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The mesoscale morphologies of organic small molecular films fabricated via vacuum deposition processes
are critical to the performance of small-molecule solar cells and organic light-emitting diodes. In the present
study, the morphological evolution of the active layer of DPDCPB:C;, small-molecule solar cells during
vacuum codeposition processes was revealed by a series of GPU-accelerated coarse-grained molecular-dynamics
simulations. The C7y and DPDCPB molecules were coarsened into ellipsoids and bonded ellipsoids, respectively.
The interactions between ellipsoids were described by the Gay-Berne formulation and were parametrized to
reproduce potential energy surfaces from all-atom atomistic simulations using a genetic algorithm. Due to
the significantly reduced overall degrees of freedom, this coarse-grained scheme allowed us to simulate the
vacuum codeposition processes and monitor the morphological evolution of systems with system length scales
compatible with those of the experiments (~30 nm). Our simulations indicate that the film morphologies are
closely correlated with the DPDCPB:C, blending ratio. High C7y concentration leads to a rough film surface,
which is in accordance with experimental observations and can be attributed to the strong self-aggregation
behavior of C7y molecules. The morphological property analysis indicates that the rough film surface has an
almost negligible impact on the DPDCPB/C;, domain percolations, and the device with the optimal deposition
ratio should give the most balanced hole/electron transfer in respective DPDCPB/Cy domains. The present study
demonstrates that by using the ellipsoid-based coarse-grained model, it is possible to study the morphological
evolution of small-molecule organic thin film during vacuum deposition processes with molecular scale details,
which can provide valuable insights for experimental teams to further optimize device fabrication protocols for

the next generation of organic optoelectronic devices.

DOLI: 10.1103/PhysRevMaterials.4.095601

I. INTRODUCTION

Vacuum deposition processes have been extensively em-
ployed for the fabrication of organic electronic devices such
as high-performance small-molecule organic solar cells—
one of the most promising renewable energy sources—and
organic light-emitting diodes [1-10]. These organic elec-
tronic devices often comprise multiple constituent molecules;
for example, the active layers of small-molecule organic
solar cells comprise electron donor and electron acceptor
molecules. During the deposition of small-molecule organic
solar cells, small molecular donors and acceptors evaporate
from crucibles and deposit onto substrates in the deposi-
tion chamber. Subsequent surface interdiffusion processes of
donor/acceptor molecules promote phase separation between
donor and acceptor molecules, leading to the formation of the
bulk heterojunction layer [11,12]. The mesoscale morpholo-
gies of the bulk heterojunction layer are critical to device
performance [13,14] and are sensitive to device fabrication pa-
rameters such as the donor/acceptor blending ratio [7]; hence,
the revelation of the process-structure correlation is crucial to
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help experimental teams fine-tune their fabrication protocols
to further optimize device performance [14].

Experimental characterizations offer the most direct
measure to elucidate the correlations between morphologies
and fabrication protocols [14]. However, for small-molecule
organic solar cells, in contrast to their polymer counterparts,
there exists a lack of three-dimensional morphological data
obtained directly from experiments. Therefore, computer
simulations have become a potential tool to reveal the
morphological evolution of the bulk heterojunction layers
of small-molecule solar cells during vacuum deposition
processes [15]. The system size of interest of small-molecule
solar cells is on the order of 50—100 nm, well beyond the reach
of ab initio simulations and still considered computationally
intensive for classical molecular-dynamics (MD) simulations.
Coarse-grained molecular-dynamics (CGMD) simulations
have been extensively employed to investigate the mesoscale
morphologies of polymer solar cells [15,16]. The morphology
of SMDPPEH:PCBM small-molecule solar cells formed
from solution processing has been investigated by using an
ellipsoid-based CG model [16]. In this study, we extended
the simple ellipsoid CG model of SMDPPEH:PCBM blends
to bonded ellipsoids to simulate the vacuum codeposition
process of  2-{[7-(4-N,N-diphenylaminophenylen-1-yl)-
2,1,3-benzothiadiazol-4-yllmethylene } malononitrile
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FIG. 1. The CG scheme employed in the present study: (a) DPD-
CPB molecule and (b) C7y molecule.

(DPDCPB):C7y small-molecule blends, which has shown
great potential for applications in high-performance organic
photovoltaic devices for both single and tandem junction de-
vice architectures [17]. In this study, the interactions between
ellipsoid CG particles were described by the Gay-Berne for-
mulation and were parametrized to reproduce the potential
energy surfaces from respective all-atom atomistic simula-
tions, whereas the intramolecular force fields (for DPDCPB
molecules) were parametrized to reproduce the distribution
of CG intramolecular degrees of freedom, namely the CG
bond length and angles, from respective all-atom atomistic
simulations. The significant reduction in the overall system
degrees of freedom allowed us to perform large-scale CGMD
simulation of vacuum codeposition processes to examine the
three-dimensional morphologies of the bulk heterojunction
layers of different DPDCPB:C;, blending ratios and to di-
rectly compare the surface morphologies with atomic force
microscopy (AFM) measurements from experiments [17].
Our CGMD simulations indicate that the DPDCPB:C7q film
roughness and film qualities are closely correlated with the
deposition ratio. Increasing the concentration of Cr leads to
arough film surface and poor film quality, which is consistent
with experimental observation from AFM [17]. Subsequent
analysis reveals that the strong attractive interaction between
C70 molecules is the primary factor leading to the formation
of Cy aggregates, which serve as the skeleton of rugged film
surface structures. Hence, the present study demonstrates that
the bonded ellipsoid CG model can be used to perform large-
scale CGMD simulation of vacuum deposition processes of
small molecules with system sizes compatible with those of
experiments, thereby providing insights into the morphology
and film microstructure evolution during the fabrication of
small-molecule organic electronic devices such as solar cells
and light-emitting diodes.

II. SIMULATION METHODOLOGIES

The molecular structures of DPDCPB and C;y as well as
the CG scheme employed in the present study are depicted
in Figs. 1(a) and 1(b), respectively. The DPDCPB molecule
was divided into three bonded ellipsoids (one DCPB bead and
two DP beads), whereas the C7o molecule was coarse-grained
into one single ellipsoid bead. Note that in the DPDCPB
molecule, in addition to ellipsoids representing DP and DCPB
CG beads [indexed as beads 1, 4, and 7 in Fig. 1(a)], additional
virtual atoms (atoms 2, 3, 5, 6, 8, and 9) were embedded
into ellipsoids to serve as the anchor points of CG bonds to

account for intramolecular CG degrees of freedom, namely
CG bonds, angles, and dihedrals. The CG force fields were
obtained based on energies and atomistic trajectories from
all-atom atomistic simulations of smaller systems of inter-
est. The intermolecular interactions between ellipsoids were
parametrized into the Gay-Berne formulation, which is essen-
tially an orientation-dependent Lennard-Jones potential [18].
The intramolecular CG force fields were divided into contri-
butions from intramolecular CG degrees of freedom, namely
CG bonds, angles, and dihedrals, and they were parametrized
into respective analytic formulas [19-21].

In the present study, the intermolecular interactions be-
tween ellipsoids were described by the Gay-Berne potential
[18,22-25]. The Gay-Berne potential can be expressed as the
following:

U(A1, Az, 112) = U (A1, Az, 112, ¥)ni2(Aq, Az, v)
x x12(A1, Az, 112, W), (D

where Ay, A, and r; are the transformation matrices of
the two ellipsoids and the respective center-to-center separa-
tion between them. U, controls the shifted distance-dependent
Lennard-Jones interaction, based on the distance of closest
approach between two ellipsoids /1,, which can be expressed
in the following form:

U, = 4e(p'? — p°) 2)

with
o

p=——" 3)
hiy —yo

where ¢ and o are the well depth and radius of the shifted
LJ potential, respectively, whereas y is a user-defined shifted
parameter. A, is the shortest distance between two ellipsoids,
and it can be approximated by the formula [24]

1

1aT (=1 1-
hip =112 — [gl’lzGu fr2] 2. 4)

where t; is the center-to-center unit vector pointing from
ellipsoid 2 to ellipsoid 1. G2 can be expressed as

G2 = AJS{A; + A} S3A,, 6))

where S; = diag(a;, b;, ¢;) is the shape matrix of the ith
ellipsoid, with a;, b;, and c¢; being the semiaxes of the ellipsoid.
The two terms 7y, and y» in Eq. (1) are orientation-dependent
energy terms. 7)), can be expressed as

2S1S2

v/2
N2 = [m} ) 6)

where S = (Cl,’bi + C,‘C,‘)(a,’b,’)l/z, and

X2 = [285,B; Fiz]”, @)
where By, can be expressed as
Bz = AJEjA; + AJE2A,. 8)

The E; in Eq. (8) is the diagonal matrix defined by the

formula E; = diag(e;l, 51.;1, 8;1): here, &4, €, and ;. are

dimensionless quantities of the relative potential energy well
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FIG. 2. Pairwise potential energy surfaces from the all-atom atomistic calculations (symbols) and from the parametrized Gay-Berne
potentials (lines) of (a) pairs of the same species and (b) pairs of different species.

depths for the face-to-face, side-to-side, and end-to-end stack-
ings of two ellipsoids [24].

The Gay-Berne potential for intermolecular interactions
between DPDCPB and C;p molecules was parametrized
to reproduce the pairwise potential energy surfaces (PESs)
between CG particles in their respective all-atom represen-
tations. A set of PESs from all-atom atomistic simulations
of CG ellipsoids (namely, DCPB, DP, and C;y) was com-
puted as a function of separation. In the present study, the
Dreiding force field [26] was employed for all-atom atomistic
calculation of PESs. Note that a variety of stackings, namely
face-to-face, side-to-side, or edge-to-edge, were also consid-
ered; see Fig. 2. The Gay-Berne potential parameter set {p,}
was obtained by minimizing the penalty function f,

N

1
floh) =5 [0 - U o] ©)

i=1

where N is the total number of PESs considered (Fig. 2), and
UAMP and USB are PESs computed from all-atom atomistic
simulations and from Gay-Berne potentials with the parame-
ter set {p,}, respectively. The penalty function was minimized
by using the covariant-matrix-adaptation-evolution-strategy
(CMAES) algorithm—one of the variants of the genetic
algorithm—to search for the global minimum of parameter
space [27-34]. The PES curves from both all-atom atomistic
calculations and optimized Gay-Berne parameters are dis-
played in Fig. 2. From Fig. 2, it is evident that PESs derived
from the optimized Gay-Berne parameters exhibit very good
agreement with those from all-atom atomistic calculations.
The optimized Gay-Berne parameter sets were compiled in
Table S1 in the Supplemental Material [35]. Furthermore, it is
worth noting that the potential energy well depths of Cyp-Cyg
and DCPB-C7y are noticeably deeper than those of other pairs
of interaction, suggesting the enhancement of aggregation of
C70 molecules and the possibility of formation of DCPB-C7g

core-shell structures as the concentration of C77 molecules
increases. Note that the cutoff distance for the Gay-Berne
potential was set to 30 A in the present study.

As depicted in Fig. 1, the CG representation of the DPD-
CPB molecule comprises three ellipsoids connected by bonds
centered at the N atom [atom 10 in Fig. 1(a)]. To parametrize
the intramolecular CG force field of the DPDCPB molecule,
we performed all-atom atomistic molecular-dynamics sim-
ulations of DPDCPB molecules, and we computed the
probability distributions of the CG intramolecular degrees of
freedom, namely bonds, angles, and dihedrals. Similar to ear-
lier CGMD studies of polymer solar cells, the intramolecular
CG force fields were constructed by using Boltzmann inver-
sion [15]. The potential functions were then parametrized into
analytic forms. Harmonic potentials were employed for both
CG bond and angle interactions, namely

E = K,(r — ry)* for bonds, (10)

E = Ky(0 — 6,)* for angles. (11)

The dihedral degrees of freedom were parametrized into the
OPLS formulation [19-21],

E = %Kl(l + cosg) + %Kz(l — cos2¢)
+ 1K3(1 + cos3¢) + 3K4(1 — cosde). (1)

The fitting results and potential parameters were compiled
in the Supplemental Material [35]. The Dreiding force field
was employed [26] for all-atom atomistic simulations, and the
atomistic trajectories of DPDCPB molecules were collected
at temperature equal to 500 K.

In the present study, the CGMD simulations were per-
formed using the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) package with GPU accelera-
tion [36]. As depicted schematically in Fig. 1, for DPDCPB
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FIG. 3. Schematics of deposition simulation. (a) The pure DPDCPB layer atop the C, slab for subsequent codeposition; (b) codeposition
simulation of C;o and DPDCPB molecules on the DPDCPB layer supported by Cy substrate; (c) thermostats employed during the codeposition

simulations.

molecules, atoms were divided into three groups: one DCPB
group (atoms 7, 8, and 9) and two DP groups (atoms 1, 2,
and 3; atoms 4, 5, and 6). The conformations of DPDCPB
molecules during CGMD simulations were preserved by mak-
ing each of the atom groups (namely the DCPB and DP
groups) rigid bodies and assigning virtual atoms to anchor CG
bonds.

The CGMD simulations of vacuum deposition were per-
formed by the following procedure:

(i) Release a fixed number of C;y and DPDCPB molecules
3 nm above the growing film surface at randomly picked lat-
eral locations/orientations with kinetic energies equivalent to
500 K (velocities of 1.727 x 1073 and 1.2185 x 1073 /fs for
DPDCPB and Cy, respectively) for every predefined time in-
terval T. Note that the velocity vectors of incoming molecules
were randomly chosen with the vertical component pointing
downward to ensure deposition.

(i) Equilibrate the entire system by running CGMD sim-
ulation. Relax the newly deposited molecules under the NVE
ensemble for 1-2 ns to allow them to dissipate their thermal
energies to the underlying molecules subjected to the NVT
ensemble with temperature controlled at 300 K [Fig. 3(c)].
After equilibration, append these newly deposited molecules
to the group of molecules subjected to the NVT ensemble.

(iii) Repeat.

Before codeposition of DPDCPB:Cy, blends, a substrate
comprising pure DPDCPB molecules had to be prepared.
The DPDCPB substrate was prepared by depositing DPDCPB
molecules onto a C7y slab in the face-centered-cubic (fcc)
structure [37] (lattice parameter 1.58 nm) with a lateral di-
mension of 31.6 x 31.6nm?. The Cy, supporting layer was
controlled at 300 K by the Nose-Hoover thermostat, while the
DPDCPB molecules were assigned a kinetic energy equiva-
lent to 500 K and were deposited onto the C7 supporting layer
until there were approximately 3000 DPDCPB molecules de-
posited (roughly 2.4 nm in thickness) [Fig. 3(a)]. Note that
the Cy¢ supporting layer was considered to be the reservoir
to absorb the thermal energy from the incoming DPDCPB
molecules. After the preparation of the DPDCPB substrate,
DPDCPB and C7y molecules were deposited together to sim-
ulate the codeposition processes. To explore the effects of
DPDCPB:Cy blending ratios on the morphologies of bulk
heterojunction layers, three different deposition simulations
with DPDCPB:C7y deposition ratios 1:1, 2:1, and 3:1 were
performed. Note that the deposition ratio in the present study
refers to the number ratio of DPDCPB:C5, deposited, i.e.,

the deposition ratio 3:1 refers to depositing three DPDCPB
molecules and one C;y molecule for each deposition interval
7. Figure 3(b) displays a snapshot from the 1:1 deposition
ratio simulation. To fix the incoming flux of DPDCPB and
Cyg (i.e., the average number of both arriving DPDCPB and
C70 molecules per unit time), the T values for each deposition
cycle were 20, 30, and 40 ps for blending ratios 1:1, 2:1, and
3:1, respectively.

III. RESULTS AND DISCUSSION

A. Morphological evolution and roughness analysis

The morphological evolution of DPDCPB:Cy films during
vacuum codeposition simulations with different blending ra-
tios is displayed in Fig. 4. The film thicknesses for all three
deposition simulations are approximately 17.25 nm, which
is compatible with those from experiments [17]. The film
surfaces are rough, with unfilled pits and crosslinks between
nanopillars comprising DPDCPB and C;y molecules. From
Fig. 4, it seems that increasing the amount of C;y leads to
increasing surface roughness and unfilled pits. This trend be-
comes more pronounced with film growth beyond 14.75 nm.
Figure 5 displays the film cross-sections of all blending ratios
as film thickness reached 17.25 nm. Unfilled pits or cavi-
ties are clearly visible, and it is evident that the 1:1 film
yields the largest cavity among all blending ratios investi-
gated. Furthermore, it appears that the backbone of the surface
feature primarily comprises C;9 aggregates, which could be
attributed to the strong attractive interactions between Crg
beads (see Fig. 2). Recent all-atom molecular simulation of
the deposition process of bulk heterojunction photovoltaic
cells also revealed similar phenomena [38]. In the following,
further quantitative analysis will be performed to examine sur-
face roughness, density along film thickness, surface/interior
composition, and coordination numbers of C;9. The mor-
phological properties, including the domain percolations and
specific interfacial areas, will be evaluated to provide insights
into the correlations between film roughness, deposition ra-
tios, and device performance.

Surface roughness measurements from AFM are the only
morphological properties that can allow direct comparisons
with CGMD deposition simulations in the present study. The
surface roughness R,s was computed by calculating the root-
mean-square (rms) differences of the local film height across
the measured region, namely the simulation cell in the present
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FIG. 4. Morphological evolution of the active layer during the codeposition process. Parts (a)—(c) show the morphological evolution of the
DPDCPB:C5 blending ratios 1:1, 2:1, and 3:1, respectively. The lower panels highlight the free surface in the growing films.

study, which is defined as where N, is the number of grids in the lateral dimensions
(namely, the X and Y directions) with grid size equal to 1nm?,
h; is the height of the highest atom in each grid, and / is
(13) the average film thickness defined as the mean of A;. The
surface roughness values as functions of film thickness for
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FIG. 5. The film cross-sections of DPDCPB:C5, blending ratios (a) 1:1, (b) 2:1, and (c) 3:1.

all DPDCPB/C7, blending ratios are displayed in Fig. 6(a).
The initial thickness and rms roughness of the DPDCPB sub-
strate layer were 2.40 and 0.73 nm, respectively. Regardless of
the deposition ratios, the surface roughness increases almost
linearly with increasing film thickness until the film thickness
reaches approximately 5 nm. Note that there are no significant
differences in surface roughness for all deposition ratios at
this stage. The surface roughening trend curtailed as films
grew beyond 5 nm; in particular, for the DPDCPB:Cyy de-
position ratio of 3:1, the surface roughness reaches a plateau
and shows no sign of further surface roughening. Figure 6(b)
displays the simulated AFM image of the surface topology
by compiling the local film height across the lateral film

(a)

4 T
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FIG. 6. (a) The surface roughness vs film thickness for different
DPDCPB:C5, blending ratios. The solid black, red dashed, and the
green dot-dashed lines are the results of the blending ratio 1:1, 2:1,
and 3:1, respectively. (b) The simulated AFM surface topography
images of the 1:1 (left), 2:1 (middle), and 3:1 (right) ratios. The
color bars showed the relative height, with the average film height
set as zero. The lateral resolution of simulated AFM topography was
1 nm>.

dimensions. Note that the 1:1 film (with high C;y concen-
tration) appears to have larger grains and rougher surface
than the ones with low Cy concentration (2:1 and 3:1). From
Fig. 6, the rms surface roughness computed from our CGMD
simulations is in good agreement with measurements from
AFM experiments [39,40] as well as from all-atom atomistic
molecular-dynamics simulations [38].

We performed fractal analysis by computing the depen-
dency of the rms surface roughness with respect to the lateral
length scale L (namely, the lateral bin sizes in computing
rms surface roughness). The analysis results are displayed in
Fig. 7, and two exponents, namely local exponents «; and
global exponents o, can be fitted by the power laws for each
deposition ratio; see the dashed and dotted lines, respectively,
in Fig. 7. The magnitudes of «; and «; are compiled in Table I.
The growth mode can be viewed as diffusion-limited if «; & 1
[41,42]; hence, our analysis implies that the growth modes in
the present study are not fully diffusion-limited, that is, there
is noticeable surface diffusion of molecules involved during
growth. Nevertheless, the oy magnitudes for three deposition
ratios suggest that the 1:1 film (with high C7 concentration)
is closer to the diffusion-limited mode than the 3:1 film. The
small magnitudes of fitted o, in Table I also suggests neg-
ligible lateral growth [43,44]. The intersections of the fitted
lines of «; and o, can be interpreted as the grain sizes [44],
and the estimated grain sizes of different deposition ratios are

4.0 T T —T— T
o DPDCPB:C,=1:1 -//- ----- 50 50 © 600000000300
o DPDCPB:C, =2:1 /7o °
3.0F 70 9 0 EEOOOOECEEE
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’
09 4 . R |
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FIG. 7. Fractal analysis of the film surface with different de-

position ratios. The slopes of the dashed/dotted lines are the fitted
local/global exponents, respectively.
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TABLE I. Local/global exponents, and grain sizes computed from fractal analysis for all deposition ratios.

DPDCPB:C5, Local exponent «; Global exponent o, Grain size L, (A)
1:1 0.736975 0.0162955 70.312606
2:1 0.733446 0.0294029 68.542956
3:1 0.666713 0.0244503 63.449585

compiled in Table I. The estimated grain size of the 3:1 film
is the smallest among the three deposition ratios, which is in
accordance with simulated AFM images in Fig. 6(b).

B. Molecular number density profile analysis

Molecular number density profile analysis, i.e., computing
the number density of molecules along the growing direction
of the film (namely the positive z-direction in Fig. 4), can
provide quantitative insights into film compactness as well
as film roughness. The density profile d(z) was computed
by dividing the film into equally spaced bins along the z-
direction, counting the number of beads within each bin, and
normalizing the bin size (0.2 nm in the present study). Since
DPDCPB molecules comprise multiple bonded CG beads, the
central nitrogen atom was chosen to represent the location of
the whole molecule in computing the number density profile
d(z). Figure 8 displays the density profiles of DPDCPB-+C7g
for the films of different blending ratios. Note that the blue
dashed lines in Fig. 8 highlight the location of the mean film
thickness, which was defined as the mean value of the film
height across the lateral dimension of the simulation cell for
all deposition simulations. The peaks at the bottom of the
film (namely, z below zero) represent the pure DPDCPB layer.
For all deposition simulations, the density profiles show slight
decreases until the film thickness reaches a plateau region (at
the number density of roughly 0.81/nm?) at approximately
5 nm in thickness, suggesting a gradual (but modest) decrease
in film compactness, which can be correlated with the in-
crease in surface roughness displayed in Fig. 6(a). After 5 nm,
the molecular number density of the 1:1 film is noticeably

2.0F ! ]
[ — DPDCPB:C,=1:1 !
: — DPDCPB:C,_=2:1 | 1
sk — DPDCPB:C,=3:1 i ]
~ - 1 1
g [ |
£ | |
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E -
]
0.5} .
[ | . . . . | . . . . -
0.0 0 10 17.25 20
z (nm)

FIG. 8. The molecular number density profile d(z) analysis of
different deposition ratios. The blue dashed line highlights the aver-
age thickness (~17.25 nm) for all blending ratios.

lower than those of the 2:1 and 3:1 films, implying that the
DPDCPB/Cy films with a 1:1 blending ratio are less compact
relative to other blends due to the presence of cavities and un-
filled pits. Note that this trend is inverted beyond the average
film thickness of 17.25 nm, and that the 1:1 blending ratio
yielded higher number density and longer tails (the thickness
of the number density before reaching zero) relative to other
deposition ratios, demonstrating that the 1:1 blending ratio
yields the roughest surface.

C. Surface/interior composition analysis

Close examination of the cross-section morphologies of
DPDCPB:Cy films (Fig. 5) suggests that the C;o aggregated
in the film interior serves as the backbone of the film structure.
Two issues need to be addressed to reveal the aggregation
behavior of Cy in the film, as well as its implications to the
overall film structures:

(i) Composition of DPDCPB/C;p in both film
surface/interior—the composition of C;9 in film sur-
face/interior relative to the respective nominal composition
for a given DPDCPB:C7 blending ratio.

(i1) The coordination number analysis of C7y molecules—
which indicates whether C;p molecules preferred being
surrounded by C7y molecules.

To analyze DPDCPB/C7y compositions in the film sur-
face/interior, we first split the film molecules into surface
and interior molecules, and then we analyzed their respec-
tive molecular compositions. Derived from the concept of the
contact number analysis [45-48], we filled the empty space
in the simulation cell with small pseudoparticles. Counting
the number of pseudoparticles in the clusters (aggregates of
pseudoparticles) allowed us to isolate free surface and cavi-
ties by eliminating tiny packing spaces between neighboring
molecules. The molecules in contact with these pseudospheres
were considered to be surface molecules, whereas the rest
of the molecules were assigned as interior molecules. Fig-
ures 9(a)-9(c) displayed the split film surface (upper panels)
and interior (lower panels) of deposition ratios 1:1, 2:1, and
3:1. For all deposition ratios, it appears that most of the Cyq
molecules are distributed in the film interior. Figure 10(a)
displays the molecular composition of the film surface/interior
at different deposition ratios. The solid and hollow bars refer
to the local (i.e., the actual film surface/interior) and nominal
film molecular compositions, respectively. It is evident that for
all deposition ratios, the C7o (DPDCPB) compositions in the
film interior (surface) are noticeably higher than the nominal
C79 (DPDCPB) compositions, suggesting that C7o (DPDCPB)
molecules prefer to reside within the interior (surface) of the
film. Next, we examined the C;y coordination numbers in
the film interior region [lower panels in Figs. 9(a)-9(c)]. In
computing the C;¢ coordination numbers, a cutoff distance of
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FIG. 9. Snapshots of the film surface (upper panels) and interior (lower panels) of DPDCPB:C5, films with different blending ratios:

(a) 1:1; (b) 2:1; (¢) 3:1.

1.25 nm was specified by examining the radial distribution
function (RDF) of Cyy molecules in the film interior: see Fig.
S4 in the Supplemental Material [35]. This choice of cut-
off distance would allow accommodation of all C(-C79 and

1.0+ ! DPDCPB 1.0

70 .
5 | Rudace 1 g | ]
§ 0.5 1 § 0.5 r 8
0.0 0.0L - - - ]

: A

Interior

1:1 2:1 3:

FIG. 10. (a) Molecular composition of the film surface/interior
and (b) coordination number of C;y molecules with DCPB and Cy
in the film interior at different blending ratios. Solid and hollow bars
denote the local (namely, film surface/interior) and nominal molec-
ular compositions, respectively; (c) schematic image depicting the
DPDCPB:C5 film microstructure. Yellow and blue domains denote
C;0 and DPDCPB domains, respectively; (d) schematic illustration
about the differences in deposition over an unfilled pit between a C7
(left panel) and a DPDCPB (right panel) molecule.

C79-DCPB molecules in the first shell of the RDF (Fig. S4).
The coordination fraction analysis of C;9 molecules under
different deposition ratios is displayed in Fig. 10(b). Once
again, the hollow bars refer to the nominal coordination frac-
tion of C7y with neighboring DPDCPB/C7y molecules. From
Fig. 10(b), it is evident that C7y molecules tend to be sur-
rounded by C7p molecules regardless of deposition ratios. This
indicates the formation of C7 aggregates in the film interior,
which can be attributed to the strong attractive interactions
between C79 molecules. Note that, although the potential well
of the DCPB-Cy pairs is slightly lower than the C7o-C7g pairs
(see Fig. 2), the geometric confinement effects from both the
highly anisotropic DCPB beads and the attached DPDCPB
molecules constrain the number of DCPB beads in contact
with C79 molecules. As a result, C;o molecules form aggre-
gates, leading to a rough film surface with C;o-rich aggregates
serving as the backbone of the film.

According to this quantitative analysis, the detailed mi-
crostructure of DPDCPB:C film can be depicted schemat-
ically in Fig. 10(c). Due to the strong C79-Cyy interaction
and compact shape, C;o molecules [the domains colored in
yellow in Fig. 10(c)] show a strong tendency to aggregate and
form the backbone of surface structures; in contrast, DPD-
CPB molecules tend to wrap around the Cy clusters, forming
core-shell-like nanostructures. The size of the “core” and the
thickness of the “shell” depend on the nominal concentrations
of C7p and DPDCPB. If the deposition ratio of Cy, is high,
the amount of DPDCPB molecules would not be sufficient
to form a thick DPDCPB overlayer, or even to passivate Cyg
skeletons [e.g., 1:1 film; see Fig. 9(a)]. Since the transport
of holes in the active layer of small-molecule organic solar
cells relies on carrier (namely, holes) hopping in the DPD-
CPB domains, thin or even truncated DPDCPB layers may
hinder hole transport or even promote recombination. We will
perform a morphological property analysis to evaluate the
specific interfacial areas and domain percolations in the next
subsection.
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FIG. 11. (a) Percolated C7y domains to the pseudocathode; (b) percolated DPDCPB domains to the anode. Note that the colored ellipsoids
in (a) and (b) denote isolated C7, /DPDCPB molecules, and molecules are colored in identical colors if they belong to the same isolated

molecular clusters.

Our deposition simulations have shown that a high Cyg
deposition ratio leads to poor film quality with cavities and
unfilled pits relative to other deposition ratios with lower Cy
nominal concentrations (namely, 2:1 or 3:1). Earlier exper-
imental and molecular simulation works also revealed that
fullerene molecules tend to form a rough film surface, and the
introduction of donor molecules can effectively suppress the
surface roughening [38,40]. We believe that the roughening
of the growing surface and the formation of cavities dur-
ing deposition are closely correlated with the intermolecular
attractive interactions between molecules. Imagine a grow-
ing DPDCPB:Cy surface with a pit surrounded by surface
mounds, as illustrated schematically in Fig. 10(d). According
to our above-mentioned analysis, the core of these mounds
is primarily comprised of C;y molecules. There is also a
fraction of Cyp molecules dispersed on the mound surface.
Due to the strong, long-ranged, and almost isotropic (relative
to other ellipsoidal particles in the system) intermolecular
attractive interactions between Cyy molecules, the incoming
C7p molecules would have a very high probability to be at-
tracted to the surface mounds, thereby leaving the pit unfilled
and forming a cavity upon further film growth. In contrast,
the interaction between DPDCPB and DPDCPB or between
DPDCPB and C7p molecules is highly anisotropic, with a rela-
tively shorter interaction range than the Cyy-Crq pairs (Fig. 2);
therefore, the incoming DPDCPB molecules have a better
chance to escape from attractive interactions from molecules
in the mounds and deposit at the pit. Hence, the role played by
DPDCPB molecules in the surface morphology is to suppress
the tendency of surface roughening.

D. Morphological property analysis

Both donor/acceptor domain percolations and specific in-
terfacial area are critical morphological properties that can be
correlated with device performance. Herein, we analyzed the
DPDCPB/Cyy domain percolations by contact-recognition,
i.e. identifying if the two ellipsoids come into contact based on
their shape matrix S of ellipsoids. For C;9 domain percolation
analysis, a pseudocathode was imposed by inserting a C7q slab
at film height 17.25 nm—the average film thickness. Note that
two DPDCPB molecules were considered to be connected if
any ellipsoids comprised of the DPDCPB molecules (namely,
DT and DCPB) were in contact with ellipsoids of the neigh-
boring DPDCPBs. The percolated C7o/DPDCPB domains are
displayed in Figs. 11(a) and 11(b), respectively. Note that the
colored beads in Figs. 11(a) and 11(b) denote the isolated
clusters of C79 and DPDCPB molecules, respectively. For the
C70 molecules, most of the isolated C;q clusters are distributed
in the region adjacent to the DPDCPB substrate, and there
are more isolated C;o clusters in the 3:1 film than in the 1:1
film. The specific interfacial area (the amount of interfacial
area per unit volume) and DPDCPB/C7 percolation ratios are
compiled in Table II. Note that the 1:1 film has the highest
specific interfacial area and domain percolations relative to
the 2:1 and 3:1 films, despite its poor film quality. Both the
specific interfacial area and the domain percolation analysis
suggest that the 1:1 film should yield the best performance,
which is not in agreement with experimental evaluations (the
2:1 film gave the best performance [17]). The disagreement
may originate from the quality or the strength of domain
percolations, and it will be examined further.
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TABLE II. The morphological properties of deposited films.

DPDCPB:C5, Specific interfacial area (1/nm) DPDCPB percolation (%) C7o percolation (%)
1:1 1.10583 ~100 99.67
2:1 1.09055 ~100 97.49
3:1 0.9243 ~100 92.42

Figures 12(a) and 12(b) display the DPDCPB (a) and Cy
(b) domain percolations of different deposition ratios as a
function of the allowed hole/electron hopping distance used to
determine the connectivity of the DPDCPB/C5, phase. Note
that the hopping distance of DPDCPB or C;y was defined
as the distance between neighboring nitrogen atoms or the
center of mass of Cyg, respectively. Hence, Fig. 12 implies
an abundance of DPDCPB/C5y connecting pathways over dif-
ferent predefined nitrogen-nitrogen/C;o-C7o separation. From
Fig. 12(a), a hopping distance of 1 nm [highlighted by the blue
dashed line in Fig. 12(a)] can connect to ~90% and ~75% of
the DPDCPB domains for the 3:1 and 2:1 films; in contrast,
only ~15% of the DPDCPB domains are connected for the 1:1
film with identical hopping distance. Note that ~90% of the
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FIG. 12. The DPDCPB (a) and C;y (b) domain percolations of
different deposition ratios as a function of the allowed hole/electron
hopping distance used to determine the connectivity of the
DPDCPB/C5, phase. The insets in (a) [(b)] display the percolated
DPDCPB/C7y domains with 1.0 nm (1.2 nm) hopping distance [high-
lighted by the blue dashed lines in (a) and (b)], respectively.

DPDCPB domains of the 1:1 film can only be connected when
the hopping distance is extended to 1.2 nm. The morphologies
of the percolated DPDCPB domains with hopping distance set
to 1 nm are displayed in the insets of Fig. 12(a), and it is clear
that for the 1:1 film, only the bottom (close to the anode) part
of the DPDCPB domains is percolated, whereas almost all of
the DPDCPB domains are percolated for the 3:1 and 2:1 films.
These suggest that the transport pathways of the 1:1 film in
the middle/top parts of the bulk heterojunction rely primarily
on longer hopping distance relative to the 3:1 and 2:1 films,
or there are fewer available hole hopping pathways between
DPDCPB molecules in the 1:1 film than in the 3:1 and 2:1
films, which is also evidenced by the higher magnitudes of
RDFs between DCPB pairs in the 3:1 and 2:1 films than in the
1:1 film (Fig. S4). Hence, despite the fact that the estimated
DPDCPB percolations in all three deposition ratios are close
to 100% based on contact recognition, the percolation “qual-
ity” of the DPDCPB domain in the 2:1 and 3:1 films is better
than that of the 1:1 film because of more available hopping
pathways and shorter hopping distance for the holes in the 2:1
and 3:1 films than in the 1:1 film. Therefore, the hole mobility
of both the 2:1 and 3:1 films should be expected to be higher
than that of the 1:1 film.

For the C;9 domains, from Fig. 12(b) we can see that in
contrast to DPDCPB domains, the C;9 domain percolation
ratios rise rapidly beyond 1.1 nm. A hopping distance of
1.2 nm [highlighted by the blue dashed line in Fig. 12(b)]
can connect to 80%, 94%, and ~100% of the C;9 domains
in the 3:1, 2:1, and 1:1 films, respectively. From the insets of
Fig. 12(b) it is also evident that the 3:1 film has more isolated
Cyg clusters (the colored beads in the insets) than the 1:1 and
2:1 films, despite the fact that most of the Cyy domains are
percolated in all deposition ratios. Hence, both Table II and
Fig. 12(b) suggest that the 1:1 film gives better C79 domain
percolations as well as percolation quality than the 2:1 and 3:1
films, implying that the 1:1 film should yield the best electron
transport to the cathode over the 2:1 and 3:1 films.

The DPDCPB/C7¢ domain percolation quality analysis can
therefore resolve the disagreements in the optimal blending
ratio between morphological property analysis predictions
(suggesting that 1:1 should be the optimal ratio) and actual
experimental results (2:1). In the 1:1 film, the DPDCPB do-
main can be viewed as “weakly connected” relative to the 2:1
and 3:1 films due to its longer hole hopping distance and fewer
transport pathways. As a result, the hole transport in the 1:1
film could be noticeably inferior to those in the 2:1 and 3:1
films. Despite the fact that the C7y domain in the 1:1 film is
better connected than the other two films, there might not be
a huge difference in electron collection at the pseudocathode.
On the other hand, the DPDCPB (C7y) domain connectivity
in the 2:1 film is only slightly lower than that in the 3:1 (1:1)
films, providing the most balanced charge carrier transport,
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and this might be the primary reason why the 2:1 film yields
the best performance experimentally. Nevertheless, further
multiscale calculations incorporating mesoscale charge carrier
transport simulations such as kinetic Monte Carlo based on the
Marcus theory could potentially provide direct links between
morphologies and charge transport [49].

IV. CONCLUSIONS

In the present paper, we investigated the morphological
evolution of the DPDCPB:Cy, small-molecule organic solar
cells during vacuum deposition processes by performing a
series of CGMD simulations. A significant reduction in the
total system degrees of freedom by coarsening C7y and DPD-
CPB molecules into ellipsoids and bonded ellipsoids allowed
us to simulate film deposition processes with system sizes
compatible with experiments. This CG scheme can be read-
ily extended to other small-molecule-based organic electronic
devices, such as OLEDs. Our CGMD simulations indicate
that the DPDCPB:C5( deposition ratio noticeably impacts film
morphologies. Films grown with a high C;¢ deposition ratio
contain more visible defects, such as unfilled pits, cavities,
and larger grains than those grown with low C; deposition
ratios, which was confirmed quantitatively by surface rough-
ness analysis and fractal analysis. The surface roughness from
deposition simulations is in good agreement with AFM mea-
surements. Subsequent analysis suggests that C;o molecules

tend to aggregate, forming the backbone of surface structures,
whereas DPDCPB molecules passivate the C;9 backbone,
forming core-shell-like structures. Despite the rough surface
and cavities, surprisingly, morphological property analysis
suggested that both DPDCPB and C;y domains retain high
percolation ratios. Nevertheless, analysis of DPDCPB domain
percolation quality suggested that the hole transport pathways
in the 1:1 film are “weakly connected” due to the longer
hopping distance and fewer transport pathways relative to
both the 2:1 and 1:1 films. This suggests that in addition
to specific interfacial area and donor/acceptor domain per-
colation ratios, the strength of the percolation also needs
to be examined. The present paper, therefore, demonstrated
that the bonded ellipsoid CG scheme can be utilized to in-
vestigate the morphological evolution of small-molecule thin
films during vacuum deposition processes with system sizes
compatible with experiments, in combination with molecular
details, thereby providing valuable insights into the process-
structure-property correlations of organic electronic materials.
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