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ABSTRACT: Donor/acceptor (D/A) weight ratios are crucial for charge transport and
photovoltaic performance of organic solar cells (OSCs). Here, we systematically investigate the
photovoltaic behaviors of PM6:Y6 solar cells with different PM6 contents. It is found that the
photovoltaic performance is tolerant to PM6 concentrations ranging from 10 wt%-60 wt%.
Especially for the dilute donor-solar cells with only 10 wt% PM6, an impressive efficiency over
10% with high short circuit current density (Jsc) of 18.5 mA ¢cm™ and fill factor (FF) of 0.66 has
been achieved. Efficient charge generation, electron/hole transport with slow charge
recombination, and almost field-insensitive extraction can be achieved in 10 wt% donor solar
cells. This raises the question about the origin of efficient hole transport in such dilute donor
structure. By investigating on the hole mobility of PM6 diluted in Y6 and insulators, we find
that effective hole transport pathway is mainly through PM6 phase in PM6:Y6 blends despite

with low donor contents. The results indicate that a low fraction of polymer donors combines



with near-infrared non-fullerene acceptors could achieve high photovoltaic performance, that
might be an candidate for semitransparent windows.
Keywords: efficient hole transport, low donor contents, non-fullerene acceptors, organic solar
cells
1. Introduction

Organic solar cells (OSCs) based on non-fullerene acceptors (NFAs) have achieved rapid
development in recent years due to the tunable energy levels and absorption spectra of NFAs
[1-6]. The power conversion efficiency (PCE) of single-junction OSCs has reached over

17%18%? [7-9]. The efficiency of OSCs is determined by the short circuit current density

(Jsc), open-circuit voltage (Voc) and fill factor (FF). In NFA-OSCs, efficient charge separation
and low voltage losses can be achieved simultaneously, yielding high Jsc and Vo [10-12]. The
third important parameter FF is strongly affected by the competition between charge transport
and recombination especially in low internal fields region (near Vo). It has been demonstrated
that efficient charge transport and suppressed recombination losses are largely related to
balanced electron and hole mobility in OSCs [13,14]. Generally, a continuous interpenetrating
network of donor and acceptor is considered to be significant for the electron and hole transport
[15]. Therefore, the donor/acceptor blend composition is very important for the charge transport
and device performance. Typically, in dilute donor heterojunctions where the average distance
between individual donor domain enlarges, that may reduce hopping rate of hole. The
unbalanced charge transport can induce space-charge effect, causing more recombination loss
and poor performance [16]. Interestingly, some previous studies have reported that fullerene
based OSCs with very low donor contents could maintain efficient hole transport [17,18]. It
was proposed that hole tunneling could occur between isolated donors [19,20], another possible
channel is that fullerene acceptors such as PCBM could act as an ambipolar conductor for both

electrons and holes in dilute donor solar cells [17,21,22].



Compared to the clarification on the exclusive role of fullerene acceptors in dilute donor
solar cells, charge generation, transport and recombination in dilute donor devices with NFAs
are rarely investigated. Recently, NFA Y6 with A-D-A’-D-A configuration has received a great
attraction. In the optimized solar cells based on PM6:Y6 (1:1.2, w/w), a high Js. exceeding 25
mA cm with a low voltage loss (~0.48 eV) can be achieved simultaneously [6,23]. A very
recent report with single crystal analysis and molecular simulation has highlighted the unique
packing in Y6 films can lead to strong electronic coupling between adjacent Y6 molecules and
efficient 3-dimensional ambipolar transport networks [24]. These interesting phenomena raise
an important question about hole transport mechanisms in bulk heterojunctions (BHJs) with
this emerging family of NFAs, which could contribute to the high device performance. Dilute
donor solar cells are interesting models to understand the role of acceptors on charge generation,
transport and extraction. Therefore, it will be informative to investigate the correlation between
photovoltaic performance and donor/acceptor blend composition in NFA-OSCs.

In this work, we studied the photovoltaic behaviors of PM6:Y 6 solar cells with various PM6
contents. OSCs with 10 wt% PM6 yield a high PCE of 10.3 % with Js of 18.5 mA ¢cm™ and FF
of 0.66. The results of femtosecond transient absorption (TA) spectroscopy indicate long
exciton diffusion process and efficient exciton dissociation in dilute donor blend films. In
contrast, the PM6:Y6 solar cells with high donor weight ratio (90 wt%) show faster charge
recombination. Moreover, slow charge recombination in dilute D solar cells was proved by light
intensity-dependent measurement and transient photovoltage (TPV). Almost field-independent
charge transport and extraction in the dilute donor devices were observed by transient
photocurrent (TPC) and bias-dependent EQE, whereas the carrier sweepout in the 90 wt% PM6
devices is associated with a much stronger dependence on the electrical field, indicating large
amounts of recombination loss. Importantly, it is found that PM6:Y6 blend even with 10 wt%

PMG6 exhibits efficient hole transport and balanced charge transport. By comparation the hole



mobility of PM6 diluted at 10 wt% in Y6 and insulating polymers, we conclude that 10 wt%
PM6 in PM6:Y 6 blends can still retain efficient hole transport pathway through the active layer,
that is also confirmed by measuring grazing-incidence wide-angle X-ray scattering (GIWAXS).
2. Results and Discussion
2.1. Photovoltaic performance of PM6:Y6 solar cells with various PM6 contents

PM6:Y6 solar cells with various PM6 contents were fabricated with a standard structure of
ITO/PEDOT:PSS/active layer/PDINO/AL. Fig. S1 shows J-V curves of PM6:Y 6 solar cells with
different PM6 contents under AM 1.5 G solar irradiation (100 mW cm™). The photovoltaic
parameters extracted from J-J curves are summarized in Fig. 1 and Table S1. As shown, the
photovoltaic performance of PM6:Y6 solar cells exhibit a high tolerance to donor contents
ranging from 10 wt%-60 wt%. The pristine Y6 devices exhibit negligible Js and efficiency due
to the poor exciton separation. Upon addition of 5 wt% PM6, the Jsc dramatically increases
from 0.25 mA cm™ to 11.35 mA cm™ and FF increases to 0.52. Solar cells with 10 wt% PM6
yield an efficiency over 10% with high Ji. of 18.5 mA ¢cm™ and FF of 0.66. It is worth noting
that the dilute donor devices show much better photovoltaic performance than the devices with
high donor contents, especially for Jsc and FF, that are largely determined by charge generation
dynamics and the competition between charge transport and recombination. To understand the
origin of high performance of OSCs with such low donor contents, charge generation, transport

and recombination were investigated in following sections.
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Fig. 1. Correlation between photovoltaic performance of PM6:Y6 solar cells and PM6 contents (under

100 mW cm? solar illumination). The dashed lines are guides to the eye.

2.2. Charge generation

To investigate charge transfer between PM6 and Y6, steady-state photoluminescence (PL)
spectroscopy was employed (Fig. S2). Compared to the PL of pure Y6 films, the PL intensity
of PM6:Y6 blends show a decrease trend with the amount of donor content increased from 5
wt% to 45 wt%. The PL intensity of BHJ with 10 wt% PM6 was quenched by 85%, suggesting
efficient interfacial charge transfer. Hole transfer dynamics from Y6 to PM6 was studied with
femtosecond TA spectroscopy. In Fig. S3, a 750 nm pump laser was used to selectively excited

Y6. The rising kinetics of PM6 ground state bleach in the blend at ~605 nm reflects the hole



transfer from Y6 to PM6, since photoexcited Y6 shows no absorption signal there. Hole transfer
process consists of an ultrafast hole transfer process and a diffusion mediated process. Hole

transfer kinetics (Table S2) were fitted by a biexponential function
t t
I = Aexp(——) + A,exp(——)
T1 T2

with two lifetimes of 7; and 7> and prefactors of A; and 4> [25,26]. Ultrafast charge transfer
process indicated by 7; should be attributed to quantum coherence, which plays a role in the
formation of charge carriers [27] and was experimentally observed in the solar cells [28]. In
Fig. 2a, all blend films with different PM6 wt% show ultrafast charge transfer process in the
timescale of 100 fs-250 fs. The following exciton diffusion process characterized by 4> and 7>
becomes more dominant with the decreasing of PM6 contents. In Fig. 2b, the exciton diffusion
lifetimes 72 in dilute donor blends are much longer than that in blends with 90 wt% PM6, which
is strongly related to the domain sizes in BHJs [26]. The fitting results in Table S2 indicate that

dilute donor blends exhibit longer hole transfer lifetime, suggesting efficient hole transfer.
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Fig. 2. (a) Normalized TA kinetics of hole transfer in PM6:Y6 blend films with various PM6 contents
(pump at 750 nm, probe at 605 nm); (b) Exciton diffusion lifetime as a function of PM6 contents (wt %).



As mentioned above, the exciton diffusion process is related to the domain sizes, surface
topographies . Blend films were measured by atomic force microscopy (AFM). As illustrated
in Fig. S4, the domain size in these blend films decreases with the increasing donor contents.
Large domain size in BHJ films with 10 wt% PM6 means that excitons will be created away
from the interface and thus spend longer time to diffuse to the interfaces. It has been
demonstrated that Y6 shows long exciton diffusion length of 35 nm [29], therefore, even in
dilute donor blends with large domain size, charge transfer can still retain efficient. However,
the blend film with 90 wt% PM6 shows much smaller domain size, as a result, excitons have
more probability of diffusing to the interface, leading to fast interfacial charge recombination.
Moreover, the decay signals in Fig. 2a should be attributed to charge recombination loss.
PM6:Y6 blend films with low donor contents behave slower decay than 90 wt% PM6-based
BHJs, suggesting slower charge recombination in dilute donor blends.

2.3. Charge transport and recombination

To investigate the charge transport, charge carrier mobilities were determined from space
charge limited current (SCLC) in single-carrier devices, as shown in Fig. S5 and Fig.3.
Interestingly, the hole mobilities have little correlation with the PM6 contents, the devices even
with 10 wt% PM6 can still exhibit high electron mobility of 2.7x10* cm? V! s and hole
mobility of 6.8x10° cm? V! 571 (Table S2), indicating efficient charge transport in such dilute
donor structure. However, the electron mobilities show an obvious decrease when PM6 contents
is over 60 wt%, the unbalanced charge transport results in a decreased device performance
(Fig.1). It is worth noting that pristine Y6 devices show both high electron mobility (6.5x10*

cm? V! s1) and hole mobility (1.8x10*cm? V! s1), indicating Y6’s ambipolar property.
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Fig.3 Electron and hole mobilities in PM6:Y6 OSCs with various donor contents extracted

from SCLC in single-carrier devices.

The charge transport blend films significantly influences charge recombination and
extraction in solar cells. To study the charge recombination in device operational conditions,
we examined irradiation power (/)-dependent Vo and Js in three representative PM6:Y6 BHJ
devices (10 wt%, 45 wt% and 90 wt% PM6). Typically, the relationship between Jsc and 7 can
be described by power law as [, « I*, where the deviation from a=1 is due to recombination
loss. As shown in Fig. 4a, the solar cells with 10 wt% and 45 wt% PM6 show similar a value
0f 0.94 and 0.95. The high a approaching to unity indicates smaller bimolecular recombination
loss, that should be due to balanced electron/hole transport in in these two cases. It has been
demonstrated that the Jsc of non-space-charge limited devices is linearly dependent on 7, while
space-charge limited photocurrents in OSCs caused by unbalanced mobility of electrons and
holes have a irradiation dependence following ~/°7 [16,30]. The relatively low a=0.76 in the
device based on 90 wt% PM6 implies stronger recombination. Therefore, we propose that there
is the emergence of strong space-charges effect in 90 wt% donor devices mainly caused by

extremely unbalanced charge transport.



Light intensity-dependence of V. can be described by the Shockley equation,

kT
Voo = nFIn(]S—C+ 1)

N

where J; is the reverse saturation current density, ¢ is the elementary charge, k& is Boltzmann’s
constant, 7 is temperature and # is an ideality factor [31]. The ideality factor n=1 indicates
bimolecular recombination dominated and »=2 implies trap-assisted recombination.[31,32]
Typically, these types of recombination co-exist in OSCs and # is usually between 1 and 2. In
Fig. 4b, the slopes of PM6:Y 6 devices with 10 wt% and 45 wt% donor are around 1.3, indicating
that the recombination is primarily via the bimolecular pathways with a minor role of trap-
assisted recombination. The n-value of the dilute A device (90 wt% PM©6) is very close to unity,
which suggests that in the donor-dominant matrix, photogenerated carriers are purely lost via
bimolecular recombination.

Moreover, TPV measurements were performed on PM6:Y6 solar cells as shown in Fig. 4c,
where the photovoltage decay is due to the recombination loss and longer decay time indicates
slower charge recombination. The solar cells with 10 wt% and 45 wt% PM6 exhibit slower
recombination with longer decay time of 49.1 us and 75.5 ps, respectively, however, the device
with 90 wt% PM6 shows much faster charge recombination with a shorter decay time of 31.6
us, which agrees with the above results.

In the case of extremely unbalanced D/A ratios, discontinuous interpenetrating network of
donor and acceptor might be an important issue for charge transport. Also, a reduced contact
area of anode/D or cathode/A could lead to a low charge extraction efficiency. Here we
investigated charge extraction processes by using bias-dependent TPC measurements (Fig. S6),
charge extraction time versus bias were obtained from TPC with a mono-exponential decay
model. In Fig. 4d, the most notable difference is that compared to the device with 90 wt% PM6,
the solar cells with 10 wt% and 45 wt% PM6 contents show faster and nearly field- independent

charge transport and extraction, especially near the low internal field region. These results are



in consistent with the bias-EQE results as shown in Fig. S7. This feature can arise from the
suppressed recombination loss at low internal fields, so that photo-generated carriers can be

collected more efficiently, yielding high Js. (18.5 mA cm™)and FF (0.66) in OSCs with10 wt%
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Fig. 4. Light intensity-dependent (a) Js and (b) V. characteristics of PM6:Y6 solar cells with various
PM6 weight ratios; (¢) TPV under open-circuit conditions; (d) Charge extraction time (Tex) as function
of external bias in the studied solar cells determined from TPC measurements.

Above results have been demonstrated that the dilute donor devise with 10 wt% PM6 show
high and balanced charge transport. As for the origin of efficient hole transport in dilute donor
devices, we assume that the hole transport pathways in dilute donor solar cells can be depicted
as Fig.6 shown, hole tunneling can occur between isolated donors (i) and holes can transport
directly in donor phase (ii). In addition, the distinctive hole transport in Y6 may facilitate the

hole transport in the BHJ blend, therefore, another possible pathway is that Y6 act as an



ambipolar conductor in the dilute donor blends to transport both electrons and holes to the
cathode and anode (iii), respectively.

To clarity the hole transport mechanism in PM6:Y6 solar cells with 10 wt% PM6, we
compared the hole mobilities of PM6 diluted by Y6 and polystyrene (PS), with 10 wt% PM6.
Here, PS is an insulator with very low hole mobility in the order of 10® cm? V! s, so that the
dominant hole transport pathways in dilute donor devices can be investigated. As the results
shown in Fig.S8 and Table 1, the hole mobilities of both PM6:Y6 and PM6:PS with 1:9 weight
ratios are in the same order of magnitude, which are comparable to the hole mobility of pristine
PMG6, indicating the holes transport in PM6 phase is the dominant mechanism in PM6:Y 6 blends
with 10 wt% donor. To further confirm this conclusion, we also check the hole mobility of PM6
diluted by another insulator polymethyl methacrylate (PMMA). The hole-only devices based
on PM6:PMMA BHJs with 10 wt % PM6 were fabricated and the result was also shown in
Table 1, PM6:Y6 and PM6:PMMA blends with 10 wt % PM6 also show comparable hole
mobilities. Therefore, we conclude that PM6:Y6 blends even with 10 wt% PM6 can still
maintain efficient hole transport and a small amount of PM6 can form the continuous hole

transport pathway.

Table 1 Hole mobilities of pristine PM6, PS, PMMA and PM6:Y6, PM6:PS, PM6:PMMA
BHIJs with 10 wt% PM6

PM6 PS PMMA PM6:Y6 PM6:PS PM6:PMMA

un[em? V1s] 3.2x10+ 9.2x10%  1.6x10* 6.8x10° 1.2x10* 3.7x10°

The PM6 continuous pathway in dilute devices also can be confirmed by GIWAXS (Fig. 5).
In 1:1.2 PM6:Y6 blend system (45 wt% PM6), both (100) diffraction peak in in-plane direction

(0.29 nm™) and (010) diffraction peak in out-of-plane direction (1.74 nm™) are obviously



observed, as well as a strong (111) diffraction in in-plane for Y6, which means relatively
ordered transport structure for free charges. In diluted acceptor blend (90 wt% PM6), the donor
component exists a strong signal along with in-plane ((100) at 0.29nm™") direction and out-of-

plane ((010) 1.74 nm™"), meaning a high crystallinity for the PM6 molecules. Moreover, in

diluted donor blend (10 wt% PM6), in addition to the diffraction signals for Y6 molecules ((111)

at 0.42 nm™! in in-plane and (020) at 0.22 nm™' in out-of-plane, we also observe the (100)
diffraction peak at 0.33 nm™' in in-plane for PM6, which mostly induced by the face-oriented
Y 6 molecules. This phenomenon reveals that although in dilute donor blend matrix, the donor
exhibit ordered structure. Therefore, PM6 could support efficient hole transport pathway even

at low donor contents, this can account for high hole mobility in dilute donor devices.
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Fig. 5. (a) 2D GIWAXS patterns and (b) out-of-plane and in-plane of PM6:Y6 blend films

with 10 wt%, 45 wt%, 90 wt% PM6.

Given the discussions above, we propose a transport model in dilute donor solar cells as

illustrated in Fig. 6a, the photogenerated holes can hop from a specific site to its neighbors (i),



another channel is that hole can transport in donor phase that directly access the contacts (i1).
Even though the pristine acceptor can support ambipolar transport, the hole transport pathway
via acceptor phase (iii) has no obvious contribution to hole transport in this dilute donor
structure.??? Reasons???energetic barrier for A-D.. A small amount of donor can support
efficient hole transport pathway, enabling well-balanced charge transport with sufficiently high
mobilities in the dilute donor devices. By contrast, in device with 90 wt% donor (Fig. 6b),
unlike the long chain of polymer donor, small molecular acceptors are forming discontinuous
pathways for electron transport. The generated electrons will be difficult to transport through
isolated acceptor domains. The large difference in electron/hole mobilities give rise to
formation of space-charge limited photocurrent and more recombination loss, limiting device
performance. The results illustrate efficient hole transport via donor phase in dilute donor

organic solar cells.

Fig. 6. Schematic diagram for charge transport pathways in (a) dilute donor solar cells: hole transport
toward the anode side can either happen by tunneling between isolated donors (i, grey arrows); hole
transport directly in donor phase touching the anode contacts (ii, red arrows). Electron transport via
acceptors is indicated by purple arrows. (b) dilute acceptor solar cells: continuous donor networks
support hole transport, while efficient electron transport can only happen in acceptor touching cathode
contacts (purple arrows). Discontinuous pathways for electron transport lead to charge recombination

loss as illustrated by red double arrows.



3. Conclusions

The photovoltaic behaviors of PM6:Y6 solar cells with varying PM6 contents were
comparatively studied. A surprisingly high PCE exceeding 10% with high Js of 18.5 mA c¢m™
and FF of 0.66 was achieved in the dilute donor devices with 10 wt% PM6. Intensive
investigation on charge generation, transport and extraction was conducted to understand the
strikingly different behaviors of above solar cells with varied stoichiometries. The results of
TA, TPV, TPC and bias-dependent EQE reveal efficient hole transfer, charge transport with
slow charge recombination and almost field-insensitive extraction in dilute donor devices.
Importantly, electron and hole mobility measurements on single carrier devices prove that
PM6:Y6 solar cells with 10 wt% PM6 show relatively balanced charge transport with high
electron mobility and hole mobility. By comparation the hole mobility of 10 wt% PM6 blend
with Y6, PS and PMMA, we demonstrate that the dominant holes transport in dilute PM6:Y6
blends is through PM6 interconnecting network with good order. Efficient photovaltic
performance of dilute donor heterojunctions may help generate new application perspectives

such as for near-infrared photodetectors or semitransparent photovoltaic devices.

4. Experimental Section
4.1. Materials
PM6, PBDBT, IT-4F, PFN-Br and PDINO were purchased from Solarmer, Inc (Beijing).

Y 6 was purchased from The Hong Kong University of Science and Technology (HKUST). All



materials were used as received without additional purification. PEDOT:PSS was purchased
from Heraeus (CLEVIOSTM PVP Al 4083).
4.2. Device fabrication

OSCs were prepared with conventional structure of ITO/PEDOT:PSS/PM6:Y 6/PDINO/AL
The ITO-coated glasses were cleaned by detergent and then treated by TL-1 with a mixture of
water, ammonia, and hydrogen peroxide (volume ratio 5:1:1). PEDOT:PSS was spin-coated on
ITO at 4000 rpm for 30 s, followed by annealing at 150 °C for 15 min. PM6:Y 6 with different
donor concentrations were dissolved in chloroform with a total concentration of 16-18 mg/mL.
0.5% CN (volume ratio) was used as additive in blend solution. The active layers were spin-
coated on ITO/PEDOT:PSS and then were thermally annealed at 110 °C for 10 min in glovebox.
After that PDINO (1.5 mg/mL in methanol) was spin-coated on the active layers at 3000 rpm.
Finally, 100 nm of Al was thermally evaporated through shadow mask in a vacuum 1x10¢
mbar. The effective device area of devices is 0.047 cm?. For electron-only devices, ZnO acted
as electron transport layer was spin-coated on the ITO substrates and then were thermally
annealed at 120 °C for 30 min. The active layers were spin-coated on ITO/ZnO, followed by
annealing at 110 °C for 10 min. After spin coating PDINO, Al electrode was deposited to form
the configuration of ITO/ZnO/Active layers/PDINO/AL. For hole-only devices
(ITO/PEDOT:PSS/Active layer/MoO3/Ag), MoOs and Ag were deposited by evaporation under
a pressure ca. 1x10°° mbar.
4.3. Characterization

The Current density-voltage (J-V) curves were characterized by a Keithley 2400 source
meter with AM 1.5G solar simulator at an intensity of 100 mW/cm?. The EQE spectra were
recorded using a Newport Merlin lock-in amplifier. Single carrier devices were examined with
a Keithley 2400 Source Meter in dark. To determine the mobility, we adopted the widely used

space-charge limited current (SCLC) method with the relation



9 (V = Vpi)?

here o, & are the vacuum permittivity and dielectric constant of semiconductor, respectively,
and d is the thickness of active layer. For electron-only solar cells based on pristine donors,
there is not space-charge region, therefore, we can not get the u. of pristine donors.

PL spectra (excitation at 532 nm) were measured by using an Andor Solis SR393i-B
spectrograph with a Newton EM-CCD Si array detector.

For femtosecond transient absorption spectroscopy, the fundamental output from Yb:KGW
laser (1030 nm, 220 fs Gaussian fit, 100 kHz, Light Conversion Ltd) was separated to two light
beam. One was introduced to NOPA (ORPHEUS-N, Light Conversion Ltd) to produce a certain
wavelength for pump beam (here we use 750 nm, below 10 pJ/cm?/pulse, 30 fs pulse duration),
the other was focused onto a YAG plate to generate white light continuum as probe beam. The
pump and probe overlapped on the sample at a small angle les s than 10°. The transmitted probe
light from sample was collected by a linear CCD array.

TPC and TPV measurements were performed on a customized transient measurement
systems (Physike Technology Co., Ltd) by using a pulsed semiconductor laser S3 (Coherent,

Inc.).
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