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The impact of thermal treatment on the
performance of benzo[1,2-b:4,5-b']difuran-based
organic solar cellsT

Bo Liu, {2*?® Xjaobo Wang,?® Lang Li¢ and Gang Wang*®®

The new low bandgap benzoll1,2-b:4,5-b'ldifuran (BDF)-based organic small molecule, namely B1, was
synthesized by Stille coupling polymerization reactions. B1 was found to be soluble in common organic
solvents such as chloroform, toluene and chlorobenzene with excellent film forming properties. The
structure of B1 was verified by *H NMR, GC-MS and elemental analysis. The B1 films exhibit broad
absorption bands from 300 to 750 nm. The hole mobility of B1: PCgBM (1 : 1, w/w) blend film reached
up to 7.7 x 1072 cm V1 s71 after thermal annealing by the space-charge-limited current method. BHJ
organic solar cells (OSCs) were fabricated with a device structure of ITO/PEDOT : PSS/B1 : CgBM/LiF/AL
When the active layer was thermally annealed at 120 °C, B1 showed the best photovoltaic performance,
with a PCE up to 5.0%. We also studied the connection between the morphologies of the active layers
and the photovoltaic performance by AFM, PL, etc. Our observation will guide future design for even
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Introduction

The photovoltaic active layer of small molecule organic solar
cells is composed of a blend of small organic molecule electron
donors and fullerene electron acceptors. It has the advantages
of being light weight, with a simple preparation process and can
be processed into large-area flexible devices, and has attracted
great attention from academia and industry.’” In the past ten
years, the power conversion efficiency (PCE) of small molecule
organic solar cells has been greatly improved, and has exceeded
10%.* The substantial increase in power conversion efficiency not
only comes from the understanding of the device principle and the
optimization of the device structure, but more importantly, the
development of many high-performance organic small molecule
electron donors and fullerene derivative electron acceptors.>”

At present, structural adjustment and performance
improvement of organic small molecule electron donor materials is
an important direction to improve the PCE of solar cells.*° Excellent
performance of organic small molecule electron donor should have
the following characteristics: broad spectrum and strong absorption
in the visible light region, high hole mobility, electrochemical energy
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better small molecules for highly efficient OSCs.

level matching with the acceptor material, high purity, good solu-
bility, film-forming performance, and thermal stability, and no
reaction with active metal electrode materials. Because the method of
alternately combining donor and acceptor can reduce the band gap,
broaden the spectrum and adjust the electrochemical energy level,
the donor-acceptor coupling is an effective way to prepare high-
efficiency organic small molecule photovoltaic materials.""™** The
strong electron-deficient unit diketopyrrolopyrrole (DPP) as a classic
acceptor unit has been widely used in high-efficiency organic
photovoltaic materials.”*® For example, DPP is coupled with benzo-
dithiophene (BDT), and the obtained organic small molecule BDT-
2DPP shows excellent photovoltaic performance.” To be fact, BDF
has a similar fused aromatic structure with BDT using furan ring
replacing thiophene unit. Because oxygen atom has less diameter
than that of sulfur atom, promoted stacking and well coplanarity
conjugated structure can be formed, which is desirable for higher
charge mobility and smaller energy bandgap for BDF-based small
molecules. At the same time, deep HOMO level can be obtained due
to higher electronegativity of oxygen atom (O, 3.5; S, 2.5), which
usually can lead to higher V,,. and stability. BDF is used as an electron
donor unit in polymer solar cells, and it has obtained good photo-
voltaic performance. Hou' group reported a BDF-based polymer
PBDFDTBT, through the heat treatment of the active layer, the PCE
reached 5%.'® At the same time, our research group copolymerized
the BDF unit and DTBT to obtain a new BDF-based polymer
PBDFDTBT, without any post-treatment, the PCE reached 6.0%."
Based on the above considerations, in this article, we used
benzo[1,2-b:4,5-b'|difuran (BDF) as donor core, synthesized a DPP-
based small molecule B1. B1 exhibits good solubility and broad
absorption in the range of 300-750 nm. Using B1 as the electron

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthetic routes of the compounds and B1.

donor and PCs;BM as the electron acceptor, after the photovoltaic
active layer was thermally annealed at 120 °C, and obtained the
PCE was 5.0% under AM 1.5G, 100 mW cm 2. These results
indicate that B1 is a potential solar cell donor material.

Results and discussion
Synthesis and structural characterization

The synthetic routes of the compounds and the organic small
molecules B1 are shown in Scheme 1. Compound 1, 2 and DPP-
Br were synthesized according to the reported literature.> Stille
coupling reaction between DPP-Br and compound 2 produced
B1 with high yield. The final product was characterized by 'H
NMR, TOF-MS and elemental analysis (EA).

Optical properties

The photo-physical properties of B1 can be obtained through
the test of ultraviolet-visible spectrum. The absorption spec-
trum of B1 is shown in Fig. 1. In the solution state, B1 has an
optical absorption between 350-750 nm, and the maximum
absorption peak is about 630 nm. In the film state, B1 shows
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Fig.1 Normalized absorption spectra of Bl in solution and film state.
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two main absorption regions, 350-420 nm, which are caused by
the m-m* transition on the main chain of B1l. While the
absorption region of 500-750 nm, it is due to the absorption of
charge transfer between the DPP acceptor unit and the BDF
donor unit. Compared with the solution state, the absorption
edge in the film state has a significant red shift, mainly due to
the stronger interaction between B1 molecules in the film
state.”* According to the onset absorption of the B1 film, the
corresponding optical band gap can be calculated to be 1.65 eV.

Electrochemical properties

The family of square wave voltammetry (SWV) curves obtained
for B1 of study is presented in Fig. 2. The potential difference
between HOMO peak (the half wave potential of anodic process)
and LUMO peak illustrates the electrochemical band-gaps for
corresponding small molecules. Due to the absorption of inci-
dent photons with energies larger than band-gaps of the
material of active layer, the electrons of HOMO of donor will be
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Fig.2 Square wave voltammetry of B1 and acceptor material PCgBM.
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Fig. 3 HOMO (left) and LUMO (right) energy levels of B1.
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Fig.4 J-V curves of the PSCs based on B1/PCg;BM under illumination
of AM1.5G, 100 mW cm 2.

excited up to LUMO leaving a positive charge on the HOMO. If
the LUMO level of acceptor is lower than the LUMO level of
donor, the excited electrons will be transferred to acceptor
resulting in a charge separation of the electron-hole pair. The
difference between LUMO levels of donor and acceptor of
roughly 0.3 eV is expected to yield optimum charge separation
and recombination prevention.*

The potential difference between the peaks of LUMO of
acceptor and HOMO of donor reflects the V,. of the devices
assembled from the corresponding materials. The HOMO and
LUMO levels of B1 are —5.76 €V and —3.51 eV, respectively. The
electrochemical band gap of B1 is the difference between the
HOMO and LUMO energy levels, which is 2.25 eV. The electro-
chemical band gap of B1 is significantly higher than the optical

Table 1 Photovoltaic parameters of the OSCs based on B1/PCgBM
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Fig. 5 The EQE curves of the PSCs based on B1/PCgBM.

band gap, which may be caused by the interface impedance
during charge injection.*

DFT calculations

Using the method of DFT B3LYP/6-31G* in Gaussian 03 soft-
ware, the HOMO and LUMO energy levels of the compound
were calculated to further optimize the structure. In order to
simplify the calculation, this paper replaces the alkyl chain with
methyl, and uses the DFT/B3LYP/6-31G* method to obtain the
optimal geometric configuration and electronic arrangement in
the molecular system. From the Ab intitio results of B1 model
molecule (Fig. 3), it can be seen that the electron delocalization

Active layer Voe (V) Jse (mA em™?)

B1: PC¢;BM = 1:1°
B1: PC4BM = 1:1°

0.87 (0.86 + 0.02)°
0.82 (0.84 + 0.03)°

5.8 (5.9 £ 0.1)°
11.1 (11.3 £+ 0.4)°

FF (%) PCE (%) Bhole (cm> V71571
34.0 (33.5 + 1.2)° 1.7 (1.8 + 0.2)° 3.4 x 107
55.5 (56.1 & 1.5)° 5.0(4.9 £ 0.1)° 7.7 x 10724

“ As-cast devices. ” With thermal annealing at 120 °C for 10 min. ¢ The average values for the Bi-based PSCs are obtained from 12 devices. ¢ Hole

mobility from space charge limit current (SCLC).
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Fig.6 Photoluminescence spectra of pure Blfilms, B1 : PCg:BM blend
films prepared without and with thermal annealing.

in the entire molecule is caused by p-conjugation. The HOMO
and LUMO energy levels of B1 are calculated using the DFT/
B3LYP/6-31G* method, which are —5.69 and —3.50 eV,

(a)

1.8 om

(c)
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respectively, and the corresponding energy gap is 2.19 eV, which
is in good agreement with the experimental results. From these
studies, we conclude that the DFT calculation method can
quickly and accurately determine the HOMO, LUMO energy
level and band-gap of the organic small molecules.

Organic solar cells

In order to study the photovoltaic performance of B1, we
adopted the bulk heterostructure ITO/PEDOT : PSS/B1 : Cs;BM/
LiF/Al Fig. 4 shows the J-V curve of B1 under AM1.5G, 100 mW
em™>, and the corresponding open circuit voltage (V,.), short
circuit current (/5.) and fill factor (FF) are summarized in Table
1. B1 is blended with PC¢;BM in proportions of 1 : 0.5,1 : 1, and
1:2 to optimize the photovoltaic performance of the devices.
When B1 is blended with PCs;BM in a 1 : 1 ratio, the best power
conversion efficiency (PCE) is obtained, which is 1.7%, the
corresponding V. is 0.87 V, J is 5.8 mA cm ™2, and FF is 0.34.
After when we processed the photovoltaic active layer by
thermal annealing, the PCE was significantly improved to 5.0%,

(b)

0.0 1: Height

(d)

Fig.7 AFM images of B1: PCgBM (1: 1, w/w) blend films spin coated from CHCls: (a) and (c) without annealing phase image and height image;

(b) and (d) with annealing phase image and height image.
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the corresponding V. is 0.82 V, J, is 11.1 mA cm ™2, and FF is
0.56. These results indicate that thermal annealing effectively
improves the photovoltaic performance of the devices.

We reconfirmed the accuracy of the J-V test results through
the external quantum conversion efficiency (EQE). Under the
same test conditions as the current-voltage curve (J-V), we
tested the EQE performance of the photovoltaic device, as
shown in Fig. 5. In solar cells, obtaining high external quantum
conversion efficiency means obtaining high J.. From the results
of EQE, it can be concluded that the photovoltaic results are
accurate. The EQE value of B1 reached more than 40% in the

350-700 nm range, the corresponding current is 11.4 mA cm 2.

Photoluminescence

The quenching efficiency of photoluminescence (PL) upon the
addition of fullerene is usually considered to reflect the possi-
bility of exciton dissociation at donor/acceptor interface within
their lifetime.”* We tested the photoluminescence based on
pure B1 film, B1:PC4BM film and B1:PCeBM film after
thermal annealing. As shown in Fig. 6, we can intuitively study
the charge transfer and exciton dissociation in the film by
photoluminescence. When the B1 film is excited by the light
source, the electrons jump from the ground state to the excited
state, the electrons in the excited state are unstable and return
to the ground state by emitting fluorescence. Therefore, the
fluorescence peak of B1 is located at 780 nm. As B1 : PCs;BM
film, the electrons in the single excited state of B1 can not only
emit fluorescence, but also transfer the charge to the excited
state of the acceptor PCs;BM, which causes the fluorescence
emission of B1 to be quenched. Based on B1 : PC4;BM device,
the fluorescence quenching rate is 78%, and B1 : PC4;BM device
after thermal annealing, the fluorescence quenching rate is
increased to 86%. Based on the above analysis, it is shown that
the thermally annealed devices have higher charge transfer and
exciton dissociation efficiency. This facilitates exciton dissoci-
ation, and is in agreement with the high photocurrents ob-
tained in the solar cells measurements.

Morphology

The morphology of the active layer at the nanometer size also
plays an important role in the performance of the photovoltaic
device. Appropriate morphology is not only conducive to the
separation of excitons, but also conducive to the transfer of
charges to the respective electrodes and effective collection. In
order to better explain the solar cell in B1 : PC¢;BM (1 : 1, w/w),
the best photovoltaic efficiency is obtained after thermal
annealing, we used atomic force microscope (AFM) to study the
surface morphology of the blend film. From the height image
(Fig. 7), the root-mean-square (rms) roughness values of the
blend films for B1 are 0.53 and 0.80 nm for before and after
thermal treatment, respectively. When the active layer is
annealed, the surface roughness is significantly improved. The
active layer exhibits a nano-level phase separation morphology,
which promotes the effective separation and transport of
carriers, and the short-circuit current is significantly improved,
resulting in higher power conversion efficiency.”®
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Conclusions

In summary, a new type of narrow band gap DPP-based organic
electron donor B1 was synthesized by Stille coupling reaction.
B1 shows a broad absorption spectrum. When B1 : PCsBM
without any post-processing, the PCE is lower, mainly due to the
low short-circuit current and low fill factor. After the photovol-
taic active layer was annealed at 120 °C for 20 minutes, the
power conversion efficiency increased from 1.7% to 5.0%. The
increase of PCE is mainly due to the improvement of the
morphology of the active layer by thermal annealing, thereby
promoting the charges separation and transmission. These
results indicate that B1 is an organic donor material for high-
efficiency solar cells.
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