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ABSTRACT: We applied a multiscale approach coupling dissipative
particle dynamics method with a drift-diffusion model to elucidate the
photovoltaic properties of multiblock copolymers consisting of
alternating electron donor and acceptor blocks. A series of hierarchical
lamellae-in-lamellar structures were obtained from the self-assembly of
the multiblock copolymers. A distinct improvement in photovoltaic
performance upon the morphology transformation from lamella to
lamellae-in-lamella was observed. The hierarchical lamellae-in-lamellar
structures significantly enhanced exciton dissociation and charge
carrier transport, which consequently contributed to the improved
photovoltaic performance. On the basis of our theoretical calculations,
the hierarchical nanostructures can achieve much enhanced energy
conversion efficiencies, improved by around 25% compared with that
of general ones, through structure modulation on the number and size
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of the small-length-scale domains via the molecular design of multiblock copolymers. Our findings are supported by recent
experimental evidence and provide guidance for designing advanced photovoltaic materials with hierarchical structures.
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1. INTRODUCTION

Polymer photovoltaic devices, which offer many advantages,
such as low cost, high mechanical flexibility, lightweight, and
large-area manufacturing compatibility at relatively low
processing temperatures, have received increasing attention.'
Lightweight, flexible polymer photovoltaics are better suited
for portable power applications and would open more market
opportunities than inorganic photovoltaic cells such as silicon
cells. However, the lower power conversion efficiencies (77) of
polymer photovoltaics limit their commercialization.” Research
efforts in the last decade have significantly improved the
polymer solar cell performance.” " Despite some break-
throughs, however, the efficiencies required to compete in
the energy market have not yet been realized. It is worth noting
that block copolymer-based polymer solar cells, which are very
promising, have shown stubbornly low efficiencies of ~39%.”""
Enhancing the photovoltaic performance of polymer solar cells
presents a pressing challenge.

Typical polymer solar cells consist of a polymer donor
(electron-transporting) and an acceptor (hole-transporting) as
the photoactive layer. The morphology of the active layer is a
key factor for high performance.'”'> Optimizing the
morphology can enhance the exciton dissociation (charge
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carrier generation) at the donor/acceptor (D/A) interface,
improve charge transport, and maximize the collection of the
dissociated electrons and holes at the electrodes. Various
structures, such as ordered continuous networks, lamellar, and
cylindrical structures, have been applied to optimize the
morphology.m_16 Among these structures, hierarchical nano-
structures with different length scales have recently been
reported to possess improved photovoltaic properties.'” >
Chen et al. have fabricated PTB7/fullerene photovoltaic
devices harboring hierarchical nanostructures ranging from
several nanometers of crystallites to tens of nanometers of
nanocrystallite aggregates in PTB7-rich and fullerene-rich
domains.'” These devices exhibit superior performance,
which is attributed to the significantly enhanced exciton
dissociation resulting from the hierarchical morphologies. Very
recently, Fang et al. have achieved hierarchical phase
separation in ternary polymer blend solar cells.”” Their results
indicated that devices with hierarchical structures show
improved photovoltaic performance. Because the hierarchical
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structures formed in polymer blends are usually dynamically
trapped, disarranged, and uncontrollable,”"** it is a great
challenge to optimize morphologies for higher photovoltaic
performance in blend systems. Controlling the structural
hierarchy is vital for correlating photovoltaic performance with
hierarchical structures and further optimizing the structures to
obtain outstanding performance for polymer solar cells.

In contrast with polymer blends, multiblock copolymers can
self-assemble into hierarchically ordered nanostructures with
thermodynamic stability. So far, a number of works have
reported the preparation of hierarchical structures through the
self-assembly of multiblock copolymers.”>~>° For example, ten
Brinke et al. have obtained a hierarchical lamellae-in-lamellar
structure from the self-assembly of two-length-scale A-b-(B-b-
A),-b-B multiblock copolymers.”” We also predicted a series of
hierarchical structures, including cylinders-in-lamellae, lamel-
lae-in-lamellae, cylinders-in-cylinders, and spheres-in-spheres,
in A(BC), multiblock copolymers via using self-consistent field
theory.”®”” Additionally, we have shown that hierarchical
nanostructures exhibited excellent properties such as distinct
elastic response.”® So far, most of the multiblock copolymers
investigated in these studies are flexible. However, the
multiblock copolymers used in photovoltaic devices should
contain conjugated polymers (semiconductor polymers),
which are usually rigid.22‘3l’32 Recently, Hiorns et al
successfully synthesized a conjugated donor—acceptor multi-
block copolymer that could be applied in polymer solar cells.””
They incorporated a high-fullerene-content polymer with
poly(3-hexylthiophene) into a multiblock copolymer. Ordered
lamellar structures have been obtained in these conjugated
multiblock copolymers. These works suggest that hierarchically
ordered structures for application in polymer solar cells can be
obtained through the self-assembly of donor—acceptor (DA)
conjugated multiblock copolymers with blocks of different
length scales. However, the question remains whether the solar
cells with hierarchically ordered structures formed by DA
multiblock copolymers can have improved photovoltaic
performance. The correlation between the photovoltaic
performance and the hierarchical nanostructures of multiblock
copolymers should be examined to address this question.

Theoretical simulations have been used to examine the
relationshig between the nanostructures and the photovoltaic
properties.”* " Two computational methods are generally
used to address this issue: kinetic Monte Carlo (KMC)
method and drift-diffusion model.***” For example, Kimber et
al. applied the KMC method to study the photovoltaic
performances of a series of morphologies including bicontin-
uous nanostructures and cylindrical nanostructures, which are
potential structures for polymer solar cells.'® Their simulations
predicted that the cylindrical nanostructures perform much
better than the blend morphologies and bicontinuous
nanostructures. This is a good example showing the predictive
power of the KMC method in the field of polymer solar cells.
However, the KMC method requires high computation cost.
As an alternative method, the drift-diffusion method is
significantly faster than the KMC method in accomplishing a
single current—voltage sweep.””*" The fast current—voltage
sweep enables the research studies on the photovoltaic
performance of complex hierarchical nanostructures. On the
basis of the drift-diffusion simulations, Koster et al. successfully
reproduced the J—V curves in experiments and established a
quantitative link between the efficiency and the three-
dimensional blend morphology.”’ In the above works, the

morphologies are usually designed or constructed artificially.
Unlike these works, we aim to use a simulation method,
dissipative particle dynamics (DPD), to predict the nanostruc-
tures self-assembled from a series of multiblock copolymers
with complex architectures. (Note that in the DPD
simulations, the nature of the complex polymer can be well
described.) Then, we apply the drift-diffusion model to
calculate photovoltaic properties of the nanostructures self-
assembled from the multiblock copolymers.

In this work, to the best of our knowledge, we report a first
investigation of the photovoltaic properties of DA multiblock
copolymers consisting of alternating short and long blocks. A
multiscale approach involving morphological studies with DPD
and calculations of photovoltaic properties via solving drift-
diffusion equations is employed to study the self-assembled
nanostructures and the corresponding photovoltaic properties.
A series of ordered hierarchical nanostructures self-assembled
from the DA multiblock copolymers were predicted through
the DPD simulations. The calculations of photovoltaic
properties demonstrate that an improvement in photovoltaic
performance can be obtained by a change in morphology from
general nanostructures to hierarchical nanostructures. We
expect this work to provide useful information for designing
advanced photovoltaic materials with hierarchical structures.

2. RESULTS AND DISCUSSION

In this work, we investigated the relation between the
hierarchical nanostructures and the photovoltaic properties of
D’(AD),A’ multiblock copolymers. The multiblock copoly-
mers consist of long outer blocks and short inner blocks, as
shown in Figure la. In the simulations, the volume fraction of
donor blocks was set to 0.5, and the ratio of donors to
acceptors was thus 1:1. Two important parameters influencing
the self-assembled nanostructures of the D’(AD),A’ copoly-
mers were considered: the number of the repeat AD units
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Figure 1. (a) Molecular architectures of D’'(AD),A’ multiblock
copolymers. (b—d) One-dimensional density profiles of acceptor (red
solid line) and donor (green dashed line) blocks of D'(AD),A’
multiblock copolymers along the x-direction vertical to the donor—
acceptor interface at various ap, values: (b) ap, = 45, (c) ap, = SS,
and (d) ap, = 70. The insets show the corresponding three-
dimensional nanostructures.
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governing the number of small domains and the length of the
short inner blocks controlling the size of small domains.

2.1. Enhanced Photovoltaic Performance in Hier-
archical Nanostructures. In this subsection, we examined
the influence of the formation of structural hierarchy on the
photovoltaic performance of D’(AD),A’ multiblock copoly-
mers. The lengths of the short and long blocks were set to 3
and 8, respectively. The number () of repeat AD midblocks in
D’(AD),A’ was set to 1. The repulsive interaction parameter
between D and A beads ap, was varied from 45 to 70. The
electrical parameters used in the photovoltaic calculations are
listed in Table 1. Most of the parameters are typical for

Table 1. Parameters for the Drift-Diffusion Model

parameter symbol value
hole mobility (zero-field) Hio 108 m> vt
electron mobility (zero-field) Heo 108 m? vt
field-dependent constant for hole 7h 2.4 X 107+ m!/2 v=12
mobility
field-dependent constant for Ye 2.4 % 107+ m!/2 v=12
electron mobility
exciton diffusion length Iy 10 nm
exciton lifetime T 107 s
donor HOMO HOMOD 52 eV
donor LUMO LUMOD 3.5eV

acceptor HOMO HOMOA 6.1 eV
acceptor LUMO LUMOA 3.7 eV
cathode work function b 39 eV
anode work function b, 4.7 eV

polymeric materials used in polymer photovoltaic cells.*' ~**

The exciton lifetime was set to 1 us according to the
literature.*”** The electron and hole mobilities are both set to
1078 m™2 V7! 57! which is in the magnitude of the charge
mobilities of P3HT-b-PPCBM block copolymers (the P3HT-
b-PPCBM incorporating poly(3-hexylthiophene) as the donor
and polystyrene with pendant fullerenes as the acceptor
block).” In the simulations, we assumed that the electronic
properties of the multiblock copolymers remained unchanged
during the variation of the repulsive parameter ap, because the
change in interaction parameters does not significantly alter the
permittivity and the charge carrier mobility."

To understand the relationship between the nanostructures
and the photovoltaic properties of the D’(AD);A’ copolymers,
we first examined the effect of ap, on self-assembled
nanostructures of the multiblock copolymers. Figure 1b—d
shows the one-dimensional density profiles (¢,) of the donor
and acceptor components along the direction normal to the D/
A interface in the self-assembled nanostructures at different
degrees of separation. In each figure, the inset is the
corresponding three-dimensional nanostructure. These data
were collected after the systems reached a steady state,
according to the fact that the potential energy and pressure
tensor components no longer changed with time.”” As shown
in Figure 1b, weakly segregated lamellae are obtained with ap,
= 45. It is obvious from the density profiles that the long D’
blocks and A’ blocks mainly form D-rich (@, = 1) and A-rich
(¢4 = 1) lamellar domains, respectively. In addition, the short
AD blocks form a mixed layer, where both ¢, and @, are close
to 0.5. When ap, increases to S5, the D'(AD),A’ copolymers
form parallel lamellae-in-lamellae with two small domains
between every two neighboring large domains (L,-in-L), as can
be seen from Figure lc. At a higher repulsive parameter ap,,

strongly separated lamellae-in-lamellae emerge (Figure 1d).
The D and A components separated from each other so
strongly that the short blocks form pure D and A small
domains as reflected by the density profiles.

During the transformation of the general lamellae into
lamellae-in-lamellae, the photovoltaic performance changes
markedly. Figure 2 shows the J—V (current density—applied
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Figure 2. -V curves (a) and output powers (b) as a function of
applied voltage for systems with hierarchical nanostructures self-
assembled from D’(AD),A’ multiblock copolymers with various ap,
values. The thickness of the active layer in these systems is 100 nm.

voltage) curves for the structures self-assembled from the
D'(AD),A’ multiblock copolymers. The J—V curves are
calculated under applied voltages in the range from 0.0 to
0.7 V using the drift-diffusion model. In addition, the output
power, which is the product of current density and applied
voltage, was calculated to analyze the energy conversion.
Figure 2a,b presents the J—V curves and output powers,
respectively. The short-current density (J,.) and open-circuit
voltages (V,.) of the J—V curves increase as the repulsive
parameter ap, increases, as shown in Figure 2a. Figure 2b
shows that the maximum output power increases markedly as
the ap, value increases.

The photovoltaic properties, including J., Vi, #, and the fill
factor (FF), can be calculated from the J—V curves, which are
usually applied to characterize photovoltaic devices. The
obtained values of ], V., 7, and FF as a function of ap, are
given in Figure 3. The photovoltaic properties exhibit different
responses to the change in ap,, with three regions. As can be
seen in Figure 3a, in the ap, range of 45—50 (region I), J
increases slightly with increasing ap,. In region I, the
multiblock copolymers self-assemble into the general lamellae,
as can be seen in Figure 1b. In region II (ap, increases from 50
to 60), J,. increases markedly with the increase in ap,, in which
the nanostructures undergo the transformation of lamellae into
lamellae-in-lamellae (Figure 1c). In region III (ap, is greater
than 60), J,. increases slightly with the increase in the value of
apy, in which the well-segregated small domains are obtained
in the lamellae-in-lamellae (see Figure 1d). Compared with J,
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Figure 3. Plots of J. (a), V. (b), FF (c), and 77 (d) as a function of
ap, for D'(AD),A’ multiblock copolymers and DA diblock

copolymers.

the values of V. and FF are less sensitive to the variation in
apa, as shown in Figure 3b,c. The evolution of # with
increasing ap, is similar to that of ], as shown in Figure 3d.
The value of # as a function of ap, also increases greatly in
region II, in which the lamellae change to lamellae-in-lamellae.
The photovoltaic performance is significantly improved as the
lamellae-in-lamellae are formed.

To obtain a deep understanding of the enhancement in the
photovoltaic properties of the hierarchical structures, we also
calculated the J, V_, 7, and FF of lamellar structures formed
by DA diblock copolymers for a comparison. The adopted
block length of the diblock copolymer was the same as that of
the long block of the D'(AD)A’ multiblock copolymer. In
Figure 3a—d, the blue lines represent the J,, V,, FF, and 5 of
the DA diblock copolymer. The photovoltaic properties
increase slightly with increasing ap,. The V. of the diblock
copolymer is close to that of the multiblock copolymer (Figure
3b). The FF of the diblock copolymer is higher than that of the
multiblock copolymer, as shown in Figure 3c. In contrast to V,,
and FF, there are significant differences in ], and # between
the diblock and multiblock copolymers (see Figure 3a,d). In
region I, the photovoltaic properties of the DA diblock
copolymer, including J,. and #, are higher than those of the
D’(AD)A’ multiblock copolymer. However, in regions II and
III, DA diblock copolymers display slightly increasing J,. and 7,
showing much weaker photovoltaic performance than the
D’(AD)A’ multiblock copolymer. These results indicate that
the D'(AD)A’ multiblock copolymers forming lamellae-in-
lamellae show a clear advantage over the DA diblock
copolymers in terms of photovoltaic performance. To confirm
that lamellae-in-lamellar structures perform better than
optimized general lamellar structures, we performed additional
photovoltaic calculations on the performance of a series of
lamellae-in-lamellar and general lamellar structures with
various domain spacings (see Section 3 of the Supporting
Information). It was found that the # of the optimized general
lamellar structure is still lower than that of the lamellae-in-
lamellar structures (see Figure S1).

To capture the underlying mechanism of the enhancement
of photovoltaic performance generated by the hierarchical
nanostructures, we calculated the equilibrium distributions of

the exciton concentrations, photogenerated current densities,
and charge carrier recombination rates, all of which
significantly affect the photovoltaic processes. Figure 4 shows
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Figure 4. Plots of exciton density (a), electron-current density along
the y-coordinate perpendicular to the electrodes (b), hole-current
density along the y-coordinate (c), and charge carrier recombination
rate (d) as a function of the x-coordinate perpendicular to the donor—
acceptor interface in the middle of the systems with L,-in-L
structures. The insets show the two-dimensional distributions. The
red and blue regions correspond to high and low values, respectively.
The dashed lines in each figure are plotted at the D/A interfaces.

these distributions in the hierarchical lamellae with ap, = 70,
where the completely segregated small domains are formed.
The inset images show the corresponding two-dimensional
distributions. Figure 4a shows the exciton concentrations in L,-
in-L. The exciton concentrations drop to very low values near
the D/A interfaces, as excitons dissociate in these regions.
Furthermore, the exciton concentrations in the small domains
are much lower than those in the large domains, which
indicates that more excitons from the small domains than those
from the large domains can successfully diffuse to the D/A
interfaces and dissociate into free charge carriers. As more
excitons in the small domains undergo dissociation, more
charge carriers are generated in the small domains, which leads
to higher current densities in the small domains. This
phenomenon can be observed in Figure 4b,c, which shows
the electron-current densities and hole-current densities along
the y-coordinate, respectively. Both the electron-current
densities and hole-current densities in the small domains are
higher than those in the large domains. However, the charge
carriers in the small domains are more likely to diffuse back to
the D/A interfaces and undergo recombination. It is apparent
from Figure 4d that the charge carrier recombination rates in
the large domains are lower than those in the small domains.
From these results, we learned that the small domains in the
hierarchical structures enhance exciton dissociation (charge
carrier generation), and the large domains are favorable for
charge carrier transport and collection with low recombination
rates. The enhanced exciton dissociation in small domains and
low recombination rates in large domains result in the
enhancement of the photovoltaic performance for the
hierarchical nanostructures.

It should be noted that the electronic properties of the
materials, such as the permittivity and the charge carrier
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mobility, are assumed not to change with impure phases in our
model. In fact, the mixed phases can significantly change the
properties in some materials and then affect the device
performance.”*™*’ For example, Sweetnam et al. found that
when the phase purity is increased by increasing the molecular
interaction, the energy levels are also modulated.*” The
modulated energy levels can aid in spatially separating charge
carriers and suppressing bimolecular recombination.”® Accord-
ing to these facts, we can deduce that if the effect of the mixed
phases on energy levels was included in the simulations, the
predicted performances of lamellae-in-lamellae and general
lamellae could be changed. However, our conclusion, the
lamellae-in-lamellae performing better than the lamellae, could
be general. We have calculated the photovoltaic properties of
the self-assembled nanostructures of block copolymers with the
charge carrier mobility increasing from 107* to 107" m™> V!
s™' (see Section 4 of the Supporting Information). Though
both the photovoltaic properties of lamellae-in-lamellae and
lamellae are changed, the lamellae-in-lamellae still perform
better than the lamellae (see Figure S2). Additionally, we have
also examined the effect of the change in exciton lifetime on
our results (see Section S of the Supporting Information). It
was found that the change in the exciton lifetime does not
affect much our results (see Figure S3).

2.2, Effect of the Number of Small Domains. In this
subsection, we extend to analyze the photovoltaic performance
of L-in-L structures having various numbers of small domains.
In our previous works, it is learned that C'(RC),R’ rod-coil
multiblock copolymers can self-assemble into L-in-L struc-
tures, and the number of small domains can be tuned by
changing the number of repeat RC units (n).”" Similar to the
hierarchical nanostructures of the rod-coil multiblocks, the
number of small domains in the L-in-L structures formed by
the D’(AD),A’ multiblock copolymers is also tunable. Herein,
the number of repeat AD units is varied to modulate the
number of small domains.

As described in the above section, D'(AD),A’ copolymers
can self-assemble into hierarchical L,-in-L structure with two
small domains between every two neighboring large domains.
In this subsection, to obtain hierarchical structures with more
small domains, we consider the self-assembly of D'(AD),A’
and D’(AD);A’ copolymers with two and three inner AD
units, respectively. In addition, the photovoltaic performance
of the nanostructures formed by these copolymers is compared
with those of L,-in-L and general lamellar structures. Figure 5
displays the structures obtained in these two copolymers with
repulsive parameter ap, set to 70. Hierarchical L-in-L
structures with controlled numbers of small domains were
successfully obtained. The D’(AD),A’ copolymers self-
assemble into a hierarchical structure with four small domains
(two donor layers and two acceptor layers) between every two
neighboring large domains (L4-in-L) (Figure Sa). As
D’(AD);A’ has one more AD repeat unit than D'(AD),A’,
two more small domains were formed between every two
neighboring large domains (Lg-in-L) (Figure Sb).

Figure 6 displays the photovoltaic properties as a function of
the number of small domains in the L-in-L structures. In this
figure, the case with zero small domains corresponds to the
general lamellar structure. As shown in Figure 6a, the V. value
remains almost unchanged as the number of small domains
increases, whereas J;_ increases significantly. In contrast to J,
FF is found to decrease as the number of small domains
increases, as shown in Figure 6b. Whereas both J,. and FF
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Figure S. One-dimensional density profiles of donor and acceptor
blocks along the x-direction perpendicular to the donor—acceptor
interface of the structures self-assembled from (a) D’(AD),A’ and (b)
D’(AD);A’ multiblock copolymers.
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number of the small domains in the nanostructures self-assembled
from D’(AD),A’ copolymers with n varying from 0 to 3.

show a monotonic dependence on the number of small
domains, 7 varies nonmonotonically as a function of the
number of small domains. As the number of small domains
increases, # first increases and then decreases (see Figure 6b).
The value of 7 reaches its maximum when the number of small
domains is 4. The existence of the optimized number can be
attributed to the opposite dependence of J. and FF on the
number of small domains.

The dependence of the photovoltaic properties on the
number of small domains can be understood by examining the
generation and recombination of charge carriers. Because small
domains favor exciton dissociation (see Figure 4a), more small
domains can lead to a higher exciton dissociation ratio and
thus higher photogenerated current densities (see Figure S4).
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This increase in photogenerated current density results in the
monotonic increase of J,. (see Figure 6a). On the other hand,
small domains can also lead to higher charge carrier
recombination rates (see Figure 4d), resulting in the increase
of the charge carrier recombination current density as the
number of small domains increases (see Figure S4). The FF is
dominated by charge carrier recombination, and stronger
recombination leads to a lower FF. As a consequence, the
increase in recombination current leads to a decrease in FF as
the number of small domains increases (Figure 6b). Because
increasing the number of small domains enhances both the
generation and recombination of charge carriers, there should
be an optimized number of small domains balancing these
effects. In our calculations, the hierarchical structure with four
small domains showed the highest 7.

2.3. Effect of Size of Small Domains. The domain size of
the active layer has an important influence on the photovoltaic
performance of polymer solar cells. Both experimental and
simulation studies have shown that the photovoltaic properties
become much more sensitive to domain changes as the domain
size decreases.'®”*> The photovoltaic performance of the
hierarchical structures could depend strongly on the size of the
small domains. In this subsection, we examine the influence of
the size of the small domains on the photovoltaic performance
of the lamellae-in-lamellar structures. For the self-assembly of
conjugated block copolymers, the domain size can be
controlled by the length of the blocks.”>* On the basis of
this fact, it can be anticipated that the size of small domains in
D’(AD),A’ multiblock copolymers could be modulated by
varying the length (the number of beads, N) of the short
blocks. Therefore, we conducted a study of the hierarchical
nanostructures and the corresponding photovoltaic properties
of the D’3(AyDy)A’s with N varying from 3 to 7.

Figure 7 displays the domain size as a function of the length
N of the short blocks with the repulsive parameter ap, set to
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Figure 7. Plots of domain size of small and large domains as a
function of the length N of the short blocks in the L,-in-L structures
self-assembled from D'g(AyDy)A’ copolymers.

70. As shown in this figure, L,-in-L structures with various sizes
of small domains (Dj,,;) are formed by D’g(AyDy)A’s
multiblock copolymers as the N varies from 3 to 7. In these
structures, the domain size of the small domains (Dg,,)
increases from ~2 to ~8 nm as the length of short blocks
increases. The size of large domains (Dlarge) remains almost
unchanged as N becomes large, which is also shown in Figure
7. To correlate the photovoltaic performance with the size of
the small domain, we calculated the photovoltaic properties
including J,, PCE, FF, and V_ and plotted them as a function
of Dy, As shown in Figure 8, V,_ remains almost unchanged
and the FF increases slightly as D increases. In contrast, J,.
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Figure 8. Plots of ], and V, (a) and FF and 7 (b) as a function of the
size of the small domains (Dgy,;) in the L,-in-L structures self-
assembled from D'g(AyDy)A’s copolymers.

and 7 are significantly affected by the increase in Dy,
Simultaneous increases in J, and 5 are observed as Dy,
increases from 2 to 6 nm, followed by a decrease, as Dy
increases from 6 to 8 nm. There is an optimized D, value of
6 nm for the photovoltaic performance. It is worth noting that
the 7 of the optimized hierarchical nanostructure is improved
by around 25% in comparison with that of general lamellar
structures (Figure 3d).

The dependence of ], on the domain size of hierarchical
structures is different from that of general lamellar structures.
In general lamellar structures, J,. decreases with increasing
domain size, as observed in both experiments and
simulations.”*>° In this work, J,. increases with increasing
D1 when Dg .y is smaller than the optimized domain size.
This behavior can be attributed to the fact that small domains
promote higher photogenerated current density. In the
hierarchical structures, as Dy, becomes large, the volume
fraction of small domains increases, which enhances the
photogenerated current density. We compared the photo-
generated current density of the hierarchical structures with
that of the general lamellar structures (see Figure SS). The
photogenerated current density of the hierarchical structures
increases with increasing Dy, when Dy .y < 6 nm. In contrast,
the photogenerated current density of the general lamella
decreases monotonically with increasing domain size. These
opposite trends in the dependence of the photogenerated
current density on the domain size cause the different trends in
the dependence of J. on the domain size in these two kinds of
structures.

As mentioned above, the photovoltaic properties of the
hierarchical nanostructures are strongly dependent on the size
of the small domains. There is an optimized Dy, for the
highest J,. and #. In addition, we have calculated the
photovoltaic properties of the hierarchical nanostructures
with different sizes of the large domains (see Figure S7).
The photovoltaic properties decrease as the size of the large
domains increases, which is consistent with the experimental
observations.”® However, compared with the effect of the size
of the small domains, the size of the large domains has a less
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pronounced effect on the photovoltaic performance of the
hierarchical structures. The details of the effect of the size of
the large domains on the photovoltaic performance are shown
in Section 8 of the Supporting Information.

2.4. Comparison with Experimental Evidence. In this
subsection, we compare the simulation results with the
experimental evidence. Our results demonstrate that hier-
archical nanostructures self-assembled from D’(AD),A’ multi-
block copolymers can improve the photovoltaic performance.
Some experimental evidence, supporting these simulation
results, is available in the literature.'”>° For example, Yan et
al. prepared polymer blend solar cells with hierarchical
nanostructures. The polymer solar cells were based on blends
of the donor polymer poly(3-hexylthiophene) (P3HT) with
the acceptor polymer poly([N,N’-bis(2-octyldodecyl)-11-
naphthalene-1,4,5,8-bis(dicarboximi-de)-2,6-diyl]-alt-5,5'-
(2,2'-12-bithiophene)) (P(NDI20D-T2))."® It was found that
the domain size could be modulated by annealing the samples.
The sizes of the small domains in the hierarchical
nanostructures evolve from ~5 to 10 nm with increasing
annealing temperature, whereas the larger domains of size
~100 nm were insensitive to annealing. They examined the
photovoltaic properties of these films, and their data are
replotted in Figure 9. As shown, ], peaked at a domain size of
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Figure 9. Photovoltaic properties including J. (a), n (b), FF (c), and
V,. (d) as a function of the size of the small domains in the lamellar-
in-lamellar, simulated hierarchical bulk heterojunction (BHJ), and
experiments performed by Yan et al. The experimental results in (a—
d) were reproduced with permission from ref 18. Copyright 2012,
American Chemical Society.

~8 nm, and the efficiency (77) was optimized for a domain size
of ~7 nm. Unlike # and ], the FF decreased monotonically
with increasing domain size and V. remained almost
unchanged.

The simulation results in the above sections are generally
consistent with Yan’s experimental observations. We also
observed that ], and # increase and V. remains almost
unchanged as the size of the small domains increases (see
Figure 8). However, the dependence of FF on D, in the
simulation is different from Yan’s experimental observations.
Whereas the FF increases slightly with increasing Dy, in our
simulation (see Figure 8b), it showed a monotonic decrease in
the experiment. The difference between the simulation results

shown in Figure 8 and the experimental results probably arises
from the difference in the sizes of the large domains. For the
nanostructures we considered in Figure 8, the size of the large
domain is ~15 nm. However, in Yan’s experiments, the size of
the large domain was on the order of 100 nm. Therefore,
additional simulations on the photovoltaic properties of
hierarchical nanostructures with large domains on the order
of 100 nm were needed for comparison with Yan’s
experimental observations.

In the additional simulations, to make the domain size of the
nanostructures comparable to the domain size in Yan’s
experiments, we designed a model morphology consisting of
large domains of 100 nm and small domains varying from 4 to
14 nm. The model morphology was also an L-in-L hierarchical
structure, but the large domains were much larger than those
in the hierarchical nanostructures in the above sections. The
details of the model morphology are given in the Supporting
Information (Figure S8). Because BHJ structures are very
different from the designed lamellae-in-lamellae, we simulated
a hierarchical BHJ via solving the Cahn—Hilliard equation,
which has been widely used to simulate the morphology of
polymer blends.**” The mobility parameter in the Cahn—
Hilliard equation was set to be space-dependent to obtain
hierarchical nanostructures similar to the structures in Yan’s
experiment, and the values of the other parameters were set
according to the literature.** Details of the Cahn—Hilliard
equation can be found in Section 10 of the Supporting
Information. By solving the Cahn—Hilliard equation with
space-dependent mobility, we obtained a series of hierarchical
BH]J nanostructures with large domain sizes near 100 nm and
small domain sizes from ~6 to ~11 nm (see Figure S9). Then,
we calculated the J—V curves of the simulated nanostructures
by solving the drift-diffusion equations. The photovoltaic
characteristics including J,, V., FF, and 5 of the designed
lamellar-in-lamellae and simulated hierarchical BH]J are plotted
in Figure 9. As can be seen, the simulation results, including
the photovoltaic properties of the lamellae-in-lamellae and
hierarchical BHJ, share the same trend with the experimental
results. In the simulations, both J and # peak at ~8 nm,
whereas V. remains almost unchanged. For the FF of the
simulation results, we observed a steady but slight decrease
with increasing D, which was consistent with the
experimental observations. Though the performances of the
lamellae-in-lamellar and hierarchical BHJ structures share the
same trend, the photovoltaic properties of the hierarchical BH]
structures are much more sensitive to the changes in the size of
small domains. From the simulated hierarchical BHJ, we can
see that the tortuosity and percolation pathways in the BH]J
clearly change as the size of the small domain increases, which
could significantly affect charge transport and collection,
contributing to the high sensitivity of photovoltaic properties
to changes in the size of the small domain.

Hierarchical nanostructures, which can enhance the photo-
voltaic performance of solar cells, can be formed by blending
different kinds of polymers. However, from the thermody-
namic perspective, the polymer blends tend to form macro-
phase-separated structures. Though nanostructures can be
obtained by increasing the miscibility of blending systems, they
are kinetically trapped in a nonequilibrium state.””*® It should
be emphasized that the long-term morphological stability and
controlled miscibility are vital in the field of polymer solar cells.
The multiblock copolymers, which can form highly ordered

and long-term stable hierarchical nanostructures, can overcome
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the shortcomings noted in the context of blending systems. As
a result, materials formed by multiblock copolymers could
show advantages in preparing long-term, stable, and high-
performance photovoltaics.

In this work, to the best of our knowledge, we provide the
first indication that the performance of polymer photovoltaic
cells can be improved by the formation of hierarchical
nanostructures in designed DA multiblock copolymers.
These hierarchical nanostructures display enhanced photo-
voltaic properties in comparison with general single-periodic
nanostructures. The simulation results are found to be in good
agreement with the experimental evidence. Additionally, our
simulations examine the effects of various parameters,
including the number and size of small domains, on the
photovoltaic properties. The simulation results provide design
guidelines for further improving the photovoltaic performance
of hierarchical structures with the number and size of the small
domains optimized. Because these morphological character-
istics are achievable in multiblock copolymers and can be
controlled by the molecular design of the photovoltaic
polymers, multiblock copolymers may prove especially
attractive in the fabrication of polymer photovoltaic cells.

3. CONCLUSIONS

In this work, we utilized a multiscale approach coupling DPD
with a drift-diffusion model to investigate the photovoltaic
properties of multiblock copolymers in hierarchical L-in-L
structures. The formation of small-length-scale structures in
the L-in-L hierarchical structures yields a significant improve-
ment in photovoltaic performance. We successfully controlled
the number and size of small domains in the hierarchical
nanostructures by varying the number and length of the short
inner blocks, respectively. The optimal number and size of
small domains for high power conversion efficiency were
obtained via the molecular design of multiblock copolymers.
The high power conversion efficiency is a result of the balance
among the generation, recombination, and transport of charge
carriers. The improvement in the photovoltaic properties in the
hierarchical nanostructures is in qualitative agreement with
recent experimental evidence. Our simulation results could
provide useful information for preparing photovoltaic devices
with enhanced performance through designing and controlling
the hierarchical nanostructures.

4. METHODS

To correlate the relationship between the self-assembled morpholo-
gies and the photovoltaic properties of the multiblock copolymers, we
coupled the DPD method with a drift-diffusion model. The DPD
method was conducted for morphology studies, and then the drift-
diffusion equations were solved for calculations of photovoltaic
properties.

Mesoscopic simulations based on the DPD are performed to
investigate the self-assembled morphologies.””™*> DPD is a powerful
tool that can be used for modelling physical phenomena occurring on
larger time and length scales than typical molecular dynamics. In the
DPD method, a coarse graining bead (DPD bead) represents a cluster
of atoms. The evolution of the DPD beads is described by Newton’s
equations of motion. Newton’s equations of motion for all bead
positions and velocities are integrated by a modified velocity-Verlet
algorithm. The force acting on a DPD bead a, f,, includes the
conservative force (Fgﬂ), dissipative force (Fyj), and random force
(F}}/;). It is given by"'

C D R
fa = Z (Faﬂ + Faﬂ + Fa/})
pa (1)

More details of the DPD simulation method can be found in
Section 1 of the Supporting Information.

In the DPD simulations, we consider a series of donor—acceptor
multiblock copolymers consisting of short and long blocks. The
neighboring beads in each copolymer are connected by bonds. The
bonds are represented by a harmonic spring potential,

l]aﬂ = Kb(l - raﬂ/req)z (2)

where the spring constant and the equilibrium bond distance are set
to Ky, = S0 and r.q = 0.5, respectively. Because most semiconductor
polymers are rigid, we include a three-body stiffness potential along
the copolymer with the form

U

fingle = K,(cos 6 — cos 6,) (3)
where K, = 15 and 6, = 7.

All DPD simulations are performed in a 32 X 32 X 32 simulation
box, where NVT ensemble and periodic boundary conditions are
adopted. The particle density p is set to 3. The interaction strengths
a; between DPD beads of same type are given by app = as = 25,
where D and A stand for the beads in the donor and acceptor blocks,
respectively. The friction coefficient y and the noise amplitude o are,
respectively, set to 4.5 and 3.0, and thus kzT = 1.0. In this work, more
than 2 X 10" DPD steps are performed so that the computing time is
long enough for the system to achieve an equilibrium state. To
establish a correlation between simulation parameters and exper-
imental values and thus establish a physical length scale in our system,
we equate the thickness of a lamellar layer obtained from DPD for the
DgAg donor—acceptor diblock to 15 nm.” These layers are then
sandwiched between two electrodes with the lamellar domains
perpendicular to the electrodes.

After obtaining the self-assembled morphologies by DPD
simulation, we calculate the photovoltaic properties of these
morphologies by solving the drift-diffusion equations involving the
electric potential y (V) and the charge carrier number densities ¢, h,
and X (m™3) of electrons, holes, and excitons. The current densities of
the holes and electrons are calculated using the forms®*

1, = ~H @) V() — D(x)Ve(r) @

J, = u, (Dh(x)Vy(r) — Dy, (r) Vh(r) (5)

The total current density J is the summation of J, and J,. More
details of the drift-diffusion model are shown in Section 2 of the
Supporting Information. The drift-diffusion equations in the drift-
diffusion model are numerically solved by the finite difference
method.

The output of the DPD simulations serves as the input to estimate
the local dielectric constants and mobility constants at the center of
mesh cells in the finite difference method for the drift-diffusion
equations. The total dielectric constants £(r) and mobility constants
u(r) at each point are obtained by linearly weighting the contributions
of the different components based on the respective volume fractions,
ie,

e(r) = gai(r)&‘,-
Z (6)

() =2 oy,
Iz Zi:(ﬂ I7 -

where & and y; denote the permittivity and mobility constants of
component i, respectively, and ¢;(r) refers to the volume fraction of
component i at r.
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