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Diketopyrrolopyrrole (DPP)-based conjugated polymers have been successfully applied in high perfor-
mance field-effect transistors and fullerene-based solar cells, but show limited application in non-
fullerene solar cells. In this work, we use four DPP polymers as electron donor and a perylene bisi-
mide dye as electron acceptor to construct non-fullerene solar cells. The donors and acceptor have
complementary absorption spectra in visible and near-infrared region, resulting in broad photo-response
from 300 nm to 1000 nm. The solar cells were found to provide relatively low power conversion effi-
ciencies of 1.6—2.6%, which was mainly due to low photocurrent and fill factor. Further investigation
reveals that the low performance is originated from the high charge recombination in photo-active
layers. Our systematical studies will help better understand the non-fullerene solar cells based on DPP
polymers and inspire new researches toward efficient non-fullerene solar cells with broad photo-
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response.
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1. Introduction

Perylene bisimide (PBI) derivatives with comparable electron
affinities to fullerenes have been widely used as electron acceptor
in non-fullerene solar cells during the last few years [1—24]. In
contrast to the limited fullerene-based materials, the chemical
structures of PBI compounds can be intensively engineered in
terms of absorption spectra, energy levels, crystal properties and
electron mobilities so as to provide the possibility to improve the
photovoltaic performance. PBIs tend to form large m-stacked ag-
gregation with size >1 pm in thin films, but in bulk-heterojunction
solar cells the domain size of 10—20 nm for the acceptor is required
to provide efficient charge separation and transport [25]. In order to
reduce the intermolecular interactions and avoid the strong ten-
dency toward large crystalline aggregation of the conjugated
backbone, a dimeric PBI compound, SdiPBI (Fig. 1a), was developed
[19—21]. The bulk-heterojunction thin films containing SdiPBI
showed favorable micro-phase separation, and hence SdiPBI and its
derivatives could provide high power conversion efficiencies (PCEs)
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above 8% [23].

The PCEs of solar cells depend on the physical properties of
photo-active layers, such as the absorption spectra, the alignment
of energy levels between donor and acceptor and the micro-
phase separation. Since SdiPBI shows the narrow absorption
band in the visible spectrum, the conjugated materials with ab-
sorption spectra in the near-infrared (NIR) region are required in
order to sufficiently harvest sunlight. When SdiPBI as acceptor
was blended with a wide band gap polymer PDBT-T1 [23] as
donor, a PCE of 8.42% could be achieved but with narrow photo-
response in the range of 300—700 nm, which also presented the
highest performance for PBI-based solar cells. The photo-
response could be further extended to 800 nm when using a
well-known electron donor PBDTT-F-TT, but the cells provided a
low PCE of 5.9% after applying a modified interface [19]. The low
efficiency could be due to the unbalanced hole and electron
mobilites (4.36 x 1072 and 3.32 x 107> cm? V~! s~ 1) of donor and
acceptor, resulting in enhanced charge recombination in solar
cells [19].

These studies intrigue us to search conjugated polymers with
NIR absorption spectra as electron donor for SdiPBI-based non-
fullerene solar cells. Our group focus on developing diketopyrro-
lopyrrole (DPP)-based conjugated polymers for high performance
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Fig. 1. (a) Chemical structures of electron acceptor SdiPBI; (b) The optimized geometry of SdiPBI obtained using DFT calculations at the B3LYP/6-31G*; (c) Energy levels of the donor

and acceptor in this work; (d) Chemical structures of DPP polymers.

field-effect transistors (FETs) [26,27] and organic solar cells [28].
DPP unit has strong electron-withdrawing ability to construct
small band gap conjugated polymers. By selecting electron-
donating units, such as benzene [29], thiophene [30] and dithie-
nopyrrole [31] units, the absorption onset can be easily tuned
from 800 nm to 1000 nm. DPP polymers also exhibit good crys-
tallinity and high hole mobilities above 10 cm? V-1 s71[27,32,33].
As a result, DPP polymers as electron donor have achieved high
PCEs >9% in fullerene-based solar cells [34]. Therefore, it will be
interesting to study the photovoltaic properties of DPP poly-
mer:SdiPBI systems.

In this work, we select a series of DPP polymers as donor for
use in non-fullerene solar cells with SdiPBI as electron acceptor
(Fig. 1). Although DPP polymers show high PCEs in fullerene-
based solar cells, some studies revealed that DPP polymers per-
formed low PCEs in non-fullerene solar cells [20,35—37]. In our
previous work, we investigated the solar cells of DPP polymers as
donor and a naphthalenediimide-based polymer as acceptor with
PCEs below 2%, which was mainly due to the good miscibility of
donor and acceptor polymers [38]. In this work, DPP polymer:-
SdiPBI solar cells provided better PCEs up to 2.6% with broad
photo-response from 300 nm to 1000 nm. Further studies reveal
that unbalanced hole and electron mobilities will enhance the
charge recombination, which is mainly responsible for the low
PCEs. Our results indicate that by designing new electron accep-
tors with high electron mobilities, DPP polymers can be used in
efficient non-fullerene solar cells toward thermally stable and
large-area flexible devices [39].

2. Experimental section

All chemicals were purchased from commercial suppliers and
used without further purification unless otherwise specified. The
four DPP polymers PDPPTPT [29], PDPP5T [40], PDPPAT [41],
PDPP2TDTP [31] and the acceptor SdiPBI [9] were synthesized ac-
cording to literature procedures. Poly(3-hexylthiophene) (P3HT)
and [6,6]-phenyl-C7;-butyric acid methyl ester ([70]JPCBM) were
purchased from Solarmer Materials Inc.

The photovoltaic devices were fabricated with a structure of
glass/ITO/ZnO/donor:acceptor/MoO3/Ag. Zinc Acetate dehydrate

(0.5 M) and ethanolamine (0.5 M) in 2-methoxylethanol was stirred
at room temperature for 2 h. The solution was spin coated at
4000 rpm for 60 s onto precleaned, patterned ITO substrates and
the thin film was thermal annealed at 150 °C for 10 min to form ZnO
layer [42]. The photoactive layer was deposited by spin coating the
DPP polymer:SdiPBI in chloroform solution with appropriate
amount of processing additive such as 1,8-diiodooctane (DIO) or
ortho-dichlorobenzene (0-DCB) in air. The photoactive layers based
on P3HT:[70]PCBM (1:1) were fabricated from o-DCB solution
(30 mg mL~!) at 1000 rpm in air and thermal annealed at 150 °C for
10 min in N; filled glove box. MoO3 (10 nm) and Ag (100 nm) were
deposited by vacuum evaporation at ca. 4 x 10~ Pa as the back
electrode. The active area of the cells was 0.04 cm?. The J-V char-
acteristics were measured by a keithley 2400 source meter unit
under AM1.5G spectrum from a solar simulator (enlitech model SS-
F5-3A). Solar simulator illumination intensity was determined at
100 mW/cm? using a monocrystal silicon reference cell with KG5
filter.

Short circuit currents under AM1.5G conditions were estimated
from the spectral response and convolution with the solar spec-
trum. The external quantum efficiency was measured by a Solar Cell
Spectral Response Measurement System QE-R3011 (Enli Technol-
ogy Co., Ltd.). The thickness of the active layers in the photovoltaic
devices was measured on a Veeco Dektak XT profilometer.

Density functional theory (DFT) calculations were performed at
the B3LYP/6-31G* level of theory by using the Gaussian 09 program
package. AFM images were recorded using a digital instruments
nanoscope IIIA multimode atomic force microscope in tapping
mode.

The carrier mobilities were measured by space charge limit
current (SCLC), where the device configuration of ITO/PEDOT:PSS/
active layer/Au was used for hole-only devices and ITO/ZnO/active
layer/LiF/Al was used for electron-only devices. The mobilities were
calculated from the slope of the J'/2-V curves, by fitting the dark
current according to the model of a single carrier SCLC equation:
J = 9egeriin(te)V?/8d>, where ] is the measured current density, eg is
the permittivity of free space, e, is the relative dielectric constant of
the transport material, u is the mobility, d is the thickness of the
active layer. Vis the difference between the applied voltage and the
offset voltage.
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3. Results and discussion
3.1. Chemical structures, optical and electrochemical properties

The chemical structures of the DPP polymers and SdiPBI are
shown in Fig. 1. From DFT calculations, the molecular SdiPBI has
highly twisted 3D geometries (Fig. 1b), which could suppress the
self-aggregation of PBI units and meanwhile improve the isotropic
electron transport. Four DPP polymers were selected as electron
donor, in which the DPP core was flanked with different electron-
donating units, from benzene (PDPPTPT) to terthiophene
(PDPP5T), bithiophene (PDPPA4T) and dithienopyrrole (PDPP2TDTP)
(Fig. 1d). Thienyl units were used as bridges to connect the DPP core
and donor groups. All these polymers have been reported in
fullerene-based solar cells with high photocurrent and PCEs up to
7% [29,31,40,41].

The optical absorption spectra of the donor polymers and SdiPBI
are shown in Fig. 2 and the optical band gap (Eg) is summarized at
Table 1. SdiPBI presents the absorption spectra from 400 nm to
600 nm, while the DPP polymers have the complementary ab-
sorption spectra in NIR region. PDPPTPT with phenyl units as weak
donor shows absorption onset at 810 nm with Eg of 1.53 eV. When
enhancing the electron-donating ability, the band gaps of PDPP5T,
PDPPAT and PDPP2TDTP reduce to 1.45 eV, 1.43 eV and 1.27 eV
respectively. The absorption spectra of the blended thin films of
DPP polymer:SdiPBI with the ratio of 1:1 is also present in Fig. 2b, in
which the absorption contribution from the donor and SdiPBI can
be clearly distinguished. It is also notable that the absorption in-
tensity of SdiPBI is much lower than that of DPP polymers, indi-
cating the relatively low absorption coefficiency of SdiPBI.

The energy levels of the DPP polymers and SdiPBI that were
determined from cyclic voltammetry (CV) measurement are shown
in Fig. 1c and summarized at Table 1. The DPP polymers show the
similar lowest unoccupied molecular orbital (LUMO) levels of
—3.63 to —3.68 eV, while SdiPBI has LUMO level of —3.92 eV.
Therefore, the LUMO offset between the polymer and SdiPBI is
0.24—0.29 eV, which is close to 0.3 eV [43]. In addition, the DPP
polymers provide the highest occupied molecular orbital (HOMO)
levels of —4.91 to —5.19 eV, which is much lower than that of SdiPBI
(=5.99 eV). The HOMO and LUMO offsets between the DPP poly-
mers and SdiPBI can provide enough driving force for exciton
dissociation into free charges.

3.2. Photovoltaic properties

Bulk-heterojunction solar cells were fabricated by using DPP
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Table 1

Optical and energy levels of the DPP polymers and SdiPBI.
Polymer EfM (ev) Erumo (eV) Eromo (eV)? AELumo (eV)P
PDPPTPT® 1.53 -3.66 -5.19 0.26
PDPP5T! 145 -3.63 -5.08 0.29
PDPP4T® 143 -3.64 -5.07 0.28
PDPP2TDTP' 1.23 -3.68 -491 0.24
SdiPBI® 2.07 -3.92 -5.99 -

3 Enomo = Erumo (polymer) — ES'™,

® AEiumo = Erumo (polymer) — Euwmo (SAiPBI).
< Ref. [30].

d Ref. [35].

¢ Ref. [41].

f Ref. [31].

£ Ref. [9].

polymers as electron donor and SdiPBI as electron acceptor with an
inverted device structure of ITO/ZnO/DPP polymer:SdiPDI/MoO3/
Ag. The photoactive layers were carefully optimized according to
the processing parameters including solvent, the amount of addi-
tive (Tables S1-S5, Fig. S1) and the ratio of donor to acceptor
(Tables S5—S8, Fig. S2). All the cells show the best performance
when the ratio of donor to acceptor is 1:1. The optimized perfor-
mance of the solar cells is shown in Fig. 3 and the photovoltaic
parameters are summarized at Table 2.

PDPPTPT:SdiPBI cells show the best PCE of 2.1% with short cir-
cuit current density (Jsc) of 5.5 mA cm™2, open circuit voltage (Vyc)
of 0.88 V and fill factor (FF) of 0.43. When SdiPBI is blended with
PDPP5T and PDPPA4T, the Jscs are enhanced to 8.9 mA cm 2 and
7.5 mA cm 2, but Vs are reduced to 0.63 V and 0.74 V, resulting in
similar PCEs of 2.3% and 2.6% as PDPPTPT:SdiPBI cell.
PDPP2TDTP:SdiPBI cell shows similar Jsc and FF but with very low
Voc of 0.50, and thus provides the lowest PCE of 1.6%. The Jss of
these cells are also reflected by their external quantum efficiencies
(EQE) as shown in Fig. 3b. All the cells exhibit two distinct spectra
that correlate to the contribution from SdiPBI and DPP polymers.
PDPPTPT:SdiPBI cell shows the photo-response from 300 nm to
800 nm with the EQE below 0.25, while PDPP2TDTP:SdiPBI cell has
the broad spectra from 300 nm to 1000 nm with the maximum EQE
of 0.30. PDPP5T-based cells provide the best EQE up to 0.35, cor-
responding to the highest Jsc of 8.9 mA cm~2 in these cells. Although
the cells show the broad photo-response, the EQEs are still much
lower than those of fullerene-based cells, which can explain their
relatively low Jscs and PCEs. In addition, the FF of these non-
fullerene solar cells is also below 0.50, which is much lower than
those of DPP polymer solar cells with typical FF above 0.65 when
using fullerene derivatives as electron acceptor [41]. We also
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Fig. 2. (a) Absorption spectra of the pure DPP polymers and SdiPBI in solid state films and (b) of the blended thin films of DPP polymer:SdiPBI (1:1) spin coated from CHCl5 solution.
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Fig. 3. (a) J-V characteristics in dark (dashed lines) and under white light illumination (solid lines) of optimized solar cells of DPP polymers blended with SdiPBI (1:1) fabricated
from CHCl; with 2.5% DIO as additive for PDPP5T and PDPP2TDTP, and CHCl3 with 10% 0-DCB as additive for PDPPTPT and PDPPA4T. (b) EQE of the same devices.

Table 2

Solar cell parameters of optimized inverted solar cells of DPP polymer:SdiPBI.
Polymer? Js”[mAcm™2) Voo [V]  FF PCE [%]  Eioss (V)
PDPPTPT 5.5 0.88 0.43 2.1 0.65
PDPP5T 8.9 0.63 0.41 23 0.82
PDPPAT 7.5 0.74 0.47 2.6 0.69
PDPP2TDTP 74 0.50 0.43 1.6 0.73
P3HT! 8.1 0.57 0.60 2.7 1.28

2 Ratio of donor to acceptor is 1:1. Optimized spin coating solvent for active layer
is CHCl5 with 2.5% DIO as additive for PDPP5T and PDPP2TDTP, and CHCl3 with 10%
0-DCB as additive for PDPPTPT and PDPPA4T.

b Je as calculated by integrating the EQE spectrum with the AM1.5 G spectrum.

N Eloss = Eg - qV0c~

4 with [70]PCBM. The thickness of the active layer is 100 nm.

fabricated the P3HT:[70]PCBM cells as shown in Fig. S3 and the
results were summarized in Table 2. The cells have similar PCEs of
2.7% but with narrow photon-response only up to 700 nm
(Fig. S3b). However, P3HT:PCBM cells show EQE above 0.5 in the
visible light region, which is much higher than those of non-
fullerene solar cells.

3.3. Investigation of charge transports

It is worth to further study the charge separation and transport
in these non-fullerene solar cells in order to understand their low
device performance. Firstly, the energy loss (Ejoss) [44], that is
defined as the difference between E; and qV,, was evaluated in
these cells, as shown in Table 2. All the cells have the Ejoss above
0.6 eV with the highest value of 0.82 eV, which can be recognized to
provide sufficient driving force for charge separation. In addition,
P3HT:PCBM cells provide a large Ejoss of 1.28 eV that will greatly
limit the performance of solar cells.

The charge transport properties of the cells were investigated by
space charge limited current (SCLC) measurement, as shown in
Fig. S3 and Table 3. The results of the DPP polymer:[70]PCBM cells
were also present for comparison. All the DPP polymers show
similar hole mobilities of 1074 cm? V~! s~ in which DPP poly-
mer:[70]PCBM has slightly higher mobilities than those of non-
fullerene solar cells. In addition, SdiPBI presents electron mobil-
ities around 10~ cm? V! s~! in blended thin films, while the
electron mobilties of [70]PCBM in blended thin films were
~1074 ecm? V! s As consequence, DPP polymer:SdiPBI cells
present unbalanced hole and electron mobilties compared to [70]
PCBM-based cells (Table 1), which will enhance the charge

Table 3

Hole and electron mobility by SCLC measurement.
Active layer un (cm?V-1s71) te (cm? V=151 n/ e
PDPPTPT:SdiPBI 292 x 1074 135 x 107> 216
PDPP5T:SdiPBI 377 x 1074 1.41 x 107° 26.7
PDPP4T:SdiPBI 547 x 1074 138 x 107> 39.6
PDPP2TDTP:SdiPBI 367 x 1074 6.60 x 107 55.6
PDPPTPT:[70]PCBM? 621 x 1074 1.66 x 107 3.74
PDPP5T:[70]PCBM? 713 x 1074 8.64 x 107> 8.25
PDPPA4T:[70]PCBM? 812 x107* 1.83 x 107* 4.44
PDPP2TDTP:[70]PCBM? 8.14 x 1074 225 x 1074 3.62

2 The ratio of donor to [70]PCBM is 1:2 and the thin films were fabricated by using
optimized condition according to the literatures [30,31,35,41].

recombination of these cells. These could explain the low Jscs and
FF. These results also reveal that improving the electron mobility of
acceptors is the possible route to improve the DPP-based non-
fullerene solar cells.

In order to further study the charge recombination in these non-
fullerene cells, the charge dissociation probability P(E, T) was
investigated according to the reported method. As shown in Fig. 4a,
the photocurrent density Jpn (defined by . — Jp, JL and Jp are light
and dark current densities) is plotted against effective voltage Vet
(defined by Vo — V, Vy is the voltage where Jpn = 0) on a logarithmic
scale [45]. Vegrreflects the applied voltage used for charge exaction,
in which high Ve can provide enough driving force for charge
dissociation and therefore has minimal recombination. In these
SdiPBI-based cells, Jpn cannot reach the saturation values, indicating
the strong charge recombination. By using the Jpn at 2 V and the Jp,
at the maximum power output point, the P(E, T) can be calculated
as 49.4%, 47.8%, 57.8% and 49.0% for PDPPTPT, PDPP5T, PDPP4T and
PDPP2TDTP-based cells respectively. It should be note that, since
the Jpn at 2 V is the unsaturated values, the real P(E, T) should be
even lower than the calculated values as shown in Fig. 4a. The P(E,
T) is rather low compared to those efficient fullerene-based solar
cells, indicating poor exciton dissociation and charge collection
[45].

The short circuit current under different light intensities was
also measured to study charge recombination, as shown in Fig. 4b.
The relationship between Jsc and light intensity (P) can be described
by the formula of Jsc « PS [46]. S = 1 indicates that all free charges
are transported and collected at the electrodes, while S < 1 in-
dicates charge recombination. In these SdiPBI-based cells, S is in the
range of 0.83—0.97, especially for PDPP5T and PDPP2TDTP with S of
0.90 and 0.83. These results reveal that DPP polymer:SdiPBI thin
films have strong charge recombination, which is consistent with
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the SCLC and Jpn measurement.

We further studied the morphology of blended thin films by
atomic force microscopy (AFM), as shown in Fig. 5. All thin films
show smooth surface with roughness from 0.89 nm to 2.15 nm. This
may indicate the well-mixed phase between donor and acceptor,
which can enhance the possibility of charge recombination. The
observation is similar to the DPP polymer donor:polymer acceptor
in our previous work [38].

4. Conclusions

In conclusion, non-fullerene solar cells based on DPP

(c) PDPPAT:SdiPBI
¥

{d) PDPP2TDTP:SdiPBI

polymers as electron donor and a PBI-based compound as elec-
tron acceptor were studied in this work. The DPP polymers have
the complementary absorption spectra with the electron
acceptor, resulting in broad photo-response from 300 nm to
1000 nm in solar cells. The solar cells exhibit low PCEs of
1.6—2.6%, which is mainly due to the high charge recombination.
The systematical investigation in this work will be helpful to
understand the physical process in these DPP polymer solar cells.
With the consideration of broad absorption spectra, high charge
carrier mobilties and good crystallinity, we believe that DPP
polymers as donor will show promising application in non-
fullerene solar cells.

10nm

*
»
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-10nm

Fig. 5. AFM height image (3 x 3 pm?) of optimized DPP polymer:SdiPBI (1:1) active layers spin coated from CHCl; with 2.5% DIO as additive for PDPP5T and PDPP2TDTP, and CHCl;
with 10% 0-DCB as additive for PDPPTPT and PDPPA4T. (a) PDPPTPT, (b) PDPP5T, (c) PDPPAT and (d) PDPP2TDTP. The root mean square (RMS) roughness values are 1.89 nm, 2.02 nm,

0.89 nm and 2.15 nm respectively.
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