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Abstract: Polymer-polymer blends have been reported to exhibit exceptional thermal
and ambient stability. However, power conversion efficiencies (PCEs) from devices using
polymeric acceptors have been recorded to be significantly lower than those based on
conjugated molecular acceptors. Here, two organic nonfullerene bulk heterojunction (BHJ)
blends ITIC:PBDB-T and N2200:PBDB-T, together with their fullerene counterpart,
PCBM:PBDB-T, are adopted to understand the effect of electron acceptors on device
performance. We comprehensively investigate free charge carrier properties using time-

resolved microwave conductivity (TRMC) measurements. The nonfullerene devices show an

improved PCE of 10.06% and 6.65% in the ITIC and N2200 based cells, respectively. In
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comparison, the PCBM: PBDB-T based devices yielded a PCE of 5.88%. The optimal N2200:
PBDB-T produced the highest TRMC mobility, longest lifetime, and greatest free carrier
diffusion length. We found that such phenomena can be associated with the unfavorable
morphology of the all-polymer BHJ microstructure. In contrast, the solar cell using either the
PCBM or ITIC acceptors display a more balanced donor and acceptor phase separation,
leading to more efficient free carrier separation and transport in an operating device.
Sacrificing efficiency for superior stability, we show that the improved structure in all-

polymer blend could deliver a more stable morphology under thermal stress.

1. Introduction

Polymer solar cells (PSCs), which are composed of a polymeric donor and an electron
acceptor (fullerene molecule, conjugated small molecule, conjugated polymer or mixed)*-!
exhibit great potential for solution-processed next-generation solar cells. By adjusting the
chemical structure of the donor material,®"1 conjugated polymers can exhibit extended
absorption and higher hole mobilities. In 2014, polymer-fullerene solar cells obtained a
certified power conversion efficiency (PCE) of over 10%.° Over the past 5 years, great
success has been achieved in polymeric solar cells adopting nonfullerene electron acceptors,
5 with PCEs now exceeding 16.0%.12%-111 Nonfullerene molecular or polymeric electron
acceptors offer unique opportunities for photovoltaic applications due to their flexible
structure tunability and new device features that emerge at the donor/acceptor heterojunction.
Besides, the adoption of nonfullerene materials can offer exceptional stability which has not
been achieved in previous polymer-fullerene systems.[?-141 This progression demonstrates the
potential for nonfullerene polymer solar cells and its advantages for further design
opportunities for efficient and stable solar cells for large-scale applications.

Incorporation of nonfullerene acceptors can extend the solar cell photoresponse to over

800 nm using a wide bandgap donor polymer.34l Conjugated molecules and polymers tend to
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exhibit better thermal stability than conventional fullerene derivatives. This property presents
unique potential as these materials are less prone to thermal stress and possess better
phase stability.!4®1 However, the morphology of bulk heterojunction (BHJ) blend
film is detrimental to charge transport and recombination. Therefore, the adoption of
processing additives has become a conventional optimization technique and effectatively
alter the active layer morphology.'™ In general, these additives usually have a high boiling
point and possess selective solubility to one of the active materials. [*8] However, the addition
of these additives usually work less efficient in either small moleculae and polymer based
nonfullerne solar cells relative to the conventional polymer-fullerene based ones.[*%
Zhan et al. first reported efficient nonfullerene solar cells using a newly designed
conjugated molecular acceptor ITIC,?% which outperforms conventional PCBM based
devices. Meanwhile, the PCE of polymer-polymer (all-polymer) solar cells have also
rapidly progressed and now exceed 11%.2:-% Currently, PSC research is mainly focused
on two aspects: exploring more solar-efficient materials with a focus on nonfullerene
acceptors and device engineering to improve charge transport and recombination. Both
efforts were dedicated to further improve the photovoltaic performance of the solar cell.
However, less investigations have been carried out to explore the fundamental properties of
these materials, which is important and helpful in understanding the current device
performance as well as potentially providing guidelines to design novel materials and
device architecture.

In this work, we comprehensively investigated the charge transport and
photovoltaic performance of three representative organic BHJ solar cells: polymeric
donor PBDB-T blended with PCBM, nonfullerene acceptor ITIC, and N2200%4 (also
known as P(NDI20D-T2)). The N2200:PBDB-T BHJ blend was fabricated under optimal
conditions. Although it exhibited a mediocre PCE of 6.65%, it generated the highest free
carrier mobility, lifetime, and the longest free carrier diffusion length. We found that
such an imbalance between

photovoltaic performance and charge carrier properties can be attributed towards the blend
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morphology. All-polymer blends show an unfavorable phase separation scale which further
leads to increased charge recombination and thus decreases the solar-to-electricity conversion.
nonetheless, solar cell devices based on the N2200:PBDB-T blend display excellent stability
under thermal stress, which has been proven to be closely related to its “unique” morphology.
We believe that these results will help understand the transport-morphology-performance

relationship for efficient and stable polymer solar cells.

2. Results and Discussion

For consistency, all PSCs were fabricated with an inverted device architecture with a
configuration of: indium-tin-oxide(ITO)/Zinc oxide (ZnO) /PBDB-T: Acceptor/MoO3/Ag,
which is illustrated in Figure 1. The polymer PBDB-T and its derivatives are widely used as
electron donors in recent organic solar cells.> %1 ITIC is considered as the pioneer of efficient
nonfullerene acceptors, which opened a new door for further development of organic solar
cells.”*] The polymer N2200 was first reported as an efficient n-type material for field-effect
transistorst?*l and has been recently adopted as an electron acceptor.[12 As shown in Figure
S1, in comparison to the conventional PCBM acceptor, the absorption of both ITIC and
N2200 polymers are well complemented with PBDB-T to cover the visible-to-NIR regions.
The highest occupied molecular orbital (HOMO) of these materials were determined by
ultraviolet photoelectron spectroscopy (UPS) characterization (Figure S2). As shown
in Figure 1, the PBDB-T exhibits a HOMO level of -526 eV and the lowest
unoccupied molecular orbital (LUMO) is calculated to be -3.46 eV. PCBM, ITIC, and
N2200 exhibit a HOMO level of -5.92 eV, -5.71 eV, and -5.77 eV, respectively. Meanwhile,
the LUMO level is calculated to be -4.10 eV, -4.13 eV, and -4.32 eV, respectively. Based on
these results, all of these donor/acceptor combinations demonstrate favorable energy

level alignments for achieving efficient charge separation.



As an initial study, we first compared the photovoltaic characteristics of the three
representing BHJ systems. Figure 2a depicts the current density versus voltage (J-V)
characteristics of the optimized PSCs using different electron acceptors under AM1.5G
illumination at an intensity of 100 mW/cm?. The devices fabricated with conventional PCBM
exhibit an open-circuit voltage (Voc) of 0.875 V, a short circuit current density (Jsc) of 10.34
mA/cm?, a fill factor (FF) of 65.1%, and a best PCE of 5.88%. Fortunately, the strategy of
employing nonfullerene acceptors takes advantage of improved absorption. ITIC:PBDB-T
based devices exhibit a slightly higher Voc of 0.910 V, a significantly improved Jsc of 16.10
mA/cm?, a slightly improved FF of 68.7%, and delivers a best PCE of 10.06%. Finally, the
N2200:PBDB-T based device exhibits a similar Voc of 0.865 V, a slightly improved Js. of
11.67 mA/cm?, a similar FF of 66.1%, and a PCE of 6.65%. Analyzing these results, we can
see that although both the ITIC and N2200 systems display enhanced absorption, only the
ITIC:PBDB-T solar cell produces a PCE exceeding 10%, which can be attributed it to its
largely improved Jsc value. The different photocurrents in these devices can be attributed to
the different charge carrier properties in these systems. The external quantum efficiency
(EQE) of these optimized PSC devices has been measured to evaluate the photoresponse as
well as charge-collection efficiency. These results are shown in Figure 2b. We observe an
overall increase in the EQE for both the ITIC and N2200 based devices in the absorbing
region over 700 nm. This result displays the photocurrent contribution from the electron
acceptors. However, this value significantly decreases in the N2200:PBDB-T based device,
suggesting poor charge-collection efficiency at the longer wavelength. This deficiency can be
attributed to the relatively low absorption coefficient of N2200 in the long-wavelength
region.[?8] Unexpectedly, the N2200:PBDB-T based device exhibits a slightly lower EQE
value in the region between 400-700 nm compared to PCBM:PBDB-T, suggesting increased
charge recombination in the N2200:PBDB-T cell. These J-V and EQE results demonstrate the

benefits of nonfullerene acceptors in improving light-harvesting efficiencies in PSC devices.
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To understand photovoltaic performance, charge transport is another crucial factor that
must be understood.!?”! The charge transporting properties in organic BHJ blends are normally
characterized using the space-charge-limited current (SCLC) method.?®l This simple
measurement is greatly influenced by the processing condition, thickness, morphology of the
organic blend, and model applied to extract transport values. In this regard, SCLC
characterization is undesired in fundamentally investigating the charge transporting properties
of these blend films. Here, we conducted time-resolved microwave conductivity (TRMC)
measurements.[?>3 TRMC is a contactless, optical pump-continuous microwave probe,
technique that samples local free carrier mobility on the length scale of carrier delocalization.
For intrinsic or fundamental investigations of charge carrier transport properties, TRMC is
preferred because the measured mobility is minimally impacted by the types of bulk
morphological non-uniformities that encumber long-range mobility measurements like SCLC.
These include grain boundaries, bulk voids, and especially the charge extraction interfaces
present in the device. As such, TRMC measurements give an indication of the potential
performance, or the upper limit, that one could expect from a particular blend from a free
carrier yield and mobility standpoint. Recently, Snaith et al. first explain the long-range
charge carrier mobility in metal halide perovskite thin films using this technique.*!l As shown
in Figure 3a-b, there are two primary figures of merit from the TRMC measurement: (i) the
product (¢> p) of the quantum efficiency of free carrier generation per photon absorbed (¢)
and the sum of free electron and hole mobilities (3_p), and (ii) the average free carrier lifetime
(tau) extracted from the photoconductivity transient. Comparing the molecular acceptor
blends, PCBM: PBDB-T exhibits a slightly higher ¢> u than ITIC: PBDB-T (0.08 vs 0.06 cm?
V1 s71). Fullerenes are unique spheroid-shaped molecules that can form close contacts with
each other and the donor in arbitrary directions, which can aid efficient charge transfer and
delocalization as detected by TRMC.-321 However, the much lower absorption in visible and

NIR regions of Ceo-based fullerene derivatives severely limits their application in high-
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efficiency PSCs. In contrast, the all-polymer blend N2200: PBDB-T exhibits the highest ¢>
of 0.14 cm? V! s, nearly a two-fold increase over the molecular acceptor blends. Bi-
exponential fits of the photoconductivity transients (Figure 3b), taken from the lowest
absorbed flux points, reveal that the average free carrier lifetime is also highest in the N2200:
PBDB-T blend (880 ns), resulting from fewer trap states and carrier recombination relative to
both the PCBM: PBDB-T (760 ns) or ITIC: PBDB-T (630 ns) blends.l"]

With the experimentally determined yield-mobility product () and carrier lifetime ()
we can further evaluate the free charge carrier diffusion length (Lp) using the following
equation:!

,leBT
q

LD= T

Where 1, u, ks, T, and g are charge carrier lifetime, charge mobility, Boltzmann constant,
temperature, and elementary charge, respectively. Since the values here are derived from local
properties, they also should serve as upper estimates of carrier diffusion, but nonetheless are
quite useful to compare in the series. Figure 3c shows plots of each diffusion length
relationship for a simulated range of ¢ values to demonstrate how ¢Yu values are
deconvolved to calculate Lp. For each of the blends, a vertical dashed line indicates a
separately measured IQE value (Figure S3, Sl) corresponding to the same excitation
wavelength as the TRMC measurement (640 nm). The N2200: PBDB-T blend (Lp=677 nm)
exhibits a significantly longer free carrier diffusion length relative to the PCBM: PBDB-T
(Lpo=416 nm) and ITIC: PBDB-T (Lp=358 nm) blends. From this perspective the all-polymer
blend is predicted to be a more desirable option for PSCs in terms of free charge generation,
carrier mobility, and diffusion length. This prediction, based on local intrinsic properties, is in
disagreement with our solar cell results, which necessitated additional analyses to understand

this discrepancy by further examining the devices under operating conditions.



Numerous prior studies work have demonstrated that the charge transport process is
strongly affected by the BHJ blend morphology.!*: 3 Therefore, a thorough morphological
study may be helpful to understand the contradiction between the TRMC measurements and
device performance. The morphology of the three optimal blend films were first examined by
grazing-incidence wide-angle X-ray scattering (GIWAXS).1 Two-dimensional (2D)
scattering images and the corresponding line-cuts of blend films are shown in Figures 4a-c
and Figures S4-S5, respectively. In all films, a diffraction peak corresponding to the m-n
stacking structure appears along the g, axis (out-of-plane direction), suggesting a preference
for face-on orientation. As shown in Figure S4, the (010) diffraction peak of the acceptor
appears in both the ITIC and N2200 based blends. A halo around 1.4 A™* can be observed in
the scattering spectra of PCBM: PBDB-T blend, which corresponds to a pure amorphous
PCBM phase. Fullerenes are spherically symmetric materials which can have close contact
with the donor molecules in arbitrary directions to achieve efficient charge transfer and
transport.[36-38 The (010) diffraction peaks indicate a preference for face-on orientation for
both PBDB-T and ITIC, which is beneficial for vertical charge transport in solar cell devices.
In contrast, N2200: PBDB-T shows a strong n-n stacking diffraction peak in the out-of-plane
direction as well as multiple diffraction peaks in the in-plane direction. Neat N2200 films
have been widely reported to be high-crystalline films with strong face-on orientation.*"!
Therefore, we hypothesized that there should be a crystallization competition between two
conjugated polymers during the solution spin-coating process. Though the crystallization
dynamics for each material during the blend film drying process have not been completely
understood, we can conclude that the performance of all-polymer solar cells in large part
depends on the morphology and optimization of the all-polymer blend. These morphologies
are more complicated compared to both the PCBM and ITIC based blends.

To gain further insight into the phase separation and to confirm the GIWAXS results,

we also investigated the film morphology through transmission electron microscopy (TEM),
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as shown in Figures 4d-f. For the PCBM: PBDB-T blend, the donor polymer, and PCBM
exhibits a phase separation scale around 10-20 nm, which is beneficial for carrier transport
and efficient exciton dissociation.’”1 The ITIC: PBDB-T blend shows similar features
while with slightly larger ITIC domaina. Since ITIC is a more crystalline material
compared to PCBM, it tends to aggregate in the solution-to-film transformation.
Generally, both blend films exhibit a similar morphology which has been observed in
previously reported efficient blend films. In contrast, N2200: PBDB-T shows very different
blend morphology, as expected from the GIWAXS characterization. Such morphology
included an apparent long-range ordered N2200 “wire” structure. The phase separation in
the all-polymer blend is beyond the favorable nanoscale (~20 nm), which is theoretically not
desired for exciton dissociation and would induce more charge recombination. Coupling the
GIWAXS and TEM results, the all-polymer blend morphology may interpret the higher
mobility, diffusion length, but lower photovoltaic performance in the all-polymer system.

Both the efficiency and stability of a solar cell is an essential consideration for
practical applications.[*l Quite recently, PSCs have drawn lots of attention due to its excellent
stability under both thermal stress and ambient conditions relative to PCBM or ITIC.#1-42]
However, the reasoning behind these properties remains unclear. In this project, we
finally systematically investigated the stability of these devices under the same operating
conditions (Nitrogen (N2) atmosphere without or with a continuous 80 °C thermal treatment).
As shown in Figure 5a, all of these devices demonstrate a fairly stable performance
in an inert atmosphere without encapsulation. After an initial minor decline in
performance within the first 20 hours, the PCE remains steady and outputs over 90% of the
initial performance during 300 hours of aging. Aging measurements were also carried out for
devices under a continuous 80 °C thermal treatment. As shown in Figure 5b, only the N2200:
PBDB-T cell was capable of maintaining stable performance under the thermal stress. Both
the PCBM: PBDB-T and

ITIC: PBDB-T based devices deteriorate quickly and experience a PCE decay to ~60% of its
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initial value within the first 10 hours. After the 10 hours, the PCE remained steady. It is also
easy to correlate the stability to the morphology. Both the PCBM:PBDB-T and ITIC:PBDB-T
exhibit a similar microstructure and phase separation scale. The thermal motion of molecules
is more active in comparison to large-sized conjugated polymers. The unique all-polymer
blends with a large D/A domain size has a higher tolerance to thermal stress. We conducted
atomic force microscopy (AFM) measurements to confirm our prediction. As shown in Figure
S6, the all-polymer blend exhibited stable morphological features under thermal stress
compared to PCBM and ITIC based devices. Therefore, the relatively low efficiency and
excellent device thermal stability for all-polymer solar cells can be a synergistic effect of the

conjugated polymer itself and their current identical blend morphology.

3. Conclusion

In conclusion, through TRMC measurements we comparatively investigate the local
intrinsic free-carrier properties in three representative organic BHJ blends. Such blends
consist of a PBDB-T donor, two well-known molecular acceptors PCBM and ITIC, and
polymeric acceptor N2200. We observe the best local free carrier generation and transport
properties in the N2200: PBDB-T blend, which at the bulk scale produces an OPV device
PCE around 6.65%. In contrast, the ITIC blend yields the lowest TRMC figures of merit and
yet produces the overall best PCE amongst the acceptors, which exceeds 10%. By
characterizing the bulk morphologies, we found that the properties of the long-range
microstructure correlates best with the device results. The solar cell using either the PCBM or
ITIC acceptor displays a more balanced donor and acceptor phase separation, leading to more
efficient generation and transport of charges that can actually be collected in a working device.
However, the more complex BHJ morphology formed in all-polymer blends, we suppose due
to donor and acceptor chain entanglement as well as secondary and tertiary packing motifs in

both phases, in fact delivers a more thermally stable morphology in the operating device. We
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believe that the results presented here are important in understanding and improving the
efficiency and stability of organic solar cells, especially since new high-performance classes
of acceptor materials clearly induce BHJ morphologies that may trade-off reaching their

intrinsic performance potential for operational thermal stability in the device.

Experimental Section

Materials: PBDB-T (Mw>100.0 kg/mol, PDI <3.0), PCBM and ITIC were purchased from 1-
Materials Inc. N2200 was synthesized according our previous report (M, = 36.0 kg/mol, PDI
=2.5).[4l

Time-Resolved Microwave Conductivity: The sample is placed in a microwave cavity at the
end of an X-band waveguide operating at ca. 9 GHz, and is photoexcited through a grid with a
5 ns laser pulse from an OPO pumped by the third harmonic of an Nd:YAG laser. The relative
change of the microwave power, P, in the cavity, due to absorption of the microwaves by the
photoinduced free electrons and holes, is related to the transient photoconductance, AG, by
AP/P = -KAG, where the calibration factor K is experimentally determined individually for
each sample. Taking into account that the electrons and holes are generated in pairs, the peak
photoconductance during the laser pulse can be expressed as: AG = BqeFh (¢ - ). where
ge is the elementary charge, 3=2.2 is the geometric factor for the X-band waveguide used, o
is the incident photon flux, FAhe fraction of light absorbed at the excitation wavelength, ¢ is
the quantum efficiency of free carrier generation per photon absorbed and X the sum of the
mobilities of electrons and holes. The equation is used to evaluate the quantum efficiency or
free carrier generation per photon absorbed, multiplied by the local mobility of free carriers.
These quantities can often be correlated with molecular structure to provide insight into the
mechanisms for free carrier generation and transport in all-polymer composites as a function
of the microstructure. The photoconductance decay after the end of the laser pulse is also a

useful tool for the characterization of free carrier decay mechanisms by recombination and
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trapping. Active layer blend samples for this work were prepared on quartz substrates

according to an optimized device conditions.
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Figure 1. Schematic illustration of the device structure of inverted BHJ polymer solar cells
together with the energy levels and chemical structure of PBDB-T, PCBM, ITIC and N2200.
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Table 1. Device parameters of PBDB-T based polymer solar cells.

Yield Free Carrier
Mobility  TRMC e
Acceptor Voo Jse FF PCE Product  Lifetime Diffusion
P V) (malmd) ) ) (09) Length

Vi) (nm)

PCBM 0.875 10.34 65.1 5.88 0.08 760 416
ITIC 0.910 16.10 68.7 10.06 0.06 630 358
N2200 0.865 11.67 66.1 6.65 0.14 880 677
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Through time-resolved microwave conductivity (TRMC) measurements, we comparatively
investigate the local intrinsic free-carrier properties in three representative organic BHJ blends,
and we believe that the results presented here are important in understanding and improving
the efficiency and stability of organic solar cells.
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1. Characterization

UV-vis-NIR spectrums were recorded on a Perkin ElImer model Lambda 750. UPS
measurements were performed using an Omicron Nanotechnology system with a base
pressure of 2.0x101° Torr. GIWAXS measurements were performed at the Advanced Light
Source (ALS)-Lawrence Berkeley National Laboratory on Beamline 7.3.3. Atomic force
microscopy (AFM) and transmission electron microscopy (TEM) images were captured using
a Veeco Multimode V instrument and Tecnai G2 F20 S-Twin transmission electron
microscope, respectively. The external quantum efficiency (EQE) was performed using a

certified IPCE instrument (Zolix Instruments, Inc, SolarCellScan100).

2. Device Fabrication and Measurements:

The structure of all-polymer soar cells was ITO/ZnO/blend/MoOs/Ag, which can be
found in our previous report. For the bulk heterojunction devices, PBDB-T:N2200 all-
polymer blend solutions (8 mg/mL, D/A ratio=2/1) in chlorobenzene were kept heating at 40
°C for at least 6 h. All-polymer active layer was spin-coated onto the top of ZnO layer at 2500
rpm for 60 s, which was further were thermally annealed at varying temperatures for 10 min
in glovebox. For the planar heterojunction devices, neat N2200 layer was spin-coated onto the
top of ZnO using varying polymer concentration (2 mg/mL to 8 mg/mL) at 2000 rpm for 60 s
to achieve different thickness, and then PBDB-T solution in chloroform was quickly drop on
top of N2200 layer and was spin-coated at 2000 rpm for 40 s with varying polymer
concentration (2 mg/mL to 6 mg/mL). The optimized condition for planar all-polymer
devices: N2200 in chlorobenzene (4 mg/mL) spin-coated at 2000 rpm 40s to obtain a
thickness ~60 nm, and then PBDB-T (chloroform 4 mg/mL) on top spin-coated at 2000 rpm
for 40s to obtain a thickness ~50 nm. The planar all-polymer devices were also thermally

annealed at varying temperatures for 10 min in glovebox. Finally, MoOs at a speed of 0.2 A/s
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(9.0 nm), and anode Ag at a speed of 2 A /s (100 nm) layers were then thermally evaporated
according to our previous method.®” The protocol for solar cells characterization (J-V
characteristics, EQE) was according to our previous report.®” Solar cell devices were
measured in forward scan (-1.0 V — 1.0 V, step 0.0125 V, scan rate: 0.1 V s™%) without an

illumination mask in glovebox. The stabilized PCE value was taken for each device.
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Figure S1. UV-vis absorption spectra of PBDB-T and different electron acceptors
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Figure S2. UPS spectra of PCBM (a), ITIC (b) and N2200 (c) and PBDB-T (d) film.
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Figure S3. IQE of optimized polymer solar cell devices based on different electron acceptors,
respectively.
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Figure S4. Out-of-plane line cuts of the corresponding 2D GIWAXS images.
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Figure S5. In-plane line cuts of the corresponding 2D GIWAXS images.
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Figure S6. AFM images of fresh and agend PCBM:PBDB-T (a, b), ITIC:PBDB-T (c, d) and
N2200:PBDB-T blend films (e, ).
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