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Modeling the charge-generation process is highly important to understand device physics and opti-
mize power conversion efficiency of bulk-heterojunction organic solar cells (OSCs). Free carriers
are generated by both ultrafast exciton delocalization and slow exciton diffusion and dissociation at
the heterojunction interface. In this work, we developed a systematic numerical simulation to
describe the charge-generation process by a modified drift-diffusion model. The transport, recombi-
nation, and collection of free carriers are incorporated to fully capture the device response. The the-
oretical results match well with the state-of-the-art high-performance organic solar cells. It is
demonstrated that the increase of exciton delocalization ratio reduces the energy loss in the exciton
diffusion-dissociation process, and thus, significantly improves the device efficiency, especially for
the short-circuit current. By changing the exciton delocalization ratio, OSC performances are com-
prehensively investigated under the conditions of short-circuit and open-circuit. Particularly, bulk
recombination dependent fill factor saturation is unveiled and understood. As a fundamental electri-
cal analysis of the delocalization mechanism, our work is important to understand and optimize the

high-performance OSCs. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4970958]

I. INTRODUCTION

Due to the advantages of low cost, easy fabrication,
mechanical flexibility, organic solar cells (OSCs) have
attracted a lot of attention in the last few decades. Among
countless organic materials, the most successful ones are the
conjugated polymers, which were widely adopted in bulk het-
erojunction (BHJ) in conjugation with the fullerene.! BHJ
structure greatly facilitates the dissociation of photogenerated
excitons when they diffuse to the interface before decaying to
the ground state. Different from the exciton diffusion-
dissociation process, the exciton delocalization in an ultrafast
timescale has been observed recently.”” The delocalized
excitons have a great influence on the charge separation and
device performance of BHJ organic solar cells.

Once the incident light is absorbed by the BHJ active
material, an exciton will be created when an electron (e) is
excited from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO) of a mol-
ecule. Meanwhile, a hole (h) is created in the HOMO of the
molecule. In organic materials, the spatial separation between
the excited e and h is relatively small as compared to that in
inorganic materials, and thus the excitons are referred to
Frenkel excitons.'? In addition, Coulomb forces between the
electrons and holes are strong. Therefore, the excitons are
hard to be dissociated without excess energy. As described in
the processes step II in Figure 1(a), after being photogener-
ated, the excitons will diffuse from the created locations to the
donor/acceptor interfaces.'*'> After overcoming the Coulomb
attraction at the interfaces, the bounded electron-hole pairs
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will be dissociated, and the free carriers (electrons in the
acceptor phase and holes in the donor phase) will be collected
by electrodes. Regarding the excitons in the diffusion and dis-
sociation processes, only singlet excitons are considered,
because triplet excitons have no contribution in the carrier
generation process due to the difficulty in their dissociation.'*

However, in contrast to the traditional view of charge
separation from the exciton diffusion and dissociation, the
existence of exciton delocalization has been confirmed by sev-
eral groups recently.”*”~'! Through the quantum mechanics/
molecular simulation and experiments, researchers found an
ultrafast charge transfer (generation) process at the donor-
acceptor interfaces in a very short timescale (<100 fs) after
the light absorption, as depicted in Figure 1(a). As described
in step I in Figure 1(a), the excited exciton states have a large
spatial delocalization, which means a large exciton radius.
Thus, the weak interaction between electrons and holes would
facilitate the direct and ultrafast generation of free carriers.
On the other hand, the experimental results showed that a part
of the delocalization states will simultaneously collapse to the
localized exciton states. After that, the localized (Frenkel)
excitons continue to diffuse toward the BHJ interfaces, form
the charge transfer states or polaron pairs, and finally dissoci-
ate to free carriers. The total processes of carriers generation
are displayed in Figure 1(b).

The timescale and ratio of the delocalization-assisted
generation are determined by the donor-acceptor combina-
tions intrinsically, and can also be adjusted by the fullerene
aggregation.* Additionally, the delocalization excitons also
exist in non-fullerene polymer blended systems.” Those pol-
ymers and organic materials supporting the exciton delocali-
zation have a great potential to be the next-generation
high-performance photovoltaics.

Published by AIP Publishing.


http://dx.doi.org/10.1063/1.4970958
http://dx.doi.org/10.1063/1.4970958
http://dx.doi.org/10.1063/1.4970958
mailto:wsha@eee.hku.hk
mailto:chchoy@eee.hku.hk
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4970958&domain=pdf&date_stamp=2016-12-01

213101-2 Wang, Sha, and Choy

(a) Donor

&

Step II: diffusion
& dissogiation

(b)

Excitation

Acceptor

After understanding the charge separation and generation
processes, a systematic numerical model is established to fully
capture the electrical responses of organic solar cells (OSCs),
involving exciton delocalization, exciton diffusion, dissocia-
tion and decay, as well as transport, recombination, and
collection of free carriers. Particularly, the role of exciton
delocalization in the performance of BHJ OSCs is investi-
gated in detail. Regarding the device model developed, it does
not resolve the microscopic delocalization process in an ultra-
fast time scale and ignores some intermediate stages, such as
charge transfer states or polaron pairs. However, we will
show that the exciton delocalization incorporated drift-
diffusion model could well describe electrical responses of
polymer solar cells. In our model, excitons are classified into
two categories named localized excitons and delocalized exci-
tons. The former satisfies the exciton diffusion-dissociation
equation [See Eq. (6)]; The latter will be directly inserted into
the traditional drift-diffusion equation [See Eq. (2)] as the
generation rate of free carriers.

Il. MODEL

The OSC we studied has a structure of ITO anode/hole
transport layer (HTL)/active layer (donor and acceptor)/
electron transport layer (ETL)/Al cathode. The active mate-
rial is an admixture of high-performance organic material
PTB7 as the donor, and PC,,BM as the acceptor. The sche-
matic illustration of the energy band diagram is shown in
Figure 2. The energy difference between the LUMO of the
PCBM acceptor and the HOMO of the polymer donor is the
band gap (E,). The generation rates of localized and delo-
calized exciton states are assumed to be spatially homoge-
neous. Due to a very thin thickness of active layer in our
study (110nm), the unmatched incorporation of an expo-
nential dependence of the generation rate on distance does
not give rise to serious inconsistencies.'® The free carriers
are generated from two different physical processes. They
are direct generation through the delocalization and indirect
generation through the diffusion and dissociation, and the
two processes will be treated separately. For the delocalized
excitons the charge transfer in an ultrafast process, they do
not involve the long timescale activity like the drift-
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FIG. 1. (a) Charge-generation process
in BHJ polymer materials. The ultra-
fast exciton delocalization (step I) and

Collapse ) slow exciton diffusion and dissociation
(step II) are illustrated. (b) Generation

of free carriers in bulk-heterojunction
OSCs.
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diffusion of free carriers and diffusion-dissociation of exci-
tons. Hence, the delocalization event could be simulated by
directly introducing the exciton delocalization ratio into the
carrier drift-diffusion and exciton diffusion-dissociation
equations.

A. Drift-diffusion of free carriers incorporating exciton
delocalization

The basic governing equation set for free carriers includ-
ing Poisson equation, drift-diffusion equation, and current
continuity equations read'®**>

V- (eVo) = —q(p —n), )

17) 1

51: =n,G + 5V “(quunEy + gD, NVn) + kaX; — R(n, p),
(2a)

Op 1

o = MG = gv “(94,PEp — qDpVp) + kaXi — R(n, p),

(2b)

Cathode

FIG. 2. Schematic illustration of the energy band diagram of the polymer
solar cell to be modeled.'”
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where ¢ is the elementary charge and ¢ is the dielectric con-
stant, i, , are the mobility of electrons and holes, and D,
are the corresponding diffusion coefficients, which obey the
Einstein relation

kgT
Dyp = %un.,,, 3)

where kg is the Boltzmann constant and 7 is the absolute
temperature. E, , are the internal electrostatic fields for elec-
trons and holes, 7, is the exciton delocalization ratio, and
G is the exciton generation rate at the active layer. X; and k,
are the density and dissociation rate of the localized singlet
excitons, respectively.

R(n, p) in Eq. (2) is the recombination rate of free car-
riers, which is described to be the bimolecular process, i.e.

R=rg-y(np —n}), €]

where #; is the intrinsic carrier density of the active material,
and y is the recombination strength by the Langevin®®

q

Y=< 5

= OB ©)
where (¢) is the spatially averaged dielectric constant and
(u) is the spatially averaged summation of hole and electron
mobility. The factor r in Eq. (4) is introduced to coordinate
the recombination rate due to the fact that the recombination
loss in the experiments is much lower than that predicted by
the Langevin theory.”’® Here we set 7z =0.01 in the simu-
lation, which is a proper approximation for PTB7:PC;oBM.

B. Diffusion-dissociation of localized excitons

The basic governing equation for localized excitons is
given by

oxX. X
L= (1= )G+ V - (DxVX)) — kaX; — T—f' + 1R (n,p),

ot
(6)

where 1 — 1, is the exciton localization ratio. Dy is the exci-
ton diffusion coefficient related to the exciton mobility px by
the Einstein relation, and 74 is the lifetime of a singlet exci-
ton. By the Forster energy transfer in the polymer chains,’
the localized excitons diffuse, until reaching the interfaces of
the n-p material. They will dissociate, which is expressed by
the factor k;X;, or will decay to the ground states, expressed
by X,/ts. Moreover, the free carriers also recombine into the
localized excitons, and only singlet excitons are considered
with 17, of 1/5.1*714

The theory of germinate recombination, originally dis-
cussed by Onsager”~" and refined by Braun,”' proposed that
the probability of exciton dissociation depends on the tem-
perature, distance, and field

kd(X,F, T)

F.T) =
P(X, ) ) kd(X,F,T)+kf(T),

)
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where T is the temperature, x is the distance between the
bound charges of the exciton, F is the internal electrostatic
field, and k¢ is the exciton decay rate, which equals to 1/ 7,
and is attributed to the germinate recombination. Braun
derives the following expression for k,:

3
ka(x,F,T) = 4_V3e-EB T 1 (2v/=2b) /v/—2b,  (8)

X

where Ep = ¢°/4mex is the exciton binding energy, J, is the
first-order Bessel function, and the field parameter b = ¢°F/
(8nsk§T2). The disordered polymer BHJ system can be simu-
lated by different ways. On one hand, the random distribution
is modeled by Monte Carlo method.>>** On the other hand,
the structure also makes itself appropriate to treat the charge-
separation distance as a Gaussian distribution,35 where the
overall exciton dissociation probability comes from the inte-
gral average over all the charge-separation distances,

4
Vra

o0
P(F,T) = J p(x, F,T)x%e~ /% dx, 9)

0

where a is the charge-separation distance at the maximum
probability of Gaussian function, which is also regarded as
the exciton radius. Then we got the changed exciton dissoci-
ation rate

P(F,T)

ka(x,F,T) “1=PED)

ks (T). (10)

C. Boundary conditions

In order to numerically solve the coupled nonlinear sys-
tem including Equations (1), (2) and (6), the boundary condi-
tions shall be defined. For convenience, we set x =0 as the
bottom cathode of the solar cells, where x denotes the posi-
tion, and set x =L as the top anode, where L is the thickness
of the device. Both electrodes are the Schottky contacts satis-
fying the following boundary conditions:

n(O):Ncexp(—%) (11)
n(L) = N¢ exp [(UB’;B—_TE‘%)} (12)
p(0) = Ny exp {(UBZB—_TE}”)], (13)

p(L) =Ny em(—%), (14)

where N and Ny, are the effective density of states of con-
duction band and valence band of the carrier transport layers
(CTLs), and Ugy and Ugp are the injection barriers at the
electrodes. E, is the bandgap. The boundary conditions for
the potential should be

Y(0) =-We, W(L)=Va— Wy, 15)
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TABLE I. The model parameters used in the simulation.

Parameters Symbol Numerical values
Bandgap E, 1.15eV
Electron mobility'” Uy, 58 x1077m?/Vs
Hole mobility'’ p 1.7 x 107" m?/Vs
Effective density of state N.(N,) 25 % 10®m™3
Generation rate'®"? G 1.08 x 10%¥ m~3
Exciton mobility*° Wy 6.98 x 107°m?/V's
Average dielectric constant 3.9¢0F/m
Exciton radius®! a 3.5nm
Exciton lifetime®” T 400 ps

where W and W, are the work functions of cathode and
anode, and V/,, is the applied voltage. The excitons quench at
the interfaces between CTLs and active layer (x =d,, x =d,)
satisfying

X,(dy) = X,(d>) = 0. (16)

lll. SIMULATION RESULTS AND DISCUSSIONS

All the simulation parameters are listed in Table I and
the injection barriers Upy and Ugp are 0.2eV. The coupled
nonlinear partial differential equations (1), (2), and (6) are
solved self-consistently by the Scharfetter-Gummel method
in the space domain and by the semi-implicit scheme in the
time domain.”> The detailed computational methods are
shown in the supplementary material. From this method we
can obtain both the transient and steady solutions, but, in this
study, we focus on the steady result of the OSC. The numeri-
cal results based on this model match well with the experi-
ments,> under the condition of 75% delocalization ratio.
The ratio of 70%—-80% is demonstrated to be an appropriate
approximation for high-performance organic materials.®’

J. Appl. Phys. 120, 213101 (2016)
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FIG. 3. Theoretical (stars) and experimental (circles) current density-voltage
characteristics of PTB7:PC;0BM device. The experimental result is
extracted from the literature.>

The current-voltage curves of numerical and experimental
results are shown in Figure 3, which confirms the validity of
our model.

A. Exciton delocalization ratio dependent electrical
properties

In Figures 4(a)—4(d), the electrical responses of the OSC
are calculated as a function of the delocalization ratio. With
the increase of the delocalization ratio, the short-circuit cur-
rent (J,.), open-circuit (OC) voltage (V,.), Fill Factor (FF)
and power conversion efficiency (PCE) are all increased.
The most significant change is the short-circuit current that
is improved over 3 times from 51.4 A/m? to 183.8 A/m?,
almost linearly with the delocalization ratio. The PCE will
be improved from 1.0% to 8.9%, while the PCE of well-
made PTB7-PC;,BM solar cells in reality is near 7%. The
main energy loss in OSCs occurs at the exciton diffusion-
dissociation process, and is mainly caused by a finite exciton
dissociation probability and unseparated excitons that will

Delocalization ratio (n d)

0.4 0.6 0.8 1

FIG. 4. Short-circuit current (a), open-
circuit voltage (b), fill factor (c), and
power conversion efficiency (d) of the

simulated device.
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FIG. 5. Recombination rate dependent fill factor saturation. A large rg
means a large bulk recombination rate.

decay to their ground states producing heat. The reduction of
the localized excitons will reduce the thermodynamic loss of
OSCs and accordingly will boost the free carrier generation,
which is essential to high-performance OSCs.

The enormous increase of J,. plays the dominant role in
the improved PCE, and thus, the PCE keeps a linear trend.
Interestingly, in Figure 4(c), FF is saturated with the rise of
the delocalization ratio. Fill factor represents the balance
between carrier extraction and recombination. On one hand,
the higher the delocalization ratio is, the more free carriers
are generated, and less localized excitons will be formed. On
the other hand, more free carriers generated will induce a
higher bimolecular recombination, and therefore, more local-
ized excitons decay to their ground states. Consequently, the
increasing rate of FF will slow down, and the FF will reach a
saturation point. This interpretation can be supported by the
simulation result shown in Figure 5. When reducing the
recombination rate in the device by decreasing the factor rg

J. Appl. Phys. 120, 213101 (2016)

from 5 to 0.005 in Eq. (4), the overall recombination in the
device will decrease, and thus, the saturation will be reached
at a high fill factor.

B. Device responses under Jg. and V,. conditions

In order to further explain the effect of delocalization,
the calculated electron/hole density, current density, recom-
bination rate (normalized to generation), and exciton density
distribution in the device region or active layer under the
conditions of the short-circuit (SC) (V=0) and open-circuit
(OC) (V=Voc) are depicted in Figures 6 and 7, respectively.
Due to the extraction barriers at the interfaces between the
active layer and CTLs, and also the Schottky injection bar-
riers at the electrodes, the free carriers will accumulate there.
When increasing the external applied voltage, the reduced
potential makes free carriers accumulate in a broader region.
Moreover, the peaks of the charge densities at the two elec-
trodes are unbalanced due to the unbalanced mobility of
electrons and holes. (See Figures 6(a) and 7(a)). Under the
SC state, the large internal electrostatic field causes a linear
drift current density distribution at the active layer region,
while under the OC state, due to the zero internal electro-
static field, the electron and hole diffusion currents are quite
small and cancel with each other at every point, and thus the
total current is zero, as shown in Figures 6(b) and 7(b). The
carriers accumulation induces a larger recombination rate at
the interfaces between the active layer and CLTs [See Figure
6(c)]. Additionally, the CTLs help to suppress the recombi-
nation around the electrodes, and therefore, the normalized
bulk recombination rate in the complete delocalization case
can reach the unit everywhere to cancel the generation at the
OC case as shown in Figure 7(c). The normalized bulk
recombination rate in the localization case is much lower
than the unit. It is because the big amount of excitons have
large germinate recombination losses.

@ 102 b)
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2 --nm,=0)| | = P @,
<2 = N - =Jn(,=0)
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In all the cases, the large exciton delocalization ratio
induces the high density of free carriers and thus boosts the
current, even though with the higher recombination rate.
According to Figure 1, the localized excitons are generated
by a direct collapse of delocalization excitons and by an
indirect bimolecular recombination, with respect to the terms
of (1 —1n,)G and n,R, respectively. When increasing the
external applied voltage, the first part of the localized exci-
tons is constant, while the second part will be increased
by the recombination. Meanwhile, according to Eq. (8), the
field-dependent exciton dissociation probability becomes
extremely lower at the OC case where the internal electro-
static field is almost zero. Thus, from the SC to the OC cases,
the increased recombination as well as the decreased dissoci-
ation leads to the enlarged exciton density. At the SC state,
the exciton density for the complete delocalization case is
4 orders smaller than that of localization case. However, at
the OC state, it is only 4 times smaller than that of the locali-
zation case, as illustrated in Figures 6(d) and 7(d), because
the excitons have the low probability of being separated into
free carriers.

IV. CONCLUSION

In conclusion, we studied the role of exciton delocaliza-
tion in the performance of OSCs, and developed a systematic
exciton delocalization-diffusion-dissociation and carrier drift-
diffusion-recombination model. We found J,., V,., FF, and
PCE are simultaneously improved when increasing the exciton
delocalization ratio. More importantly, the saturations of FF
were also investigated and understood. The simulation results
suggest that the enhancement of the delocalization ratio by
optimizing the BHJ structure is essential to the performance of
OSCs. Our work is very helpful to high-efficiency OSCs.

40 60 80 100
Active layer (nm)

SUPPLEMENTARY MATERIAL

See supplementary material for the detailed computa-
tional method for the exciton delocalization incorporated
drift-diffusion model.
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