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Effects of Vertical Molecular Stratifications and
Microstructures on the Properties of Fullerene-Free
Organic Solar Cells

Top Archie Dela Peña, Ruijie Ma, Anirudh Sharma, Zengshan Xing, Zijing Jin,
Jiannong Wang, Derya Baran, Lu-Tao Weng, He Yan, and Kam Sing Wong*

1. Introduction

Organic solar cells (OSCs) are constantly
receiving great research attention given
their suitability for solution-based fabrica-
tion methods, low-cost precursor materials,
and thus have high commercialization
potential.[1] From the past years, research
studies in OSCs have been more concen-
trated in fullerene-free acceptors (e.g., Y6
and IT-4Cl) blended with polymer donors
such as PM6 (also known as PBDB-T-2F)
in bulk heterojunctions. Also, several
recent reports achieving high power con-
version efficiencies (PCEs) of up to over
18% and even enhanced device stability
have been possible through complex active
layers such as ternary/quaternary blends
and upon the incorporation of dopants.[2]

Although there is continuous progress
improving the performance of OSCs,
it can also be observed that there are a num-
ber of opposing propositions from different

reports in the past few years, which involve (but are not limited
to) energy losses and molecular energy level offsets. This is
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From the past years, the most commonly reported state-of-the-art binary bulk
heterojunction organic solar cells (OSCs) are mostly based on mixtures of
polymer donors and fullerene-free acceptors (polymer:NFA). However, along
with it are a number of contradictory propositions, including (but not limited to)
strategies to reduce energy loss and improve photocurrent generation through
energy level alignments. Due to the resulting high similarity of molecular frag-
ments from polymer:NFA heterojunctions, the effects of vertical molecular
stratification are not yet well studied. Herein, the time-of-flight secondary ion
mass spectrometry (ToF-SIMS) molecular depth profiling reveals a vertical
stratification in PM6:IT-4Cl and illustrates how it can significantly influence the
photovoltaic properties. The said inhomogeneity is also bound to introduce
microstructure variations within device active layers. Consequently, it is sys-
tematically demonstrated how thin-film microstructures can influence
optoelectronic properties, wherein important metrics (e.g., energy losses and
molecular energy offsets) are highly dependent. Thus, the understanding from
this work provides foundations for more precise development of strategies to
further advance OSC technology in future studies.
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problematic as it will prolong the development of strategies to
further advance OSC technology.

Considering that most state-of-the-art OSCs reported recently
were from the blends of polymer donors and fullerene-free
acceptors, which are generally composed of similar molecular
fragments, the effects of vertical phase segregations and film’s
microscopic features are then typically disregarded or not given
sufficient considerations among former studies.[3] In addition,
there are limited experimental methods that can be suitably
applied to soft, vulnerable, and disordered organic materials,
which leads to inadequacy in understanding the spatial molecu-
lar distribution within OSC’s active layers.[4] Xu et al. have
reported a lift-off process through a solvent, wherein vertical
phase inhomogeneity in poly(3-hexythiophene):fullerene blends
has been identified and was attributed to the difference in donor–
acceptor surface energies.[5] However, the said lift-off approach
will not provide a full view of the active layers as only the buried
layer in contact with the substrate can be characterized. A num-
ber of similar works concerning phase segregations are also done
by Kim et al. for polymer:fullerene blends with additive-assisted
separations.[6] Other methods such as x-ray and neutron scatter-
ing have also been demonstrated to study the molecular stacking
and crystallites within films[7]; however, these cannot provide
direct identification of donor and acceptor molecules spatial dis-
tribution. Further, organic materials can have poor contrast for
x-ray scattering, while the limited neutron flux for neutron
scattering will also lead to poor resolution.[8] Fortunately, time-
of-flight secondary ion mass spectrometry (ToF-SIMS), in
combination with argon cluster ion beam as the sputtering
source, has been demonstrated to effectively provide the vertical
molecular distribution of some polymer:fullerene blends.[9] In
general, a primary ion source will impinge the sample surface,
which then ejects secondary ions from the fragments of mole-
cules constituting the sample. These secondary ions can be char-
acterized by their mass-to-charge ratio (m/z). Measurements
from this method are relatively easier to reproduce in other
research laboratories, making it versatile. A more comprehensive
discussion about ToF-SIMS is available in our former work.[10]

As previously mentioned, polymer donors and fullerene-free
acceptors typically exhibit similar molecular structures, hence
there is only a very limited understanding of the effects of spatial
nanomorphology on the photovoltaic and optical properties
among recently reported state-of-the-art OSCs. Consequently,
the probability of less precise data interpretations will increase,
which can impede the further advancements of OSCs. It is, there-
fore, immediately necessary to fill up this knowledge gap to
enable systematic studies and develop more precise strategies
among future works. In this study, vertical molecular heteroge-
neity was demonstrated from blends of PM6:IT-4Cl (i.e., a poly-
mer:non-fullerene system) and was identified to remarkably
influence the device’s photocurrent generation. Similarly, this
study further explores and illustrates the potential effects of thin
film’s microscopic characteristics on optoelectronic properties,
which will significantly influence the quantification of energy
losses and energy level offsets. Thus, the understanding provided
from this study will help disentangle the sources of unclear prop-
ositions derived from previous reports. These will ultimately fos-
ter the advancements of OSCs.

2. Results and Discussion

To start with, binary blends of PM6 (a fluorinated polymer donor
molecule) and IT-4Cl (a chlorinated fullerene-free acceptor), with
their molecular structures shown in Figure 1a, dissolved in
o-xylene (a non-halogenated solvent) with 1,8-diiodooctane
(DIO) additive were chosen. The advantage of this selection is
to enable the identification and profiling of PM6 and IT-4Cl mol-
ecules (through ToF-SIMS) based on the atomic distribution of
F� and Cl� ions. SIMS is in essence not quantitative without
standards (i.e., the intensity of a particular ion fragment is not
directly comparable between different samples with different
matrix or internal environment), but the relative changes of
ion intensities with sputtering time (which is a function of film
thickness) describe the vertical uniformity of molecules’ distribu-
tion and display any potential segregation that may exist across
the layer thickness. Here, different PM6:IT-4Cl blend active layer
fabrications have been done: 1) without DIO and with no thermal
annealing, xDIO(xTA); 2) with DIO and thermally annealed,
DIO(TA); and 3) with DIO and without thermal annealing,
DIO(xTA).

The corresponding current density–voltage ( J–V ) curves
of devices based on conventional structure (i.e., Glass/ITO/
PEDOT:PSS/Active Layer/PFN-Br/AL) are shown in
Figure 1b, and the summary of their photovoltaic performance
is in Table S1, Supporting Information. DIO(TA) displays the
highest short-circuit current density ( JSC) (17.84mA cm�2),
but with the lowest open-circuit voltage (VOC) (0.79 V). In con-
trast, xDIO(xTA) displays the lowest JSC (16.78mA cm�2) and
the highest VOC (0.87 V). The relative values for JSC are consistent
with the results obtained from the integrated EQE (Table S1,
Supporting Information). It is clear that the typically observed
trade-off between JSC and VOC exists in these samples. From
the EQE spectra (Figure 1c), DIO(TA) shows the largest shift
toward higher wavelengths (redshift) and also displays a slight
improvement in the donor-dominated absorption regime.
Overall, from the average of about 20 independent cells, the
PCE is highest for DIO(TA) (10.76%), followed by DIO(xTA)
(10.31%), and lowest for xDIO(xTA) (9.99%). Inverted structure
(i.e., Glass/ITO/ZnO/Active Layer/MoOx/Ag) device performan-
ces are also measured (Figure S2, Supporting Information) and
summarized in Table S1, Supporting Information. Although
there is only marginal improvement in PCE for the blends with
DIO, their JSC varied significantly compared with the conven-
tional devices. Specifically, their JSC increases, which is largest
for DIO(TA), followed by DIO(xTA), and smallest for
xDIO(xTA). The experimental foundations to demonstrate and
understand how the device structure influences JSC are lacking,
especially for fullerene-free systems. In practice, both conven-
tional and inverted structures are being utilized during device
fabrication optimization, wherein the configuration with the best
PCE will be used for subsequent analysis. However, will the
inhomogeneity of donor and acceptor molecules’ vertical distri-
bution significantly influence the device performance? If so,
analyses without careful considerations on molecules’ spatial
arrangements could be potentially overlooked.

The mass-to-charge ratios (m/z) for F� and Cl� atomic
ions have been identified from the negative SIMS spectra
(Figure S1, Supporting Information) and vertical molecular
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profiling has been performed in samples adopting the actual con-
ventional device structure (Figure S3, Supporting Information).
The cross section of each sample is then illustrated in Figure 2a.
From intensity against sputtering time plot (Figure 2b), it can be
seen that F� and Cl� intensities are considerably uniform from
the surface toward the bulk of the active layer. However, there is a
significant increase in Cl� intensity (implying IT-4Cl enrich-
ment) at the interface with the hole transport layer (HTL), which
is PEDOT:PSS (i.e., free of F and Cl functionalities). For more
meaningful results, the percentage increase of Cl�/F� ratio from
the bulk to the IT-4Cl enriched layer has been quantified
(Table S2, Supporting Information). The increase is more sub-
stantial in blends with DIO, i.e., 81% for DIO(xTA), followed
by 77% for DIO(TA), compared to 27% for xDIO(xTA).
Suggestively, the retained solvent (when no thermal annealing
is performed) and DIO provide “pathways” that enhance
IT-4Cl diffusion, which is believed to be driven by the difference
in PM6 (38.12mJm�2)[11] and IT-4Cl (42.40mJm�2)[12] surface
energies to adopt the most stable molecular arrangement.

To verify that the observed IT-4Cl enriched layer is not just
instrumental effects concerning the interface with HTL, vertical
profiling of PM6:IT-4Cl blends from precursor solutions with a
low concentration of either PM6 or IT-4Cl was also performed
(Figure S4, Supporting Information). As expected, for low
PM6 concentration, no enrichment can be realized as the active
layer is mainly dominated by the acceptor. Similarly, for low IT-
4Cl concentration, there is also no enrichment, which can be

ascribed to the enhanced intermolecular attraction with the
donor molecules. Thus, the observed IT-4Cl enriched layer is
confirmed not to be instrumental nor interfacial effects.
For inverted devices with structure Glass/ITO/ZnO/Active
Layer, a similar trend for IT-4Cl enrichment was deduced
(Figure S5, Supporting Information).

The observed JSC enhancement for inverted devices can then
be understood as an improvement in the overall charge collection
as the acceptor enrichment at the bottom of active layers can facil-
itate electron transport from the active layer to the electron trans-
port layer (ETL). This is in contrast to the conventional structured
devices, where the acceptor enrichment is closer to the underly-
ing HTL providing insufficient routes (i.e., donor domains) for
hole extraction, and thus increasing the probability of electron–
hole encounter for recombination. These are well supported by
the relative changes in JSC such that the improvement by adopt-
ing an inverted device structure is more sizeable in blends with
more pronounced IT-4Cl enrichment. Consequently, without
knowing the spatial molecular distribution within active layers,
it will be very challenging to precisely understand and attribute
the enhanced device performance of a particular donor:acceptor
heterojunction compared to other systems.

Energy loss is another metric commonly used to assess the
performance of OSCs. The energy loss can be estimated from
the difference between the optical band gap (Eg) and VOC.
Generally, for systems with low bandgap fullerene-free acceptors,
Eg is estimated on the basis of neat acceptor thin film absorption

Figure 1. Precursor molecules and device performance: chemical structure of PM6 and IT-4Cl (a), current density–voltage curves (b), and EQE (c) for
conventional structure-based devices (i.e., Glass/ITO/PEDOT:PSS/Active Layer/PFN-Br/Al).
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and photoluminescence (PL) intersection (neat acceptor films
means without blending with donor molecules). Remember
that the molecular arrangement in actual device active layers
(i.e., a blend for donors and acceptors) can be different from such
simplified neat thin films. Yet, the potential influence of micro-
scopic features on optoelectronic properties is typically not given
enough attention. Consequently, this study further investigates
the effects of microscopic differences between thin films of neat
donor/acceptor and their corresponding blends adopting differ-
ent fabrications (i.e., xDIO(xTA), DIO(TA), and DIO(xTA)). For
the blended thin films, microscopic differences associated with
domain aggregations have been confirmed from the larger
dimensions of surface domains/hills for DIO(TA), followed by
DIO(xTA), compared to xDIO(xTA) (Figure 2c) as obtained
through atomic force microscope (AFM) characterizations.
Further, the most aggregated sample displays less uniform size
distribution of surface hills, which are also supported by the
AFM surface roughness (Figure 2d), such that DIO(TA)

demonstrates the highest roughness (2.75 nm) compared to
xDIO(xTA) (1.54 nm) and DIO(xTA) (2.06 nm).

Now that microscopic variations between each sample have
already been established, the absorption and PL spectra were
obtained to describe their optoelectronic properties. The addition
of DIO demonstrates bathochromic shifts with significant
enhancement of the acceptor absorption (Figure 3a), supporting
the enhanced JSC for DIO(TA) devices (Figure 1b and Figure S2,
Supporting Information). This is also an indication of better
molecular ordering, aggregation, and enhanced chromophore
for IT-4Cl.[13] Consequently, the EQE of DIO(TA) (Figure 1c)
is the most redshifted. Molecular ordering can arise from the
aggregations of conjugated molecules, which improves the back-
bone planarization and has been experimentally demonstrated to
cause absorption shifts toward higher wavelengths.[14] Even
though xDIO(xTA) displays the least IT-4Cl enrichment, which
has been discussed to be the preferred case for hole extraction in
conventional devices (when considering the vertical morphology)

Figure 2. Microscopic characteristics: Illustration of the active layers’ cross section using spheres of different colors: red corresponds to PM6 (F�1), green
for IT-4Cl (Cl�1), dark yellow for PEDOT:PSS (C8H7SO3

�1), and black for ITO (InO�1) a); ToF-SIMS intensity against sputtering time where the color blue
(CN�1) also corresponds to IT-4Cl b); surface hill size distribution c); surface roughness d) from AFM characterizations. Both Cl�1 and CN�1 are frag-
ments unique from IT-4Cl molecules. The corresponding SIMS peaks for DIO (additive) fragments were extremely small such that their resolution is not
enough to provide meaningful insights, thus they were omitted. These results are identified to be reproducible. Surface roughness values were based on
5 um� 5um scans (Figure S6, Supporting Information).
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as compared to DIO(TA) and DIO(xTA), it still exhibits the lowest
JSC (Figure 1b) due to poor domain aggregations which concern
the lateral morphology. In contrast, thermal annealing slightly
reduces the donor absorption in DIO(TA), suggesting retarded
PM6 self-aggregation.[15] Interestingly, DIO(TA) still manages
to exhibit slightly better EQE at the donor-dominated absorption
regime (Figure 1c), implying enhanced charge transport prop-
erty, which is expected as a consequence of more continuous per-
colation pathways enabled by aggregations.[16] These are in
agreement with PL quenching (referenced to neat IT-4Cl)
(Figure 3b), which is largest (or most efficient) for the least aggre-
gated xDIO(xTA), followed by DIO(xTA), and least for the most
aggregated DIO(TA). This confirms that more efficient PL
quenching is indicative of highly intermixed blend constituents
(smaller domains), which increases the donor–acceptor interfa-
cial area for charge transfer.[13] However, the too-large donor–
acceptor interfacial area will also stimulate the recombination
of free charges,[17] as reflected from the lower JSC for
xDIO(xTA)-based device. Further, the mentioned aggregations
can also be inferred from the normalized to maximum PL spectra
(Figure 3c), wherein hypsochromic shift and broadened PL for
xDIO(xTA) film, compared to DIO(TA) and DIO(xTA), have been
obtained, which are known to be consequences of smaller
domain sizes.[18]

This work then illustrates that absorption and emission fea-
tures of the same donor:acceptor blends may significantly change
relative to the microstructures of fabricated thin films. As men-
tioned earlier, Eg based on neat acceptor thin films is widely used
as the reference for energy loss calculations in most OSC studies.
Some of which leads to captivating claims of overcoming (by tens
of meV lower) the empirically observed minimum energy loss
(i.e., 0.60 eV)[19] to achieve high device quantum efficiency.
To shed light, Figure 3d shows the estimated Eg from the corre-
sponding absorption and PL spectra intersections (Figure S7,
Supporting Information) of neat IT-4Cl and the blends.
Variations of up to around 60meV can be observed. DIO(TA)
(1.55 eV) displays the smallest Eg, while it is highest for
xDIO(xTA) (1.61 eV). These are consistent with the observations
from other systems, such as PM6:BTP-4Cl, as reported
recently.[20] Intuitively, such discrepancies can generally be
expected in this class of materials, and energy losses from former
reports could potentially be over/underestimated.

Time-resolved PL (TRPL) was also performed to describe the
corresponding dynamics of excited states, more precisely for hole
transfer, as IT-4Cl has a much lower Eg than PM6. The exponen-
tial fittings and summary of obtained lifetimes are provided in
Figure 4a–c (Figure S8, Supporting Information, for neat IT-
4Cl) and summarized in Table S3, Supporting Information.
As expected, upon exciting the acceptor, the neat IT-4Cl has a

Figure 3. Absorption and emission spectra: normalized absorption relative to the maximum for PM6 and IT-4Cl, while relative to DIO(TA) maximum for
the blends (a), normalized to IT-4Cl PL (b), normalized to individual maximum PL (c), and illustration of the estimated Eg values (d).
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much longer excited state weighted average lifetime (τave)
(148 ps) compared to blends which are known to be a conse-
quence of charge transfer.[21] A single exponential function is
able to fit the lifetime of xDIO(xTA), which implies a common

recombination center, while a biexponential function is needed
for blends with DIO. The shift from single to biexponential fit-
tings demonstrates the existence of recombination centers with
both fast (τA) and slow (τB) components. This associates well with

Figure 4. Excited states dynamics and molecular energy levels: xDIO(xTA) monoexponential TRPL fitting with the instrument response frequency (a),
biexponential TRPL fittings for DIO(TA) (b), DIO(xTA) (c), UPS spectral onset of films fabricated through o-xylene solvent with Gaussian fits and the
estimated onset energies (relative to vacuum) as inset (d), and UPS onset of neat IT-4Cl films fabricated from different solvents (e). For TRPL, 780 nm
laser was used for excitation, while the summation of emissions from 820 to 900 nm was used for detection. As a note, no deconvolution was performed
in the blend UPS spectra. Thus, the onset energies provided are not intended to coherently describe IEs, but rather only to give quantitative estimates on
how IEs can be affected.
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the discussed aggregations. The fast component can be assigned
to those excited states generated near the donor–acceptor inter-
faces; correspondingly, slow dynamics can be expected for those
excited states generated inside large domains owing to charge
diffusion reaching the interface before charge transfer, which
leads to longer emission lifetimes. Overall, the obtained τave
(about 20 ps) for the samples considered are within comparable
limits. Thus, for a more comprehensive view of exciton dynam-
ics, both the fast and the slow decay times can be considered,
reflecting the microscopic property of the samples.

Ultimately, arguments about the significance of donor:accep-
tor ionization energy (IE) offset exist in a number of recent
reports,[22] such that some systems with offset lower than
500meV (by tens to hundreds of meV) are found to exhibit dras-
tically lower quantum efficiencies, while reports for other sys-
tems do not display similar behavior. IEs obtained from
ultraviolet photoelectron spectroscopy (UPS) onset energies rel-
ative to vacuum are typically regarded as better representative
energetics in devices,[23] thus this method has increasingly been
used for more conservative studies. Similar to other methods,
measurements based on neat thin films are commonly regarded
to quantitatively describe the energy level alignments of donor
and acceptor molecules constituting the device active layer.
However, it is often neglected that when energetically dissimilar
materials (electron donors and acceptors) are mixed to fabricate
solid thin films/devices, the resultant multiphase system is likely
to have energetics different from that of the neat constituents
owing to factors such as intermolecular attractions. To address
this, blended thin films fabricated with varying precursor solu-
tion donor-to-acceptor ratios (1:4 and 4:1) were studied in addi-
tion to neat thin films. This also sought to illustrate how the
identified vertical stratification across the active layer thickness
(i.e., having nonidentical donor-to-acceptor ratios caused by
the previously discussed vertical phase segregations) can influ-
ence the IEs. As a note, samples are thermally annealed to
enhance the film conductivity for enhanced spectral resolution.

As an initial basis, gas-phase IEs of single molecules from
time-dependent density functional theory (TD-DFT) calculations
were also reported (Figure S9, Supporting Information). Looking
at the UPS onset region (Figure 4d), the IEs for both neat IT-4Cl
(�5.15 eV) and PM6 (�4.96 eV) films using o-xylene solvent were
identified. Also, the blend with 1:4 ratio displays only marginal
spectral difference compared to neat IT-4Cl, which suggests that
the influence of PM6 is minimal (onset and cutoff regions are in
Figure S10, Supporting Information). However, based on the
Gaussian fits, the blend with 4:1 ratio displays a distinct spectral
feature compared to both the neat films. This spectrum may cor-
respond mainly to PM6, IT-4Cl, or their spectral convolution.
Although upon considering the cutoff regions (shown in
Figure S10, Supporting Information), it can apparently be attrib-
uted principally to IT-4Cl. In any case, this demonstrates an evo-
lution of donor and/or acceptor UPS spectra upon variation in
the donor-to-acceptor ratio, such that onset energies vary up to
about 100meV herein (inset of Figure 4d). In practice, the actual
blend components ratio (or the resulting nanomorphology) in
device active layers was not meant to be diligently replicated upon
fabrication of simplified thin films. Also, there are donor–
acceptor interfacial effects that have been introduced recently,
such as band bending,[24] which can also contribute to these

observed spectral changes. To better exemplify the effects con-
cerning nanomorphology, onset energies of neat IT-4Cl thin
films were fabricated using the same precursor composition
as with the o-xylene-based solution, but from chloroform
(�4.63 eV) and chlorobenzene (�4.72 eV) solvents were also
determined (Figure 4e). As demonstrated from previous stud-
ies,[25] these solvents have different film-forming properties as
compared to o-xylene. Also, IT-4Cl possesses polar ends, making
chloroform and chlorobenzene (i.e., polar solvents) more widely
used among former reports. Accordingly, the onset energies
obtained using the mentioned halogenated solvents have signifi-
cantly varied relative to when o-xylene is used, but closer to DFT
estimations. As with the Eg, such differences could be more nota-
ble on other systems. It is then suggestive that distinguishable
IEs can be expected from a set of samples with the same com-
position, but having different microstructures depending on film
fabrication and the intrinsic properties of precursor materials.
On top of the estimated onset energy variations, it is more impor-
tant to highlight the illustrated spectral transformations,
which must be recognized among future related studies for a
more precise interpretation of results.

3. Conclusion

In conclusion, this work experimentally illustrated the existence
of vertical molecular stratification on a polymer:fullerene-free
system and demonstrates how such stratification governs the
photovoltaic device performance. The enrichment of acceptor
domains near the HTL (for conventional devices) hinders hole
transport, while its enrichment near ETL (for inverted devices)
favors the electron transport, as suggested from the correspond-
ingly obtained JSC values. Owing to the different nature of molec-
ular stratifications, the JSC and EQE were identified to be highly
dependent on device structures. In essence, without spatial
molecular characterizations, it will be very challenging to pre-
cisely identify the sources of device improvements when compar-
ing different blends of donor and acceptor molecules. Further,
the thin-film microstructure was also found to influence its
optoelectronic properties. Specifically, Eg and UPS onset ener-
gies of neat and set of blended thin films display differences
upon variation on the sample fabrication, blend constituents’
ratio, and the choice of precursor solvent. As the actual device
active layer can have vertical molecular stratification and its nano-
morphology/composition could be different relative to simplified
thin films, the energy loss quantifications and energy offset anal-
yses could then be greatly affected. All these will result in less
precise understanding of OSCs’ photovoltaic and optoelectronic
properties, as well reflected from a number of opposing propo-
sitions from different reports lately. This study then highlights
the importance of spatial molecular characterizations. Also,
as thin films are the most versatile way to describe active layers,
it could then be worthy to also understand how significant a
particular optoelectronic property will depend on thin-film
microstructure, leading to more accurate correlations relative
to device metrics. These are sought to introduce more precise
data interpretations in future studies and accelerate the advance-
ments in OSCs.
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4. Experimental Section
Experimental details are available in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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