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ABSTRACT: State-of-the-art organic photovoltaic (OPV) cells rely on the engineering of the energy levels of the organic molecules
as well as the bulk-heterojunction nanomorphology to achieve high performance. However, both are difficult to measure inside the
active layer where the electron donor and acceptor molecules are mingled. While the energy level alignments of the lowest
unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) between the electron donors and
acceptors may be altered in the mixed active layer compared to their pure forms, the nanomorphology of the donor and acceptor
molecular domains is mostly studied in indirect means. Here, we present the direct observations of the nanomorphology of the
molecular domains as well as the energy level alignments in the active layer of a nonfullerene-based OPV (donor: PBDB-T-2F and
acceptor: IT-4Cl) using cross-sectional scanning tunneling microscopy and spectroscopy (XSTM/S). It is revealed that (1) the bulk-
heterojunction (BHJ) structures are homogeneous and uniform throughout the ~1.2 um thick active layer; (2) the energy
alignments between the donor-rich and acceptor-rich domains are directly observed; (3) there exist the intermixing domains at the
boundaries of the donor-rich and acceptor-rich domains with thickness in the nm scale; (4) the exciton binding energies in PBDB-T-
2F and IT-4Cl are estimated to be 0.74 and 0.32 eV, respectively; and (S) there is an ~0.7 V loss in the open circuit voltage. The
results provide a nanoscale understanding of the OPV active layers to guide further improvement of the OPV performance.

KEYWORDS: organic photovoltaic, cross-sectional scanning tunneling microscopy and spectroscopy, quasi-random structures,
nanomorphology, bulk heterojunction

B INTRODUCTION

and their inherently low lowest unoccupied molecular orbital

With the advantages of environmental friendliness, flexibility,
and low cost of production, organic photovoltaic (OPV) cells
are considered as one of the most promising next-generation
photovoltaic technologies. Previous reports mostly focused on
designing new materials,' > device structures,”” and process-
ing techniques® ™' to improve the power conversion efficiency
(PCE). In the material designs, significant advances have been
made to various donor polymers.  ~'* On the other hand, the
development of the acceptors lags behind, with the major
efforts devoted to the chemical modification of the fullerene
family."'*~"7 So far, fullerene-based OPVs exhibit PCE up to
10-11%."%" It is recognized that the fullerene derivatives
have some drawbacks as the electron acceptors for the OPV
operation: weak absorption coeflicient in the visible li%ht
region, difficult synthesis and puriﬁcation,20 air s.ensitivity,2 22
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(LUMO) energy levels.”>** This leads to the development of
the nonfullerene small molecules for being used as the
acceptors. Up to date, the reported nonfullerene-based OPVs
have achieved PCE over 18%.>°™>"

The engineering of the energy level alignment between the
electron donors and acceptors is the key guidance in designing
new molecules for OPV applications. The ideal band
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Figure 1. (a) Schematics of the prepared active layer on top of a Si(100) substrate. (b) Experimental setup of the sample holder and the sample for
the XSTM/S measurements. (c) SEM image of the cross-sectional view of the fractured sample. (d) SEM image of the zoomed-in view near the red
rectangular region in panel (c). Panels (e) and (f) show the molecular structure of IT-4Cl and PBDB-T-2F, respectively.

relationship between the donors and acceptors is the type II
staggered gap in the semiconductor interfaces. During the
exciton dissociation process in a bulk-heterojunction (BHJ)
nanomorphology, electrons hop from the LUMO of the donor
to the LUMO of the acceptor and holes hop from the highest
occupied molecular orbital (HOMO) of the acceptor to the
HOMO of donor. It was pointed out that the open circuit
voltage is related to the energy alignment as

e-Voc = LUMO(A) — HOMO(D) — A (1)

where e is the elementary charge and A is a loss term, which
has been suggested to be related to the exciton binding
energy”® or radiative and nonradiative temperature-dependent
losses.”” ' The HOMO(D)/LUMO(A) offset is denoted in
various ways in the literature, such as charge-transfer gap,
intermolecular gap, or donor/acceptor gap. It is often
estimated by optical spectroscopy’*” or electrical character-
ization, e.%., cyclic voltammetry, % reverse saturation current
analysis,zs"3 or temperature-dependent measurements of the
open circuit voltage.”** All of these studies assumed that the
interfaces of the donor and acceptor molecules are sharp.
However, the nm scale domain transition from donor to
acceptor in the P3HT/PCBM mixture was observed by cross-
sectional scanning tunneling microscopy and spectroscopy
(XSTM/S).*> With these information, the charge separation
dynamics and the geminate recombination across the donor—
acceptor domain interfaces can be modeled in a more precise
way. Also, with the direct observation of the HOMO(D)/
LUMO(A) offset, the loss term, A, can be more accurately
determined. Ways to reduce the loss term will then be possible.
With the newly developed nonfullerene acceptors, it is
important to extend our knowledge of the similar nanoscale
energy level alignment in the nonfullerene-based OPVs. Here,
we utilize the XSTM/S to directly reveal the spatial evolution
of the HOMO and LUMO of the nonfullerene-based OPVs.
We choose PBDB-T-2F and IT-4Cl because it has been
reported with a high PCE of 12.67 and 13.45% in two
independent studies.’**’

BH]J architecture in the OPV active layers is believed to be
responsible for the high efficiency due to its quasi-random
nanomorphology, which facilitates charge separation for the

short exciton mean free path in the organic molecules.”” In the
BHJ design, electron donor and acceptor molecules form
donor-rich and acceptor-rich domains®”*” in the length scale
similar to the exciton mean free path. The BHJ nano-
morphology can be studied and reproduced in computational
studies.”*™™" On the other hand, it is usually indirectly
observed experimentally by X-ray diffraction (XRD), atomic
force microscopy (AFM),® scanning electron microscopy
(SEM),* and transmission electron microscopy (TEM)."’
XSTM/S is an ideal tool to study BHJ since it is capable of
providing high spatial resolution (atomic or nm scale) with
molecule sensitivity (probing the HOMO, LUMO energy
levels).”® Various studies explored the thickness effects on the
PCE.*~>" However, the depth evolution of the BH]
nanomorphology is seldom discussed and is assumed
homogeneous in most cases. The annealing process used in
synthesizing the active layer involves the evaporation of the
solvent molecules and the redistribution of the donor and
acceptor molecules. Since the solvent molecules need to pass
through the active layer during this process, it is expected that
the dynamics of the solvent molecule evaporation is
inhomogeneous throughout the thickness; hence, the nano-
morphology may be potentially inhomogeneous. The in-
homogeneous BHJ nanomorphology has two competing
effects on the PCE. First, the exciton charge separation prefers
the molecular domain sizes to be smaller than the exciton
diffusion length (~S nm in the P3HT/PCBM case). In the
inhomogeneous BHJ nanomorphology case, larger domain
sizes at certain depths have a negative impact on the charge
separation efficiency. Second, the charge collection process is
limited by geminate recombination, in which electrons and
holes in the electron acceptor and donor domains, respectively,
recombined across the donor—acceptor interfaces. The larger
domain sizes in the inhomogeneous BHJ nanomorphology at
different depths may reduce this geminate recombination by
reducing the interface area. Clear evidence of the homogeneity
of the BHJ] nanomorphology is crucial information to
understand the OPV active layer. Here, the depth evolution
of the BH] nanomorphology is also revealed and analyzed by
XSTM/S measurements. It is found that the BHJ nano-
morphologies are homogeneous and uniform throughout an
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Figure 2. (a) STM topography and (b) dI/dV mapping of the PBDB-T-2F:IT-4Cl active layer. Scanning condition: Vi, =2V, Tunneling = 300 pA.
(c) Fast Fourier transform image of panel (b). (d) dI/dV point spectra measured at high- and low-contrast regions indicated by the red circles in

panel (b).

~1.2 pm thick nonfullerene active layer. This result provides
strong confidence that the nanomorphology of the molecular
domains in the thinner active layer should also be
homogeneous. With this observation technique, it is then
possible to design an inhomogeneous BH]J structure and its
influence on the PCE.

B METHODS

PBDB-T-2F (used as received from Ossila) and IT-4Cl (used as
received from Ossila, purity >99%) were made into separate solutions
in o-xylene (used as received from Sigma-Aldrich) with 7 mg/mL
concentration. Solutions with the PBDB-T-2F:IT-4Cl weight ratio 1:1
were then made by mixing the precursor solutions, followed by spin
coating onto a Si(100) substrate with 1050 rpm for 1 min. The
PBDB-T-2F:IT-4Cl1/Si(100) films were annealed at 100 °C for 10
min in an inert (Ar) environment. Figure la illustrates the prepared
sample for characterizations. The STM measurements were
performed using the XSTM/S method****7% to prevent air exposure
of the interior of the thin films. Figure 1b shows the XSTM/S sample
holder and sample setup. A scribe is made on the side of a Si(100)
substrate (8 mm X 1 mm X 0.5 mm) prior to the spin coating. The
spin coating was performed by placing four cut pieces on the sticky
tape on top of the spin coater. Each piece was placed back to the exact
order as they were cut to create a gapless substrate for spin coating.
The mounted samples were fractured in situ under an ultrahigh
vacuum (UHV) environment with a base pressure of 107'° mbar prior
to the STM measurements. All of the data were collected at room
temperature using the Omicron low-temperature STM system with a
base pressure of 107 mbar. dI/dV signals were recorded with a 1997
Hz modulation frequency, a 1 ms time constant, and a 100 meV
voltage modulation in the lock-in settings. STM topography and dI/
dV images were collected simultaneously with 450 X 450 pixels. The
STM topography images and dI/dV mappings were analyzed using
WSXM software.’” After the STM measurements, scanning electron
microscopy (SEM) measurements were carried out with the JEOL
5800 LV SEM. Figure 1c shows the SEM image of the top view of the
fractured surfaces (e.g, the cross-sectional view of the thin film). A
zoomed-in view of Figure lc is shown in Figure 1d, where the active
layer thin film is clearly seen and the thickness is determined to be

56432

~1.1 um. Note that the thickness of the active layer varies at different
locations, ranging from 1 to 1.2 ym (see Figure S1).

B RESULTS AND DISCUSSION

Figure 2a,b shows the 100 nm X 100 nm scale XSTM/S
topography and the dI/dV mapping of the prepared PBDB-T-
2F:IT-4Cl layer, respectively. The topography root-mean-
square (RMS) roughness of the fractured active layer is
determined to be ~0.2 nm. The distributions of the electron
donor-rich and acceptor-rich domains are observed in the dI/
dV mapping (Figure 2b) and are confirmed as the BHJ
structure. Figure 2c shows the fast Fourier transform (FFT)
image of the dI/dV mapping (Figure 2b). It is further
confirmed that the molecular domains are isotropic through
the analysis of the FFT image by fitting it with a two-
dimensional (2D) rotated ellipse Gaussian function as

F(kx,ky) =A
((kx—kxo)sin(9)+(ky—kyo)cos(é)))z N ((kx—kxo)cos(é))—(ky—kyo)sin(t‘)))z )

2 bZ

€ a

(2)
where A is the intensity; a and b are the lengths of the major
and minor axes, respectively; k, and k, describe the

coordinates of the center; and @ is the angle between the
major axis and x-axis.”® The fitting result is displayed as the red
contour plots in Figure 2¢c. The isotropy is quantified using the

2
eccentricity ( e=,/1- (%) } as 0.1 + 0.1. The close to

zero value of € indicates an isotropic texture. The eccentricity
is also analyzed for 10 other independent dI/dV mappings
measured at various locations, resulting in an eccentricity of
0.17 = 0.05 (see details in the Supporting Information, Table
S1). The slight deviation from zero value is believed to be due
to the artifacts caused by the horizontal scanning direction.
Specifically, the horizontal scanning direction results in the

Xo
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Figure 3. (a) STM topography (20 nm X 2.5 nm) (top panel) and the dI/dV mapping (bottom panel) (20 nm X 2.5 nm). Scanning condition:
Vbias = =2 V) Lunneling = 300 pA. (b) Grid spectra taken along the red dashed line across the region shown in panel (a). The yellow circles and the
black circles represent the HOMO and LUMO energy levels, respectively, at each spectrum. (c) dI/dV spectra of the grid measurements. The
inverted triangles representing the HOMO and LUMO energy levels of each spectrum. (d) Schematics of the band alignments between the donor

and acceptor regions.

horizontal streakiness lines seen in Figure 2b and end up as
slight elongation in the vertical direction in the FFT image
shown in Figure 2c. In short, an isotropic BH]J is observed in
the PBDB-T-2F:IT-4Cl active layer.

The assignment of the donor-rich and acceptor-rich domains
is based on the dI/dV point spectra measured at the
corresponding locations. Figure 2d shows the dI/dV point
spectra taken at the marked locations in Figure 2b. The blue
curve represents the spectrum taken at a blue region (low-
contrast region), while the yellow curve represents the
spectrum taken at a yellow region (high-contrast region) in
the dI/dV mapping (Figure 2b). The HOMO and the LUMO
energy levels in each spectrum are analyzed at the onset bias of
the dI/dV signals and indicated by the inverted triangles shown
in Figure 2d. The blue region (lower dI/dV contrast region)
exhibits an energy gap of 2.55 + 0.05 eV and higher HOMO
and LUMO energies compared to that of the yellow region
(higher dI/dV contrast region), where the energy band gap is
determined to be 1.70 + 0.05 eV. The energy level alignment is
the typical type II staggered gap in the semiconductor
interfaces. Clearly, based on this observation, the low-contrast
region (blue region) is assigned to the electron donor-rich
(PBDB-T-2F) regions, while the high-contrast region (yellow
region) is assigned to the acceptor-rich (IT-4Cl) regions.

Both the observed band gaps for IT-4Cl (1.70 + 0.05 eV)
and for PBDB-T-2F (2.55 + 0.05 eV) are larger than the
reported optical band gaps: 1.48 eV for IT-4CI*° and 1.80 eV
for PBDB-T-2E.°” It is known that the optical band gap is
typically smaller than the electronic band gap, with the
difference accounted as the exciton binding energy®>**

Eg = Eabs + Eb,exc (3)

where E, is the electronic band gap; E,, is the optical band gap
measured by absorption spectrum; and Ej . is the exciton

binding energy. It has been reported that many small acceptor
molecules have small exciton binding energies, such as ITIC
(025 eV), IDIC-4Cl (0.25 eV), 6TIC-4F (0.16 eV), and 4TIC
(0.04 €V),” while the donor polymers have large exciton
binding energies, such as an ~0.7 eV exciton binding energy in
P3HT.***° Following eq 3, with the dI/dV-extracted electronic
band gaps and the reported optical band gap measured by
absorption spectrum, one may extract the exciton binding
energies in PBDB-T-2F and IT-4Cl, which will be discussed
later. To further accurately determine the electronic band gaps
in the two molecular domains, we performed a detailed dI/dV
grid spectrum measurement across the molecular domains to
obtain the statistical results of the energy gaps.

Figure 3a shows the topography (top) (20 nm X 2.5 nm)
and dI/dV mapping (bottom) (20 nm X 2.5 nm) of the PBDB-
T-2F:IT-4Cl active layer. The contrast in the dI/dV mapping
clearly shows the donor-rich and acceptor-rich domains. dI/dV/
point spectra are measured along a red dashed line shown in
the dI/dV mapping of Figure 3a, with a spacing between each
location of the measured spectrum as 0.9 nm. The resulting
spectra and the energy levels of the HOMO and LUMO of
each spectrum are analyzed and shown in Figure 3b,c. Donor-
rich (low contrast in dI/dV mapping in Figure 3a and labeled
as “D” in Figure 3b,c) and acceptor-rich (high contrast in dI/
dV mapping in Figure 3a and labeled as “A” in Figure 3b,c)
regions exhibit the expected energy gaps and band alignment,
as shown in Figure 2d. In addition to that, there exists an
intermediate region sandwiched between the donor-rich and
acceptor-rich regions, indicated as “I” in Figure 3b,c. This
intermediate region has a band gap in between the “D” and “A”
regions, and the spectrum evolves spatially from “D” to “A”
regions smoothly with a length scale of a few nm. This
indicates that the intermediate regions may simply be the
transition of the spatial evolution of the molecular
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Figure 4. Image analysis of dI/dV mappings collected across the active layer thickness. (a) Sample geometry showing the silicon substrate, the
active layer, and the definition of z. (b) Binarized dI/dV mappings as a function of z from the Si/active layer interface to the top of the active layer
in the cross-sectional geometry. The image evolution through the processing procedure from (c) smoothed, (d) binarized dI/dV mapping, and the
analyzed (e) domain boundary identification and (f) distance (£) to the nearest D/A interface. The histograms of the physical quantities—(g)
domain area, (h) domain area/perimeter ratio, and (i) distance (£) to the nearest D/A interface are extracted from the processed images. The z-
dependent evolutions of the histograms of these quantities are shown in panels (j—1). The color maps of occurrence are plotted on a log scale for
clarity. The mean values and ranges are plotted in black dots and bars, respectively, for each data set.

compositions from acceptor-rich gradually to donor-rich
regions. The interfacial electron band alignments between
“D” and “A” regions at the nm scale in active layers of OPVs
are not sharp and should have great impacts on understanding
the influences on the OPV charge separation and recombina-
tion mechanisms.

With detailed analysis, the donor-rich region (PBDB-T-2F-
rich region) has the LUMO at 1.83 + 0.09 eV and the HOMO
at —0.71 + 0.06 eV, while the acceptor region (IT-4Cl rich
region) has the LUMO at 0.8 + 0.1 eV and the HOMO at
—1.0 £ 0.1 eV. This gives the energy offset between the donor
and acceptor domains of LUMOL,—LUMO, = 1.0 + 0.1 €V,
HOMO,—HOMO, = 0.3 + 0.1 eV, and LUMO,~HOMOy, =
1.5 + 0.1 eV. The band alignments between the donor and
acceptor regions are also summarized in Figure 3d. In previous
works, HOMOp,—HOMO, between PBDB-T-2F and IT-4Cl
were estimated to be 0.3°° and 0.28 €V,”” respectively, which
are consistent with our results. However, the LUMO,—
LUMO, between PBDB-T-2F and IT-4Cl were estimated as
0.62°° and 0.42 eV,”” respectively, which are smaller than our
results. Since, in the previous works, the LUMO levels were
estimated by the HOMO levels and the optical band gaps, it is
possible that the discrepancy originates from the unaccounted
exciton binding energy (will be discussed in the next
paragraph). As mentioned in eq 1, the open circuit voltage,
Voc, is related to the energy alignments between the donor
and acceptor and a loss term, A. With the LUMO,—HOMO,,
= 1.5 + 0.1 eV from our data and Vo = 0.790 V*° and Vi =
0.78 V*7 from previous works, the loss term, A, can be
determined to be 0.71—0.72 eV. The source of the loss is
potentially related to the exciton binding energies. Further
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studies are needed to identify the detailed contribution of the
loss term.

The exciton binding energies can be estimated from our data
when compared with the reported optical absorption spectra.
The band gaps for the PBDB-T-2F-rich region, the IT-4Cl-rich
region, and the intermediate region are determined as 2.54 +
0.09, 1.8 + 0.1, and 2.3 & 0.1 eV, respectively. Following eq 3,
with the dI/dV-extracted electronic band gaps (2.54 + 0.09 eV
for PBDB-T-2F and 1.8 + 0.1 eV for IT-4Cl) and the reported
optical band gap measured by absorption spectrum (1.80 eV
for PBDB-T-2F> and 1.48 eV for IT-4CI*°), one can extract
the exciton binding energies in PBDB-T-2F and IT-4Cl as 0.74
and 0.32 eV, respectively. The difference between the two
exciton binding energies (~0.4 eV) is accounted for the
discrepancy between our results (exciton binding energies
accounted) and the results from previous works (exciton
binding energies unaccounted) discussed above regarding the
LUMO,—LUMO,.

Depth Evolution of the Molecular Domain Nano-
morphology. The depth evolution of the nanomorphology of
the molecular domains in the active layer is observed by taking
the dI/dV mappings as a function of the distance to the Si
substrate/active layer interfaces in the cross-sectional geome-
try. Figure 4a shows a schematics illustrating the definition of
the 2z direction as the active layer thin film normal direction
and z = 0 is set at the interface with the Si substrate. Figure 4b
shows the evolution of the nanomorphology of the molecular
domains from the interface (z = 0) to the surface of the active
layer (z = ~1200 nm) with a scale of 200 nm X 200 nm. The
positions of images in Figure 4b are labeled based on the
distance measured from the center of that image to the Si/
active layer interface, as identified in the first image shown in
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Figure 4b, which is enlarged and shown in Figure S2. Typical
OPYV active layers are on the order of a few hundreds of nm.
We chose to examine this thickness for the active layer as to
maximize the solvent molecular evaporation influence on the
nanomorphology during the annealing process. In Figure 4b,
the STM dI/dV mappings are processed with the following
procedures: (1) smoothed with a Gaussian function with 10
pixel width to remove the noise; then, (2) the images are
binarized using the method described in the previous work;"’
after binarization, (3) domains with an area less than 10 nm?
were filtered out by including them in the surrounding
domains (the 10 nm” chosen for this filtering process is to
remove the single-pixel spike noise-induced domains through
the smoothing procedure; step (1)); then, (4) the domain
boundaries, the domain areas, and the domain perimeters were
determined using contour analysis; and (S) the distances of
each pixel to the nearest D/A interfaces were analyzed. The
raw and smoothed dI/dV mappings are shown in Figure S4.
The binarized dI/dV mappings were processed and analyzed to
extract the domain sizes, perimeter lengths, and the distances
from each pixel to the nearest D/A interfaces using Python 3
and the image processing package Open CV2.” The detailed
analysis of the processed images is shown in Figures S5—S21.
The statistics of the area, area-to-perimeter ratio (APR), and
the distance to the nearest D/A interfaces of Figure 4c are
illustrated in Figure 4g—i, respectively. From Figure 4g—i, the
values of the area, the APR, and the distance to the D/A
interfaces (&) are determined to be 320 + 80 nm? 1.5 + 0.1
nm, and 2.8 + 04 nm, respectively. Though the exciton
diffusion length in PBDB-T-2F:IT-4Cl is not yet reported, the
exciton diffusion lengths in other similar materials have been
reported to be 5-20 nm.>”*® The extracted £ are in the same
order of magnitude, indicating that the excitons can reach the
D/A interfaces efficiently.

All of the FFT images in Figure S4b,d exhibit isotropic
features, indicating the isotropic BHJs throughout the whole
1.2 um thick active layer. The aforementioned quantities and
the FFT images of all measured dI/dV mappings are shown in
Figures S5—S21 and summarized in Figure 4j—1. The domain
perimeters, areas, and distance to the nearest D/A interface
were extracted from 17 dI/dV images measured at nine
distances to the Si/active layer interface. From the z-
dependent histograms of domain size, APR, and &, as shown
in Figure 4j—], it can be concluded that the nanomorphology
within the 1.2 pm thick active layer is homogeneous. It
indicates that the redistribution of the donor and acceptor
molecules during the annealing process eliminated the
influences from the solvent molecule evaporation process on
the nanomorphology.

B CONCLUSIONS

In summary, the molecular nanomorphologies of the PBDB-T-
2F:IT-4Cl-based active layer are observed to be isotropic and
uniform throughout a 1.2 pm thick active layer. This XSTM/S
method can be further used to study the nanomorphology of
the active layer when near other interfaces, such as those with
the PEDOT:PSS and/or ZnO. Further research is needed
toward that direction. An intermediate domain between the
donor-rich and acceptor-rich molecular domains is identified,
with a thickness on the order of a few nm. The electronic
energy gaps of donor-rich domains (PBDB-T-2F-rich), accept-
or-rich domains (IT-4Cl-rich domains), and the intermediate
or mixed domains are observed to be 2.54 + 0.09, 1.8 + 0.1,

and 2.3 + 0.1 eV, respectively. By comparing with the reported
absorption spectra of PBDB-T-2F and IT-4Cl, the exciton
binding energies in PBDB-T-2F and IT-4Cl are estimated to
be 0.74 and 0.32 eV, respectively. It is determined that there is
an ~0.7 V loss in the open circuit voltage. These microscopic
pictures of the PBDB-T-2F:IT-4Cl-based active layer may lead
to new insights in OPV design and fundamental under-
standings.
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