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By means of finite-element numerical modeling, we analyze the influence of the nanostructured

dissociation interface geometry on the behavior of interdigitated heterojunction full organic

solar cells. A systematic analysis of light absorption, exciton diffusion, and carrier transport, all

in the same numerical framework, is carried out to obtain their dependence on the interface

geometrical parameters: pillar diameter and height, and nanostructure period. Cells are

constituted of poly(3-hexylthiophene) (P3HT) and 1-(3-methoxycarbonyl)-propyl-1-phenyl-

(6,6)C61. Results show that light absorption is maximum for pillar heights of 80 nm and 230 nm.

However, due to the short exciton diffusion length of organic materials, the analysis of the exciton

diffusion process reveals that the 80 nm thickness gives rise to a higher photocurrent, except for the

smaller pillar diameters. In terms of efficiency, it has been observed that the charge carrier transport

is weakly dependent on the geometric parameters of the nanostructured interface if compared with

the exciton diffusion process. The optimal cell is a device with a pillar height of 80 nm, a structure

period of 25 nm, and a ratio of the nanopillar diameter to the period of 0.75, with an efficiency 3.6

times higher than the best planar bilayer reference device. This structure is such that it reaches a

compromise between having a high proportion of P3HT to increase light absorption but preserving

a small pillar diameter and interpillar distance to ensure an extended exciton dissociation interface.
VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4788819]

I. INTRODUCTION

Since the advent of organic solar cells (OSC), there has

been an intense search to make them at least as profitable as tra-

ditional polluting energy sources. However, this objective is still

far since only recently a power conversion efficiency (PCE) of

10% (the minimum required for an OSC to be, at least, as com-

petitive as an inorganic device) has been achieved.1,2

Unlike inorganic solar cells, when photons are absorbed

in organic devices they do not generate free charges but exci-

tons. This quasiparticle, that is a bound state of an electron

and a hole, must diffuse and reach a dissociation interface to

generate free charges.3 However, organic materials have a

short exciton diffusion length, typically 5–15 nm, so only

those excitons generated close enough to a dissociation inter-

face will contribute to photocurrent while the rest will

recombine.3,4 In OSC, the dissociation interface corresponds

to the donor-acceptor (D-A) union. Hence an extended disso-

ciation interface is crucial to improve the efficiency of OSC.

One promising solution is the interdigitated heterojunc-

tion approach. This method provides devices with a wide-

spread D-A interface. The advantage over the bulk

heterojunction approach is that the interdigitated cells pro-

vide uninterrupted direct paths for charge carrier collection

to the electrodes.5 However, this advantage is achieved at

the expense of a reduced D-A interface area in comparison

with the bulk heterojunction structure. Previous works have

shown that the improvements in the electrical behavior of

the interdigitated heterojunction cells can lead to an increase

in their efficiency.6–11

Kim et al.6 reported an increase of 6.6 times in the effi-

ciency of poly(3-hexylthiophene) (P3HT)-C60 interdigitated

devices if compared with a planar bilayer reference cell.

Their cells had 50 nm of nanopillar diameter, 150 nm of

nanopillar height, and 100 nm of structure period. He et al.9

increased the efficiency from 1.36% (planar) to 3.25% (inter-

digitated) in P3HT-1-(3-methoxycarbonyl)-propyl-1-phenyl-

(6,6)C61 (PCBM) devices with cells that had 25� 25 nm of

nanorod size, 80 nm of nanorod height, and 50 nm of struc-

ture period. Other authors have also reported improvements

in cells efficiency in devices of different materials, such as

Zheng et al.10 with two-fold efficiency increase (20 nm di-

ameter and 40 nm long nanopillars) and Wiedemann et al.11

with an improvement of about 80% (40 nm-width and

80 nm-periodicity structures).

The interdigitated D-A interface can be obtained with

the template-assisted synthesis method since it allows

obtaining nanometer scale structures.6,12–15 In the previous

works, we demonstrated the possibility of obtaining polymer

nanopillars onto indium-tin-oxide (ITO)/coated glass sub-

strates from nanoporous anodic alumina templates

(NAAT).14 Once the NAAT are made,16 the polymer is

inserted in the template with a combination of the spin-

coating and the melt-assisted template wetting methods.

Finally, the NAAT is dissolved in a solution of sodium hy-

droxide (NaOH), obtaining the polymer nanopillars.14 The

geometrical features of the NAAT such as pore diameter,

interpore distance, porosity, degree of hexagonal porea)lluis.marsal@urv.cat.
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arrangement, and thickness are rather controllable by the

anodization parameters (anodization voltage, temperature,

and type and concentration of the acid electrolyte).16 In Fig-

ure 1, we have two environmental scanning electron micros-

copy (ESEM) images of P3HT nanopillars obtained under

different anodization conditions. Figure 1(a) shows nanopil-

lars with an average height of 380 nm, a diameter of 180 nm,

and an interpillar distance of 490 nm. The nanopillars are

standing on a 220 nm thick P3HT base layer, which is in con-

tact with the ITO-coated glass. Figure 1(b) shows P3HT

nanopillars on a 260 nm thick base layer and with 100 nm

height, 70 nm diameter, and 100 nm interpillar distance.

Nevertheless, an optical and electrical modeling of such

structures is crucial to evaluate a-priori the performance of

this interdigitated cells and the dependence of such perform-

ance on the different geometrical and material parameters.

Several authors have previously presented simulation

approaches to model the behavior of interdigitated heterojunc-

tion OSC.17–19 Yang and Forrest17 have simulated the photo-

current generation in nanostructured organic solar cells

by using a dynamical Monte Carlo model that includes the

generation and transport properties of both excitons and free

charges. Despite their extensive study, only efficiencies for

the internal and external quantum efficiencies are calculated

while the achievable energy conversion efficiencies are only

estimated by using typical experimental values for the open

circuit voltage and the fill factor. In simulations of Meng

et al.,18 excitons are created at randomly chosen sites in either

the hole or the electron conducting polymer at constant rate,

neglecting light wave features such as diffraction and interfer-

ences. A more accurate model has been presented by Kim

et al.19 In their approach, the absorbed light in the active layer

was computed by considering the wave nature of light with

Maxwell’s equations and the photocurrent density was calcu-

lated by considering the generation, diffusion, and dissociation

of excitons following the exciton diffusion equation. How-

ever, the electron and hole transport in the polymer materials

were computed using an equivalent circuit model.

In this work, we develop a numerical model, based on

the finite elements method, for the complete simulation of

interdigitated heterojunction full organic solar cells. We inte-

grate in the same model all the steps of the solar energy con-

version process: light propagation and absorption, exciton

diffusion, and charge carrier transport. The donor and the

acceptor materials of our devices are P3HT and PCBM,

respectively. Simulations are carried out by using COMSOL

MULTIPHYSICS (R). This program is a finite-element analysis

software which allows evaluating optical and electrical prop-

erties of the devices in detail.20 The main advantages of such

approach is that it allows evaluating all the relevant magni-

tudes as a function of position and that the result of each step

can be used seamlessly as the input for the next step. In this

work, we determine the influence of the different D-A inter-

face geometrical parameters (pillar diameter and height, and

the interpillar distance) on cells efficiency. The obtained

results are compared with a reference planar bilayer cell.

II. MATERIALS AND METHODS

A. The computational domain

Our model is a 2D simplification of a real 3D device. It

consists of a structure of ITO, poly(3,4-ethylenedioxythio-

phene) poly(styrenesulfonate) (PEDOT:PSS), P3HT, PCBM,

and a back contact of aluminum (Al) as it is shown in Figure

2. This simplification implies that the cell is nanostructured

in the form of interpenetrating P3HT and PCBM grooves.

The ITO, PEDOT:PSS, and Al thicknesses are fixed while

the variables are the P3HT groove width a, (equivalent to the

nanopillar diameter in a 3D nanostructure), the period b
(equivalent in 3D to the interpillar distance), the ratio of the

groove width to the period (c¼ a/b), and the nanopillar

height including the fix base layer (T). In our case, b ranges

from 25 nm to 4000 nm, c takes the values of 0.25, 0.50, and

0.75, and T is in the range from 30 to 250 nm in intervals of

10 nm with an additional value of 500 nm. The optical prop-

erties of the materials have been modeled by using the re-

fractive index (n) and the extinction coefficient (k) of the

complex index of refraction (~n¼ n þ ik), which have been

obtained from the literature.21–24 As reference, the results are

FIG. 1. (a) ESEM cross section image of P3HT nanopillars with 380 nm high,

180 nm diameter, and 490 nm interpillar distance and (b) of P3HT nanopillars

with 100 nm high, 70 nm diameter, and 100 nm interpillar distance.
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compared with an equivalent planar bilayer cell with the

same amount of the different materials for each case.

The incident light is assumed to be normal to the surface

of the devices and incident from the ITO side. It has been

modeled as the superposition of a set of monochromatic lin-

ear polarized waves with a planar wavefront, and with a

direction that is parallel to the nanopillars. The amplitudes of

these plane waves follow the standard AM1.5 spectral distri-

bution of the solar radiation. To obtain the complete spec-

trum, simulations have been carried out for wavelengths in

the range from 280 to 650 nm in intervals of 10 nm. We have

chosen this wavelength range because it corresponds to the

absorption spectrum of P3HT, where most of the excitons

will be generated.

B. Optical and electrical modeling

The finite-element method allows the simulation of light

propagation inside the cell nanostructure and the computing

of the absorbed light power as a function of the position.

This magnitude, obtained by solving the complete Maxwell

equations, is expressed as the total power dissipation density
(Q). At any position ~r in the structure, such dissipation

Q(~r ;k), expressed in W/m3, for a monochromatic wave of

wavelength k is defined as follows:25

Qð~r; kÞ ¼ h�~r � ~Si; (1)

where ~S is the Poynting vector, which represents the energy

flux (in W/m2) of an electromagnetic field.26 The total power
dissipation density that will contribute to exciton generation

is obtained by integrating Q over the entire active area.

However, we only have considered the excitons gener-

ated in the P3HT layer since the contribution to the photo-

current of the ones generated in the PCBM will be very

small. The exciton diffusion length in this material is very

short so most of the excitons will recombine before reaching

the dissociation interface.27,28 This happens even for the case

of the bulk heterojunction approach where the internal quan-

tum efficiency (IQE) is very low for the wavelengths where

PCBM absorbs and P3HT does not (around 700 nm).29,30 In

addition, light absorption in the PCBM is weak at these

wavelengths.21 Hence, in order to reduce computational

times, we have neglected the excitons generated in the

PCBM. So only the total power dissipation density in the

P3HT layer will be analyzed

QðkÞ ¼
ð

P3HT

Qð~r; kÞdV: (2)

Then, by summing it for all wavelengths, we obtain the total

light absorption of a device for the incident light source

QTotal ¼
X

i

QðkiÞ: (3)

The total exciton generation rate can be obtained at every

point of the P3HT layer by summing the exciton generation

rate corresponding to each wavelength. However, in OSC,

only those excitons that reach the dissociation interface will

contribute to photocurrent, hence it is also necessary to esti-

mate the exciton flux to this interface. After being generated,

excitons diffuse around their neighborhood and eventually

dissociate into free charges or recombine following the exci-
ton diffusion equation. So the exciton density as a function

of time at a position~r can be set as follows:

@exc

@t
¼ Dexc

@exc2

@~r 2
þ
X

i

Qð~r; kiÞ
hc=ki

� �
� exc

s
; (4)

where Dexc¼L2/s is the diffusion constant of the excitons,

being L and s the exciton diffusion length and mean lifetime,

respectively, h is the Planck constant, and ki is the wave-

length of the considered incident plane wave.

The photogenerated current density (JPHOTO) is propor-

tional to the exciton flux at the dissociation interface

(JEXC)31

JPHOTO ¼ qh JEXC; (5)

where h is the efficiency of exciton dissociation at the inter-

face and q is the elementary charge. By assuming a 100% ef-

ficiency in exciton dissociation and in charge collection, we

can obtain the maximum attainable JPHOTO. This magnitude

gives a first approximation of the amount of absorbed light

that it is actually effective.

To obtain the complete current density–voltage (J–V)

characteristics, we have used the drift-diffusion model. This

model uses the general semiconductor drift-diffusion equa-

tions for electrons and holes to describe charge transport.32–34

We assume that the transport properties of the organic materi-

als can be modeled by mobility, DOS, and doping levels to-

gether with a free charge generation and a bimolecular

recombination terms.

The continuity equations for electrons and holes set as

follows:

@n

@t
¼ 1

q

@Jn

@~r
þ Gð~rÞ � Rð~rÞ; (6)

@p

@t
¼ � 1

q

@Jp

@~r
þ Gð~rÞ � Rð~rÞ: (7)

FIG. 2. Schematic unit cell model of the structure ITO/PEDOT:PSS/P3HT/

PCBM/Al showing the fixed parameters and the variables under study.
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In Eqs. (6) and (7), the current density equations for

electrons and holes, Jn and Jp, respectively, are

Jn ¼ �qnln

@w
@~r
þ qDn

@n

@~r
; (8)

Jp ¼ �qplp

@w
@~r
� qDp

@p

@~r
; (9)

where n and p are the electron and the hole densities, D is

the diffusion constant of the free carriers, l is the carriers

mobility, and w is the electrostatic potential.

The free charge generation rate Gð~rÞ is given by the

exciton flux able to reach the dissociation interface. Since in

OSC excitons only dissociate in the D-A interface, it is in

this region where carriers will be generated. We have mod-

eled a very thin generation zone in this interface to model

this effect. For the recombination rate Rð~rÞ, we have used

the bimolecular recombination definition since in OSC it is

one of the most crucial charge carrier loss mechanisms34

Rð~rÞ ¼
qðlnlpÞ

e
ðnp� ni2Þ; (10)

where ni is the intrinsic carrier density of electrons or holes,

and e is the product of the vacuum permittivity e0 and the rel-

ative permittivity er of the organic materials. All the parame-

ters have been obtained from the literature.3,4,35,36

Together with the continuity equations, the Poisson’s

equation also needs to be solved

@2w

@~r2
¼ q

e
ðn� pÞ: (11)

Equations (6), (7), and (11) are solved in an iterative

loop. To reduce the number of iterations needed to solve the

three dependent equations, an initial value for w for the Pois-

son’s equation must be supplied

winit ¼
�Vt logðpinit=niÞ � v� 0:5Egap for Ndoping < 0

þVt logðninit=niÞ � v� 0:5Egap for Ndoping � 0
;

(

(12)

where Vt is the thermal voltage, ninit and pinit are the charge

concentration at the interfaces of the active layer and the

electrodes, respectively, Ndoping is the doping concentration,

v is the electron affinity, and Egap is the effective band gap

between the lowest unoccupied molecular orbital (LUMO)

of the acceptor and the highest occupied molecular orbital

(HOMO) of the donor. In our case, ninit and pinit are set as

follow:

ninit¼
ðjNdopingj=2þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNdoping

2=4þni
2Þ

p
Þ for Ndoping�0

ni
2=ðjNdopingj=2þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNdoping

2=4þni
2Þ

p
Þ for Ndoping<0

;

�
(13)

pinit¼
ðjNdopingj=2þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNdoping

2=4þni
2Þ

p
Þ for Ndoping<0

ni
2=ðjNdopingj=2þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNdoping

2=4þni
2Þ

p
Þ for Ndoping�0

:

�
(14)

III. RESULTS AND DISCUSSION

Figure 3 shows the total absorbed light power (QTotal)

in the P3HT layer as a function of the period b for

c¼ a/b¼ 0.5. All the curves show a similar behavior with

two local maxima for T around 80 nm and 230 nm. A local

minimum for T close to 130 nm is also present in all cases.

The maximum absorption is achieved for b¼ 25 and

4000 nm while the lower absorption is clear for b¼ 250 nm.

Since it can be expected that a higher light absorption will

lead to a higher photocurrent, we focus the following calcu-

lation on T¼ 80 nm and on T¼ 230 nm.

Figure 4 shows the obtained JPHOTO as a function of b,

for these two thicknesses, for the interdigitated devices. The

JPHOTO for equivalent planar bilayer cells (cells with the

same amount of P3HT and PCBM than the interdigitated

ones but in planar configuration) are indicated as horizontal

lines for reference. For all the range of considered b, except

for b¼ 25 nm, JPHOTO for T¼ 80 nm is bigger than for

T¼ 230 nm, even though T¼ 230 nm corresponds to the

FIG. 3. Total absorbed light power (QTotal) in the P3HT layer as a function

of the pillar height T for different interpillar distances b.

FIG. 4. Maximum attainable photogenerated current density (JPHOTO) as a

function of b for the two pillar heights at which the absorbed light is maxi-

mum, T¼ 80 nm and T¼ 230 nm, and for c¼ 0.50. The horizontal lines cor-

respond to the JPHOTO of the equivalent planar bilayer cells.
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highest light absorption. We can also observe that as b
increases the difference between JPHOTO for T¼ 80 and for

T¼ 230 nm also increases. This fact can be explained by the

short exciton diffusion length of organic materials.

To this end, Figure 5 depicts the steady state exciton

concentration map of an interdigitated cell for a¼ 250 nm,

b¼ 500 nm, and T¼ 250 nm (a), and of its equivalent planar

bilayer form (b). It can be seen that in the interdigitated cell

excitons reach up to a certain depth in the P3HT, limited by

the exciton diffusion length. In the planar equivalent cell,

this limitation results in a low concentration gradient of exci-

tons near the donor-acceptor interface, which leads to the

low JPHOTO observed. This argument supports the results

that can be observed in Figure 4, where an improvement in

JPHOTO with respect to the bilayer cell can be observed only

for b below 100 nm. A further examination of the concentra-

tion map in Figure 5(a) explains also why JPHOTO decreases

with increasing b: as the width of the pillar becomes bigger,

less excitons are generated close to the lateral interface,

where most of them dissociate.

Figure 6 shows the complete current density–voltage

(J–V) curves for several b with c¼ 0.5, and for the reference

planar bilayer cell for the two thicknesses of interest (T¼ 80

and 230 nm). In this graph, we can see that the open circuit

voltage (VOC) of the different devices is in a range from 0.5

to 0.6 V. Another important parameter of solar cells, the

short circuit current density (JSC), shows a higher variation

between cells, ranging from 0.25 to more than 4.5 mA/cm2.

These values of JSC show a good correlation with the JPHOTO

displayed in Figure 4, especially for T¼ 80 nm. This indi-

cates a high charge carrier collection efficiency and that this

process is not strongly influenced by the geometrical charac-

teristics of the interdigitated interface.

Figure 7 shows the J–V characteristics for T¼ 80 nm for

several b and for different c¼ a/b. As in Figure 6, the VOC

for the different cells ranges from 0.5 to 0.6 V while the JSC

values are distributed over a wider range and show a differ-

ent trend for different b. For b¼ 25 nm, when c increases JSC

increases in a similar proportion. However, for bigger b, the

increase of JSC with c is less noticeable. A higher c implies a

higher ratio of P3HT, and therefore, more absorbed light.

However, not in all cases, all this supplementary amount of

absorbed light will be actually effective because of the short

exciton diffusion length of P3HT.

From the J–V characteristics, we have also obtained the

fill factor (FF), which is shown in Figure 8 as a function of

c¼ a/b for T¼ 80 nm and several b. We can see that while

for b¼ 25 nm the FF decreases when c increases, there are

no significant changes for the rest of b when c varies. If we

compare the FF between the different b, we can observe that

it decreases as the period of the nanostructures increases.

This parameter is one of the most representing factors in the

performance of a solar cell since it gives information on the

charge transport and recombination mechanisms. The analy-

sis of this parameter reveals that, in the case of study, the

exciton diffusion is a more limiting factor than the charge

transport, since when the exciton dissociation starts becom-

ing a limitation (large b and c) the FF decreases. These

results are in good agreement with our previous

FIG. 5. (a) Exciton concentration map of an interdigitated cell for b¼ 500 nm,

c¼ 0.50, and T¼ 250 nm, and (b) of its equivalent bilayer form.

FIG. 6. Current density–voltage (J–V) curves for several b with a fix

c¼ 0.50. The J-V curves of the reference planar bilayer cells for the two

thicknesses of interest (T¼ 80 and 230 nm) have also been included.

FIG. 7. J–V curves for T¼ 80 nm for several b and for different c¼ a/b.
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interpretations from the analysis of the JPHOTO as a function

of the geometrical parameters.

Table I shows the efficiency (g) corresponding to the

devices referred to in the previous figures. We can observe

that a bigger quantity of polymer does not always mean bet-

ter results. Efficiencies are higher for T¼ 80 than for

T¼ 230 nm for the same c, and a higher c only represents a

noticeable increase in the efficiency for b¼ 25 nm. The

increase in b causes a decrease in the efficiency leading to

for b as big as b¼ 500 nm, the interdigitated cell efficiencies

are lower than that of the equivalent planar bilayer. The max-

imum efficiency is achieved for b¼ 25 nm, T¼ 80 nm, and

c¼ 0.75, with an efficiency 3.6 times higher than the best

planar bilayer reference device. This optimal planar cell is

the equivalent, in amount of each organic material, for an

interdigitated cell of T¼ 60 nm and c¼ 0.50 and presents an

efficiency of the 0.69%.

The results of our work show a good agreement with

previous reported studies. Yang and Forrest17 reported that

the absorption by the organic layers limits the optimal cell

thicknesses to between 200 and 300 nm, a range that includes

one of our optimized nanopillar height. They also achieved

the highest external quantum efficiencies with an interdigi-

tated network when the domain size was equal to or smaller

than the exciton diffusion length. Meng et al.18 found that

the optimal energy conversion efficiency can be achieved

when the feature size is around 10 nm, a value close to its

exciton diffusion length. In study of Kim et al.,19 they state

that for a sufficient light absorption the active layer thickness

should be greater than the 50% of the photon mean free path,

which is the inverse of the absorption coefficient (�100 nm

for organic materials3). However, as in our results, extremely

high pillars for a complete light absorption do not give the

highest efficiencies.

The results of our study are also in good agreement with

the reported experimental work in the introduction. Kim

et al.6 reported an increase of 6.6 times in the efficiency of

P3HT-C60 interdigitated devices if compared with a planar

bilayer reference cell. Although this improvement factor is

bigger than the one we obtain, they do not report details

about their reference device. He et al.9 increased the effi-

ciency 2.4 times with cells of 25� 25 nm of nanorod size,

80 nm of nanorod height, and 50 nm of structure period, also

in good agreement with our results. Furthermore, these

authors also consider a wide range of nanorod sizes and they

find the same trend for the JSC and the efficiency as we do.

Other experimental reported works also show a good correla-

tion with our study such as Zheng et al.10 with two-fold effi-

ciency increase in 20 nm diameter and 40 nm long

nanopillars, and Wiedemann et al.11 with an improvement of

about 80% in 40 nm-width and 80 nm-periodicity structures.

IV. CONCLUSIONS

In this work, we analyze the influence of the nanostruc-

tured dissociation interface on the behavior of interdigitated

heterojunction full organic solar cells. By means of finite-

element numerical modeling, we perform a systematic and

complete analysis of light absorption, exciton diffusion and

carrier transport, all in the same numerical framework, and

for a 2D model of such cells. With this, we obtain their de-

pendence on the cell geometrical parameters: pillar diameter

and height, and nanostructure period. The donor and the

acceptor materials of our cells are P3HT and PCBM, respec-

tively. The aim of this study is to develop a model for struc-

tures of this kind that can be achieved via nanoporous anodic

alumina templates, which can be used for its optimal design.

From the point of view of light absorption, results show

that the maximum amount of light is absorbed only for two

specific values of the nanopillar height, T¼ 80 nm and

T¼ 230 nm, independently of the nanopillar diameter. This

suggests that it is due to light interference effects. For these

nanopillar heights, the maximum absorption is achieved by

nanostructures with a period of b¼ 25 nm. By simulating

the exciton diffusion process the maximum attainable photo-

current density (JPHOTO) can be determined. Results show

that to obtain a higher JPHOTO than that of the better planar

bilayer structure, small nanostructure periods, up to 100 nm,

should be used. By examining the exciton diffusion maps,

we can conclude that small nanopillars favor the excitons to

reach the donor-acceptor interface and that the upper limit of

the nanopillar height is directly related to the limited exciton

diffusion length.

Finally, from the J–V characteristics, we obtain the over-

all efficiency of the cells. We observe that there is a direct cor-

relation between the JPHOTO and the cell efficiency, which

TABLE I. Efficiencies of representative cells obtained from the J–V curves

from Figures 6 and 7. These values should be compared with the maximum

efficiency that have been obtained with a planar bilayer reference cell, which

is g¼ 0.69%.

Cells efficiency (%)

T¼ 80 nm,

c¼ 0.25

T¼ 80 nm,

c¼ 0.50

T¼ 230 nm,

c¼ 0.50

T¼ 80 nm,

c¼ 0.75

b¼ 25 nm 1.18 1.76 1.72 2.49

b¼ 100 nm 0.85 0.95 0.81 0.95

b¼ 500 nm 0.34 0.35 0.21 0.38

Best planar bilayer reference cell (T¼ 60 nm) 0.69

FIG. 8. Fill factor (FF) as a function of c¼ a/b for T¼ 80 nm and several b.
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indicates that the charge transport has a lower influence on the

overall charge collection efficiency. Thus, in order to increase

the efficiency, the exciton diffusion process is the key limiting

factor and this process is better for the smaller nanopillar

diameters. For b¼ 25 nm, the efficiency depends strongly on

the ratio of the nanopillar diameter to the nanopillar period (c)

being bigger for higher values of it. Instead, if b values above

100 nm are considered, then the efficiency is essentially inde-

pendent of the c since the increase in light absorption is almost

compensated by the exciton recombination losses. Best results

have been achieved for b¼ 25 nm, T¼ 80 nm, and c¼ 0.75,

with an efficiency that is 3.6 times higher than the best planar

bilayer reference device.

An optimal interdigitated structure should find a com-

promise between a high proportion of electron donor to

increase light absorption and a small pillar diameter to

ensure an extended D-A interface for exciton dissociation.

Due to the short exciton diffusion length of organic materi-

als, big nanopillars diameters will result in cells with an effi-

ciency even lower than the one of planar bilayer equivalents.

The method developed in this work can be useful to design

optimal full organic solar cells, taking into account techno-

logical parameters and constraints.
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