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ABSTRACT Photocurrent generation in nanostructured organic solar cells is simulated using a dynamical
Monte Carlo model that includes the generation and transport properties of both excitons and free charges.
Incorporating both optical and electrical properties, we study the influence of the heterojunction nanostructure
(e.g., planar vs bulk junctions) on donor—acceptor organic solar cell efficiencies based on the archetype materials
copper phthalocyanine (CuPc) and C,. Structures considered are planar and planar-mixed heterojunctions,
homogeneous and phase-separated donor—acceptor (DA) mixtures, idealized structures composed of DA pillars,
and nanocrystalline DA networks. The thickness dependence of absorption, exciton diffusion, and carrier collection
efficiencies is studied for different morphologies, yielding results similar to those experimentally observed. The
influences of charge mobility and exciton diffusion length are studied, and optimal device thicknesses are
proposed for various structures. Simulations show that, with currently available materials, nanocrystalline network
solar cells optimize both exciton diffusion and carrier collection, thus providing for highly efficient solar energy
conversion. Estimations of achievable energy conversion efficiencies are made for the various nanostructures based
on current simulations used in conjunction with experimentally obtained fill factors and open-circuit voltages for

conventional small molecular weight materials combinations.
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he power conversion efficiency of or-

ganic photovoltaic (OPV) cells has sig-

nificantly increased since the
introduction of the donor—acceptor (DA)
heterojunction (HJ)." In this structure, photo-
generated excitons diffuse to the heterointer-
face where they are dissociated into free elec-
trons and holes. In archetype planar
heterojunctions (PHJs), the exciton dissocia-
tion efficiency (mgp) is limited by their short
diffusion length, Ly, which is typically be-
tween 3 and 40 nm.? The bulk heterojunc-
tion (BHJ) solar cell circumvents the exciton
diffusion limitation in PHJ structures by intro-
ducing a dispersed DA interface with a large
surface area.>* In BHJ cells, excitons can eas-
ily reach a local DA interface, although iso-
lated islands and cul-de-sacs formed during
phase separation between the D and A mate-
rials can reduce the carrier collection effi-
ciency (o) in both polymeric® and small mo-
lecular weight® solar cells.
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A fundamental understanding of the ex-
citon and carrier transport properties of
these various structures remains incom-
plete. For example, the continuum approxi-
mation used in many computational
studies?”® is inadequate to fully describe
the complex excitonic and electronic inter-
actions in the presence of nanoscale mor-
phological texture. Watkins et al. have pro-
posed a dynamical Monte Carlo (DMC)
model that treats exciton diffusion and car-
rier collection in a mixed DA structure, and
they found a tradeoff between mgy and nc
with increasing interface area.® A similar
DMC model has also been applied to study
charge separation and recombination in
planar and mixed HJs."® However, these
models have not included optical interfer-
ence effects that have been shown to play
an important role in determining both exci-
ton generation and dissociation.?"" The ef-
fects of variations in electron (w,,) and hole
(1) mobilities have also been neglected in
past work, although in practical organic so-
lar cells, ., and p,, may differ by several or-
ders of magnitude,’*'® which significantly
impacts the charge separation process.'

Here we introduce a comprehensive mi-
croscopic DMC model that includes the ef-
fects of optical interference, energetic disor-
der, exciton Foster energy transfer, Onsager
exciton dissociation, carrier transport, elec-
trostatic interactions, and carrier mobilities.
To provide comparisons of calculations with
experiment, many parameters used are
characteristic of the archetype copper
phthalocyanine (CuPc)/Cg, HJ system that
employs an indium—tin oxide (ITO) anode
and Ag cathode. The device performance is
then modeled for several HJ morphologies
and structures.

This paper is organized as follows: In
Theory of Photocurrent Generation, we
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briefly describe the principles of photocurrent genera-
tion at a DA HJ. Methods used for simulating HJ mor-
phologies demonstrated in recent experimental stud-
ies are presented in Heterojunction Morphology. Also,
the DMC model of exciton and carrier generation and
transport is described in Exciton and Charge Transport.
The simulation results are provided in Results and Dis-
cussion. We discuss the dependence of photocurrent
generation on material phase separation, nanoscale
heterointerface structure, carrier mobility and exciton
diffusion length. In addition, the power conversion effi-
ciency limits of organic solar cells are considered based
on experimentally obtained fill factors and open-circuit
voltages for conventional small molecular weight mate-
rials combinations. We summarize this work in Conclu-
sions. The Methods are briefly described, with details of
the derivation of ngp and m¢c from the DMC data given
in the Appendix.

THEORY OF PHOTOCURRENT GENERATION

Detailed descriptions of photocurrent generation in
organic solar cells can be found in several reviews;>'3'>
here we give only a brief introduction to the process.
Upon absorption, an exciton is generated, which then
diffuses to the DA interface, where it dissociates into a
free electron and hole. Alternatively, the exciton is
qguenched and releases energy in the form of a phonon.
Starting at a DA interface, the electrons and holes dif-
fuse through the acceptor and donor materials, respec-
tively, to the collecting electrodes, providing current to
aload in the external circuit. If a free carrier collides with
a nearby charge of opposite sign, they recombine.

It is convenient to break this optical-to-electrical
conversion process into four steps:? (1) absorption of a
photon and the generation of an exciton, (2) exciton dif-
fusion, (3) exciton dissociation into a free electron and
hole by charge transfer, and (4) charge collection by the
anode (holes) and cathode (electrons). The external
quantum efficiency of the solar cell is g, defined as
the ratio of the number of electron—hole pairs col-
lected at the electrodes to the number of incident pho-
tons, viz,,

Neqe = NaMige = NoMepMetMec m

where M, Nep Ner and mc are the absorption, exci-
ton diffusion, charge transfer, and carrier collection effi-
ciencies, respectively, and ¢ is the internal quantum
efficiency. Typically, ncr = 1 in organic DA solar cells
due to the rapidity (~10—100 fs) of the process. Hence,
an estimation of mgqg requires only determination of
the remaining three components, 1, Ngp, and M.

HETEROJUNCTION MORPHOLOGY

Here we develop energy-based models that qualita-
tively reproduce HJ morphologies observed in the
CuPc/Cg, system. In the following section, we will use
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these derived morphologies to track and understand
the dependence of exciton and charge transport on film
structure. Six morphology types are studied: a conven-
tional PHJ,"'® a homogeneous DA mixture,'” a BHJ
based on DA material phase separation,®'® a planar-
mixed HJ (PM-HJ),"® an idealized BHJ consisting of pil-
lars arranged in a chessboard pattern with top and bot-
tom buffer layers,”'°2° and a random nanocrystalline
network.?" The PHJ cell consists of two homogeneous
layers separately comprised of D and A molecules. The
PM-HJ cell is comprised of a DA mixed layer sandwiched
between top and bottom continuous homogeneous
layers. The chessboard morphology consists of alternat-
ing square pillars of equal size. The uniformly space-
filling pillars are sandwiched between continuous ho-
mogeneous layers.'® Except where otherwise stated,
the pillar widths are chosen to be smaller than the mini-
mum exciton diffusion length, L, leading to efficient
exciton dissociation and charge transfer.??

For simplicity, simulations of organic thin-film struc-
tures assume a cubic lattice with lattice constant a on
the order of a molecular diameter (typically ~1 nm).
The simulation lattices are (100a)? in the substrate (x—Y)
plane, with varying depth in the substrate normal (2) di-
rection for studying thickness-dependent device be-
havior. The bottom and top of the lattice are assumed
to contact the anode and the exciton blocking layer,'®
respectively. Periodic boundary conditions are applied.
To approximate the HJ morphology, donor and accep-
tor molecules are represented by assigning lattice sites
with “spins” of +1 and —1, respectively.”**

Mixed Heterojunction. Phase separation from the homo-
geneous mixture is generated using an entropy-driven
site spin exchange Ising model®'° with parameters ad-
justed to reproduce the observed grain size and distri-
bution for binary phase mixtures.®?* Lattice sites are al-
lowed to exchange their spins between all 26 proximate
neighbors (6 in the (100) direction, 12 in the (110) direc-
tion, and 8 in the (111) direction). Since the van der
Waals (vdW) interaction between like molecules is
much larger than the interaction between different
molecules,?* the change in system energy that results
from the exchange of two neighboring spins is repre-
sented using the Ising Hamiltonian for the energy of
site, i-?

W= __z O — 1) ()

where 85;.5,- is the Kronecker delta for spins occupying
sites i and j. Exchange attempts between sites i and j are
accepted with the probability P(AW;), following Ka-
wasaki spin-exchange dynamics:>®

exp(—AW;/kgT)

PAW) =77 exp(—AW,/ksD)

3)
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Figure 1. Absorption coefficients, o, of CuPc and Cg, films
on Si substrates, compared to the standard AM1.5G solar ir-
radiation spectrum. Solar spectrum from ref 37.

TABLE 1. Material Properties of CuPc and C,

property CuPc Coo ref
relative dielectric constant (e,) 35 35
energy width of density of states (o, eV)  0.03 0.03 33,34
exciton diffusion length (L;, nm) 15 40 2
exciton lifetime (T yciegn §) 1X107% 1x10°¢ 2
exciton binding energy (£c;, eV) 0.5 0.5 39
exciton dissociation rate (W,g, s~ ) 1X 10 1x10% 60
carrier mobility (p, cm® V=57 ") 7X107*% 5X1072 12,61
carrier recombination rate (w,, s~ ') 5% 10° 5% 10° 10

Here, kg is Boltzmann's constant, T is the temperature,
and AW;; = W, — W,. This procedure leads to a large-
scale phase separation occurring in a system with lim-
ited miscibility,?® as is the case for CuPc/Cq,. The ac-
cepted spin exchanges tend to form aggregates of like
molecules by lowering the total system energy, while
the grain size is controlled by the number of executed
spin exchanges.

Nanocrystalline Heterojunction. The growth of the more
complex DA nanocrystalline network?' is modeled as-
suming growth by alternate deposition of ultrathin lay-
ers of D and A molecules, taking into account gas-
phase transport, surface diffusion, and evaporation
back into the gas phase.?® The structural morphology
is simulated on the basis of the vdW interaction using
the atom—atom potential method.>*?” Specifically, the
total bond potential between neighboring molecules i
and jis @ ; = 2@, xng Where &, is the potential
between the mth and nth atoms in molecules i and j, re-
spectively, given by

_ 6
Prning) = ~ %nn’ Tmipngy T Brn €XP(=Ymnf, mng)  (4)

where 1., . is the distance between atoms m and n,
and o, B, and y are vdW constants.>*?® The energy of
molecule j, g, is then obtained by summing over all
neighboring molecules j.

Following this procedure, the interaction energies
between molecules are ¢ = 0.867 eV (for CuPc—CuPc
bonds),”® & = 1.5 eV (Cqo—Ceo),>*?" and & = 0.044 eV
(CuPc—C,,).32 We assume that the organic molecules
are randomly generated in the gas phase at a distance
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>2000a from the substrate. The molecule then dif-
fuses along the solid surface, moving from unoccupied
site i to j, at a rate

Ki;=vf(Ag)) (5)

where v is the lattice vibration factor, Ag; = €; — g,
and

Ace..
ex —j if Ae.> 0
p kBT Ul

1 ifAe,j< 0

flle;) = (6)

Due to the relative bond energies given above, simi-
lar molecules tend to preferentially aggregate, forming
extended domains. The surface molecule can also re-
evaporate back into the gas phase when the destina-
tion site, j, is above the solid surface, with ¢; = 0.

To approximate the actual nanocrystalline morphol-
ogy, the first homogeneous layer consists of D mol-
ecules. Following that, a thin A layer is deposited, form-
ing aggregates that do not provide full coverage of
the underlying D layer. A second, thin D layer is then de-
posited to partially cover the A layer, but it also di-
rectly contacts the first, continuous D layer. Similarly,
several thin, discontinuous DA layer pairs are depos-
ited, followed by a thick and continuous A capping
layer.

EXCITON AND CHARGE TRANSPORT

Exciton and carrier transport by short-range hop-
ping between localized states® are simulated in the HJ
structures presented in Heterojunction Morphology us-
ing the DMC algorithm known as the first reaction
method (FRM). In FRM, the probability of an allowed
process is calculated after the first time the particle (i.e.,
an exciton or charge) appears and is updated follow-
ing exciton dissociation, quenching, bimolecular re-
combination, or charge collection. Compared to a full
DMC calculation in which the probability is recalculated
after each change of system configuration, FRM signifi-
cantly reduces computation time. We checked the va-
lidity of the FRM model by comparing it to the full DMC
model for all morphologies exposed to 1 W/cm? (10
sun intensity) air mass (AM) 1.5 global illumination, and
the difference between the two models was <0.5%.
The agreement results because the exciton (107 cm~3)
and carrier (5 X 10'7 cm—3) densities in organic solar
cells, even at high intensity, are low, and hence interpar-
ticle interactions are seldom affected by the change of
system configuration. The energy disorder is simulated
by assigning each lattice site a random energy, E, fol-
lowing a Gaussian distribution with a half-width of o
= 30 meV.>*3** In Table 1, we list all materials proper-
ties of CuPc and C,, used in the simulation.

The exciton generation rate depends on the optical
properties of the solar cell, which behaves as a weak
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and lossy microcavity.” The optical field intensity is cal-
culated as a function of incident wavelength, \, over the
range 300 nm < \ < 900 nm, as well as a function of
distance from the reflective cathode, following the
transfer matrix method.? Extinction coefficients and in-
dices of refraction of CuPc and Cg, thin films are mea-
sured as functions of A with 50-nm-thick films on Si sub-
strates by ellipsometry, and used in the calculations. In
planar structures, interfaces between different layers
are assumed to be optically flat, as the root-mean-
square (rms) roughness of the ITO substrates and or-
ganic thin films is typically smaller than a few
nanometers.>>>° Effects of the ITO-coated glass sub-
strate are included by correcting for reflections at the
air/substrate and substrate/organic interfaces, assum-
ing an incident AM1.5G spectrum (Figure 1).>3” Then,
the exciton generation rate, r, is the product of the
optical field intensity in the microcavity and the
wavelength-dependent material absorption coeffi-
cients. The absorption coefficients of CuPc and C¢, mea-
sured with thin films grown on fused quartz substrates
are shown in Figure 1.

The FRM simulation generates excitons at rates con-
sistent with the incident light intensity and spectrum,
and tracks their diffusion to the DA HJ, where they dis-
sociate into free carriers. The carrier generation and
transport model is similar to that used by Watkins et
al.,’ with the addition of Onsager exciton dissociation
and carrier quenching at the electrodes.

To approximate FOster energy transfer that governs
exciton diffusion, the exciton hopping time, 1, de-
pends on the distance, R;, between the original and
destination molecules, i and j, and the difference in i

and j hopping site energies, AE;, viz:>
Ri)° In)
Teh = Tex(L_D) f(AEU) (7)

@
60

X 0 0

Y

Figure 2. Typical donor—acceptor (DA) morphologies. (a) Planar hetero-
junction (PH)J); (b) planar-mixed heterojunction (PM-HJ); (c) chessboard-
type HJ with pillar widths of 5a, with a lattice constant a. The total film thick-
nesses in all morphologies are 60a, in which only the donor phase is
displayed. The acceptor phase is transparent for clarity. Morphologies
shown in (b) and (c) have continuous D (10a) and A (30a) layers at the bot-
tom and top surfaces, respectively.

Here, 7., is the exciton lifetime, and 0 < X < 1 is a ran-
dom number. The hopping probability is then

AE;
exp(——” if AE;> 0
keT I

1 ifAE,-js 0

AAE,) = (8)

where AE; includes the change of site energy, the Cou-
lomb interaction between neighboring charges, the
built-in potential determined by the organic film thick-
ness, and the work function difference between anode
and cathode. Onsager’s theory®® is applied to describe
exciton dissociation, where the generated carrier gains
energy'® equal to the difference between the DA en-
ergy offset and the exciton binding energy. This is ap-
proximately 0.5 eV for CuPc and Cg,.>°

Assuming the effective-medium theory, the carrier
hopping time is determined by %4°

qa’ exp(4aR;—4a’) 1
‘E =
o 6kgTly,  FAE)

9)

To maintain computational efficiency, the Coulomb
interaction is vectorially summed within a (9a)* neigh-
borhood, which for a =~ 1 nm is more than twice the De-
bye length (4 nm) typical of organic materials. Free

TABLE 2. Average Domain Size, Specific Interface Area, and Cell Efficiencies of Mixed Films before and after Annealing
at Different Numbers of MC Steps for a 100 X 100 x 60 nm? Lattice

MC steps 0 1

Morphology

Domain size (a) 0.98+ 0.02 2.02+ 0.04
Specific interface 61.22+0.03 29.70+0.06
area (az)

Tee 0.31+0.01 0.34+0.01
e 1.00+0.01 1.0+0.01
hQE 0.31+0.01 0.34+0.01
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4.9+0.1 TOE02 10.3+ 0.7

12.2+0.1 7.6£0.3 6+1
0.40+0.01 0.44+0.02 0.43+0.01
0.97+0.01 0.93+0.01 0.87+0.02
0.39+0.01 0.41+0.02 0.37+0.02
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Figure 3. Simulation of the growth progression of a D(10a)/
[A(3a)/D(3a)ls network. The plot shows the root-mean-
square (rms) surface roughness (open triangles) and the spe-
cific interface area (filled circles) as functions of the number
of acceptor (A) and donor (D) bilayers. The star shows the fi-
nal area ratio after the six-period network is covered by a
continuous acceptor layer. The three inset diagrams show
the evolution of the film structure and surface morphology
of the A and D nanocrystals at different growth stages in the
progression, where 3-D interconnected networks can be
clearly seen (see ref 21).

charge diffuses to the adjacent electrodes where they
are collected, with mobilities given in Table 1.

RESULTS AND DISCUSSION

Heterojunction Morphology. The PHJ, PM-HJ, and chess-
board structures with total film thicknesses of 60 nm
are shown schematically in Figure 2. The PHJ structure
is composed of two continuous layers: D (20 nm) and
A (40 nm) (Figure 2a). The PM-HJ (Figure 2b) and chess-
board (Figure 2c) structures both assume similar bot-
tom D (10 nm) and top A (30 nm) layers. The intermedi-
ate layer in the PM-HJ structure sandwiched between
these uniform layers consists of a 20-nm-thick, 1:1 DA
mixed layer. The intermediate layer in the chessboard
HJ is composed of an array of equally spaced 5 nm
square pillars.

The 60-nm-thick homogeneous and mixed HJ mor-
phologies (Table 2) are simulated using the method de-
scribed in the Heterojunction Morphology section un-
der “Mixed Heterojunction”. One Monte Carlo (MC) step
occurs when the number of executed site (i.e., spin) ex-
changes equals the total number of lattice sites.” The
average domain size is calculated as half the ratio of the
total volume to the total DA interface area. Further-
more, the specific interface area is defined as the ratio
of the total interface area to interface area projected
onto the xy plane. After 1, 10, 50, and 100 MC steps, a
series of phase-separated morphologies develops,
yielding increasing grain size and decreasing specific in-
terface area. The homogeneous mixed film has an aver-
age domain size of g, implying a highly dispersed mix-
ture with minimal phase segregation. Annealing at high
T lowers the total system energy, resulting in domain
sizes of 2a after 1 MC step and 5a after 10 MC steps. The
domain size increases gradually to 10a after 100 MC
steps, similar to domain sizes obtained in annealed, or-
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ganic solar cells.>'® As a result of the domain growth,
the specific interface area decreases from 61a° to 6a°.

The simulated morphology of the nanocrystalline
HJ network D(10a)/[A(3a)/D(3a)l¢/A(30a) is shown in
Figure 3. Here, the notation [A(d,)/D(d,)], refers to the
average thicknesses, d, and d,, of the A and D layers, re-
spectively, and / is the integer number of DA pairs. Do-
mains are continuous along the z-direction, with an av-
erage domain size of 6.3 = 0.4 nm for the morphology
shown in Figure 3, matching that observed in CuPc/Cg,
nanocrystalline networks.?' The intermediate layer
lacks continuous pathways to the adjoining homoge-
neous D and A caps when d; > 20q, in agreement with
the experimental result that the network structures
form when d; = 15 nm (15a).2" The specific interface
area increases monotonically, and reaches 9.6a” after
the sixth DA pair is grown, comparable to that obtained
in the annealed structure after 10—50 MC steps (Table
2). The surface rms roughness of the HJ structure also
increases with the number of DA pairs, thus requiring a
thicker top continuous layer for planarization.

Initial Carrier Separation following Exciton Dissociation. After
exciton dissociation and prior to bimolecular charge re-
combination, the initial separation distance of gener-
ated carriers is found to be between a and 10q, in
agreement with photoconductivity data.*" If Onsager
theory is ignored, the oppositely charged carriers accu-
mulate at each side of the DA HJ, forming a dipole. For
example, less than 0.5% of the photogenerated charges
diffuse away from a DA interface under illumination of
100 mW/cm?, except when very thin DA layers are used
(e.g., total thickness d < 10 nm). Hence, the carrier re-
combination rate approaches the carrier generation
rate, leading to mcc = 0. By comparison, in mixed DA
cells, carrier generation is dispersed throughout the
film, resulting in a lower concentration than that at a
PHJ heterointerface.®’® When Onsager effects are ne-
glected, the germinate recombination efficiency, ngg, is
high (ngg > 34% in a PHJ and mgg > 85% in a mixed
HJ),"® whereas in our simulation, ngg < 3% for all struc-
tures, which is consistent with experimental observa-
tion.*?

Space-Charge Build-Up. The number of charges gener-
ated, ng, the number of free charges in the active layer,
n, and the numbers of collected electrons, n,, and
holes, ny, ., are determined using the method in the Ap-
pendix, with results plotted in Figure 4a for a typical
CuPc(20 nm)/Cy,(40 nm) PHJ cell under 1 W/cm? (10
suns), AM 1.5G illumination. At the onset of the simula-
tion, n increases with time until a steady state is reached
at time t,. In this example, t, = 25 ps and nec = 1.
From the similar slopes of the curves for both holes
and electrons, we infer balanced carrier collection rates.
However, at t > t,, the difference between n_ (t) and
ny, (t) suggests that the number of collected electrons
is equal to the total number of collected holes plus
those holes remaining within the organic film (Figure
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Figure 4. (a) Simulated exciton and carrier number as func-
tions of time, t, in a 100 nm X 100 nm lattice, recorded for a
CuPc(20 nm)/C4,(40 nm) solar cell under 1000 mW/cm? (10
sun), AM 1.5G illumination. The total numbers of generated
carriers, n,, carriers within the organic films, n, collected
electrons, n, ., and collected holes, n,, , are plotted as func-
tions of t. (b) Electrons and holes in the organic film in steady
state. The shadow indicates the planar DA interface separat-
ing the bottom CuPc and top Cg, layers. (c) Charge distribu-
tion in the substrate normal (z) direction in the film shown in
(b).

4b) as a result of their lower mobility in the donor
(CuPc). The excess hole population disappears shortly
after the light is turned off, leadington = 0 and n_ .=
Nhe

The steady-state charge carrier distribution normal
to the substrate surface (i.e., along 2) is plotted in Fig-
ure 4c. From Poisson’s equation, a maximum field, F, .,
= 3.35 X 10° V/m, is generated at the DA interface, re-
sulting in a space-charge-induced potential of Vs =
0.037 V, opposite to the built-in HJ field. Figure 5 shows
Frnax @nd Ve in a PHJ (CuPc(20 nm)/Cg, (40nm)) and a
mixed (60 nm, homogeneous CuPc:Cy, = 1:1) cell at an
incident power of 0.1 < P, < 1000 mW/cm?. In the
PHJ cell, there is significant space-charge build-up at
P, > 10 mW/cm?, resulting in F,,,, = 6 X 10° V/m and
Vsc = 5 mV at 100 mW/cm?. The space-charge region is
limited to CuPc, with no charge build-up in the Cq,
layer since the electron mobility in Cg, is greater than
the hole mobility in CuPc. In contrast, in the mixed HJ,
the space charge is dispersed throughout the organic
film. In addition, the space-charge concentration is

www.acsnano.org

higher in the mixed cell due to less effective charge
transport. Hence, in the mixed film, F,,, = 1.10 X 107
V/m at 100 mW/cm? (Figure 5a), which is more than 100
times higher than in a PHJ cell of the same thickness.
The large space-charge field results in Vsc = 0.42 Vin
the mixed film, which can appreciably impact charge
collection. When the light intensity is increased to 1000
mW/cm?, Vs = 1.5 V (Figure 5b). A fit of log(Vsc) vs
log(P,) gives a linear relationship, yielding slopes of be-
tween 0.55 and 0.6. Theoretical calculation predicts a
slope of 0.5, and polymeric DA mixed cells have shown
a measured slope of 0.51.*3

Under high light intensity, a space-charge region
forms in all of the simulated morphologies, thereby re-
ducing the charge collection efficiency. This results in
both lower n<- and open-circuit voltage, V, as con-
firmed in small molecular weight** and polymer/
fullerene cells.*>¢

Dependence of the Photocurrent on Morphology. Phase
separation in homogeneous DA mixtures has been
widely used as a means to increase mnc while preserv-
ing high mgp in both polymeric and small molecular
weight solar cells.*'®*” We studied 60-nm-thick CuPc:
Cyo (1:1) DA mixtures under 100 mW/cm? (1 sun), AM
1.5G solar illumination after undergoing a range of an-
nealing MC steps (see Table 2). Here, the charge collec-
tion efficiency increases from n.c = 0.31 in a homoge-
neous mixture to mcc = 0.44 in an annealed film after 50
MC steps, and then rolls off as the domain size grows
for 100 MC steps, consistent with observation.'®*” In-
creasing phase-separated domain size, on the other
hand, results in a decrease in mgp. After 100 MC steps,
the domain size (10 nm) approaches LS"" = 15 nm, and
Mep drops to <0.9. As a result of increased mcc and de-
creased mgp, phase separation increases m,qe from 0.31
in the homogeneous mixture, peaking at 1, = 0.41 in
annealed morphologies at 50 MC steps (Table 2). The
simulations show that although phase separation and
domain growth in a homogeneous DA mixture can sig-
nificantly improve m,.g, the thermodynamically driven

10°

ad

01 1

10°

10 1001000 0.1 1 10 1001000

2
P, (mW/em®)

Figure 5. Space-charge-induced (a) maximum field, F,, ..,
and (b) potential, Vs, opposite to the built-in potential as
functions of light intensity, P,. The PHJ cell structure is
CuPc(20 nm)/C¢,(40 nm), and the mixed cell is comprised of
a 60-nm-thick CuPc:Cg, (1:1) homogeneously mixed film.
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Figure 6. Efficiencies of CuPc/Cg, solar cells with different
morphologies (following Figure 2, Figure 3, and Table 2). (a)
Exciton diffusion efficiency, ngp, (b) charge collection effi-
ciency, n¢e and (c) external quantum efficiency, Ngqe plot-
ted as functions of the total organic layer thickness, d. The
PHJ cell has the structure of CuPc(d, nm)/Cqo(d, +20 nm).
The PM-HJ, chessboard, and nanocrystalline network struc-
tures are comprised of a 10-nm-thick bottom CuPc layer and
a 30-nm-thick top Cg, layer. The square pillar width in the
chessboard structure is 5 nm. The nanocrystalline structure
is CuPc(10 nm)/[C4o(3 nm)/CuPc(3 nm)]/Cs0(30 nm), where /
=0,24,6,and 8.

process inevitably results in isolated islands of one or
both of the constituent materials, leading to a satura-
tion in efficiency improvement.®'848

The efficiencies of cells with different morphologies
are compared in Figure 6. The m, values for the several
structures considered (not shown) are nearly identical
as expected, increasing from m, = 0.37 = 0.2 in 30-nm-
thick films to 0.6 = 0.1 in 80-nm-thick films and then de-
creasing as the optical interference peak shifts away
from the organic active layers. In contrast, ngp and ncc
are strongly dependent on different DA morphologies
(Figure 6a,b). For example, assuming that L2 = 15 nm
and LA = 40 nm (Table 1), np in the PHJ structure de-
creases from >0.6 in CuPc(10 nm)/C,(20 nm) to Mep =
0.2 in CuPc(20 nm)/Cg,(40 nm), and approaches ng, =
0 for d > 100 nm as a result of the limited interface area
in a PHJ structure. In contrast, the mixed HJ cell has
Mep = 1 for all thicknesses due to the highly distrib-
uted DA interface. In the remaining three
structures—the PM-HJ, chessboard, and nanocrystal-
line network—m, = 0.4 for CuPc(10 nm)/Cg,(30 Nm)
and increases with thickness, approaching mgp in the
mixed structure. In these three structures, ngp = 0.8 at
d = 100 nm.

A principal result of this analysis is shown in Figure
6¢, where we show m for different morphologies cal-
culated using eq 1. The PHJ and mixed cells have a
low o due to their low mgs and M, respectively. In
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TABLE 3. Comparison between Simulated and Observed
Neqe for Various CuPc/Cg, Solar Cells

HJ structure simulated ngqe measured M gqe ref
PHJ: CuPc(20 nm)/Cy,(40 nm) 0.13 0.14 = 0.1 21
0.15 = 0.1 16, 62
mixed HJ: CuPc:Ce,(60 nm) 0.16 0.16 = 0.1 49
nanocrystalline network HJ: 0.42 0.43 0.2 21

CuPc(10 nm)/[Cqy(3 nm)/
CuPc(3 nm)]/C4,(30 nm)

“Calculated from the reported Js. = 4.8 mA/cm? measured under 100 mW/cm?,
AM 1.5G irradiation.

the PM-HJ cells,"®*° the maximum m is obtained in
a CuPc(10 nm)/CuPc:Cs4(20 NmM)/Cq0(30 Nnm) cell, which
corresponds to the experimentally optimized struc-
ture.'® In nanocrystalline cells with the structure of
CuPc(10 nm)/[Cgo(3 NM)/CuPc(3 nm)]/Cq0(30 NM), M,
increases from 045 at/=0(d =40nm)to0.6at/ =6
(d = 76 nm). However, meqe increases by 120%, from
<0.2 to 0.45 over the same range of d, implying that
nanocrystalline networks located in the region of maxi-
mum optical field are highly efficient. Good agreement
is achieved between the simulated g and those mea-
sured in fabricated devices for various morphologies,
as summarized in Table 3. Indeed, we find that the effi-
ciencies of nanocrystalline networks are nearly identi-
cal to that of the idealized chessboard structure when
the morphological scale is on the same order as the ex-
citon diffusion length.

Effects of Carrier Mobility. To investigate the effects of
carrier mobility, p,, and ., are varied from 1 X 1077
to5cm? V™" s, encompassing the practical range ac-
cessible to organic materials useful in PV cell applica-
tions. The exciton diffusion lengths are taken as L3 =
15 nm and L= 40 nm, which along with other mate-
rial properties typical of CuPc and Cg, are listed in
Table 1.

The simulated mcc vs w, and ., is shown in Figure
7.1n the PHJ cells (Figure 7a), nec =1 for p,,, > 2 X
10"*ecm? V' s~ ", where the carriers can move rapidly
toward the electrodes with no significant carrier recom-
bination. For p,,, < 10"*cm? V™" 57", the rate of car-
riers diffusing from the DA interface is smaller than their
generation rate. This leads to a slower extraction of
charges, and hence space-charge build-up (c.f. Figure
5), resulting in increased bimolecular recombination at
the heterointerface. Indeed, for p,, , <5 X 1077 cm?
Vs, mec=0.

Compared to a PHJ, the mixed HJ structure (Figure
7b) has a significantly lower n < 0.4, resulting from
a larger recombination rate at the increased interface
area. In the mixed HJ cell, Langevin bimolecular recom-
bination dominates, where the recombination rate is
proportional to the carrier mobility.>®>" Hence, a higher
M p increases both the extraction and recombination
of carriers.*® Our simulation shows that the peak mec =

www.acsnano.org



(@)
018 “‘;:
Y 0.6¢
=
0.44-
0.24
0 -
1
6 10-6
4 (cm2v-ist) Hp (cm2V-1s7T)
(b)

e

1, (cm2v-1sT)

tp (cm2V-1g)

Figure 7. Influence of carrier mobilities, ., and ., on m¢c
in (a) ITO/D(20 nm)/A(40 nm)/BCP/Ag PHJ and (b) ITO/D:A(60
nm)/BCP/Ag mixed solar cells. Other material parameters
are provided in Table 1.

0.4 occurs at p,, , =~ 102 cm? V™" s~ ', decreasing for
both higher and lower charge mobilities. Similar opti-
mal p,, , values have been calculated for polymer blend
cells.?®

These findings provide guidance in the selection of
DA materials for mixed structures, where m,q is primari-
ly limited by mcc.>? Although CuPc:C,, mixtures have
demonstrated efficient solar cells with short circuit den-
sities, Joc > 5.5 mA/cm? under 100 mW/cm?, AM1.5G
irradiation,'”*° some materials combinations, e.g.,
CuPc:3,4,9,10-perylenetetracarboxylic bis-
benzimidazole (PTCBI), have significantly reduced pho-
tocurrents (Jsc = 15 pA/cm?).® The carrier mobilities of
bulk organic materials are determined by the proximity
of neighboring molecules and the overlap of m-bonds
between neighbors. Molecular stacking and hence the
extent of bond overlap are disrupted in the amorphous
mixed layers.®'? Due to the higher symmetry of C,,
molecules, use of this molecule as an acceptor in mixed
films therefore leads to enhanced transport over pla-
nar acceptor molecules such as PTCBI, where the
w-bond overlap is significantly reduced by wider molec-
ular separation and oblique orientation. Indeed, our
simulations show that the CuPc:PTCBI film experiences
space-charge build-up due to the lower ., than in Cg,,
leading to nc < 0.1 (Figure 7b). Furthermore, a 10-fold
increase of Jsc was attributed to an increase in p, from
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4%X10%t01 X 10 *cm?V"’
lar cells.>®

Efficiency Limits of DA Heterojunction Cells. The principles
used to model the CuPc/Cg, system are applicable to
small-molecule and polymer-based materials systems
in general. Hence, these findings have consequences in
the design of the structure and the selection of materi-
als for efficient DA junction solar cells. Here we investi-
gate the influence of L on efficiencies and determine
the film thickness and morphological texture required
to optimize organic solar cells. For this calculation, we
assume absorption coefficients of ap = acyp. and oy =
ac,, mobilities of uy = py =5X10"2cm? V= 's7,
and exciton diffusion lengths L3 = Lp. Then, ngq is cal-
culated under 100 mW/cm? (1 sun), AM 1.5G illumina-
tion, as shown in Figure 8.

As expected, Mgqe in the PHJ structure (Figure 8a)
shows a strong dependence on L. At Ly = 500 nm,
Mige =1.0 for d < 200 nm, resulting in Megqe = M. At
larger thicknesses, absorption shifts toward the ITO/or-
ganic interface, where the narrow exciton distribution
results in a decreased ngp, and hence ngqe. The high-
est efficiency (ngqe = 0.71) is achieved for d = 300 nm.

In the homogeneous DA mixed cell (Figure 8b), the
peak ngqe = 0.27 at d = 300 nm and does not depend
on Ly since mgp = 1. In the chessboard structure with
5-nm-wide pillars (Figure 8c), ngqe has little depen-
dence on L, as expected. The optimal mgqe is achieved
for d ~ 250 nm in Figure 8c. Similar efficiencies are cal-
culated in chessboard structures with pillar widths less
than Ly, (Figure 8d). Lower mgq results when the pillar

~'in polymer-based so-
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Figure 8. Calculated mo dependence on exciton diffusion
length, Ly, (L = 5, 50, and 500 nm), and device thickness, d,
for (a) PHJ, (b) homogeneous DA mixture, chessboard struc-
tures with (c) 5-nm-wide and (d) 25-nm-wide pillar arrays,
and nanocrystalline networks of D(10 nm)/[A(d;)/D(d;)1,/A(20
nm) where (e) d; = 3 nm and (f) d; = 10 nm. The d ranges in
the nanocrystalline network (e,f) are limited to the onset of a
root-mean-square surface roughness greater than 50 nm.
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TABLE 4. Comparison of Several H) Morphologies

homogeneous annealed nanocrystalline

PH) mixed HJ mixed H) PA-H) chesshoard network
morphological continuous layers  dispersed DA interface  random domains with DA mixture sandwiched  alternatingDand A interconnected
characteristics with flat interface  in the whole islands and cul de sacs between DA continuous pillars sandwiched ~ network of

volume layers between DA layers  nanocrystallites
advantages high n¢¢ simple structure and improved n . over improved g, over PH)  ideal structure with  high m¢c and mg,
high Mgy homogeneous mixed HJ high ¢ and
high mgp
efficiency limiting L, lack of continuous carrier trapping limited by L, or ideal structure film thickness limited
factor conductive pathways;  within islands; by surface
limited by limited by roughness

width (25 nm) is larger than Ly (5 nm). We also com-
pare nanocrystalline cells with DA layer thicknesses of
d; = 3 nmand d;, = 10 nm, yielding average domain
sizes of 6.3 = 0.6 and 22 = 3 nm, respectively, as shown
in Figure 8e,f. When d; > 15 nm, continuous DA layers
are obtained, forming multilayer structures that block
carrier collection.®* Similar to the chessboard structure,
the highest n¢p, is obtained when the domain size is less
than L, (Figure 8e). The optimal ngqe = 0.64 is achieved
atd = 200 nm, with ng; = 1 and M =1. The total or-
ganic layer thickness in the nanocrystalline cells is, how-
ever, limited due to the monotonically increasing?’
rms surface roughness >50 nm, at d > 300 nm and d
> 700 nm for d; = 3 nm and d; = 10 nm, respectively.
Such a rough film surface results in shorts across the ac-
tive organic region. Hence, the efficiency of the nano-
crystalline cells may ultimately be limited by surface
roughness, which requires control over organic molec-
ular crystallization.*®

The optimal efficiency of ngqe = 0.7 is obtained in
the chessboard and nanocrystalline networks, with do-
main sizes equal to or smaller than L. Using practically
available materials with Ly = 15 nm,>"® noe = 0.63 is
achievable in the nanocrystalline cell, corresponding to
Jsc = 20.8 mA/cm? under 100 mW/cm?, AM 1.5G illumi-
nation. Experiments show that the V- and FF of nano-
crystalline cells show little dependence on light inten-
sity, implying minimum carrier recombination at the DA
interface. If we assume V- = 0.5V and a fill factor, FF
=0.57, typically observed for CuPc/Cg,-based nanocrys-
talline solar cells,>' the best device would have a power
conversion efficiency of n, = 6%.>>

Combining the simulation results shown in Results
and Discussion, high-efficiency solar cells (ngqe = 0.6)
must have a large w.,, , to achieve e = 1and L, larger
than or comparable to that of the domain size to ob-
tain a high mgp. Although the DA mixed film has been
widely used, its efficiency is inherently limited by a low
Mcc (cf. Figure 7b). The simulations show that the
nanocrystalline network is the most promising means
for achieving high mgoe and hence Jsc in organic solar
cells, considering that the optimal chessboard struc-
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tures require a precise arrangement of nanoscale fea-
tures that may be difficult to achieve.

The absorption coefficient of organic materials de-
termines the photon absorption and exciton genera-
tion profile, thus imposing conditions that lead to an
optimal active layer thickness. For the structures and
materials discussed in this work, the optimal layer thick-
ness is between 200 and 300 nm. Efficient PHJ cells
also rely on the use of DA materials with large Ly, of
which very few have been thus far identified. Increases
in L have focused on improving the exciton lifetime
and mobility. In fact, L, = 40 nm is obtained in Cg(, due
to the generation of long-lived triplet states following
optical absorption. In addition, long-range crystalline
order favors more efficient energy transfer, hence re-
sulting in an increased Lp.>%>” Improvement in v, also
relies on a high V¢, which is determined by, among
other factors, the energetic structure of the DA
heterointerface®®>® and can be increased by using the
tandem architecture.''>°

CONCLUSIONS

A dynamical Monte Carlo model is developed to
simulate organic solar cells with nanoscale morpholo-
gies. The model includes effects of optical interference
and exciton and carrier transport. The model reveals the
formation of space-charge regions in low-mobility or-
ganic materials. The simulated ngq is similar to experi-
mentally obtained values in cells with a variety of mor-
phologies. Absorption by the organic layers limits the
optimal cell thicknesses to between 200 and 300 nm.
The highest ngqe is achieved in chessboard and nano-
crystalline networks, where the domain size is equal to
or smaller than L. Based on observed V. and FF for
nanocrystalline CuPc/Cg, solar cells, our calculations
suggest that these structures have the potential to
achieve a power conversion efficiency of n, = 6% un-
der 1 sun, AM 1.5G illumination. A detailed comparison
of the structural characteristics, advantages, and effi-
ciency limiting factors of the six morphologies is given
in Table 4.
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Our model applies to both small molecular
weight and polymer cells with various morpholo-
gies. It provides a detailed understanding of the en-

METHODS

The simulation codes for nanomorphology generation and
DMC energy conversion were written in C++ and compiled us-
ing Microsoft Visual C++ 6.0. Each DMC simulation took 0.5—20
h, depending on different morphologies, when running on per-
sonal computers equipped with Pentium Core Duo 2 GHz pro-
cessors. The simulation terminates as judged by the method de-
scribed in the Appendix. Three-dimensional nanomorphologies
are generated by the C++ codes and plotted using Matlab.

APPENDIX

To determine the exciton dissociation and carrier collection
efficiencies, the simulation records the carrier number, n, at ev-
ery carrier collection event and records the ensemble [n, n,, ns,
... N5l for the previous 500 carrier events. The ratio

o(ny, Ny, N3, ..ty Nsgg)

p= (A1)
average(n,, n, Ny ..., Ngg)

is then calculated, where o is the standard deviation of the en-
semble. Our simulation assumes the system is stable when p <
0.01. After the system reaches steady state, 2000 extra carrier col-
lection events are then simulated. The numbers of excitons and
carriers are recorded as functions of t, with the exciton diffusion
efficiency equal to the ratio of the slopes of the number of exci-
tons dissociated per unit time to those generated, viz.:

s(nexc dissoc(t))
Nep=—— (A2)
£ s(nexc,gen(t))
The carrier collection efficiency, ncc, is then
S(ne (1) + S(ny, (1))
=~ A3
flec 25(nexc,dissoc(t)) ( )

for t > t,, where S(n(t)) is the slope of n(t).
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