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A multiphysics study carries out on organic solar cells (OSCs) by solving Maxwell’s and

semiconductor equations simultaneously. By introducing a metallic rectangular-grating as the

anode, surface plasmons are excited resulting in nonuniform exciton generation. Meanwhile, the

internal E-field of plasmonic OSCs is modified with the modulated anode boundary. The plasmonic

OSC improves 13% of short-circuit current but reduces 7% of fill factor (FF) compared to the

standard one with a planar anode. The uneven photocarrier generation and transport by the grating

anode are physical origins of the dropped FF. This work provides fundamental multiphysics

modeling and understanding for plasmonic OSCs. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4768236]

As one of the promising candidates for photovoltaic

applications, organic solar cells (OSCs) have drawn consider-

able attention recently due to their properties of large-area

production, mechanical flexibility, and low-cost processing.1,2

However, the short lifetime and diffusion length of excitons

result in ultrathin active-layer configuration in OSCs. The

configuration limits the light absorption efficiency and thereby

the power conversion efficiency. The power conversion effi-

ciency (PCE) of OSCs is given by PCE ¼ JscVocFF=Pin,

where Jsc is the short-circuit current, Voc is the open-circuit

voltage, FF is the fill factor (FF), and Pin is the incident

photon power. Having unique features of tunable resonance

and unprecedented near-field concentration, plasmonics is one

of enabling techniques for boosting the optical absorption of

OSCs.3–6 The enhanced optical absorption substantially

increases the generation rate of photocarriers and thus short-

circuit current. The basic device physics of OSCs has been

investigated in literatures.7,8 However, the physical mecha-

nism of the modified electrical properties of OSCs due to the

introduction of metallic nanostructures has not been unveiled

systematically. Apart from the optical absorption properties,3–6

the electrical properties of plasmonic OSCs, such as internal

E-field distribution, recombination loss, and exciton dissocia-

tion, will greatly affect the performance of organic solar cell

(OSC) devices.

In this paper, we model the optical and electrical proper-

ties of OSCs with the metallic grating and planar anodes

through solving Maxwell’s equations and semiconductor

equations simultaneously. As a unique feature of OSCs, the

exciton dissociation process can be reproduced by our multi-

physics model that is different from the established models

for silicon solar cells.9–11 The photocarrier’s generation,

transport, and collections are fully observed and compara-

tively studied for plasmonic OSCs with the gating anode and

standard OSCs with the planar anode.

We will report peculiar electrical features of plasmonic

OSCs and reveal the physical origin of the dropped FF.

Regarding our previous work,12 we investigated the optical

and electrical responses of OSCs with the metallic nanostrip

anode. Critically different from the modulated boundary of

the grating anode studied in this work, the flat boundary of

the nanostrip anode induces uniform internal (electrostatic)

E-field distribution in the active layer and thus unchanged

FF. Furthermore, the modulated boundary of the grating

requires more sophisticated numerical techniques to handle

the boundary conditions encountered in semiconductor equa-

tions. The spatially uneven exciton generation and internal

E-field distribution resulting, respectively, from the optical

and electrical responses of the metallic grating should be

taken into account and carefully manipulated for future

designs of plasmonic OSCs. The multiphysics modeling and

understanding are imperative for high-efficiency organic

photovoltaic technique and low-cost green energy industry.

The schematic standard and plasmonic OSC structures

are shown in Figs. 1(a) and 1(b), respectively. The blend

active layer of bulk heterojunction OSCs comprises a small

bandgap donor of PBDTTT-C-T (poly{[4,8-bis-(2-ethyl-

hexyl-thiophene-5-yl)-benzo[1,2-b:4,5-b0]dithiophene-2,6-

diyl]-alt-[2-(20-ethyl-hexanoyl)-thieno[3,4-b]thiophen-4,6-

diyl]}) and an acceptor of PC70BM ([6,6]-phenyl C71-

butyric acid methyl ester). A silver rectangular-grating is

introduced as the anode for the plasmonic OSC. Fig. 1(c)

depicts the energy level diagram of the OSCs. The anode is

assumed to be an ohmic contact while the cathode has an

injection (Schottky) barrier of 0.2 eV. We use unified finite-

difference method to model the multiphysics features of

OSCs through solving Maxwell’s equations and semiconduc-

tor equations (Poisson, continuity, and drift-diffusion equa-

tions) simultaneously. For the details about the algorithms

and modeling parameters (See Secs. S1 and S2 of supple-

mentary material13).

Figure 1(d) shows the ratio of the generation rate of the

plasmonic OSC to that of the standard OSC. The extremely
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dense exciton generation can be found around the metallic

grating. Moreover, the increased exciton generation can be

observed in the active region below the ridge of the grating.

Floquet modes supported by the periodic grating will provide

additional momentum to enable the excitation of surface plas-

mon by light which propagates along the interface between

the silver grating and active material. From the reciprocity

theorem in electromagnetics, the surface plasmon waves can-

not be completely trapped in the grating layer and will damp

in the active layer and escape into the air region. Hence, con-

structive interferences between surface plasmon waves and

the incident light enhance the optical absorption and exciton

generation in the active region below the ridge of the grating.

An alternative explanation is that the grating scatters light

back into the active layer where it may be trapped by the total

internal reflection into other types of waveguide modes. From

Fig. 1(d), the exciton generation is extremely nonuniform in

the active layer of the plasmonic cell.

Figs. 2 and 3 show the potential distribution, recombina-

tion rate, electron and hole current densities at the short-

circuit condition for the standard and plasmonic OSCs,

respectively. It can be seen from Fig. 3(a) that the internal

E-field, which is the gradient of potential, presents uneven

spatial distribution for the plasmonic cell remarkably differ-

ent from the standard cell as illustrated in Fig. 2(a). The in-

ternal E-field at the center region between the ridge of the

grating and opposite cathode section is stronger than the in-

ternal E-field at the two side regions between the troughs of

anode and opposite cathode sections. The peculiar internal

E-field distribution induces the nonuniform recombination

rate at the cathode as shown in Fig. 3(b). It is because the

free electrons experience different sweep-out time. A strong

internal E-field results in short sweep-out time and low

recombination. Regarding the drift current proportional to

the internal E-field and charge concentration, the nonuniform

electron current density with pronounced peaks at x¼ 50 and

x¼ 250 nm can be expected in the plasmonic cell as shown

in Fig. 3(c). For the standard cell, Fig. 2(b) shows that the

recombination near the anode is significantly larger than that

near the cathode although the large generation rate is found

near the cathode as depicted in Fig. S3 of Sec. S3 of supple-

mentary material.13 In modeling, hole mobility has one order

of magnitude lower than electron mobility, which is the case

for most polymer materials. Holes have long sweep-out time

and hopping-distance to migrate towards the anode. As a

FIG. 1. (a),(b) The schematic patterns for the unit cells of the standard and

plasmonic OSCs, respectively. The geometric parameters are d1 ¼ 30 nm;
d2 ¼ 70 nm; d3 ¼ 30 nm, P¼ 300 nm, W¼ 150 nm, and H¼ 20 nm. (c) The

energy levels of active materials and electrodes. (d) The generation rate map of

the plasmonic cell divided by that of the standard cell (in the active layer). The

logarithmic scale is adopted.

FIG. 2. The electrical results of the standard OSC at the short-circuit condi-

tion. (a) equipotential lines (V); (b) recombination rate with the logarithmic

scale (m–3s–1); (c),(d) electron and hole current densities (A=m2). The color

and arrow denote the amplitude and direction of the currents.

FIG. 3. The electrical results of the plasmonic OSC at the short-circuit

condition. (a) Equipotential lines (V); (b) recombination rate with the loga-

rithmic scale (m–3s–1); (c),(d) electron and hole current densities (A=m2).

The color and arrow denote the amplitude and direction of the currents.
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result, the recombination loss of holes is larger than that of

electrons. For the plasmonic cell, the recombination at the

grating ridge and sides (especially at the junctions) drastically

increases in contrast to the recombination at the grating

troughs (see Fig. 3(b)). This feature agrees with the nonuni-

form exciton generation very well as illustrated in Fig. S4 of

Sec. S3 of supplementary material.13 The huge recombination

quenches a lot of free photocarriers and reduces the hole cur-

rent density. Fig. 3(d) shows the hole current density of the

plasmonic cell. We can see that the amplitude of the hole cur-

rent density can be ignored near the junctions. Interestingly,

the peak amplitude of the hole current density is noticeably

larger than that of the electron current density owing to the

favorable hole transport and thus lower recombination (see

Figs. 3(c) and 3(d)). The holes generated around the grating

can be collected by the anode due to the short hopping path

and sweep-out time. Contrarily, the electron and hole current

densities of the standard cell have almost the same peak am-

plitude as presented in Figs. 2(c) and 2(d).

Figs. 4 and 5 present the electrical responses of both

cells at the open-circuit condition. The near zero internal

E-field induces increased recombination loss and makes the

charge extraction difficult. Meanwhile, the field-dependent

exciton dissociation probability decreases leading to a large

carrier loss as listed in Table I. Distinguishing from the

injection barrier associated with the cathode, the ohmic an-

ode has more free holes that cannot recombine with their

electron counterparts. Therefore, the higher concentration of

equipotential lines is observed near the anode for both cells

(Figs. 4(a) and 5(a)). For the standard cell, the hole recombi-

nation regions occupy almost the whole active layer as

shown in Fig. 4(b). For the plasmonic cell, besides the

recombination peaks at the lateral sides and ridge corners of

the grating, there is also a strong recombination at the active

layer region below the grating as shown in Fig. 5(b). The

photocarrier generation is concentrated in this region and

cannot be swept out efficiently with strong space charge

effect. Remarkably, the different directions of the internal E-

field make the plasmonic cell operate in the reverse and for-

ward bias modes, respectively, for the center region below

the grating ridge and the side regions below the grating

troughs. As a result, the forward and reverse electron cur-

rents are obtained respectively at the side and center regions

as drawn in Fig. 5(c). Likewise, Fig. 5(d) shows the forward

and reverse hole currents respectively at the side and center

regions. Distinguishing from this feature, the reverse electron

current and the forward hole current have spatially uniform

flow behaviors for the standard cell as shown in Figs. 4(c)

and 4(d), respectively. Additionally, the internal E-field only

points to one direction in the cross section of the standard

cell.

Taking into account the electrical effects of the photogen-

erated carriers as described above, the short-circuit current of

the plasmonic cell is improved by 13% due to the plasmon

enhanced photoabsorption as depicted in Fig. 6. The character-

istic parameters of OSCs are listed in the Table II. The slightly

increased open-circuit voltage in the plasmonic OSC may be

attributed to the favorable hole transport. A lot of holes are

generated around the grating anode and can be collected effi-

ciently. The FF is defined by the maximum power output over

the product of short-circuit current and open-circuit voltage. A

FIG. 4. The electrical results of the standard OSC at the open-circuit condi-

tion. (a) Equipotential lines (V); (b) recombination rate with the logarithmic

scale (m–3s–1); (c),(d) electron and hole current densities (A=m2). The color

and arrow denote the amplitude and direction of the currents.

FIG. 5. The electrical results of the plasmonic OSC at the open-circuit con-

dition. (a) Equipotential lines (V); (b) recombination rate with the logarith-

mic scale (m–3s–1); (c),(d) electron and hole current densities (A=m2). The

color and arrow denote the amplitude and direction of the currents.

TABLE I. The spatially averaged exciton dissociation probability (hDissi)
and recombination loss (hReci) at the short-circuit (SC), maximum power

(MP), and open-circuit (OC) conditions.

SC SC MP MP OC OC

hDissi hReci hDissi hReci hDissi hReci

Standard (%) 69.83 0.88 62.34 9.19 59.69 82.56

Plasmonic (%) 70.52 2.5 63.38 16.63 59.63 92.75
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significant 7% drop of the FF in the plasmonic cell is strongly

confirmed by our multiphysics model. In particular, even if we

change the periodicity P and width W of the grating as shown

in Fig. 1, the dropped FF is observed universally. The dropped

FF increases when the depth of the grating H (in Fig. 1(b))

becomes shorter. Additionally, an optimum depth is required

for achieving maximum enhancement in the optical absorption

of the active material. The shunt resistance and ideal factor of

the solar cell can be approximated by14

dV

dJ

�
�
�
J¼Jsc

� Rsh; (1)

dV

dJ

�
�
�
J¼0;V¼Voc

� kBT=q

Jsc þ J � V=Rsh
nþ Rs; (2)

where Jsc is the short-circuit current, Voc is the open-circuit

voltage, n is the ideal factor, and Rsh and Rs are the shunt

and series resistances, respectively. We fit the slopes of the

above equations at the short-circuit current and open-circuit

voltage points. We find that the shunt resistance is reduced

and ideal factor is increased for the plasmonic cell. On one

hand, the periodically modulated metallic grating excites the

concentrated plasmonic waves near the anode resulting in

nonuniform photocarrier generation. On the other hand, the

modulated anode boundary is responsible for inhomogene-

ous built-in potential and internal E-field distributions below

ridge and troughs of the grating anode, which has strong

effects on the photocarrier transport and collections. In sum-

mary, the nonuniform photocarrier generation and transport

are the physical origins of the dropped FF. The FF of

the plasmonic cell may be improved by using sinusoidally

modulated grating anode with smooth boundaries. Together

with the improvement of the photogenerated current, the

power conversion efficiency could increase greatly. These

cases will be addressed in the future.

We have investigated the plasmonic OSC with the

metallic rectangular-grating anode through the multiphysics

solutions to Maxwell’s equations and semiconductor equa-

tions. The grating anode induces nonuniform optical absorp-

tion and inhomogeneous internal E-field distribution. Thus

uneven photocarrier generation and transport are formed in

the plasmonic OSC leading to the dropped FF. The multiphy-

sics modeling and understanding are fundamentally impor-

tant for improving the performance of organic photovoltaics.
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FIG. 6. The voltage-current density curve of the plasmonic and standard

cells. The maximum power points are denoted by the plus signs.

TABLE II. The characteristic parameters of the standard and plasmonic

OSCs involving short-circuit Jsc, open-circuit voltage Voc, MP, FF, and PCE.

Jsc ðA=m2Þ Voc ðVÞ MP (W) FF (%) PCE (%)

Standard 75.18 0.706 32.34 60.91 3.23

Plasmonic 85.12 0.719 32.91 53.77 3.29
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