  J  SC s between the 
subcells. Similar to the case of the parallel-connected tandem 
PSC, the superior refl ective transparent properties of this novel 
ICL formed a microcavity structure with the back subcell to 
enhance the overall light confi nement inside the tandem device. 
Consequently, the derived tandem PCS yielded a promising PCE 
of ≈11% with a maximum summed EQE peak value over 90%. 
These results validate the effi cacy of microcavity resonance effects 
in tandem devices, providing a new strategy for further improve-
ments in the photovoltaic performance of tandem PSCs.     

  5.     Conclusion and Outlook 

 We have comprehensively reviewed recent progress in PSC 
electrode engineering. To date, various nanostructured and 
planar electrode designs have been exploited to enhance the 
light-trapping in devices through distinct plasmon resonance 
mechanisms. Planar UTMFs particularly have attracted sig-
nifi cant attention due to their remarkably refl ective transparent 
properties that are necessary to form an effi cient optical micro-
cavity in the device. 

 This microcavity confi guration has a much stronger effect 
in devices with a relatively thin (<100 nm, usually) organic 
absorbing layer. Resonant microcavity effects enable the photo-
current of thin-fi lm PSCs to reach the high values observed in 
thick-fi lm devices, which is noteworthy considering the short 
exciton diffusion lengths and low carrier mobilities observed 

in thin-fi lm PSCs relative to their inorganic 
counterparts. To further improve the pho-
tovoltaic performance of MCPSCs, deeper 
understanding of the optical mechanisms 
arising from the microcavity confi guration is 
required, especially for the tandem architec-
tures. As revealed earlier, using an UTMF as 
an ICL or an intermediate electrode in three-
terminal tandem PSCs not only can modu-
late the optical fi eld distribution in each sub-
cell to ensure balanced  J  SC  contributions but 
also can allow for direct measurement of the 
light harvesting behavior of each subcell. A 
more detailed investigation of the relation-
ship between the thickness of the UTMF ICL 
and the resulting optical fi eld distribution in 
constituent subcell will elucidate this issue. 
Also, the interplay between the thickness of 
the out-of-cell capping layer and the optical 
density inside the device must be evaluated 
to optimize the light-trapping in the device. 

 In addition, the angular dependence of 
incident light in MCPSCs warrants further 
investigation. For example, Shtein et al. 
have recently demonstrated that the SPR 
effects induced by the planar electrodes 
vary as a function of the angle of the inci-
dent light, which affects the range of optical 

enhancement realized from a given resonant cavity. [ 134 ]  There-
fore, understanding the angular selectivity of the microcavity 
structure requires more fundamental studies. 

 Recently, semi-transparent PSCs have attracted much research 
interest because of their potential to serve as power-generating 
windows for buildings and automobiles. In this regard, devel-
oping a microcavity-embedded semi-transparent PSC will be a 
good strategy to further enhance its performance. By manipu-
lating the off resonance and the microcavity resonance in the 
device, we can modulate the spectral region of incident light to 
be converted into electric power to optimize both the resultant 
transmittance and photovoltaic performance; Martorell and co-
workers recently reported a proof-of-concept study. [ 135 ]  In addi-
tion, microcavity structures also can be employed as an effi cient 
backside refl ector in semi-transparent PSCs to modulate the 
light trapping and transmittance of the devices. [ 136 ]  The colors 
of the semi-transparent PSCs can be tuned by varying the thick-
ness of the optical spacers sandwiched in the backside cavity 
structure, which adds the aesthetic value of semi-transparent 
PSCs in future commercial applications.  
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 Figure 20.    a) Schematic of the series-connected microcavity tandem PSC and b) its energy level 
diagram. c) Light intensity distribution in the series-connected microcavity tandem devices. 
d) EQE spectrum of the front cell (green line), the back cell (blue), the summed EQE spectrum 
of both subcells (red), and 100%-refl ection spectrum of the tandem device (black). Adapted 
with permission. [ 132 ]  Copyright 2015, The Royal Society of Chemistry.
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