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ABSTRACT: In organic solar cells (OSCs), a thick active layer usually yields a higher
photocurrent with broader optical absorption than a thin active layer. In fact, a ∼300
nm thick active layer is more compatible with large-area processing methods and
theoretically should be a better spot for efficiency optimization. However, the
bottleneck of developing high-efficiency thick-film OSCs is the loss in fill factor (FF).
The origin of the FF loss is not clearly understood, and there a direct method to
identify photoactive materials for high-efficiency thick-film OSCs is lacking. Here, we
demonstrate that the mobility field-dependent coefficient is an important parameter
directly determining the FF loss in thick-film OSCs. Simulation results based on the
drift−diffusion model reveal that a mobility field-dependent coefficient smaller than
10−3 (V/cm)−1/2 is required to maintain a good FF in thick-film devices. To confirm
our simulation results, we studied the performance of two ternary bulk heterojunction
(BHJ) blends, PTQ10:N3:PC71BM and PM6:N3:PC71BM. We found that the PTQ10
blend film has weaker field-dependent mobilities, giving rise to a more balanced
electron−hole transport at low fields. While both the PM6 blend and PTQ10 blend yield good performance in thin-film devices
(∼100 nm), only the PTQ10 blend can retain a FF = 74% with an active layer thickness of up to 300 nm. Combining the benefits of
a higher JSC in thick-film devices, we achieved a PCE of 16.8% in a 300 nm thick PTQ10:N3:PC71BM OSC. Such a high FF in the
thick-film PTQ10 blend is also consistent with the observation of lower charge recombination from light-intensity-dependent
measurements and lower energetic disorder observed in photothermal deflection spectroscopy.
KEYWORDS: organic photovoltaic, fill factor, thick film, mobility, field dependence, electric field

1. INTRODUCTION
Organic solar cells (OSCs) have attracted extensive attention
in the past decade due to their unique advantages, such as
lightweight, low cost, flexibility, semitransparency, and
solution-processability.1 In recent years, tremendous progress
in the development of OSCs has been achieved via the design
of narrow-band-gap donor and acceptor materials, interface
engineering, and novel processing methods. With the rapid
development of nonfullerene acceptors (NFAs), single-
junction OSCs have achieved power conversion efficiencies
(PCEs) over 18%.2−4 However, the best device performance is
often achieved in OSCs with a thin-film active layer of ∼100
nm.5 In large-scale manufacturing, such thin active layers are
difficult to process via scalable roll-to-roll printing methods,
the active layer thickness should be at least 300 nm.6 While
increasing the active layer thickness should increase the light
harvesting efficiency, it also results in a reduction of the device
fill factor (FF).6 Changes in FF are mainly determined by the
competition between charge recombination and charge
extraction, which in turn depends on the active layer thickness
and charge carrier mobility.7 In thick-film BHJs, photo-

generated free carriers must travel a longer distance to reach
the respective electrodes, and given the low mobilities of
organic semiconductors, the probability of charge carrier
recombination is greater.
To address the FF bottleneck, great efforts have been

devoted into material design by fine-tuning the energy levels,
molecular packing, and crystallinity to yield efficient charge
transport.8,9 Many thick-film OSCs with PCEs beyond 13% are
based on donor polymers with a two-dimensional benzodi-
thiophene, such as PM6 or PM7. For example, the addition of
fullerene PC61BM into a PBDB-T-2Cl:BTP-4F host blend
resulted in an improved nanoscale phase separation and
appropriate domain size that favored efficient charge transport
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via a well-distributed nanofibrillar interpenetrating network
while suppressing bimolecular recombination, resulting in a
PCE of 14.3% and FF of 67% for a 300 nm thick device.10

Furthermore, Zhang et al. reported several thick-film OSCs
using a ternary blend with two NFAs to form an alloyed
acceptor domain, providing an additional channel for enhanced
charge carrier transport resulting in a PCE of 14% and a FF of
71% in 300 nm thick cells.11,12 Attempts have been made to
understand the origin of the FF loss in thick-film cells. By
establishing a correlation between the electron and hole
mobilities in different materials with charge carrier recombi-
nation, several reports have pointed out the importance of high
charge carrier mobilities for achieving high FF in thick-film
OSCs.6,13−17 However, it is well-known that a high carrier
mobility does not guarantee a good OSC device performance
in a thick active layer film cell, and an in-depth understanding
of the origin of the FF loss is imperative to achieve high-
efficiency, thick-film OSCs.5,18

Space−charge limited current (SCLC) measurements are a
widely employed technique to study charge transport of the
photoactive materials used in OSCs. However, in many SCLC
data reported in the literature, the presence of traps and the
quality of the contacts are overlooked and hence the mobility
values determined do not reveal the true nature of electron and
hole transport.19−23 Non-ohmic contacts give rise to charge
injection barriers, and the existence of traps make the modeling
of the experimental data challenging.19,24,25 Thus, a good fit to
the experimental SCLC data can only be obtained at high
electric field, resulting in the overestimation of the mobility
values.26,27 In addition to the above two factors, the electric
field dependence of the charge carrier mobilities is another
often overlooked parameter in these measurements, which
further exacerbates the inaccuracy of the SCLC mobility
values, especially when the mobility field dependence is large.
In a solar cell, under open-circuit and closed-circuit conditions,
the electric field strength across the active layer is small. In
thick cells, the electric field is much smaller and hence the
accurate determination of charge carrier transport is even more
challenging. Therefore, determination of the mobility and its
field dependence is crucial to accurately predict the perform-
ance of a thick cell.
Herein, we first use device simulation to verify the

importance of the mobility field dependence. We then
experimentally determine the carrier mobility using SCLC by
incorporating the field-dependent coefficient (β) and verify the
mobility values under different electric fields using admittance
spectroscopy (AS). AS is one of the few techniques to directly
measure mobilities under different electric fields.28,29 With this
methodology, we can accurately determine the carrier
mobilities at zero field as well as at a different field strength.28

Because the field-dependent mobility is often ignored in the
literature, it is therefore important to take it into the account as
well as the zero-field mobilities for thick cells.
To illustrate that the field-dependent mobility is a key factor,

we first performed device simulations using different values of
the mobility field-dependent coefficient (β) for a nominal
mobility of μ = 2 × 10−4 cm2 V−1 s−1 obtained from the
literature and found that it is indeed a critical value
determining the FF loss in thick-film OSCs.30,31 A high-
efficiency thick-film cell requires photoactive materials with a
weak field-dependent mobility. We then characterize the
carrier transport properties for two ternary bulk heterojunction
(BHJ) blends, PTQ10:N3:PC71BM and PM6:N3:PC71BM.

We found that the PTQ10 blend has a weaker field-dependent
carrier transport [β ≤ 10−3 (V/cm)−1/2] compared to the PM6
blend, giving rise to a more balanced electron−hole transport
in the device. Both blends yield over 16% PCE for devices with
an ∼100 nm thick active layer; only the PTQ10:N3:PC71BM
blend retained a high FF with increasing film thickness.
Increasing the PTQ10 blend film thickness from 100 to 300
nm results in a small drop in FF from 77% to 74%, while a
similar increase in PM6 blend film thickness results in a large
drop in FF from 75% to 50%. Due to a slightly higher short-
circuit current density (JSC) in the thick-film PTQ10 cell, there
is a slight increase in the PCE of the thick-film cell to 16.8%.
Additionally, in the PTQ10 blend devices, we also observed
less charge recombination from light-intensity-dependent J−V
measurements, low energetic disorder from photothermal
deflection spectroscopy measurements, and a more uniform
donor polymer vertical phase distribution from secondary-ion
mass spectrometry. This work highlights the importance of the
electric field dependence of charge carrier mobilities in
predicting the performance of OSCs and provides new insights
into overcoming the FF bottleneck in thick-film devices
relevant for large-scale manufacturing.

2. RESULTS AND DISCUSSION
2.1. Simulation on Device Absorption and Fill Factor.

To the first order, thick-film OSCs should have a low effective
internal electric field over the operating range from the open-
circuit to short-circuit conditions, and in disordered organic
semiconductors, electron and hole mobilities are generally
electric-field-dependent and can be described by the Poole−
Frenkel model (1) with a field-dependent coefficient β,

F F( ) exp(0.89 )0= (1)

where μ0 is the zero-field mobility and F is the internal electric
field. The electric field intensity affects the charge carrier
trapping and detrapping processes, giving rise to the field-
dependent mobility. To study the effect of field-dependent
mobility, we performed drift−diffusion simulations to
determine the effects of the β values and active layer film
thicknesses on the device FF for a blend with electron and hole
zero-field mobility values of 2 × 10−4 cm2 V−1 s−1, and the
results are shown in Figure 1. One striking feature is a large
drop in FF with increasing active layer thickness when β is

Figure 1. Simulated device FF at different field-dependent coefficients
(β) and active layer thicknesses (100, 200, and 300 nm).
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larger than 10−3 (V/cm)−1/2. For example, when β = 5 × 10−3

(V/cm)−1/2, the FF drops from 74% to 54% as the active layer
thickness increases from 100 nm to 300 nm. Only for β smaller
than this value, the device’s FF can remain above 70% even
with a 300 nm thick active layer. In the following sections, we
will validate the importance of mobility field-dependent
coefficient with device data and present the details.

2.2. Field-Dependent Charge Carrier Mobilities. The
chemical structures of PM6, PTQ10, N3, and PC71BM are
shown in Figure 2. Both PM6:N3:PC71BM and
PTQ10:N3:PC71BM blends have similar absorption spectral
characteristics between 400 nm and 950 nm (Supporting
Information Figure S1). The donor polymers PM6 and PTQ10
are chosen because they have very similar absorption spectra
along with similar device performance in thin devices.30,32 For
acceptors, instead of the commonly used NFA Y6, we used N3
because it exhibits good solubility, electronic properties, and
morphological properties.32 PC71BM was added into the BHJ
blends to increase the molecular packing and improve the
electron transport.33 Single-carrier devices are devices that
transport either only electrons (electron-only) or only holes
(holes-only) and hence can be used to characterize the
electron and hole transport, respectively. Electron-only devices
having a structure of ITO/ZnO/active layer/PDINO/Al and
hole-only devices with structure ITO/PEDOT:PSS/active
layer/MoOx/Ag were fabricated according to the details
provided in the Experimental Section. The current−voltage
characteristics of those devices can be found in Figure S3a. To
understand the thickness-dependent FF behavior, we first
extracted the charge carrier parameters in the BHJ films using a
modified Mott−Gurney equation:

J d F F9
8

exp(0.89 )rSCL 0 0
2=

(2)

where JSCL is the space−charge limited current density, d is the
thickness of the active layer, ε0 is the permittivity of vacuum,
and εr is the relative permittivity of the polymer.34,35 The J−V
characteristics of electron-only and hole-only devices of PM6
and PTQ10 blends are shown in Figure S3a. The extracted μ0
and β values from the hole-only and electron-only devices are
summarized in Table 1. We note that the PTQ10 blend has a

smaller value of β for both holes and electrons. The extracted
μ0 and β values were used to reconstruct the field-dependent
mobility μ(F) as shown in Figure S3b.
In a thin-film PV cell, the operating electric field ranges

between the short-circuit condition (F = VOC/d) and the open-
circuit condition (F = 0). Because the PM6 blend and PTQ10
blend have similar VOC, we estimate the square root electric
field strength to be 290 (V/cm)1/2 and 170 (V/cm)1/2 in the
100 nm and 300 nm thick active layers, respectively. To further
understand charge extraction in both devices, the field-
dependent electron mobility and hole mobility with different
active layers are then extrapolated as shown in Figure 3. It can
be clearly seen that, in the PTQ10 blend, the electron and hole
mobilities have a lower field dependence throughout the entire
electric field strength relevant to the thick cell. On the other
hand, the PM6 blend shows a higher field dependence,

Figure 2. Chemical structures of active layer materials used in this study.

Table 1. Extracted Zero-Field Mobility (μ0) and Field-
Dependent Coefficient (β) from SCLC Measurementsa

Active Layer Blend Device Structure μ0(cm2 V−1 s−1) β ((V/cm)−1/2)

PM6 hole-only 1.34 × 10−4 4.48 × 10−3

electron-only 3.34 × 10−4 2.25 × 10−3

PTQ10 hole-only 3.89 × 10−4 1.20 × 10−3

electron-only 3.67 × 10−4 4.84 × 10−4

aThe SCLC J−V characteristics can be found in Figure S3.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c11265
ACS Appl. Mater. Interfaces 2022, 14, 47961−47970

47963

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11265/suppl_file/am2c11265_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11265/suppl_file/am2c11265_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11265/suppl_file/am2c11265_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11265/suppl_file/am2c11265_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11265/suppl_file/am2c11265_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11265?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11265?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11265?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c11265?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c11265/suppl_file/am2c11265_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c11265?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


especially for hole transport. To verify the field-dependent
transport characteristic extracted from SCLC, we also
performed admittance spectroscopy (AS) on electron-only
devices. In AS, the device is placed under a forward DC voltage
bias with a small AC perturbation and the modulation
frequency-dependent capacitances are obtained. From a plot
of negative differential susceptance (−ΔB) vs frequency ( f), a
maximum in the −ΔB plot defines the corresponding
frequency ( f r) which can be used to compute the carrier

mobility by the relation d
f V(0.56 )

2

r
1

DC
= , where d is the

thickness of the active layer and VDC is the direct current
biased voltage.36−39 By repeating the frequency-dependent
capacitance measurement at different VDCs, the field depend-
ence of mobility can be extracted. As shown in Figure S4, the β
values for the PM6 blend and the PTQ10 blends were 5.5 ×
10−3 (V/cm)−1/2 and 4.2 × 10−3 (V/cm)−1/2, respectively,
which are in good agreement with our findings using modified
Mott−Gurney eq 2. To see the effects of the carrier mobility
on the device FF, a simulation was done on the FF as a
function of the β value of a cell with an active layer thickness of
300 nm for different mobility values, and the results are shown
in Figure S5. It is clear that a mobility value of 8 × 10−4 cm2/
(V s) and β < 1 × 10−4 (V/cm)−0.5 are needed to maintain a
high FF for thick-film BHJ OSCs.

2.3. Thickness-Dependent Solar Cell Performance.
Optical interference effects can influence the optimization of
active layer thickness. Interference between the incident light
and back-reflected light from the bottom electrode can prevent
the percentage of light absorbed by the active layer from
increasing monotonically with thickness, giving rise to several
local maxima in the JSC vs active layer thickness plot.

40 Using
the transfer-matrix method, we simulated the spectral light
utilization of OSCs for different active layer thicknesses
(Figure 4a). The transfer-matrix method uses Maxwell’s
equations and electric-field-continuity conditions across device
boundaries and interfaces to calculate the electric field within
the device from a simple matrix operation.41 Considering the
spectral absorbance for film thicknesses of ∼100 nm and ∼300
nm, there are two absorption local maxima in the 100 nm thick
film with a weak absorption at 650 nm, while there is a broad
optical absorption band from 450 nm to 900 nm for the 300

nm thick film. By integrating over the absorption spectrum of
the active layer, the 300 nm thick active layer yields a higher
short-circuit current density (JSC), as shown in Figure 4b and
should give a higher PCE than a 100 nm thick cell.
To fabricate OSCs used in this work, we used the inverted

structure ITO/ZnO/active layer/MoOx/Ag. Detailed device
fabrication procedures are described in the Experimental
Section. The key photovoltaic parameters under AM1.5G
illumination (PCE, FF, and JSC) of all OSCs are shown in
Figure 5. In terms of PCE, both BHJ blends show a local
maximum at ∼100 nm thick active layer, where the
corresponding PCEs of PM6 and PTQ10 are 16.2% and
16.0%, respectively. Both thin-film devices yield a FF larger
than 75%. The JSC for both ternary blends vary with the active
layer thickness due to optical interference, reaching a local
minimum at a thickness of about 150 nm and a local maximum
at about 300 nm. For the PM6 blend, as the active layer
thickness increases to 300 nm, there is a substantial drop in the
FF to 50%, resulting in a lower PCE of 10.4%. On the other
hand, the trend is very different in the PTQ10 blend. Similar to
the PM6 blend, there is also a local maximum in JSC. There is
only a small drop in FF from 77% to 74% when the active layer
thickness increases from 100 nm to 300 nm, while JSC increases
slightly from 23.5 mA/cm2 to 26.8 mA/cm2, and the resulting
300 nm thick PTQ10:N3:PC71BM blend OSC yields a high
PCE of 16.8%, which is among the highest for thick-film OPVs.

Figure 3. Extrapolated electron mobilities (solid symbols) and hole
mobilities (open symbols) at different field strengths for PM6 (blue)
and PTQ10 (red) blends. The brown and green vertical dashed lines
represent the maximum internal electric field strength inside the thin-
film and thick-film OSCs, respectively.

Figure 4. (a) Simulated optical absorbance at different wavelengths
and active layer thicknesses. (b) Calculated OSC JSC at different
active-layer thicknesses, assuming the open-circuit voltage and FF are
kept constant.
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The current density−voltage (J−V) characteristic and the
performance parameters of the 300 nm thick PTQ10 blend
OSC are also shown in Figure 6. In our previous study, we

demonstrated that FF-optimized donor−acceptor ratio pos-
sesses better balanced field-dependent hole-to-electron ratios
due to the weak field-dependent electron mobilities.42 Putting
the extracted transport parameters back into the simulation in
Figure 1, we obtained a good agreement between the
experimental and simulated FF for both materials with
different active layer thicknesses.

2.4. Charge Recombination and Trap Analysis. It is
been well-established that the bimolecular recombination is the
main factor for the reduced charge transport and the FF drop,
while the first order recombination or trap-assisted recombi-
nation is usually well-suppressed in many high-efficiency OPV
systems.7,43 To investigate the charge recombination behavior
in different BHJ blends and correlate them with their
thickness-dependent FF values, the J−V characteristics of
OSCs were measured under different light intensities, ranging
from 1 mW/cm2 to 100 mW/cm2 (Figure S6). JSC and VOC are

plotted against light intensity in Figure 7. The JSC dependence
on light intensity (Plight) can be expressed as JSC ∝ (Plight)α.44,45

The bimolecular recombination is considered weak if α is close
to unity and strong otherwise.45 The fitted α values of all
samples are within 0.940−0.950, suggesting bimolecular
recombination is negligible in all devices with different active
layer thicknesses, and there is no significant difference between
the PM6 blend and PTQ10 blend. To evaluate trap-assisted
recombination, the VOC dependence on light intensity is
expressed as

i
k
jjjjj

y
{
zzzzzV n

kT
q

Pln( )OC light
(3)

where n is the ideality factor, k is the Boltzmann constant, T is
temperature in kelvin, and q is the charge of the electron. n can
be obtained from the slope of the semilogarithmic curve VOC
vs ln(Plight). When n = 1, then OSC can be described using the
drift−diffusion model, where the quasi-Fermi levels are aligned
across the OSC without any recombination due to trap states.
In the case of n = 2, the trap-assisted recombination becomes
dominant.46,47 The fitted n values of the PM6 blend thin film,
PTQ10 blend thin film, and PTQ10 blend thick film are all
within 1.1. The higher n = 1.22 ± 0.02 in the thick-film PM6
blend indicates a slightly higher trap-assisted recombination,
and it is consistent with a lower FF value in a PM6 blend thick-
film OSC, which is evident in Figure S6b in the region between
the short-circuit and the maximum power points.47 This trap-
assisted recombination has been identified as a factor affecting
FF.47,48

We also investigated the energetic disorder in the active
layers using photothermal deflection spectroscopy (PDS).49−53

PDS is commonly used to characterize the degree of energetic
disorder in disordered materials and organic semiconductors
by analyzing the absorption tail with a characteristic Urbach
energy (Eu) below the band gap.

54,55 A smaller Eu represents a
smaller energetic disorder. As shown in Figure S7, the fitted
values of Eu of PM6:N3:PC71BM and PTQ10:N3:PC71BM
blends are 26 ± 0.4 meV and 28 ± 0.5 meV, respectively,
suggesting that the PTQ10 blend has a lower energetic
disorder than the PM6 blend.53,56 These results are consistent
with the results from Zhang et al. and Ng et al. showing that a
low Eu value in the active layer results in a higher charge carrier
mobility and device FF.57,58 The results from the PDS
measurements are also consistent with the findings in the
field-dependent mobility measurements and recombination
from the light-dependent analysis. A higher Eu value stipulates
the existence of deeper traps that can act as charge
recombination centers, impacting the charge carrier mobility.
This effect is more pronounced in the low electric field regime,
leading to a drop in FF with increasing active layer thickness.

2.5. Material Vertical Distribution and Molecular
Packing. Secondary-ion mass spectroscopy (SIMS) was
further used to characterize the vertical composition gradients
with respect to different active layer thicknesses.59,60 Since
there are no unique chemical elements among PM6, PTQ10,
N3, and PC71BM, we replaced PC71BM with deuterated
PC61BM (d-PC61BM) and traced the deuterium signal (2H−).
The full SIMS profiles can be found in Figure S8, showing the
scanned area from the top Ag anode to the bottom ITO
cathode. The SIMS fragment profiles clearly reflect the
thicknesses of interlayers and active layers. Fullerene is
known to be partially miscible with PM6 and PTQ10.61,62 It

Figure 5. Key photovoltaic parameters of PM6:N3:PC71BM and
PTQ10:N3:PC71BM OSC devices at different active layer thicknesses.

Figure 6. J−V character ist ics of the best thick-film
PTQ10:N3:PC71BM OSC under AM1.5G solar spectrum.
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is thus reasonable to assume that 2H− tracks the vertical
distribution of the donor polymer at the concentration levels of
d-PC61BM used. Generally, SIMS indicates donor and PCBM
enrichment near the anode in PM6-based devices, whereas thin
PTQ10-based devices are acceptor-rich near the anode with a
negligible gradient for the thicker devices. Considering the
relatively small amount of fullerene content in the active layer
blends, the fullerene will first dock with the donor polymer
before self-aggregating. On the basis of this assumption, we use
the 2H− signal to track the vertical distribution of the donor
polymer. We calculated the slope of 2H− to quantify the donor
polymer distribution to make a better comparison (Figure S9).
Although vertical gradients have been previously associated
with differences in performance, the canonical interpretation
that donor enrichment near the anode is favorable would
suggest that the PM6-based devices should be superior.61 This
is clearly not the case, and the favorable impact of the gradient
had to be overcome by a stronger factor.
Next, we simulated the charge generation profile throughout

the OSC with different active layer thicknesses using the
transfer-matrix method. The results are shown in Figure 8.
While charge generation in the active layer is close to the ZnO
interlayer in both thin and thick films, we noticed an additional
charge generation at a position close to the top silver electrode
in the thick active layer. This observation can be interpreted in
terms of the relative motion of the holes in the films with
respect to the electrons. In thin layers, holes traverse only a
slightly longer distance to the anode compared to electrons
traveling to the cathode, while, in thick films, holes need to
travel a much longer distance to reach the anode. An
unbalanced electron and hole mobility with increasing carrier
travel distance exaggerates the space−charge effect and hence
reduces the FF in thick-film solar cells.

A schematic diagram describing the effects of the donor
polymer vertical distribution on thick-film OSC performance is
depicted in Figure S10. First, as shown in the charge
generation profile simulation, most excitons are generated in
the active layer close to the cathode. Once excitons are
separated into electron−hole pairs, holes are transported
through the donor polymer and electrons are transported
through the acceptor molecules. In the PM6:N3:PC71BM
blend, since the region near the cathode is acceptor-rich, the
hole transport pathway is less percolated near the ZnO
interface. The dead-ends of the hole transport pathways are
hindered by the presence of traps, increasing charge
recombination as reflected from the light-intensity-dependent
and PDS measurements, and a weaker electric field in the thick
device leads to an imbalanced field-dependent hole−electron
mobility. In contrast, evenly vertically distributed PTQ10
donor polymers provide a well-connected hole transport
pathway from the exciton generation position to the anode,
resulting in a higher FF in the thick-film PTQ10:N3:PC71BM
OSC.

3. CONCLUSION
We have successfully demonstrated the mobility field-depend-
ent coefficient is a critical parameter determining the field
factor loss in thick-film OSCs. Using device simulations based
on a drift−diffusion model, we show that a mobility field-
dependent coefficient β smaller than 10−3 (V/cm)−1/2 is
required to maintain a good FF (>70%) in thick-film devices.
Using PTQ10:N3:PC71BM and PM6:N3:PC71BM blends as
illustrations, we show that the experimental results for FF and
corresponding β value are in good agreement with the
simulation results. Specifically, we show that a high PCE of

Figure 7. Dependence of JSC and VOC on light intensity for (a, b) PM6:N3:PC71BM and (c, d) PTQ10:N3:PC71BM films.
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16.8% is realized for thick-film BHJ PTQ10 cells. Such a high
FF in the thick PTQ10 blend film is also consistent with the
observation of lower charge recombination from light-
intensity-dependent measurements, a smaller Urbach tail
from photothermal deflection spectroscopy, and a more
uniform vertical phase distribution from secondary-ion mass
spectrometry. Our results provide a clear path forward for
developing thick-film OPV devices compatible with manufac-
turing processes in the future.

4. EXPERIMENTAL SECTION
4.1. Materials. Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)-

thiophen-2-yl)-benzo[1,2-b:4,5-b′]dithiophene))-alt-(5,5-(1′,3′-di-2-
thienyl-5′,7′-bis(2-ethylhexyl)benzo[1′,2′-c:4′,5′-c′]dithiophene-4,8-
dione)] (PM6) and 2,2′-((2Z,2′Z)-((12,13-bis(3-ethylheptyl)-3,9-
diundecyl-12,13-dihydro[1,2,5]thiadiazolo[3,4-e]thieno[2″,3″:4′,5′]-
thieno[2′,3′:4,5]pyrrolo[3,2-g]thieno[2′,3′:4,5]thieno[3,2-b]indole-
2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-
1H-indene-2,1-diylidene))dimalononitrile (N3) were purchased from
eFlexPV. [6,6]-Phenyl-C71-butyric acid methyl ester (PC71BM) was
purchase from nano-C. Poly[(thiophene)-alt-(6,7-difluoro-2-(2-
hexyldecyloxy)quinoxaline)] (PTQ10) was synthesized as reported
previously. All materials were used as received.

4.2. Organic Solar Cell Fabrication. The device structure of a
single-OPV device was ITO/ZnO/active layer/MoOx/Ag. An ITO
patterned glass substrate was cleaned by acetone and isopropanol in
an ultrasonic bath followed by UV−ozone treatment. ZnO sol−gel
was then spin-coated at 4000 rpm onto the ITO substrate and
thermally annealed at 150 °C for 30 min. The donor poly-
mer:N3:PC71BM is blended in a weight ratio of 1:1.2:0.2. The active
layer blends were than dissolved in chloroform with a total
concentration of 22 mg/mL. The solution was then spin-coated on
ZnO covered substrates and annealed at 110 °C for 5 min. Finally, 10
nm of MoOx and 120 nm of Ag were thermally evaporated.

4.3. Single-Carrier Device Fabrication. Electron-only devices
had a structure of ITO/ZnO/active layer/PDINO/Al, and hole-only
devices had a structure of ITO/PEDOT:PSS/active layer/MoOx/Ag.
In electron-only devices, N,N-dimethylammonium N-oxide)propyl
perylene diimide (PDINO), which was dissolved in methanol with 2
mg/mL concentration, was spin-coated at 5000 rpm on top of the
active layer. In hole-only devices, PEDOT:PSS�poly(3,4-ethyl-
enedioxythiophene) polystyrenesulfonate�was spin-coated at 7000
rpm for 60 s and then thermally annealed at 150 °C for 10 min. The
other layers followed the same procedures as normal devices.

4.4. Admittance Spectroscopy (AS). The single-carrier device
was put in an Oxford cryostat with a pressure of less than 20 mTorr
for measurement. The admittances of all devices were measured by an
impedance analyzer (Hioki E. E. Corp., Model 3532-50 LCR
HiTESTER). An alternating current modulation of an amplitude of
50 mV was superimposed on a direct current bias voltage to obtain
the AS signal.

4.5. Photothermal Deflection Spectroscopy (PDS). PDS
measurements were carried out with a standard setup consisting of
a 1 kW Xe arc lamp and a 1/4 m grating monochromator (Oriel) as
the tunable light source. The pump beam was modulated at 13 Hz by
a mechanical chopper before irradiating on the sample. Perfluorohex-
ane was used as the deflection fluid. A Uniphase HeNe laser was
directed parallel to the polymer sample surface as the probe laser. A
quadrant cell (United Detector Technology) was used as the position
sensor for monitoring the photothermal deflection signal of the probe
beam. The output of the detector was fed into a lock-in amplifier
(Stanford Research, Model SR830) for phase-sensitive measurements.
All PDS spectra were normalized to the incident power of the pump
beam.

4.6. Time-of-Flight Secondary-Ion Mass Spectrometry
(SIMS). The SIMS characterizations were carried out in a time-of-
flight secondary-ion mass spectrometer (TOF-SIMS) (ION TOF V,
Inc. Chestnut Ridge, NY, USA) at NCSU. Dual-beam dynamic SIMS
mode was used to provide high depth resolution and chemical
resolution simultaneously, where Bi+ was employed as the primary ion
and Cs+ was employed as the sputtering source. 2H− molecular
component was selected to monitor the d-PC61BM depth profile. The
analysis chamber pressure is maintained below 5.0 × 10−9 mbar to
avoid contamination of the surfaces to be analyzed.
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