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ABSTRACT: The vertical composition distribution and crystallinity of photoactive
layers are considered to have critical roles in photovoltaic performance. In this concise
contribution, the layer-by-layer (LBL) solution process is used to fabricate efficient
polymer solar cells. The results show that the vertical composition distribution can be
finely regulated via employing solvent additive 1,8-diiodooctane (DIO). The favorable
vertical component distribution in tandem with improved crystallinity induced by DIO
contributes to the efficient exciton dissociation, charge transportation and extraction,
and limited charge recombination loss. Therefore, the optimized LBL devices yield an
efficiency of 16.5%, which is higher than that of the control bulk heterojunction solar
cells with an efficiency of 15.8%. Importantly, the ternary solar cells based on PM6/
Y6:PC71BM LBL active layers demonstrate a promising efficiency of >17%, which is the
record efficiency for LBL solar devices reported to date. These findings make clear that
the solvent additive-assisted LBL solution process has broader implications for the
further optimization of solar cells.

As a potential candidate for renewable energy for future
energy sources, polymer solar cells (PSCs) have gained
a great deal of attention in recent decades due to their

unique advantages, such as their potential for low-cost
production via high-throughput roll-to-roll (R2R) processing
technology, mechanical flexibility, and light weight.1−5 The
one-step solution process of the blend of electron donors and
acceptors that are dissolved in a single solution has been
broadly employed to produce a bulk heterojunction (BHJ)
photoactive layer, and these types of PSCs are reasonably
named BHJ polymer solar cells.2 Benefiting from combined
efforts including novel photovoltaic materials,6−10 ingenious
photoactive layer morphology control,11,12 and efficient
electrode interfacial materials,3,13,14 the state-of-the-art BHJ
PSCs have reached power conversion efficiencies (PCEs) of
16−18% recently.15−17 Although great success has been
obtained in BHJ PSCs,15,17−19 the one-step solution process
technology is not an ideal method for the fabrication of
efficient PSCs because (i) the formation of the BHJ
morphology is an extremely complicated process,20−22 (ii)
the BHJ morphology of the photovoltaic active layer is strongly
dependent on the history of the blend solution,11,23 (iii) the
vertical component distribution is difficult to control

precisely,21,22,24 and (iv) the crystallizations of the donor and
acceptor can be disturbed inevitably by each other during the
solidification of the blend solution.25,26 To further realize more
efficient and stable polymer solar cells and make this solar
technology attractive to industry, the aforementioned issues
should be taken into consideration.
Actually, before the invention of BHJ PSCs, the layer-by-

layer (LBL) deposition (also named sequential deposition or a
two-step process) of the electron donors and electron
acceptors was initially used to produce bilayer (also known
as planar P−N junction) solar cells in 1986.27 However,
polymer solar cells that were fabricated via the LBL deposition
method have met with limited PCEs for a long time due to the
well-known limited donor/acceptor interfaces and limited
exciton dissociation efficiency in the photoactive layer.28−30
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Consequently, the LBL solar device processing method has not
attracted attention and has rarely been used to manufacture
polymer solar cells in the past three decades. With respect to
the vertical component distributions of the photoactive layer,
enrichment of the donor near the anode and enrichment of the
acceptor near the cathode, which are believed to be favorable
for the transportation of charges toward the corresponding
electrodes and charge extraction at electrodes, are readily
achieved through the LBL device solution process.20 In
addition, the donor and acceptor can maintain the crystallinity
of neat films because the donor and acceptor are deposited
consequently and independently. Meanwhile, several studies
have pointed to the superior stability of LBL polymer solar
cells over BHJ solar cells made by the one-step process.31,32

Hence, the LBL solution process technology is one potential
alternative to the one-step solution process technology for
producing efficient and stable polymer solar cells.
Historically, orthogonal solvents for dissolving the donor

and acceptor are considered to be indispensable for preparing
PSCs via the LBL process.20 Fullerene acceptors (e.g.,
PC61BM, PC71BM, and IC71BA) possess good solubility
(>10 mg/mL) in dichloromethane (DCM) and tetrahydrofur-
an (THF),33−35 which usually are poor solvents for polymer
donors (e.g., P3HT, PBT7, and its analogues).36−38 Hence,
fullerene-based polymer solar cells could be successfully
fabricated through the LBL solution process from polymer
donors and fullerene acceptors in their orthogonal solvents
sequentially.39 The LBL PSCs based on P3HT/PC61BM,40

P3HT/IC71BA,
41 and PBDTTT-C-T/PC61BM

42 reached
PCEs of 3.5%, 6.5%, and 7.13%, respectively, which are
comparable to that of the control BHJ PSCs made by the one-
step solution process. Non-fullerene polymer solar cells, in
which small molecule acceptors or polymer acceptors replace
the fullerene derivatives, are attracting significant attention in
light of their notable photovoltaic performance and stabilities
that have been achieved in the conventional one-step-
processed BHJ PSCs.43−46 Recently, those high-performance
polymer donors and non-fullerene acceptors have also been
used to produce efficient LBL polymer solar cells through spin
coating and doctor-blade coating approaches without using
orthogonal solvents.32,47,48

Solvent additives have been shown to play a key role in the
crystallization and grain orientation of donors and acceptors
and, thus, have been widely used to optimize the morphology
of the BHJ photoactive layer.49,50 With the most used solvent
additive 1,8-diiodooctane (DIO) as an example, DIO was
found to be effective in yielding BHJ active layer films featuring
a face-on backbone orientation and stronger crystallinity, along
with red-shifted ultraviolet− visible (UV−vis) absorption
spectra, which are preferable for charge transportation and
photon absorption.18,51 With respect to the LBL solar cells,
employing solvent additives to regulate the donor and acceptor
interdiffusion and to produce an active layer with the p-i-n
structure has rarely been reported.52 On the basis of the
success of solvent additives in controlling the crystallization
and grain orientation, it is a key step toward high-performance
LBL polymer solar cells to understand how the solvent additive
can improve the formation of the p-i-n structure through the
LBL solution process.
In this concise contribution, the solvent additive-assisted

LBL solution process was used to fabricate efficient polymer
solar cells, in which high-performance photovoltaic material
polymer donor PM6 and small molecule acceptor Y6 (full

names provided in the Supporting Information) were used as
the model system. The underlying PM6 donor layer was
deposited from its chlorobenzene (CB) solution. The upper Y6
acceptor layer was deposited from its chloroform solution with
additive DIO of various volume ratios. The effects of solvent
additive DIO on the donor/acceptor interdiffusion and vertical
composition distribution of the LBL active layer, along with
the crystallinity of photovoltaic materials in thin films, were
systematically examined via a combination of neutron
reflectivity (NR) and two-dimensional grazing-incidence
wide-angle X-ray scattering (2D GIWAXS). The results show
that the favorable vertical composition distribution of the LBL
active layer, greatly improved crystallinity and backbone “face-
on” orientation of Y6, can be simultaneously achieved via
tuning the DIO ratios. Upon examination of the devices, the
well-regulated p-i-n structure and improved crystallinity in LBL
devices processed with DIO were thus translated into efficient
exciton dissociation, charge transportation and extraction, and
limited charge recombination loss. As a result, the solvent
additive DIO (0.5 vol %)-assisted LBL solution process
produced high-performance polymer solar cells with a
remarkable PCE of 16.5%, which is slightly higher than that
of the control BHJ solar cells (15.8%). Moreover, this solvent
additive-assisted LBL solution process was further applied to
fabricate ternary PSCs to further enhance the photovoltaic
performance by taking advantage of its broader light-harvesting
and more channels for exciton dissociation. The ternary PSCs,
which were deposited from the PM6 donor solution and mixed
acceptor (Y6 and PC71BM) solution sequentially, reached an
even higher PCE of 17.0%, representing one of the highest
values that has been obtained for LBL solar devices to date.
Most significantly, the PCEs of both binary and ternary LBL
solar cells decayed slowly to 15.7% and 16.0%, respectively,
while the PCE of the control BHJ solar cells decayed quickly to
13.4% after they had been stored of 1500 h. The superior
photovoltaic performance and long-term stability achieved in
the LBL solar cells signify the key role of the solvent additive in
the regulation of donor and acceptor interdiffusion, crystal-
linity, and, thus, photovoltaic performance.
Figure 1a provides the chemical structures of polymer donor

PM6 and small molecule acceptor Y6. Figure 1b illustrates the

Figure 1. (a) Chemical structure of polymer donor PM6 and
acceptor Y6. (b) Illustration of the LBL fabrication method.
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LBL solution deposition method. The LBL photoactive layers
were fabricated through spin-coating the two solutions of a
neat donor PM6 and a neat acceptor Y6 successively. When
casting the chloroform (CF) solution of acceptor Y6, we used
0.25, 0.5, 1, and 2 vol % DIO as the solvent additive to regulate
the morphologies of LBL photoactive layers.
The energy alignment of electrodes, photoactive materials,

and carrier-transporting materials, which were used in this
work, is shown in Figure 2a. Figure 2b emphasizes the
complementary absorption spectra of polymer donor PM6 and
small molecule acceptor Y6. Generally, the complementary
absorption is beneficial for absorbing more photons and
producing a higher current. The impact of solvent additive
DIO on the light absorption of neat Y6 films was also
determined, with the corresponding spectra overlaid in Figure
S2a. The absorption peak showed an ∼15 nm red-shift as the
DIO ratio increases from 0 to 1 vol %, indicating the formation
of more compact aggregation, which is typically promoted by
π−π interactions.
A comparison of light absorption spectra of LBL and BHJ

photoactive layers, which are made of the same PM6 and Y6, is
provided in Figure 2b. The LBL and BHJ films possess similar
light absorption in the range of 400−700 nm that belongs to
polymer donor PM6. While in the near-infrared (NIR) range
of 700−950 nm that belongs to Y6, the LBL and BHJ films
present distinct characteristics. (i) The absorption peak of Y6
in the optimized BHJ film is 797 nm, which is 30 nm blue-
shifted compared to that of the neat Y6 film (827 nm). (ii) Y6
in the LBL film possesses the same absorption peak of 827 nm
as that of the neat Y6 film. The 30 nm blue-shifted absorption
peak of Y6 in the BHJ film, to some extent, suggests that the

one-step solution process of the donor/acceptor blend solution
would disrupt the crystallization of Y6 during the solidification
of the PM6:Y6 in the BHJ film. The unchanged absorption
peak of Y6 in the LBL film indicates that Y6 maintains good
crystallinity like that of the neat Y6 film, which is helpful for
charge generation and transportation in LBL solar cells,
representing one of the advantages of the LBL solution-
processed solar cells.
As shown in Figure S2b, the absorption spectra of PM6/Y6

LBL films are strongly dependent on the second step solution
process parameter, solvent additive DIO. As the DIO ratios
increase from 0 to 2 vol %, the PM6/Y6 LBL films showed red-
shifted spectra, with corresponding peaks of 817, 822, 827,
830, and 832 nm for LBL films that were processed with 0,
0.25, 0.5, 1, and 2 vol % DIO, respectively. This phenomenon
of DIO-induced red-shifted absorption spectra is consistent
with prior reports depicting the formation of structural order
and π−π aggregation,53 which are beneficial for charge
transportation (discussed below).
To evaluate the photovoltaic performance of LBL solar cells,

thin film devices with the conventional ITO/PEDOT:PSS/
PM6/Y6/PDINO/Ag device structure, where the layers of Y6
were cast from a CF solution with various DIO contents (≤2
vol %), were fabricated and examined. The detailed solar
device fabrication protocols are provided in the Supporting
Information. For a direct comparison, the optimized BHJ solar
cells were also fabricated by casting the blend solution of PM6
and Y6 according to a prior report.54 The J−V curves of solar
cells recorded under simulated AM1.5G sun illumination (100
mW cm−2) are provided in Figure 3a, Figure S3, and Figure S4,
with corresponding figures of merit summarized in Table 1 and

Figure 2. (a) Energy alignment of materials used in this work. (b) Normalized UV−vis absorption spectra of PM6, Y6, LBL PM6/Y6, and
BHJ PM6:Y6.

Figure 3. (a) J−V curves of LBL solar devices processed with different volume ratios of DIO. (b) Figures of merit of LBL solar cells vs DIO
volume ratios.
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Table S1. The JSC values obtained from J−V curves (Figure 3a)
are coincident with the external quantum efficiency (EQE)
spectra (Figure S5) integrated current densities (±0.5 mA
cm−2).
As shown in Table 1, the reference BHJ solar cells show a

PCE of 15.8%, with a VOC of 0.85 V, a JSC of 25.3 mA cm−2,
and a fill factor (FF) of 73.5%, which are comparable to the
values reported previously.54 With respect to the LBL solar
cells, the control as-cast (DIO, 0 vol %) device did not
manifest any promising performance (PCE = 14.8%), yielding
an only modest FF of 65.5% and JSC and VOC values of 26.6
mA cm−2 and 0.83 V, respectively. The slight VOC loss of ∼20
meV in LBL devices might be attributed to more substantial
nonradiative recombination.55 However, upon addition of 0.25
and 0.5 vol % DIO in the Y6 solutions, the device FF increases
significantly from 65.5% for the as-cast devices to 69.4% and
further to 76.3%, indicating that favorable morphological
effects are developing in the LBL active layer. Moreover, VOC
and JSC remain high (0.82−0.83 V and 26.3 mA cm−2,
respectively). Overall, the optimized LBL solar devices
processed with 0.5 vol % DIO additive produced significantly
enhanced and peak PCEs of ≤16.5%. Here, it is worth noting
that PCEs of 16.5% obtained for the optimized LBL cells are
greater than PCEs of 15.8% for the optimized BHJ devices,
representing one of the promising advantages of LBL solar
cells. Upon using more solvent additive DIO, JSC, VOC, and FF

decrease concurrently to 25.2 mA cm−2, 0.76 V, and 62.4%,
respectively, yielding an inferior efficiency of 12.0% for the
LBL devices processed with 2 vol % DIO. As shown in Figure
3b, the DIO additive plays a key role in setting the conditions
for high VOC, JSC, FF, and thus PCE values but, in the
meanwhile, can be harmful to solar cell operations. Assuming
that the DIO directly impacts the migration of the Y6
molecules, a direct examination of the vertical component
distribution should reveal significant variations in LBL active
layers processed with various levels of DIO.
One of the critical advantages of LBL solution process

technology is that the donor-enriched layer near the anode and
the acceptor-enriched layer near the cathode, which is essential
for efficient charge extraction at electrodes, can be feasibly
reached, while the donor/acceptor interface has long been
considered to be limited for exciton dissociation. To better
determine why these LBL solar cells achieved such superior
performance and the pronounced effect of DIO on the LBL
device performance, the vertical component distribution of the
LBL active layers was examined through neutron reflectometry
(NR) measurement, in which the neutron interacts with
nucleus. In this work, NR measurements were performed on
the multipurpose reflectometer (MR, CSNS, China).56 The
details of the NR experiment and data fitting are provided in
the Supporting Information.
The NR reflectivity profiles of neat donor PM6 and neat

acceptor Y6 in tandem with their corresponding neutron
scattering length densities (SLDs, critical data that can provide
the in-depth component concentration of the active layer) are
shown in Figure S6. The best fittings for the two reflectivity
profiles yield SLDs of 1.005 × 10−6 and 2.015 × 10−6 Å−2 for
neat PM6 and neat Y6, respectively. The appropriate SLD
contrast ensures the reliable analysis of the vertical component
distribution: the volume ratios of PM6 and Y6 versus the in-
depth LBL active layer. The SLD of the PEDOT:PSS layer was
determined to be 1.53 × 10−6 Å−2 using the same method, as
shown in Figure S6.
With respect to the active layers, the NR data, the fittings,

and the corresponding SLD profiles of the LBL thin films
processed with different DIO ratios were demonstrated as
shown in Figure 4a. A three-layer model was used to determine
the vertical component distribution of LBL films without DIO,
while a continuously varied SLD model was used to determine
the LBL films processed with DIO. All of the simulations give
the best fit under their corresponding models, yielding factors

Table 1. Photovoltaic Parameters of the LBL Devices
Processed with Different Volume Ratios of DIO and
Reference BHJ Solar Cells under an Illumination of AM1.5
G, 100 mW cm−2a

PCE (%)

DIO (vol
%)

VOC
(V)

FF
(%)

JSC
(mA cm−2)

JSC
b

(mA cm−2) best averagec

0 0.85 65.5 26.6 25.8 14.8 14.6
0.25 0.83 69.4 26.3 25.5 15.2 14.9
0.5 0.82 76.3 26.3 25.6 16.5 16.2
1 0.78 71.9 26.2 25.3 14.7 14.3
2 0.76 62.4 25.2 24.6 12.0 11.6

BHJd 0.85 73.5 25.3 24.7 15.8 15.5
aDevices were tested under a mask with an area of 0.04 cm2. bThe
EQE spectra (Figures S4b and S5) integrated JSC values. cAveraged
performance obtained from >10 devices. dReference BHJ solar cells,
optimized devices obtained using previously reported methods.

Figure 4. (a) Neutron reflectivity profiles, with reflectivity experimental data shown as individual points and model fits shown as lines, and
corresponding models of SLD vs thickness for LBL films without and with DIO. Traces of reflectivity profiles and associated model fits have
been offset for the sake of clarity. (b) Y6 volume ratio as a function of normalized thickness profile.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://dx.doi.org/10.1021/acsenergylett.0c01927
ACS Energy Lett. 2020, 5, 3637−3646

3640

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c01927?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c01927?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c01927?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c01927?fig=fig4&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c01927?ref=pdf


of merit (FOM) of 0.07−0.09 for all LBL films. The
sufficiently small FOM ensures that precise information
about the LBL films is obtained by the fittings. The vertical
component distributions of the LBL films are recorded in SLD
profiles shown in the inset of Figure 4a.
The four LBL active layers exhibited two regions with flat Y6

ratios of 0.2 and 99.7 vol % at the bottom and top of the active
layers, respectively, suggesting enrichment of donor PM6 at
anodes and enrichment of acceptor Y6 at cathodes. Overall, an
Y6-enriched layer at the top, a mixed PM6:Y6 layer in the
middle, and a pure PM6 layer at the bottom are determined by
the NR fitting. The mixed PM6:Y6 layer at the normalized Z
axis of 0.4−0.7 is a constituent homogeneous layer due to the
interdiffusion effect between the donor and acceptor during
the second step solution process, showing a similar pattern of
ratio plateau with early LBL-based works.57 The DIO-induced
diffusion of in-depth Y6 molecules among the four LBL
samples is strongly exhibited in the transition region between
the two layers. As shown in Figure 4a, for the LBL films
processed without DIO, the SLD of PM6 abruptly changes to
the interdiffusion layer, as does the interdiffusion layer to pure
Y6. According to eq S2 in the Supporting Information, the Y6
ratio of the LBL thin film without DIO, indicated as the black
line in Figure 4b, shows a relatively sharp change in the
transition region from the pure Y6 layer to the mixed
constitution layer, which is located at the Z axis of 0.65−0.7,
indicating a weaker diffusion of Y6 into PM6 layer compared
to those with DIO. On the contrary, in LBL films with 0.5, 1,
and 2 vol % DIO show pure Y6 gradually changes to the
interdiffusion layer, as do the SLDs. It is worth mentioning that
NR also can provide information about the surface roughness
of the films. The NR curves of LBL active layers processed
without and with optimized 0.5 vol % DIO feature clear
Kessing fringes, suggesting the formation of a smooth surface
of the two LBL active layers. As the DIO ratio increases to 1
and 2 vol %, the smearing out fringes and quickly dying out
tails depend on the Q vector of the NR curves, indicating the
rough surface of LBL films. The surface roughness obtained
from NR agrees well with the atom force microscopy (AFM)
measurement (Figure S7). Overall, a higher level of DIO
aggregates PM6 and Y6, forming a coarse interface in both
surface and internal films. Moreover, the thickness ratio
interdiffusion layer was enhanced among the four samples as
the DIO ratio increased. For the “as-cast” LBL active layer, the
interdiffusion region maintains a constant ratio, indicating that
PM6 and Y6 are distributed homogeneously in the region.24,50

Among the four LBL films, the “as-cast” LBL film shows the
thinnest interdiffusion region. With an increase in the DIO
ratios, the interdiffusion region gradually becomes thicker
while the donor-enriched and acceptor-enriched layers become
thinner (Figure 4b), indicating that larger donor/acceptor
interfaces were formed and more Y6 molecules diffused into
the underneath PM6 layer with the aid of DIO.
During the spin-coating of Y6 onto the underlying polymer

donor PM6 layer, the host solvent chloroform (CF) can swell
the donor polymer PM6. Moreover, the Y6 molecules, which
were dissolved in CF, can penetrate and diffuse into the PM6
layer in the short duration of solvent volatilization.
Consequently, the donor/acceptor interdiffusion layer was
formed. Solvent additive DIO, which has a significantly higher
boiling point (bp) of 332.5 °C compared to that of CF (only
61.7 °C), will certainly prolong the solvent volatilization and
swell more PM6 molecules and, thus, lead to more diffusion of

Y6 molecules into the PM6 layer and the formation of a thicker
interdiffusion layer. (i) LBL solution process technology can
produce a favorable photoactive layer with the p-i-n structure,
which is composed of a donor-enriched layer, an acceptor-
enriched layer, and a donor/acceptor interdiffusion layer. (ii)
Solvent additive DIO showed a pronounced effect in
promoting the formation of a donor/acceptor interdiffusion
layer and a large donor/acceptor interface, which are beneficial
for exciton dissociation. On the basis of the analysis presented
above, schematic diagrams of the evolution of the vertical
composition distribution in the LBL photoactive layer without
and with DIO are provided in Figure 5.

Our NR measurements make clear the presence of larger
donor/acceptor interfaces and a thicker interdiffusion region in
LBL photoactive layers, which is a critical parameter for
exciton dissociation and exciton diffusion. To further examine
these characteristics, photoluminescence (PL) quenching
analyses and time-resolved PL (TRPL) spectroscopy were
performed on those LBL and BHJ photoactive layers. Figures
and detailed descriptions are provided in the Supporting
Information. The high PL quenching efficiencies shown in
Figure S8, to some extent, point out that exciton dissociation
in LBL active layers was occurring effectively like that in the
optimized BHJ active, which is in good agreement with the
presence of large donor/acceptor interfaces in LBL active
layers. The TPRL studies, as shown in Figure S9 along with the
detailed description in the Supporting Information, also
confirmed the efficient exciton dissociation in LBL photoactive
layers processed with various DIO volume ratios.
Apart from the vertical component distribution discussed

above, self-assembly properties and nanoscale ordering can also
be influenced notably by the LBL process parameter, solvent
additive DIO. To probe these properties, we examined the
LBL and BHJ active layers in a set of 2D GIWAXS. The
corresponding GIWAXS patterns are provided in Figure 6 and
Figure S10. For the neat Y6 films, clear lamellar ordering and
π−π stacking were observed in the in-plane direction at ≈0.30
Å−1 and in the out-of-plane direction at ≈1.75 Å−1 (Figure
S10b), respectively, indicating that the neat Y6 films adopt a
face-on orientation. The enhanced intensity in the in-plane
direction at ≈0.30 Å−1 and the decreased intensity in the out-
of-plane direction at ≈1.75 Å−1 were concurrently observed
upon processing with DIO additives (Figure S10c), suggesting
that DIO can improve the portion of the face-on orientation.
Because PM6 and Y6 presented overlaid π−π and lamellar
diffraction peaks, peak summation analysis was performed on

Figure 5. Schematic diagrams of the evolution of the vertical
composition distribution in the LBL photoactive layer without and
with DIO.
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the LBL and BHJ films. As summarized in Tables S2 and S3,
detailed peak fittings of out-of-plane profiles showed that LBL
films with 0.5 vol % DIO presented improved crystallinity
compared to that of LBL films without DIO. The crystal size of
the domains could be estimated by the calculated crystal
coherence (CCL, CCL = 2πk/fwhm),58 in which k is the shape
factor typically defined as 0.9 and fwhm is the half-width of the
diffraction peak. The lengths (CCL) are summarized in Table
S4. The LBL film processed with 0.5 vol % DIO showed a
CCL of 25.21 Å, which is larger than that of the “as-cast” LBL
film (19.22 Å). A high CCL points to the improved
crystallinity, which is often favorable for charge transport,
whereas as the DIO ratios further increase to 1 vol %, the CCL
decreased to 23.25 Å, indicating the lower crystallinity. As we
conclude from Figures S2 and S10, it seems that the
crystallinity of neat Y6 films improves as the DIO ratio
increases. When Y6 was solution-coated atop the PM6 layer,
the NR examination (Figure 4b) makes clear that solvent
additive DIO would promote the diffusion of more Y6
molecules into the PM6 layer. The crystallization kinetics of
Y6, which diffused into the PM6 layer, can be disturbed by the
donor materials. Thus, the diffusion of Y6 molecules can
explain why the LBL active layer processed with 1 vol % DIO
showed a crystallinity slightly lower than that of the optimized
LBL active layer (0.5 vol % DIO). Overall, these results suggest
that the solvent additive-assisted LBL solution process

technology can improve the crystalline quality of the active
layers, which can be beneficial for charge transport and
elucidate the improved FF for LBL solar devices.
Given the marked changes in the donor/acceptor interface,

the vertical component distribution and molecular packing
occurring in LBL active layers, charge transport, recombina-
tion, and extraction may differ, consequently impacting
photovoltaic performance. Therefore, the space charge-limited
current (SCLC) measurements (see the experimental details in
the Supporting Information) were used to determine the hole
and electron mobilities. Figure S11 and Table S5 present the
J1/2−V fitting results and the calculated mobilities, respectively.
For easy comparison, the charge mobilities are plotted in a
histogram as shown in Figure 7a. Devices processed with
various levels of DIO achieved very distinct charge mobilities.
However, the “as-cast” LBL device (0 vol % DIO) exhibited
rather modest hole and electron mobilities of 3.4 × 10−4 and
1.3 × 10−4 cm2 V−1 s−1, respectively. It is worth noting that the
“as-cast” LBL active layer possesses a limited interdiffusion
region and thick donor and acceptor-enriched layers (Figure
4b), meaning the lack of a continuous charge transport
network. When the LBL active layer is processed with 0.5 vol
% DIO, a more continuous charge transport network and
better crystalline quality (Figure 6b) are concurrently formed.
Hence, hole and electron mobilities improved significantly to
peak values of 1.1 × 10−3 and 9.1 × 10−4 cm2 V−1 s−1,

Figure 6. (a−c) 2D GIWAXS patterns and (d−f) in-plane and out-of-plane line cuts of GIWAXS of the LBL active layers with various DIO
contents: (a and d) 0 vol % DIO, (b and e) 0.5 vol % DIO, and (c and f) 1 vol % DIO.

Figure 7. (a) Histogram of hole and electron mobilities determined by SCLC measurements. The solidly colored bars show data for hole-
only devices. The patterned line bars show data for electron-only devices. (b) Photocurrent density (Jph) vs internal voltage (Vint) for LBL
devices.
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respectively, which are 3 and 8 times higher than that in the
“as-cast” devices, respectively. Generally, the higher carrier
mobilities benefit the FF and lead to an overall highest PCE
value of 16.5% in devices. As the DIO ratio further increases,
hole and electron mobilities decrease dramatically, which could
be attributed to the lower crystallinity as determined by the
GIWAXS examination. Interestingly, a zigzag tendency of
electron mobility with an increasing DIO volume ratio was
observed, which is attributed to the trade-off between the
crystallinity and the continuity of the Y6 component across the
LBL thin film. To be specific, as the DIO volume ratio further
increased to 2 vol %, the crystallinity of Y6 is almost the same
as that with 1 vol %, but the continuity of Y6 in the overall film
is better. As indicated in Figure 4b, the LBL film exhibits a
better gradient vertical distribution over the Z axis of 0.7−1,
which could be beneficial for electron transport.
With respect to the exciton dissociation and charge

collection losses, the evolution of the photocurrent density
(Jph) with internal voltage (Vint) for LBL devices and the
dependence of VOC and JSC on incident light intensity (I) were
examined. As illustrated in Figure 7b, the Jph for the optimized
LBL device (0.5 vol % DIO) increases quickly when Vint < 0.1
V and reaches a saturation regime early when Vint > 0.3 V. As
for other devices, the Jph shows slightly field-dependent
behavior, which is indicative of inefficient charge extraction.
Moreover, the exciton dissociation and charge collection
efficiency, with calculation details provided in the Supporting
Information, were measured under the short circuit condition
and maximum power output point, respectively. As concluded
in Table S6, the optimized LBL devices (0.5 vol % DIO)
presented significantly improved and highest ηdiss and ηcoll
values of 98.5% and 84.2%, respectively, indicating efficient
exciton dissociation and charge collection, which agree well
with the aforementioned favorable donor/acceptor interfaces,
vertical component distribution, molecular packing, and the
peak FF value of 76.3%. Figure S12a plots the variation of JSC
as a function of I on a log−log scale, fitting to a power law JSC
∝ Iα (solid lines). As shown in Figure 12a, all of the devices
showed similar exponential factor a values of 0.97−0.99, which
are approaching unity. The high α values of 0.97−0.99 reflect
weak bimolecular recombination losses under short circuit
conditions. In other words, the free carriers are extracted
efficiently by the electrodes as a result of the desirable vertical
component distributions that are formed in LBL active layers.
With respect to another loss mechanism, trap-assisted charge

recombination, Figure S12b plots the dependence of VOC as a
function of I on a log-linear scale, fitting to the equation

∝V n Iln( )kT
qOC . k, T, and q are the Boltzmann constant,

temperature in kelvin, and elementary charge, respectively. As
shown in Figure S12b, the optimized LBL device (0.5 vol %)
showed a lowest n value of 1.10, which is close to unity (trap-
free condition) and reflects the negligible trap-assisted
recombination across the active layer or at electrodes. On
the contrary, large n values of 1.31−1.38 were inferred for
other LBL solar devices, indicating that trap-assisted
recombination is serious under the open circuit condition.
As concluded from the aforementioned systematic studies,

LBL deposition can easily produce a favorable vertical
component distribution, with the donor-enriched layer near
the anode and the acceptor-enriched layer near the cathode.
This type of vertical component distribution is essential for
negligible charge recombination loss across the active layers
and efficient charge extraction at electrodes. Thus, the LBL
deposition technology was further extended to fabricate
ternary solar cells, which could provide additional means for
further enhancing photovoltaic performance, spaning (i)
complementary light absorption, (ii) improved charge transfer
(exciton dissociation) through the cascade energy level, (iii)
energy transfer between components, and (iv) optimized
morphology. According to the procedure for the aforemen-
tioned binary LBL devices, various weight ratios of PC71BM
were added as the second acceptor during the solution
processing of Y6. The general experimental details are
provided in the Supporting Information. On the basis of the
prior NR analysis of the binary LBL active layers, there is no
doubt that the Y6 and PC71BM small molecules could diffuse
into the underlying PM6 layer, and thus, donor-enriched,
acceptor-enriched, and interdiffusion layers are formed in
ternary LBL solar devices. The J−V and EQE curves of the
champion ternary LBL solar devices, in which the optimized
Y6:PC71BM ratio is 1.0:0.2, are provided in Figure 8a and
Figure S13, respectively. The ternary LBL solar device
produced a significantly improved FF of 77.1% and gentle
JSC and VOC values of 26.6 mA cm−2 and 0.83 V, respectively.
Overall, the device reached a PCE of 17.0%, representing one
of the highest values obtained for LBL solar devices to
date.48,59 The ternary BHJ solar cells, which are composed of
the same photovoltaic materials, PM6, Y6, and PC71BM, were
also fabricated for comparison. As shown in Figure 8a, the
optimized ternary BHJ solar cells exhibited an FF of 73.1%, a

Figure 8. (a) J−V curves of the optimized ternary LBL and BHJ solar devices, ITO/PEDOT:PSS/active_layer/PDINO/Ag. Detailed
information about the active layer is provided in the Supporting Information. (b) Stability tests of LBL and BHJ solar devices stored in a
nitrogen atmosphere.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://dx.doi.org/10.1021/acsenergylett.0c01927
ACS Energy Lett. 2020, 5, 3637−3646

3643

http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c01927?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c01927?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c01927?fig=fig8&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsenergylett.0c01927/suppl_file/nz0c01927_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c01927?fig=fig8&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c01927?ref=pdf


JSC of 26.1 mA cm−2, a VOC of 0.86 V, and an overall PCE of
16.4%, which is slightly lower than that obtained in ternary
LBL solar cells. The overall PCE histograms of optimized
ternary BHJ and LBL solar cells are summarized in Figure S14.
The superior photovoltaic performance achieved in ternary
LBL solar devices also highlights the significant potential of
LBL solution technology in fabricating efficient polymer solar
cells.
Besides photovoltaic performance, we compare another

practical property, device stability. The evolution of photo-
voltaic PCEs versus storage time was examined and is shown in
Figure 8b. As provided in Figure 8b, the control BHJ solar
devices showed poor stability. The BHJ solar devices presented
a significantly decreased PCE of 13.4%, which preserved <80%
of its original PCE value after storage for 1500 h. In contrast,
the PCEs of both binary and ternary LBL solar cells decayed to
only 15.7% and 16.0%, respectively, which preserved >95% of
its original PCEs. All in all, the data shown in Figure 8b signify
the superiority of LBL solar cells over BHJ solar cells in device
storage stability, representing an additional advantage of the
LBL solution technology.
In summary, we showed that LBL solution process

technology (also known as sequential deposition or the two-
step solution process) can produce efficient solar cells,
reaching PCE values of 16.5% and 17.0% in binary and
ternary LBL solar cells, respectively. Our systematic solar cell
optimizations show that the LBL solution process parameter,
solvent additive DIO, showed a significant effect on the
photovoltaic properties. In particular, solar cell FFs increase
markedly from ≈65% for “as-cast” devices to ≈77% for the
optimized devices processed with 0.5 vol % DIO. Detailed
examinations of the NR measurements make clear that larger
donor/acceptor interfaces, a thicker interdiffusion region, a
donor-enriched layer near anodes, and an acceptor-enriched
layer near cathodes can be concurrently reached in LBL active
layers with the aid of solvent additive DIO. 2D GIWAXS
analyses showed the DIO can improve the crystallinity and
backbone “face-on” orientation in the optimized LBL actives
(0.5 vol %). The superior photovoltaic performance and long-
term device stability of LBL solar cells over BHJ solar cells
signify that LBL solution process technology is a potential
candidate for device fabrication for producing more efficient
polymer solar cells. Our contribution further emphasizes the
vital importance of tailoring the interdiffusion layer (vertical
component distribution) in the efficiency enhancement of LBL
solar cells.
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