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A plasmonic nanoparticle incorporated inverted organic photovoltaic structure was demonstrated

where a monolayer of Ag nanoparticles acted as a wavelength selective reflector. Enhanced light

harvesting via plasmonic backscattering into the photovoltaic absorber was observed, resulting in a

two-fold improvement in the photocurrent and increased open-circuit voltage. Further, utilizing an

optical spacer, the plasmonic backscattering was spectrally controlled, thereby modulating

the external quantum efficiency and the photocurrent. Unlike a regular thin-film metallic back

reflector, excellent off-resonance optical transmission in excess of 80% was observed from the Ag

nanoparticles, making this structure highly suitable for semi-transparent and multi-junction

photovoltaic applications. VC 2011 American Institute of Physics. [doi:10.1063/1.3640217]

For solar electricity to compete favorably with fossil

fuels, one must increase the power conversion efficiency

while reducing the cost. Thin-film photovoltaics (PVs) such

as organic polymer and amorphous silicon PVs can signifi-

cantly reduce the manufacturing and materials costs.1–3

However, in order to compensate for their poor charge trans-

port, the absorber thickness in these PV structures is limited

to few hundred nanometers, resulting in incomplete light har-

vesting and subsequently lower power conversion effi-

ciency.4,5 Although a simple metal back-reflector can easily

alleviate the above trade off, the wavelength insensitivity

may limit other potential benefits such as semi-transparency

and being used in multi-junction PVs. Capturing light by res-

onant coupling to plasmonic as well as other nanoscale, light

trapping structures are alternative approaches that have

attracted recent interests.6,7 Plasmonic structures consisting

of metallic nanoparticles (MNPs) can be processed easily

and indeed have been shown to increase the external quan-

tum efficiency (EQE) of thin-film PVs.7–9 However, in most

studies to date, these plasmonic structures have been placed

“inside” the optical or/and electrical paths of a PV device.

Hence, the additional metal absorption or/and the reduced

open-circuit voltage as a result of non-radiative recombina-

tion around the MNPs can negate the improvement gained

by increased light capture by plasmonic structures. In this

paper, we aim to show that placing plasmonic structures

“outside” the optical and electrical paths of a PV device not

only leads to enhanced conversion efficiency but can be used

as a wavelength selective filter for semitransparent PVs and

a light trapping structure for multi-junction thin-film PVs.

As a proof of concept, we placed a Ag MNP monolayer

underneath an inverted organic PV device as shown in Figure

1(a), physically separating the plasmonic layer from the active

region. The whole device was fabricated bottom up, starting

from creating an ordered pattern of Ag nanoparticles on glass

substrates (1-mm thick) using nanosphere lithography.10 Poly-

styrene particles (200 nm in diameter), functionalized with

carboxylic acid ligands, were spin-coated at 3500 rpm for 40 s

to get a monolayer covering c.a. 1-cm2 area (inset Fig. 1(a)),

which was then used as a mask to evaporate 20 nm of Ag. The

subsequent lift off of Ag by ultrasonication formed an ordered

array of 45-nm wide and 20-nm high particles separated by

200 nm as shown in Fig. 1(a). Afterwards, the Ag nanopar-

ticles were encapsulated in a ZnO layer for planarization with

a varying thickness from 80 to 360 nm which also functions

as an optical spacer. An Al2O3 layer (15-nm thick) was depos-

ited on top of the ZnO by atomic layer deposition as an

FIG. 1. (Color online) (a) Schematic of the inverted organic-polymer PV

fabricated with Ag MNPs placed outside the photoactive region. Device is

illuminated from the Au semitransparent contact. A bird’s-eye view of the

Ag MNPs measured by SEM is shown (scale bar is 1 lm). The inset shows

an SEM image of a monolayer of 200-nm diameter polystyrene particles

used for nanosphere lithography (scale bar is 300 nm). (b) Current-density

voltage (J-V) characteristics under AM1.5 illumination of the inverted PV

with Ag metal nanoparticles (white squares) with 80-nm optical spacer and a

reference inverted PV (black squares).

a)Author to whom correspondence should be addressed. Electronic mail:

peicheng@umich.edu.
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insulator between the plasmonic layer and the top PV. Follow-

ing this, an indium tin oxide (ITO) (40 X/sq measured resistiv-

ity) layer was deposited (90-nm thick) as the bottom

transparent contact and was coated by a hole-blocking layer

of ZnO (40-nm thick).11 The active layer was formed by a

spin coated (700 rpm for 20 s) 12 mg/ml solution of poly-3-

helythiophene and phenyl-C61-butyric acid methyl ester

(PCBM) (1:0.8) in dichlorobenzene. Finally, a 9-nm thick Au

was deposited by e-beam evaporation on the organic layer as

the semi-transparent top electrode.

This inverted PV is illuminated through the thin Au top

layer and the photocarriers generated within the active layer

are collected as electrons from ITO, via a hole blocking

layer, and holes from the high work-function Au electrode.

Fig. 1(b) shows the current density vs. voltage plot of the

inverted PV with MNP (empty-squares) and a reference

inverted PV without the Ag MNPs (black squares), under

AM1.5 illumination. The inverted Ag MNP PV shows higher

short circuit current (Jsc) (1.9 mA/cm2) than the reference

(1.03 mA/cm2). This nearly two-fold increase in photocur-

rent is attributed to enhanced exciton generation by resonant

backscatter of the incident light from the MNPs to the PV

active layer. These results corroborate our theoretical predi-

cations of long-range plasmonic backscattering from MNP.12

Further to the improved photocurrent, the Ag MNP inverted

PV also shows a slightly higher open circuit voltage (Voc)

(0.37 V) compared to reference PV (0.33 V). Improvement

in Voc is attributed to the increased photocurrent (Ip) of

the Ag MNP inverted PV, following the Shockley relation:

Voc / lnðIp=Is þ 1Þ where Is (�1 lA) is the reverse satura-

tion current. We justify the above by taking the Voc

ratio between the Ag MNP based and reference inverted

PVs, VMNP
oc =VREF

oc ¼ 0:37=0:33, which is identical to the

ratio between the respective photocurrent expressions:

lnðIMNP
P =Is þ 1Þ=lnðIREF

P =Is þ 1Þ ¼ lnð191Þ=lnð104Þ. Also,

the overall power conversion efficiency in the Ag MNP

inverted PV (0.27%) increased by a factor of 2.4 in compari-

son to the reference PV (0.11%). Therefore, this plasmonic

device architecture is seen to improve Jsc and the power con-

version efficiency of the inverted PV by backscattering the

incident light to the absorber layer from outside the active

region.

Next, we study the performance of our inverted plas-

monic PV by modulating the backscattering using the optical

spacer layer. Figure 2 shows the Jsc of the devices measured

under AM1.5 with the optical spacer thickness varied from

80 to 360 nm. A periodic change in Jsc is observed with the

optical spacer thickness. To elucidate the physics underlying

the modulation of Jsc by the optical spacer, an EQE measure-

ment was carried out. Figure 3 shows the EQE of three devi-

ces with optical spacer thickness 80 nm (black circles), 120

nm (red triangles), and 200 nm (blue squares) with distinct

peaks, indicated by the dotted lines, at 570, 495, and 530 nm

wavelengths, respectively. Since photocurrent is a multipli-

cation of EQE with AM1.5 intensity, the shifts in EQE peaks

can cause changes in photocurrent with the optical spacer

thickness as observed earlier. We attribute above EQE peaks

to resonant optical modes within the cavity, formed by tun-

ing of the backscattering from the Ag MNP via an optical

spacer.12 Importantly, as shown in inset Fig. 3, irrespective

of the spacer thickness, the Ag MNP inverted PVs (black,

red, and blue circles) show higher EQE compared to a refer-

ence inverted PV without MNPs (black line) justifying the

higher photocurrent observed for the Ag MNP inverted PV

in Figure 1(b).

We carried out optical simulations using full-field finite

differential time domain (FDTD) and transfer matrix meth-

ods to determine the optical absorption intensity within the

P3HT:PCBM layer at varied optical spacer thickness.12,13

The optical constants used in these simulations for P3HT,

PCBM, Au, ITO, ZnO, Al2O3, and Ag were obtained through

literature.14 For FDTD simulation, a 3-dimensional Ag

MNPs embedded within the material stack was considered

and the objects were modeled by their complex dielectric

constants e¼ e0 þ ie00. A broad spectrum optical pulse at nor-

mal incidence was propagated through this geometry and the

optical power absorbed within the P3HT:PCBM layer was

found using MIT Electromagnetic Equation Propagation.15

These FDTD calculated active layer absorption peaks, for

varied optical spacers, were found to closely follow the EQE

curves. However, magnitude of these absorptions did not

corroborate the EQE results within the off-resonance wave-

length range. We attributed this to the non-uniformity of the

deposited MNPs (scanning electron microscopy (SEM) Fig.

FIG. 2. Experimental (black circles) and calculated (black dashed line) pho-

tocurrent with varying optical spacer thicknesses under AM1.5 illumination.

FIG. 3. (Color online) EQE of the Ag MNP based PV with optical spacer

thicknesses of 80 nm (black circles), 120 nm (red triangles), and 200 nm (blue

squares), respectively. Absorption in the PV absorber was calculated using a

weighted average between transfer-matrix and finite difference time domain

methods. The dashed lines indicate the EQE peak positions. Inset shows the

EQE of the reference inverted PV without MNP (black line) together with the

EQE of the Ag MNP PVs with spacer thicknesses as given above.
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1(a)). Alternatively, by taking the measured optical constants

of the Ag MNPs and considering the MNP layer as an effec-

tive thin-film with comparable optical density, the absorption

within P3HT:PCBM was modeled using the transfer matrix

method. This approach captured the resonant scattering as

well as the ensemble reflection effect of the MNPs, corrobo-

rating the absorption with the EQE measurements albeit with

modest fitting to the resonance peaks.

Therefore, we used a weighted average of the P3HT:

PCBM absorptions calculated from both transfer matrix and

FDTD, to capture the ensemble reflection due to MNP non-

uniformity using transfer matrix and the resonant backscat-

tering from MNPs using FDTD, respectively (Fig. 3). It can

be seen that the absorption peaks for 80-nm (black line),

120-nm (red line), and 200-nm (blue line) optical spacer

thicknesses match approximately to the corresponding EQE

peaks at the dotted lines. This clearly indicates that optical

modulation of the backscattering is the direct cause of the

change in the EQE. Furthermore, by considering unity inter-

nal quantum efficiency, we calculate the Jsc using the calcu-

lated P3HT:PCBM optical absorption for varied optical

spacer thickness (black dashed line in Fig. 2). It is evident

that the photocurrent generated from the plasmonic PV is

modulated according to the optical spacer thickness agreeing

closely with the experimental results.

In Fig. 4, the optical transmission of the Ag-MNP-

coated substrate (dashed line) shows a dip at 525 nm wave-

length, corresponding to the plasmon resonance of the Ag

MNPs. In contrast, the off-resonance light passes through at

approximately 80% transmission, which is considerably

greater than a comparable 20-nm thick film of Ag (solid

line). Therefore, the Ag MNPs function as a wavelength

selective backscattering layer providing solar energy capture

while sustaining an excellent off-resonance optical transmis-

sion which can be ideal for semitransparent PVs. Further-

more, this property allows one to stack multiple MNP

backreflectors tuned to different resonance wavelengths to

be used with a tandem cell structure as illustrated in the inset

of Fig. 4. The enhanced backscattering can be independently

tuned for each pair of absorber and the MNP layer via an op-

tical spacer, allowing enhanced photocurrent and facilitating

current matching among different junctions.16

In conclusion, we demonstrate an inverted PV device by

using a monolayer of Ag MNP as an efficient back-reflector.

The plasmonic PV delivers improved performance relative to

a reference inverted PV. Furthermore, the plasmonic inverted

PVs optical properties can be tuned using the optical spacer

to modulate the optical intensity within the absorber region to

maximize the photocurrent. Further, increase of the cell effi-

ciency can be achieved by replacing the top metal contact

with a low-loss transparent electrode.17 Finally, we discussed

the applications of the proposed plasmonic structure as a

wavelength selective filter for semi-transparent PVs and a

light harvesting structure in multi-junction thin-film PVs.
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FIG. 4. (Color online) Optical transmission measurements of a monolayer

of Ag MNPs (dashed line) and a 20-nm thick Ag film (solid line) carried out

on 1 mm thick standard microscope glass substrates. Inset shows a schematic

of a proposed plasmonic nanoparticle engineered multi-junction inverted PV

with multiple plasmonic backscattering layers. The optical spacer thickness

is varied to maximize light harvesting for different wavelength bands via the

optical cavity effect.
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