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Achieving 17.5% efficiency for polymer solar cells
via a donor and acceptor layered optimization
strategy†
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Qiuju Jiang,e Han Young Woo, c Qinghe Wu, e Xixiang Zhu,a Xiaoling Maa and
Fujun Zhang *a

Layer-by-layer polymer solar cells (LbL-PSCs) were prepared with PNTB6-Cl as the donor and Y6 as the

acceptor by a sequential spin-coating method. Two solvent additives DPE and DFB were individually

incorporated into PNTB6-Cl chlorobenzene solution and Y6 chloroform solution. A PCE of 17.53% was

achieved for the optimal LbL-PSCs with two solvent additives, which is much larger than the PCE of

16.38% for the LbL-PSCs without solvent additives. Over 7% PCE enhancement can be realized by

individually employing solvent additives in donor and acceptor layers, resulting from the simultaneously

enhanced open circuit voltage (VOC) of 0.88 V, short circuit current density (JSC) of 26.63 mA cm�2 and

fill factor (FF) of 74.83%. The photogenerated exciton distribution, charge transport and collection in the

LbL-PSCs can be optimized by employing different solvent additives in donor and acceptor solutions.

Meanwhile, the efficient energy transfer from PNTB6-Cl to Y6 can provide an additional channel for

improving the exciton utilization efficiency through exciton dissociation at PNTB6-Cl/Y6 interfaces.

Meanwhile, the PCEs of LbL-PSCs are better than those of bulk heterojunction PSCs with the same

materials and solvent additives, indicating the great potential of LbL-PSCs for commercial application.

Introduction

The power conversion efficiencies (PCEs) of bulk heterojunc-
tion polymer solar cells (BHJ-PSCs) have markedly increased in
the recent years due to the rapid development of novel donor
and acceptor materials, interfacial materials and device
engineering.1–5 Incorporation of additives has been commonly
confirmed as an efficient route to optimize the phase separa-
tion degree for achieving efficient PSCs.6–8 The excellent com-
patibility of the used materials is considered as the prerequisite

to form a bi-continuous interpenetrating network for preparing
efficient BHJ-PSCs.9–12 Very recently, LbL-PSCs were prepared
by a sequential spin-coating method, exhibiting comparable or
slightly higher PCEs in comparison with the corresponding
BHJ-PSCs of the same materials.13–19 The underlying reasons
for LbL-PSCs being highly efficient are needed to be clarified
for better understanding the dynamic process in the LbL active
layers. It is well known that the exciton diffusion distance is
about 20 nm in organic semiconducting materials, and the BHJ
structure can provide sufficient donor/acceptor interfaces for
exciton dissociation within a short diffusion distance.20 In the
LbL-PSCs, donor and acceptor interfacial penetration may
provide an additional interface for exciton dissociation, as
reported in previous reports.21,22 The thickness of donor layers
are more than 50 nm in the LbL-PSCs, donor/acceptor inter-
facial penetration may take limited function for improving the
exciton dissociation in LbL-PSCs. It is well known that most of
the excitons will be generated near the ITO electrode according
to the Beer–Lambert principle when the sun light is illuminated
from the glass substrate.23–26 The energy transfer from the
donor to the acceptor may provide a vital channel to fully make
use of photogenerated excitons near the ITO electrode. The
excitons on acceptors close to the donor/acceptor interface,
generated by energy transfer from the donor, will be easily
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dissociated into free charge carriers for improving the PCE of
LbL-PSCs. The efficient energy transfer from the donor to the
acceptor may be a prerequisite to select materials for preparing
highly efficient LbL-PSCs.27,28

In this work, a series of LbL-PSCs and BHJ-PSCs were
prepared by employing PNTB6-Cl as the donor and Y6 as the
acceptor based on the normal structures of ITO/PEDOT:PSS/
PNTB6-Cl/Y6/PNDIT-F3N/Ag and ITO/PEDOT:PSS/PNTB6-Cl:Y6/
PNDIT-F3N/Ag, respectively. The solvent additives DPE with a
boiling point (BP) of 259 1C and DFB with a BP of 90.4 1C were
selected to optimize the molecular arrangement in BHJ and LbL
active layers. The DPE was incorporated into PNTB6-Cl in
chlorobenzene solution and DFB was incorporated into Y6 in
chloroform solution for optimizing the donor and acceptor
layers, respectively. The PNTB6-Cl chain arrangement should
be optimized during the DPE slow volatilization process. The
DFB with a low BP will suffer a rapid volatilization to adjust
a small molecular acceptor arrangement, leading to more
efficient electron transport channels, which can be confirmed
from the enhanced FF of PSCs with solvent additives. The
chemical structures of used materials are exhibited in Fig. 1a.
The PNTB6-Cl film can be kept well while spin-coating Y6
solution on it because the polymer PNTB6-Cl is hardly dissolved
in chloroform.29 The absorption spectra of LbL films without or
with solvent additives were measured and are shown in Fig. 1b.
The refractive index (n) and extinction coefficient (k) of LbL

films were measured to investigate the effect of solvent additives
on the photogenerated exciton distribution and are exhibited in
Fig. 1c. The n and k of LbL films are slightly increased by
incorporating appropriate solvent additives, indicating the
enhanced photon harvesting ability of LbL films due to the
optimized molecular arrangement. The optimal LbL-PSCs exhibit
a PCE of 17.53%, benefiting from the simultaneously enhanced
open circuit voltage (VOC) of 0.88 V, short circuit current density
(JSC) of 26.63 mA cm�2 and fill factor (FF) of 74.83%. The PCE of
the optimal LbL-PSCs is much larger than 16.38%, 16.61% and
16.65% obtained for the LbL-PSCs without and with DPE or DFB
as the solvent additive, which should result from the enhanced
photon harvesting and well optimized molecular arrangement in
the PNTB6-Cl and Y6 layers. More than 7% PCE improvement can
be achieved by employing the two solvent additive strategy,
benefiting from the individually layered optimization on donor
and acceptor layers. Although the PCEs of BHJ-PSCs are slightly
increased from 14.46% to 14.81% by incorporating DPE and DFB
solvent additives in the blended chlorobenzene solutions, they are
still much lower than 17.53% for the optimized LbL-PSCs.

Experimental results

The current density versus applied voltage (J–V) curves of LbL-
PSCs and the typical BHJ-PSCs were measured under one

Fig. 1 Chemical structures of (a) Y6, DFB, PNTB6-Cl and DPE. (b) The absorption spectra of PNTB6-Cl/Y6 films without or with solvent additives. (c) The
n and k curves of PNTB6-Cl/Y6 films without or with solvent additives.
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standard simulated solar light illumination and are exhibited
in Fig. 2a. Obviously, the solvent additives DPE and DFB have a
positive effect on the performance of PSCs from comparatively
analyzing the photovoltaic parameters. The PCEs of LbL-PSCs
can be improved from a PCE of 16.38% for the cells without any
solvent additive to 16.61% or 16.65% by individually employing
the DPE or the DFB solvent additive. The PCE of the optimal
LbL-PSCs is markedly increased to 17.53% by individually
incorporating solvent additives in donor and acceptor solutions,
benefiting from the simultaneously enhanced VOC of 0.88 V, JSC

of 26.63 mA cm�2 and FF of 74.83%. More than 7% PCE
improvement is obtained via using double solvent additives for
the layered optimization on donor and acceptor layers. The PCEs
of BHJ-PSCs can be slightly improved from 14.46% to 14.81% by
employing DPE and DFB as solvent additives, resulting from the

increased FFs and JSCs. The series resistance (RS) and shunt
resistance (RSH) are calculated according to the J-V curves of
LbL-PSCs and the typical BHJ-PSCs. It is apparent that the RS

values of LbL-PSCs are slightly lower than those of BHJ-PSCs
and RSH values of LbL-PSCs are slightly larger than those of
BHJ-PSCs, indicating the more efficient charge transport in the
LbL active layers. Meanwhile, solvent additives play a vital role in
decreasing RS and increasing RSH, leading to the FF increase of
PSCs with solvent additives. The minimum RS of 1.24 O cm2 and
maximum RSH of 399 O cm2 were obtained for the LbL-PSCs with
double additives, which are responsible for the highest FF of
LbL-PSCs with double additives. The detailed photovoltaic para-
meters of all LbL-PSCs and BHJ-PSCs are summarized in Table 1.
The EQE spectra of LbL-PSCs and BHJ-PSCs were measured and
are exhibited in Fig. 2b. The EQE difference (DEQE) between the

Fig. 2 BHJ and LbL-PSCs prepared without or with solvent additives: (a) The J–V curves, (b) the EQE spectra and the DEQE between the additive-
processed LbL devices and the control one. (c) Photogenerated exciton distribution in PNTB6-Cl/Y6 layers, and (d) photogenerated exciton distribution
in PNTB6-Cl + DPE/Y6 + DFB layers.

Table 1 Photovoltaic parameters of PSCs without or with solvent additives

Structure Active layer

JSC Cal. JSC VOC FF PCE (Ave. � Dev.) RS RSH

(mA cm�2) (mA cm�2) (V) (%) (%) [O cm2] [O cm2]

BHJ D:A 23.29 22.87 0.85 72.08 14.46 (14.35 � 0.12) 2.06 237
D:A + DPE + DFB 23.78 23.56 0.85 73.28 14.81 (14.68 � 0.13) 2.01 267

LbL D/A 26.29 25.26 0.85 73.25 16.36 (16.23 � 0.14) 1.80 342
D + DPE/A 26.53 25.39 0.85 73.64 16.61 (16.53 � 0.17) 1.38 359
D/A + DFB 26.51 25.31 0.87 72.16 16.65 (16.47 � 0.15) 1.81 340
D + DPE/A + DFB 26.63 25.64 0.88 74.83 17.53 (17.34 � 0.19) 1.24 399

The average and deviation of PCEs were calculated from 10 individual cells.
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LbL-PSCs without additives and the optimized LbL-PSCs was
calculated and is shown in Fig. 2b. It is apparent that the DEQE
values are larger than zero in the spectral range from 410 nm to
800 nm, which can well support the increased JSC of PSCs with
two additives. The integral area between the DEQE curve and the
DEQE = 0 line is about 8.9, and the positive integral area further
indicates increased photon utilization efficiency in the optimal
LbL-PSCs. To further clarify the positive effect of solvent additives
on the performance improvement of PSCs, the photogenerated
exciton distribution in the LbL active layers was calculated by
using the transfer matrix method.30 The detailed calculation
process is described in the supporting information. The photo-
generated exciton distribution in the LbL active layers without or
with solvent additives is exhibited in Fig. 2c and d. The distinct
photogenerated exciton distribution can be observed in the LbL
active layers due to the effect of solvent additives on the n and
k values of active layers, as well as the interference between the
incident light and the reflected light from the Ag electrode.31,32 In
the whole spectral range from 300 nm to 900 nm, the photon
generation rate is increased from 6.676 � 1029 to 6.715 �
1029 m�3 s�1 by employing two solvent additives, indicating the
enhanced photon harvesting ability in the LbL active layers
processed with two solvent additives.

To further investigate the underlying reason for PCE
improvement of LbL-PSCs by solvent additives, the J–V curves
of all LbL-PSCs were measured in the dark and one standard
simulated solar light illumination under bias; the photogenerated

current density (JPH) is equal to the photocurrent density ( JL)
minus dark current density (JD), expressed as JPH = JL–JD. The
effective voltage (Veff) is defined as the voltage at JPH = 0 minus the
applied bias. The JPH versus effective bias (JPH–Veff) curves of all
LbL-PSCs were measured and are exhibited in Fig. 3a. The
photogenerated current density of LbL-PSCs can be defined as
JPH*, JPH

& and JSAT under the short-circuit condition, the maximal
output-power condition and the saturated state condition, respec-
tively. The exciton dissociation efficiency (ZD) and charge
collection efficiency (ZC) can be well evaluated from the ratios of
JPH*/JSAT and JPH

&/JSAT, respectively.33,34 The detailed values of
all LbL-PSCs are listed in Table 2. The ZD and ZC of the optimal
LbL-PSCs are 96.69% and 86.34%, which are larger than 95.57%
and 82.32% for the LbL-PSCs without any solvent additive. The
enhanced ZD and ZC can well support the PCE improvement in
optimal LbL-PSCs. The JPH of LbL-PSCs can rapidly arrive at
the saturated states, also indicating the more efficient charge
collection in LbL active layers processed with solvent additives.
The exciton dynamic process between PNTB6-Cl and Y6 was
investigated according to the photoluminescence (PL) spectra of
neat and layer-by-layer films without or with solvent additives, and
the corresponding PL spectra are shown in Fig. 3b. It is apparent
that PL emission of PNTB6-Cl can be sufficiently quenched in the
PNTB6-Cl/Y6 layer, indicating efficient exciton dissociation or
energy transfer from PNTB6-Cl to Y6. The apparent spectral
overlap between the PL spectrum of PNTB6-Cl and the absorption
spectrum of Y6 can be observed from the image of Fig. 3b,

Fig. 3 (a) JPH–Veff curves of LbL-PSCs without or with solvent additives, (b) PL spectra of the pure PNTB6-Cl film, PNTB6-Cl/Y6 films without or with
solvent additives and the absorption spectrum of the pure Y6 film, (c) Transient photovoltage curves and (d) photo-CELIV curves of all LbL-PSCs.
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suggesting the efficient energy transfer from PNTB6-Cl to Y6
according to the FÖrster energy principle.35–38 The photo-
generated excitons on PNTB6-Cl near the ITO electrode can
transfer their energy to Y6; the excitons generated via energy
transfer on Y6 near PNTB6-Cl/Y6 interfaces will be dissociated
into free charge carriers. The efficient energy transfer from
PNTB6-Cl to Y6 will provide another channel for improving the
PCE of LbL-PSCs.

Transient photovoltage (TPV) is a convenient method to
analyze the charge recombination degree in PSCs by evaluating
the photocarrier lifetime (tpc) under open-circuit conditions.39–41

The TPV curves of all LbL-PSCs were measured under a white
LED with a light intensity of 720 W m�2 and are shown in Fig. 3c.
The tpc in the optimal LbL-PSCs is about 41.78 ms, which is much
longer than 24.06 ms in LbL-PSCs without solvent additives,
24.49 ms in LbL-PSCs with the solvent additive DPE and
39.35 ms in LbL-PSCs with the solvent additive DFB. The pro-
longed tpc in the optimal LbL-PSCs further proves the weakest
charge recombination, which should be beneficial to charge
transport and collection in the corresponding LbL-PSCs. Under
a short circuit condition, the transient photocurrent (TPC) of all
LbL-PSCs were measured to obtain the charge extraction time
(text).

42–45 The TPC curves of all LbL-PSCs are exhibited in Fig. S2
(ESI†). The text in optimal LbL-PSCs is about 0.207 ms, which is
much shorter than 0.285 ms in LbL-PSCs without solvent
additives, 0.239 ms in LbL-PSCs with the solvent additive DPE
and 0.220 ms in LbL-PSCs with the solvent additive DFB. The
relatively short text in the optimal LbL-PSCs reveals that the
appropriate solvent additives can enhance charge transport and
collection in the corresponding LbL-PSCs. It is well known that
charge carrier mobility (m) will directly influence charge transport
and recombination in the active layers, which can be estimated
from the photo-CELIV measurements.46–48 The photo-CELIV
curves of all LbL-PSCs were measured under a white LED with
light intensity of 720 W m�2 and are exhibited in Fig. 3d. The
charge mobility in the LbL active layers can be estimated based on

the following equation: m ¼ 2d2

3Atmax
2 1þ 0:36

Dj
jð0Þ

� � if Djo jð0Þ
� �

,

where d is the active layer thickness, A is the ramp rate, tmax is

the time when the extracted current reaches its maximum value,
j(0) represents the dark capacitive current, and Dj is the transient
current peak height. The factor 1 + 0.36 Dj/j(0) in the formula is an
empirical correction accounting for the redistribution of the
electric field. As seen from Fig. 3d, the relatively small Dj
is conducive to obtaining a large m in the optimal LbL-PSCs.
The calculated m in the optimal LbL-PSCs is about 1.843 �
10�4 cm2 V�1 s�1, which is larger than 1.428 � 10�4 cm2 V�1 s�1

in LbL-PSCs without solvent additives, 1.584 � 10�4 cm2 V�1 s�1

in LbL-PSCs with the solvent additive DPE and 1.755 �
10�4 cm2 V�1 s�1 in LbL-PSCs with the solvent additive DFB.
The enhanced m in LbL-PSCs should be beneficial to suppress
charge recombination and improve charge collection, resulting
in the relatively large FF of 74.83% for the optimal LbL-PSCs.
The space charge limited current (SCLC) model was further
employed to investigate hole mobility (mh) and electron mobility
(me) values based on the hole-only and electron-only
devices.49–51 The detailed ln (JL3/V2) versus (V/L)0.5 curves of
hole-only and electron-only devices are exhibited in Fig. S3
(ESI†); the mh, me and mh/me in the LbL active layers without or
with solvent additives are summarized in Table 3. It is apparent
that the mh and me in the LbL active layers can be slightly
increased by incorporating appropriate solvent additives. The
mh/me in the LbL active layers with two solvent additives is
closest to 1, indicating the more balanced hole and electron
mobility as confirmed from the relatively large FF of 74.83% in
the optimal LbL-PSCs.52

To investigate the effects of solvent additives on the
morphology, AFM was employed to characterize morphology
of the neat and layer-by-layer films without or with solvent
additives, as exhibited in Fig. S4 (ESI†). It is apparent that the
root-mean-square (RMS) roughness of neat and layer-by-layer
films can be slightly increased by incorporation of solvent
additives, and the detailed RMS values are listed in the corres-
ponding AFM images. The enhanced RMS of PNTB6-Cl with the
DPE layer may be conducive to enlarging PNTB6-Cl/Y6 inter-
faces for exciton dissociation.53 The AFM images of PNTB6-Cl +
DPE/Y6 + DFB and PNTB6-Cl/Y6 films are exhibited in Fig. 4a.
The RMS values of LbL films are increased from 0.618 nm to
0.702 nm by incorporation of solvent additives, which may
result from the molecular crystallization induced by solvent
additives.54,55 GIWAXS characterization was carried out to
further investigate molecular crystallization induced by solvent
additives. The 2D-GIWAXS images and the corresponding out-
of-plane (OOP) and in-plane (IP) profiles of PNTB6-Cl + DPE/
Y6 + DFB and PNTB6-Cl/Y6 films are displayed in Fig. 4b and c.
The PNTB6-Cl/Y6 films exhibit a lamellar stacking peak at
0.28 Å�1 in the IP direction and p–p stacking peak at 1.71 Å�1

Table 2 The key parameters of LbL-PSCs without or with additives

Active layer
JSAT

(mA cm�2)
JPH*
(mA cm�2)

JPH
&

(mA cm�2) ZD (%) ZC (%)

D/A 27.52 26.30 22.65 95.57 82.32
D + DPE/A 27.63 26.53 22.95 96.02 83.06
D/A + DFB 27.59 26.51 22.93 96.09 83.10
D + DPE/A + DFB 27.82 26.87 24.02 96.69 86.34

Table 3 The key parameters of LbL-PSCs without or with additives and the measured charge mobility according to the SCLC method

Active layer TPV (ms) TPC (ms) m (cm�2 V�1 s�1) mh (cm�2 V�1 s�1) me (cm�2 V�1 s�1) mh/me

D/A 24.06 0.285 1.42 � 10�4 4.15 � 10�4 3.20 � 10�4 1.30
D + DPE/A 24.49 0.239 1.58 � 10�4 5.54 � 10�4 4.50 � 10�4 1.23
D/A + DFB 39.35 0.220 1.75 � 10�4 7.16 � 10�4 6.12 � 10�4 1.17
D + DPE/A + DFB 41.78 0.207 1.84 � 10�4 9.13 � 10�4 8.52 � 10�4 1.07
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in the OOP direction, implying the existence of face-on mole-
cular orientation in LbL films without solvent additives.56–58

The OOP (010) and IP (100) diffraction peak intensity of the
PNTB6-Cl + DPE/Y6 + DFB films are obviously enhanced by
incorporation of solvent additives, indicating the more ordered
face-on orientation in the LbL films. The improved molecular
arrangement is beneficial to charge transport in the optimal
LbL active layers, which can be confirmed from the relatively
large mh and me in comparison with the LbL active layers
without solvent additives. The more ordered molecular arrange-
ment in LbL active layers is conducive to charge transport and
suppresses charge recombination, resulting from the enhanced
performance of LbL-PSCs processed with two solvent additives.

Conclusions

In summary, BHJ and LbL-PSCs were fabricated with PNTB6-Cl
as the donor and Y6 as the acceptor by employing a two solvent
additive strategy. A PCE of 17.53% was achieved for the optimal
LbL-PSCs, benefiting from the simultaneously enhanced VOC of
0.88 V, JSC of 26.63 mA cm�2 and FF of 74.83%. The molecular
arrangement of PNTB6-Cl and Y6 can be individually optimized
by appropriately incorporating DPE and DFB, as confirmed from
the crystallinity and morphology of films without and with
solvent additives. Over 7% PCE improvement can be achieved
by employing a two solvent additive strategy in comparison with
the LbL-PSCs without solvent additives. The 17.53% PCE of LbL-
PSCs is much larger than 14.81% for the optimized BHJ-PSCs
with the same materials and solvent additives, indicating that a
deep understanding of the exciton dynamic process in LbL-PSCs

is still needed. This work indicates the great potential of LbL-
PSCs with excellent PCE for the commercial applications.
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