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Introduction

Through the observation of the photovoltaic effect in an illu-
minated symmetrical structure of Ag–NaCl–anthracene in
1959, Kallmann and Pope et al. discovered the first organic
solar cell (OSC), boasting a modest efficiency of only 2 ×
10¢6. Although unable to explain its working principles, the
researchers hypothesized that different charge-transfer mech-
anisms must exist at each electrode.[1] Today, great advances
in materials, fabrication, characterization, simulation, and
theory have contributed to record organic solar cell efficien-
cies exceeding 10 %, though routine efficiencies are still
below 5 %.[2,3] The allure of organic solar cells lies in their
mechanical flexibility and affordability, a result of the abun-
dance, low prices, and solution-based processing methods of
OSCs to replace conventional deposition methods requiring
high temperatures or vacuum environments. A distinct ad-
vantage that OSCs have over conventional inorganics is their
strong light-absorbing properties. Organic materials, useful
for thin-film applications, have high absorption coefficients,
allowing OSCs to use active layers of only a few hundred
nanometers in thickness while still absorbing a large fraction
of the solar spectrum.[4] Generally considered more environ-
mentally friendly, OSCs offer a cheap and versatile option
for a wide variety of low-energy needs, but they lack viability
as a major power source due to the present low performance.
Research efforts center on increasing the power conversion
efficiency (PCE) to promote OSC marketability.

Recently, University of Michigan researchers developed
a novel printing-based process using evaporation of solvent
through surface encapsulation and induced alignment
(termed ESSENCIAL) of polymer chains by applied pres-
sure, which utilized a gas-permeable cover layer for solution

casting, and the performance of the bulk-heterojunction
(BHJ) blend was optimized with improved and uniform dis-
tribution in the vertical direction.[5] This process was further
extended to a 2-step consecutive process for a bilayer-like
OSCs in which the donor and acceptor layers were applied
in separate steps by using the ESSENCIAL process
(Figure 1).[6] The organization of the donor could be im-
proved during the first ESSENCIAL process, and the second
ESSENCIAL step helps to maximize the interdiffusion of
the acceptor into the donor layer. Therefore, the acceptor
molecules spontaneously formed continuous pathways during
their diffusion into the donor phase, thereby approaching
a quasi-bicontinuous phase between the donor and acceptor
domains. Consequently, a graded blend of photovoltaic poly-
mers has experimentally attained near 100 % internal quan-
tum efficiency at the 600 nm wavelength, and this led to

A 2-step method involving the evaporation of solvent
through surface encapsulation and induced alignment (ES-
SENCIAL) has been used to create a compositionally
graded active layer of interspersed acceptor and donor do-
mains by printing-based technologies, which can be used to
fabricate solar cells with higher performance than that from
traditional bulk heterojunction fabrication methods. Herein,
to clarify the fundamental mechanism of the performance
improvement, a multi-scale simulation has been conducted
to compare solar cells resulting from these two types of proc-
essing. The multi-scale simulation identified the underlying

improvements of the ESSENCIAL morphology over tradi-
tional morphologies. Monte Carlo simulations obtained
higher hole-mobility values and lower monomolecular re-
combination rates for the ESSENCIAL-fabricated cells that,
in conjunction with the optical and electrical components,
showed higher short-circuit currents, fill factors, and efficien-
cies, as indicated experimentally. The simulation offers the
unique ability to model the varied active layer compositions
and elucidate the underlying solar cell physics of complex
morphologies.
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PCEs up to 4.71 %, outperforming solar cells fabricated by
other conventional methods. Further details on the ESSEN-
CIAL method and characterization may be found else-
where.[5,6] In this work, we focus on the graded heterojunc-
tion structures, based on the 2-step ESSENCIAL process
(simply denoted as ESSENCIAL hereafter). Although the
printing-based ESSENCIAL method has produced better re-
sults, it is not fully understood why the resulting solar cell
morphology facilitates enhanced efficiencies. Simulations of
the underlying device physics frequently serve as an accurate
tool for studying the inner workings of complex solar cell de-
vices. Properly identifying why this fabrication methodÏs re-
sulting morphology is superior will guide further research
into developing solar cells to exhibit higher PCEs.

Organic solar cell simulations have found great success
with a broad range of architectures, as quantified by their
agreement with measurements and ability to identify inter-
esting physics. Simulation packages, such as AMPS 1-D, al-
though originally designed for inorganic solar cells, have
been adapted to simulate organic solar cells, as performed by
Babiker et al.[7] Other simulations, adopt a multi-faceted
ground-up approach. One such work, performed by N. Li
et al. takes advantage of optical and electrical simulations to
study tandem organic solar cells and shows remarkable
agreement with experimental values.[8] Another work by
Gilot et al. simulates various tandem structures with the goal
of optimization, a very powerful tool for researchers in guid-
ing the design of solar cells.[9] Here again, optical and electri-
cal components were used to more fully capture the com-
plexity of the solar cell performance.

Our previous work has utilized a multi-faceted approach
to achieve accurate device simulation through Monte Carlo,
optical, and drift–diffusion model simulations.[10] The simula-
tion in this work follows this strategy with significant modifi-
cation to achieve the modeling of graded bulk-heterojunction
OSCs as fabricated by the printing-based ESSENCIAL
method. The modifications introduce multiple nanoscale
layers into the optical simulation to vary the vertical compo-
sition of the active layer and mimic the ESSENCIAL mor-
phology. Bulk effective medium approaches are maintained
for each layer to reduce complexity and computation. Special
care is taken to accurately determine the parameters of each

layerÏs composition through advanced theory, as experimen-
tal studies on the properties of blended compositions are
lacking. For the electrical simulation, Monte Carlo simula-
tions provide information about the proper effective mobili-
ties, recombination rates, and exciton dissociation efficiency
(EDE) of the ESSENCIAL morphology. Together, the three
components comprise a multi-scale simulation to explore the
optics, morphology, and electrical characteristics of OSCs
fabricated using the ESSENCIAL approach. This work iden-
tifies key improvements of the printing-based ESSENCIAL
fabrication method over conventional methods.

Results

In the BHJ solar cell, a continuous blend of donor (hole
transporting) and acceptor (electron transporting) materials
serves as the active layer to generate current from the photo-
voltaic effect, whereby excited states called excitons (cou-
lombic-bound electron–hole pairs) are produced upon
photon absorption by the active layer. Exciton formation
occurs if the incident electromagnetic radiation has the mini-
mum threshold frequency (i.e., energy) to promote an elec-
tron over the materialÏs band gap from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molec-
ular orbital (LUMO). The energy of the incident radiation
greater than the energy required to promote the electron is
lost thermally. Thus, for efficient solar energy conversion, the
band gap must match the photon energy as closely as possi-
ble. The strong coulombic interaction occurs in organic semi-
conductors but not in inorganic semiconductors due to the
formerÏs low dielectric constant and localized electron and
hole wavefunctions.[11,12]

Excitons in organic semiconductors typically have binding
energies of 0.1–1.4 eV, much higher than the few meV of in-
organic counterparts.[9] Thus, the problem of separating exci-
tons hindered OSC progress until Tang et al. introduced the
heterojunction as an integral part of the organic solar cell.[13]

The heterojunction allows for the efficient separation of exci-
tons by providing a lower-potential configuration; that is, the
electron and hole attain a more energetically favorable situa-
tion upon separation at the heterojunction.[14] Physically, the
heterojunction creates a large interfacial area, allowing the

Figure 1. Schematic of the 2-step ESSENCIAL process for the advanced heterojunction structure of polymer PV cell : a) Applying P3HT solution in chloroben-
zene; b, c) P3HT layer formation during solvent evaporation under pressure; d) Applying the PCBM solution in dichloromethane; e) Active layer formation
during solvent evaporation under pressure; f) Isolated island-type electrode deposition on top of the photoactive layer after removing the gas-permeable
stamp. No post-annealing process (e.g., thermal treatment) is necessary. Reproduced with permission, Ref. [6] , Copyright 2013, Wiley.
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excitons generated within the exciton diffusion length to dis-
sociate efficiently. Upon dissociation, carriers transport to
their respective electrodes through drift and diffusion cur-
rents. The drift current is created by the carrier response to
the electric field, primarily formed by the difference in work
functions of the electrodes; the diffusion currents flow down
the concentration gradients of each carrier. Electrons and
holes are efficiently extracted by the electrodes if the donor
HOMO and acceptor LUMO match the anode and cathode
work functions, respectively.

The OSC simulation is composed of three component sim-
ulations: (1) the optical simulation, (2) the Monte Carlo sim-
ulation, and (3) the electrical device simulation. Together
these components create a multi-scale tool, working from
principles on the nanoscale morphology to those at the elec-
trical device scale. A schematic of the multi-scale simulation
is illustrated in Figure 2. The Monte Carlo simulation pro-

vides the macroscopic simulation with effective (bulk) mobi-
lities, EDEs, and recombination coefficients. Through the op-
tical simulation and the EDEs from the Monte Carlo simula-
tion, the charge generation rate is acquired. Finally, the cur-
rent–voltage curve (J–V), PCE, short-circuit current (JSC),
open-circuit voltage (VOC), and fill factor (FF) are computed.

Optical simulation

Capturing the material propertiesÏ variation throughout the
device is imperative to accurately simulating the graded
bulk-heterojunction structure. Previous simulations, using ef-
fective material parameters for the bulk of the active layer,
assumed no variation in the material parameters. The pro-
posed simulation introduces multiple nanoscale layers to ac-
count for variation in the active layer and to investigate the
enhanced processes leading to higher efficiencies of the ES-
SENCIAL morphology than the typical bulk-heterojunction
morphology. The device architecture used in our simulation
is shown in Figure 3.

The optical simulation determines the absorption rate, as
a function of space (depth) and wavelength, in the active

layer, which ultimately contributes to information about the
generation rate of carriers and directly relates to the photo-
current. The simulation must take into account reflection
and refraction, interference, absorption, and the intensity of
the incident light. Here, we use the standard AM 1.5 solar
spectrum data obtained from the National Renewable
Energy Laboratory (NREL) for wavelengths in the range of
350–800 nm.[15] This range of wavelengths is justified because
the glass strongly absorbs photons below 350 nm wave-
lengths, and P3HT:PCBM has too large of a bandgap for
light with wavelengths greater than 800 nm.[16]

There are two main theories available upon which to base
the optical simulation: (1) optical transfer matrix theory and
(2) Beer–Lambert theory. Despite greater complexity, the ab-
sorption is calculated by the optical transfer matrix theory
rather than the celebrated Beer–Lambert law due to the for-
merÏs account for optical interference. In thin films, interfer-
ence is introduced because the wavelengths are comparable
in size to the thickness of the device.[16]

Complex values for the indices of refraction are necessary
for both P3HT and PCBM materials to determine the indices
of refraction of the intermediate layers of mixed composi-
tion. These data were obtained from the McGehee lab (Stan-
ford University) transfer matrix data file.[17,18] Initially, the ef-
fective real and imaginary indices of refraction were calculat-
ed by a weighted average, but concern of oversimplification
led to consideration of the Bruggeman effective medium
theory, a mathematical method for calculating the resulting
indices of refraction for a blend of two materials.[19] Numeri-
cally, the following must be solved for the permittivity of the
mixed blend, eM :

fA
eA ¢ eM

eA þ 2eM
þ fB

eB ¢ eM

eB þ 2eM
¼ 0 ð1Þ

in which eA and eB are the complex permittivities of materials
A and B, and fA and fB are the volume fractions of materials
A and B, respectively. The complex permittivities of the
blended material are then expressed in the following form:

eM ¼ e1 þ ie2 ð2Þ

Figure 3. Organic solar cell architecture and simplification of the active layer
into discrete regions of varying P3HT:PCBM composition.

Figure 2. Schematic of the multi-scale simulation.
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Then, the desired real and imaginary parts of the refractive
indices are calculated using the following relations:

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e2
1 þ e2

2

p þ e1

2

s
ð3Þ

and

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e2
1 þ e2

2

p ¢ e1

2

s
ð4Þ

in which n and k represent the refractive (real) and absorp-

tive (imaginary) coefficients of the complex refractive index,
respectively. Figure 4 details the results of using the Brugge-
man effective medium theory to estimate the complex refrac-
tive indices for various compositions. The results do not
differ significantly and suggest that simple averaging meth-
ods are sufficient to obtain accurate optical coefficients for
any composition of P3HT and PCBM.

With the proper optical coefficients for compositions of
100, 75, 50, 25, and 0 % P3HT composition determined, each
of the five layers were incorporated using the optical transfer
matrix theory to mimic the ESSENCIAL approachÏs vertical
variation. The results of the optical transfer matrix simula-
tion match previous results reporting optimal (by optical
consideration only) active layer thickness of approximately
90 and 240 nm.[16] Also, absorption in the device qualitatively
resembles previous simulations, showing high absorption fea-
tures at approximate depths of 120 and 300 nm.[6] However,
our results, shown in Figure 5, indicate differences due to the
discrete nature of the active layer structure. The absorption
on the boundaries of the layers is discontinuous as it reflects
the abrupt change in composition.

The simulation used an active layer thickness of 350 nm
for the ESSENCIAL-fabricated solar cell to match the ex-
perimental dimensions. For the normal BHJ morphology, an
active layer thickness of 320 nm was used, because this thick-
ness displayed the best performance of the experimental
cells and allows comparison of the ESSENCIAL morpholo-
gyÏs performance to a strong representative of normal BHJ
solar cells

Comparing the experimental data for the ESSENCIAL
(layered) absorption to the normal BHJ (single-bulk) absorp-
tion yields seemingly counterintuitive results. Although the
ESSENCIAL-fabricated cells displayed greater performance,
the total absorption is actually lower for the ESSENCIAL
simulation in comparison to the normal BHJ simulation. The

normal BHJ structure absorbed
a total of 3.32 × 1021 photons×
cm¢3, whereas the ESSENCIAL
cell absorbed only 3.10 ×
1021 photons × cm¢3. The re-
duced absorption is due to the
interfaces between layers of dif-
ferent compositions and in-
creased destructive interfer-
ence. These conclusions are
clearly drawn from a close ob-
servation of the color maps pro-
vided in Figure 5. Although
greater absorption occurs in the
first 75 nm for the thicker BHJ
cell (Figure 5 c), the smaller
320 nm BHJ cell (Figure 5 b)
has greater absorption at
depths beyond 75 nm. This phe-
nomenon is the result of inter-
ference and allows the thinner

BHJ cell to absorb more photons than its thicker counter-
part. It is important to note that the bulk effective medium
simulations cannot account for the reflective interfaces that
occur in the BHJ structures. Although our layered approach
certainly simplifies the complexity of the actual interfaces, it
provides at least some account for such optical losses. A
qualitative comparison of the absorption color maps for
graded BHJ structures and normal BHJ structures is permit-
ted upon study of Figure 5 a and b. Specifically, noting the re-
duced absorption immediately following each interface in
Figure 5 a leads to the conclusion that the layer interfaces re-
flect light that is otherwise absorbed by the normal BHJ
structure of Figure 5 b. Thus, the internal reflective interfaces
should be further investigated to assess their impact on ab-
sorption within both the ESSENCIAL and normal BHJ mor-
phologies.

Monte Carlo simulation

The Monte Carlo simulation is unique due to its ability to
generate realistic morphologies that are utterly inexpressible
in the electrical simulation and only partly accounted for by

Figure 4. Comparison of the Bruggeman effective-medium theory and the weighted average results for the complex
indices of refraction of various P3HT:PCBM compositions, ranging from pure P3HT to pure PCBM.
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the optical simulation. In this paper, the Monte Carlo simula-
tion serves to calculate three important values: (1) the carrier
mobilities, (2) the EDEs, and (3) the monomolecular recom-
bination rates. The Monte Carlo simulation generated the
normal BHJ and ESSENCIAL morphologies shown in Fig-
ure 5 d and e with connectivity and domain size data detailed
in Table 1. The electron and hole mobilities were calculated

as functions of the electric field, determined from the built-in
voltage created by the difference in the electrode work func-
tions and applied voltage.[20] Our experiment showed that bi-
molecular recombination was significantly suppressed in bi-
layer type devices by the ESSENCIAL printing method as
compared with conventional BHJ structures.[6] Therefore, bi-
molecular recombination was ignored due to the apparent
dominance of monomolecular recombination in the BHJ
solar cells.[21]

To generate the ESSENCIAL morphology, the atomic
force microscopy (AFM) phase image (Figure 6 a) is first

transformed into a grayscale image. Using a histogram of
grayscale values, the P3HT material is isolated by defining
a threshold grayscale value of 71. The area of the P3HT ma-
terial (AP3HT) is quantified by a pixel count, and the edge
length of P3HT (lP3HT) is summed (Figure 6 b and c). As the
AFM phase image indicates that the P3HT domains may
assume ideal nanorod structures, the average diameter of the
P3HT rods is approximately 21.9 nm according to the follow-
ing estimation:

d ¼ AP3HT
1
2 lP3HT

ð5Þ

In the ESSENCIAL method, the P3HT solution is dis-
pensed onto a PEDOT:PSS layer and printed by using a gas-
permeable silicon film. Subsequently, the PCBM solution is
dispensed onto the P3HT layer and printed by the silicon
film again. Under fair assumption, this process creates a gra-
dient of P3HT and PCBM in the direction perpendicular to
the device surface.

The ESSENCIAL morphology is generated by placing
P3HT rods—simplified to average 20 nm in diameter—into
a space with dimensions 180 nm × 180 nm ×350 nm. These
P3HT rods are placed according to a vertical gradient distri-
bution (Figure 6 f), and the P3HT length is assumed to obey
a Gaussian distribution with an average length of 100 nm
and standard deviation of 10 nm. To ensure that P3HT con-
nectivity is sufficient, the volume-exclusion effect is ignored,
that is, overlap between different P3HT rods is allowed.
Mimicking the actual fabrication process, PCBM fills the re-
maining space in the morphology. The generated morphology
is then discretized into small cubes with side lengths of 3 nm.
To avoid the limited-volume effect, periodic boundary condi-
tions are applied to the x- and y-axes, which are parallel to
the device surface. The qualities of P3HT and PCBM connec-
tions are evaluated (along with the total connectivity) for the
BHJ and ESSENCIAL morphologies. The total connectivi-
ties for the generated ESSENCIAL and BHJ morphologies
are 0.9947 and 0.9939, respectively. The P3HT and PCBM
connection ratios are shown in Table 1, along with the pre-
cise domain sizes of approximately 22 nm for each morpholo-
gy. Further details on the normal BHJ morphology genera-
tion from the Ising model are provided elsewhere.[10]

Using the generated morphologies, Monte Carlo simula-
tions calculate the effective mobilities, exciton dissociation
efficiencies, and recombination rates. Further details on the
Monte Carlo simulation are reported in our previous work.[7]

The EDEs obtained from the Monte Carlo simulation are
almost the same for both types of solar cells (78 %), however
the carrier mobilities and recombination rates are very differ-
ent. By varying the applied external voltage, the effective
mobilities and recombination coefficients (shown in Fig-
ure 7 a and b>) are determined as functions of the net elec-
tric field in the device. For normal operation of both BHJ
and ESSENCIAL solar cells, the electric field is usually less
than 3 ×104 V cm¢1 in magnitude. At this range of electric
fields, we can see that the hole mobility of ESSENCIAL

Table 1. ESSENCIAL and BHJ domain sizes and connectivities.

Type Domain Size
[nm]

Connected P3HT
Ratio

Connected PCBM
Ratio

Total Connec-
tivity

BHJ 22.1 0.993981 0.993891 0.993936
ESS 22.3 1.000000 0.989405 0.994733

Figure 5. Absorption color maps for a) 350 nm ESSENCIAL morphology,
b) 320 nm normal BHJ morphology, and c) 350 normal BHJ morphology.
Units are photons Ös¢1 cm¢3.
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solar cells is significantly larger than that of the BHJ ones,
whereas their electron mobilities are comparable, though the
electron mobility of ESSENCIAL solar cells gradually de-
creases (Figure 7 a). As we have known, the performance of
OSCs is mainly limited by the hole mobility, typically one
order of magnitude lower than its electron mobility. The en-
hancement of the hole mobility in ESSENCIAL solar cells is
expected to improve the device performance. We can see
that the monomolecular recombination in ESSENCIAL
solar cells is also suppressed compared with that in BHJ
ones. The suppressed recombination might be another reason
for the enhanced performance of the ESSENCIAL solar
cells. To further verify the performance enhancement; elec-
trical simulation based on the parameters obtained from
Monte Carlo simulation was performed for comparison be-
tween experiments and simulations. The trajectories of all ex-
citons, electrons, and holes were recorded and used to deter-
mine the macroscale parameters.

Electrical simulation

The previous component simulations provide the recombina-
tion rates, mobilities, EDEs, and absorption rates as inputs to

the final electrical simulation, which calculates the J–V
curve, FF, JSC, VOC, and efficiency.

The electrical simulation uses the drift–diffusion model, in-
volving three governing equations: the Poisson equation and
the two coupled continuity equations. The Poisson equation,
relating the electric potential and charge (i.e. , carrier densi-
ty), is given by:

@2

@x2 f xð Þ ¼ q
e

n xð Þ ¢ p xð Þ½ ¤ ð6Þ

in which f represents the electric potential, q is the funda-
mental charge, e is the dielectric constant, and n and p are
the electron and hole densities, respectively. The electron
and hole continuity equations are respectively given by:

¢n xð Þmn
@2f

@x2 ¢
@n
@x

mn
@f

@x
þDn

@2n
@x2 ¼ ¢Gþ Rn

ð7Þ

and

¢p xð Þmp
@2f

@x2 ¢
@p
@x

mp
@f

@x
¢Dp

@2p
@x2 ¼ G¢ Rp

ð8Þ

Figure 6. a) AFM image of the experimental ESSENCIAL morphology, b) isolated P3HT after setting the threshold grayscale value, c) edge length of P3HT
(white), d) generated normal BHJ morphology, e) generated ESSENCIAL morphology, and f) the vertical (z-direction) P3HT content of the ESSENCIAL morphol-
ogy.
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in which Dn(Dp) is the Einstein electron (hole) diffusion co-
efficient, mn(mp) is the electron (hole) mobility, Rn(Rp) is the
electron (hole) recombination rate, and G is the generation
rate. To successfully solve these three equations simultane-
ously, numerical iteration is necessary, which requires the
equations to be normalized, discretized, and linearized to
make computation feasible. Details on the normalization,
discretization, and linearization of the Poisson and continuity
equations are explained elsewhere along with the decoupled
iteration method.[16]

With the full drift–diffusion simulation developed, the J–V
curves, PCE, VOC, JSC, and FF may be calculated. The result-
ing J–V curves for the ESSENCIAL and normal BHJ mor-
phologies are shown in Figure 8, with the simulated data and
the experimental data from previous work displayed in
Table 2 for comparison. In our experimental results
(Ref. [6]) the JSC values obtained by J--V curves for all PV
cells were well matched to those calculated by EQE signals,
with differences within 5 %.[6] Although the simulation shows
some deviation from the experimental data, both the simulat-
ed and experimental data showed higher JSC, FF, and PCE
values than their normal BHJ counterparts. Noticeable simi-
larity between the simulated and experimental results for the
ESSENCIAL morphology suggest the accuracy of the simu-
lation. However, regarding JSC and VOC, the simulated
normal BHJ performance significantly strays from the exper-

imental values and requires explanation. Also, close observa-
tion of the data reveals that the simulated VOC did not show
the same trend as the experiments upon comparing the
ESSENCIAL and normal BHJ morphologies. The experi-
ments showed larger VOC for the normal BHJ morphology,
whereas the simulations indicated the opposite conclusion.
Nonetheless, the simulation results concur with experiments
in recognizing the higher performance of the ESSENCIAL
morphology. Particularly, the high fill factors for the simulat-
ed and experimental ESSENCIAL solar cells verify the sup-
pression of monomolecular recombination in the ESSEN-
CIAL morphology determined by using the Monte Carlo
simulation.

To explain the increased JSC value of the ESSENCIAL
morphology, one may give the most obvious answer that it is
due to increased absorption by the active layer, as absorption
directly contributes to the generation rate and thus the pho-
tocurrent. However, the results of the optical and Monte
Carlo simulation are counterintuitive and inconsistent with
such an explanation. Instead, we observe slightly higher ab-
sorption (�7 % more) in the normal BHJ solar cell than in
the ESSENCIAL solar cell due to interference effects. Thus,
by considering absorption only, one might erroneously con-
clude that the normal BHJ solar cell has better performance.

The true insights into the superiority of the ESSENCIAL
approach are found in the Monte Carlo simulation. Perhaps
this is not surprising because it generates the true morpholo-
gy for the larger multi-scale simulation. From the Monte
Carlo simulation we observed increased hole mobility,

Figure 7. a) Calculated mobilities for the ESSENCIAL and BHJ morphologies
through Monte Carlo simulation, b) the monomolecular recombination coeffi-
cients calculated by Monte Carlo simulation.

Figure 8. Comparison of simulated and experimental J–V curves for the ES-
SENCIAL and normal BHJ morphologies.

Table 2. Comparison of experimental and simulated performances for the
ESSENCIAL and BHJ morphologies.

Type JSC [mA cm¢2] VOC [V] FF PCE [%]

BHJ (experiment) 9.38�0.44 0.59�0.00 58.96�01.20 3.27�0.17
BHJ (simulation) 12.77 0.51 62.70 4.12
ESS (experiment) 13.83�0.52 0.51�0.01 66.98�5.05 4.71�0.36
ESS (simulation) 13.33 0.52 69.57 4.86
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a strong contributor to the increased JSC. Also, the ESSEN-
CIAL approach decreased monomolecular recombination in
the device, thereby improving JSC. Thus, the increased JSC of
the ESSENCIAL morphology is accounted for.

Discussion

To explain the deviation of the normal BHJ JSC from its ex-
perimental value, the Monte Carlo simulation is examined
critically. The P3HT and PCBM connectivities (Table 1) de-
termined during the Monte Carlo generation of the normal
BHJ morphology are notably exceptional and do not repre-
sent the actual BHJ morphologies. These ideal connectivities
result from the optimized morphology of the simulated BHJ
structure. Such ideal connectivities result in increased carrier
mobility and JSC, which explains the higher JSC obtained in
simulation than experiment for the normal BHJ morphology.
This argument does not apply as strongly to the ESSEN-
CIAL morphology, because the ESSENCIAL fabrication
process facilitates greater connectivities. However, the
ESSENCIAL simulated curve slightly deviated from the ex-
perimental curve, likely the result of only knowing the sur-
face morphology from the AFM phase image but little about
the internal morphology. Worthy of comment, the slightly
higher EDE of the normal BHJ morphology is likely due to
the greater intermixing of the donor and acceptor materials,
as is noticeable from the generated morphologies. However,
the high connectivities generated for the BHJ structure
surely contribute to the EDE; thus, the calculated EDEs for
the BHJ are likely higher than in the actual morphologies.

Regarding VOC, our simulation actually showed a reversed
trend to the experimental behavior. In the experiments VOC

decreased with the ESSENCIAL approach, whereas the VOC

slightly increased in our simulation. This contradiction re-
mains to be solved.

It can be observed from the J–V curves that the per-
formance enhancement in ESSENCIAL solar cells is mostly
attributed to the increased fill factor, changing from 63 %
(BHJ) to 70 % (ESSENCIAL). Such a significant increase,
observed both experimentally and by simulation, is mainly
due to the suppressed recombination and enhanced hole mo-
bility as revealed from the Monte Carlo simulations.

Conclusions

Overall, in this work we have created a multi-scale simula-
tion that captures the vertical variation of the active-layer
composition. The model has suggested that the primary sour-
ces of the printing-based ESSENCIAL morphologyÏs im-
provements over typical BHJ morphologies are increased
hole mobility and decreased monomolecular recombination.
Along the way, this simulation explored the optics, mobilities,
recombination rates, and morphologies of the ESSENCIAL-
fabricated solar cell and compared these results to the typical
BHJ solar cell. Regarding a mixed P3HT:PCBM composite,
a simple weighted average is sufficient to obtain the complex
indices of refraction. Also, interference effects were observed

to significantly affect absorption due to the similarity in the
active layer thickness and incident wavelengths. Understand-
ing the improvements of the printing-based ESSENCIAL
fabrication method leads to a deeper understanding of the
morphologyÏs important role in solar cell performance.

Experimental Section

The optical simulation was performed using the optical transfer
matrix theory, in which each interface and layer are represented
by a matrix. This theory is beyond the scope of this paper and is
detailed in literature elsewhere.[13] The McGehee lab of Stanford
University offers a free optical transfer matrix file that is suitable
to perform the optical calculations here as well; however we did
not take advantage of this and developed our own simulation.
The index of refraction data for pure P3HT and pure PCBM
were obtained from the McGehee labÏs data file for wavelengths
in the range of 300–800 nm, however.[15] Only wavelengths in the
range of 300–800 nm were considered due to the constraints im-
posed by the active layer’s effective band gap and the absorption
of the glass. The Bruggeman effective medium theory was used
to calculate the effective indices of refraction for mixed composi-
tions of P3HT:PCBM; this involved solving a set of equations
through iteration.[16] AM 1.5 solar spectrum data were obtained
from the National Renewable Energy Laboratory.[12]

The ESSENCIAL Monte Carlo simulation was performed by
first converting actual AFM phase images of the P3HT:PCBM
surface into a computer-generated model composed of 3 nm
blocks of P3HT and PCBM. Nanorods of P3HT were measured
from the phase image and implemented into the model first ac-
cording to a gradient distribution shown in Figure 6 f. The nano-
rods, averaging approximately 21.9 nm in diameter, filled a space
of dimensions 180 nm×180 nm×350 nm; the volume-exclusion
effect was ignored for simplification and periodic boundary con-
ditions were applied to the x- and y-axes. The PCBM filled the
remaining volume. The lengths of the P3HT rods was assumed to
obey a Gaussian distribution with an average length of 100 nm
and standard deviation of 10 nm. Details on the normal BHJ
morphology generation can be found in other literature.[7]

The electrical simulation used the drift–diffusion model, per-
formed by solving the Poisson equation, the electron continuity
equation, and the hole continuity equation simultaneously
through iteration. A decoupled iteration was used, the full details
of which are identical to those in a previous work.[13] The mobili-
ties, recombination rates, and generation rates in the electrical
simulation were obtained from the optical and Monte Carlo sim-
ulations. Other parameters of the electrical simulation included
an effective density of states of NC =2 × 1020 cm¢3, a dielectric
constant of 3.01× 10¢13 Fcm¢1, an effective band gap of 1.05 eV,
and a temperature of T=300 K.

Symbols

BHJ bulk heterojunction
Dn(Dp) [cm2 s¢1] electron (hole) diffusion coefficient
EDE [%] exciton dissociation efficiency
ESSENCIAL/ESS evaporation of solvent through surface

encapsulation and induced alignment
of polymer chains by applied pressure

e dielectric constant or relative permit-
tivity
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eM effective dielectric constant of mixed
materials

fA (fB) volume fraction of material A (B)
FF fraction of power produced out of the

total possible determined by the VOC

and JSC

G [excitons×cm¢3 s¢1] exciton generation rate
HOMO (LUMO)
[eV]

highest (lowest) occupied molecular
orbital

JSC [mA cm¢2] short-circuit current density
k imaginary part of index of refraction
mn(mp) [cm2 V¢1 s¢1] electron (hole) mobility
n real part of index of refraction
n(x) [cm¢3] electron concentration
p(x) [cm¢3] hole concentration
OSC organic solar cell
PCBM [6,6]-phenyl-C 61-butyric acid methyl-

ester, the acceptor material
PCE [%] power conversion efficiency
PV photovoltaic
P3HT poly(3-hexylthiophene), the donor ma-

terial
f [V] electric potential
q [1.602 × 10¢19] electric charge
R [cm¢3 s¢1] recombination rate
VOC [V] open-circuit voltage
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