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Fine-tuning of the morphology of the bulk heterojunction (BHJ) active layer at the nanoscale plays an
essential role in realising the full potential of the performance of organic photovoltaic (OPV) devices.
Among many approaches, solid additive engineering has been identified as the most effective way to
control the nanostructure of interpenetrating donor—acceptor domains in the photoactive layer for
efficient charge separation and transport. In this work, we employed tris(pentafluorophenyl)phosphine as
a solid additive (TPFPP) to modulate the donor—acceptor phase separated morphology of a photoactive
layer based on a semiconducting polymer (PM6) and a non-fullerene acceptor (BTP-eC9). The fluorine
bonding interaction between the additive and photoactive materials, and the volatilisation of the solid
additive upon thermal annealing, from the photoactive layer induces the BHJ nanostructure
rearrangement, leading to larger crystalline sizes and better charge separation and transport properties
in devices. With an optimum concentration of the solid additive, the power conversion efficiency (PCE)
of OPV devices based on the PM6:BTP-eC9 photoactive layer significantly increases from 15.1% to
16.9%. These findings indicate that the phosphine-based solid additive (TPFPP) can be an efficient and
simple way to enhance the device performance, demonstrating a multifunctional solid additive for the
fabrication of efficient OPV devices.
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Introduction

Organic solar cells (OSCs) are considered a promising technol-
ogy for realising renewable solar energy conversion because of
their competitive advantages, such as low cost, light weight,
flexibility and roll-to-roll printing."™ In recent years, with the
continuous and innovative development of photoactive layer
materials and device optimisation, the power conversion efficien-
cies (PCEs) of single-junction OSCs have increased up to 19%,
providing a brilliant prospect for photovoltaic industrialisation.”®
Besides material innovation, BH]J active layer morphology manip-
ulation and optimisation are crucial for the fabrication of high-
performance OPV devices because the key processes, such as
exciton generation, exciton diffusion and dissociation, charge
transportation and extraction, are highly determined by the nano-
scale phase-separated morphology of the BHJ photoactive
layers.”™" The general approach adopted to achieve nanoscale
BH] morphology includes solvent engineering, thermal anneal-
ing, solvent vapour annealing, and additive engineering.'*™®
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Among these approaches, solvent additives can effectively reg-
ulate the molecular packing and orientation of electron donors
and acceptors in the solid state and tune the phase-separated
domain size, purity and connectivity, which ultimately determine
the optimum performance of the OPV device.'”*® Solvent additives
such as 1,8-diiodooctane, 1-chloronaphthalene, diphenyl ether,
and 1-phenylnaphthalene have been widely studied and have
demonstrated significant advantages for improving the morphol-
ogy and photovoltaic performance.'>'**! Although these additives
appear to be effective, they tend to reside in the photoactive layer
of OSCs, and the presence of such additives can lead to instability
of the nano-morphology and reduced device efficiency.*>**
Recently, novel aromatic solid additives have emerged as an
alternative to avoid the undesirable effects of using solvent
additives.>*?® For example, Hou et al reported the design and
application of volatile solid additives to improve the efficiency of
non-fullerene OSCs.?>*° In another report, fluorinated solid addi-
tives were used to improve the stability of non-fullerene OSCs, in
addition to enhancing the performance of the devices.** However,
new volatile additives are still rare in the literature, and a variety of
solid additives are highly desirable to effectively regulate the
morphology and efficiency of non-fullerene OSCs.

In this work, we employed a fluorine substituted tris-aryl
phosphine based material, i.e. TPFPP, as a volatile solid
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additive, to modulate the donor-acceptor phase-separated mor-
phology of a photoactive layer. Due to its fascinating properties,
i.e. stability and electronic and coordination properties, TPFPP
has many applications in a wide range of scientific areas, such as
electrolyte additives, catalysts, ligands, sensors and energy sto-
rage materials.*>>* The fluorine atom in the TPFPP additive
causes attractive interactions between the additive and photo-
active materials due to fluorine bonding.*>*° In addition, the
aromaticity of TPFPP can naturally serve as the nucleation centre,
which could induce the crystallisation of conjugated polymers
or non-fullerene acceptors. Recently, Yang et al. reported the use
of TPFPP in perovskite solar cells as an efficient surface passiva-
tion material for the perovskite layer with enhanced moisture
stability.**

Herein, we use TPFPP as a solid additive in PM6 and BTP-eC9
based organic solar cells, and the effects of the solid additive on
the optical, morphological and photovoltaic properties are
evaluated. Encouragingly, the presence of the TPFPP additive
aided in a better outcome in optimising the nanoscale mor-
phology and efficiency of exciton generation, and enhancing
the charge transport properties. As a result, an impressive PCE
of 16.9% was achieved in PM6:BTP-eC9-based devices with 10
mg ml~" of TPFPP additives, while the control device without
additives exhibited a PCE of 15.1%. The observed results
demonstrate the use of fluorinated phosphine based solid
additives in fine-tuning the morphology of the active layer
towards high-performance OPV devices.
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Materials Advances

Results and discussion
Optical, electronic and thermal properties

The chemical structures of PM6, BTP-eC9, and TPFPP are shown
in Fig. 1(a). The UV-Vis spectra of PM6 neat films processed with
and without an additive (TPFPP) are plotted in Fig. 1(b). Com-
pared to the pristine PM6 film, the absorption spectra of the
film with the TPFPP additive exhibit a red-shift at around
10 nm, which could be ascribed to the enhanced PM6 inter-
molecular n-7 interactions. The acceptor BTP-eC9 film with the
additive shows a slightly broadened spectrum with blue shift
compared to the film without the additive (Fig. 1c), which is
attributed to the H-type n-7 stacking of BTP-eC9 molecules.’”
These observations confirmed that the additive improves the
molecular packing with extended absorption, which benefits
higher PCE due to enhanced photon harvesting. The TPFPP
additive is volatile and can be sublimed by heating the thin
films containing the additive. As shown in Fig. S1 (ESIt), the
optical images show that the surface of the spin-coated film
with additives has more aggregates (Fig. Sla, ESIf) which
disappear after thermal annealing the film at 100 °C (Fig. S1b,
ESIT). After annealing, the active layer film with additives
appears similar to the film without additives, which confirms
that the additives are removed upon annealing. We also inves-
tigate the surface properties of the annealed active layer film
with additives and without additives using contact angle mea-
surements, as shown in Fig. S2 (ESIt). Here, we did not observe
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(@) Chemical structures of the polymer PM6, non-fullerene acceptor BTD-eC9 and solid additive TPFPP. (b) Normalized UV-vis absorption

spectra of the donor (PM6) and (c) acceptor (BTP-eC9) thin films with and without TPFPP additives. (d) Schematic diagram of the device geometry.
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any significant change in the contact angle of the surface due to
the volatile nature of solid additives. The thermal properties of
TPFPP and the photoactive layer blend (PM6:BTD-eC9:TPFPP) were
investigated by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC), and the plots are shown in ESIt
Fig. S3. The TGA plot shows that the additive (TPFPP) starts
evaporating before 100 °C and the DSC of TPFPP shows a single
and sharp, endothermic peak (116 °C) at the first heating (Fig. S3b,
ESIt). The DSC of the photoactive layer blend shows slightly sharper
endothermic peaks at 90 °C indicating that TPFPP induces crystal-
linity in the photoactive layer blend and another peak at 118 °C
shows the melting temperature of TPFPP additives in the blend.

Photovoltaic performance

To investigate the effect of TPFPP additive molecules on the photo-
voltaic performance, the conventional device geometry of ITO/
PEDOT:PSS/PM6:BTP-¢C9/PFN-Br/Ag is used as shown in Fig. 1d
for device fabrication. A thin layer of poly(9,9-bis(3'-(NV,N-dimethyl)-
N-ethylammoinium-propyl-2,7-fluorene)-ait-2,7-(9,9-dioctylfluorene))-
dibromide (PFN-Br) is used as the cathode interlayer. Further
information regarding the fabrication and process conditions of
OPV devices are given in the ESL.} The current density-voltage
(J-V) curves of the device with various TPFPP additive concentra-
tions of the active layer are shown in Fig. 2a, and the device
performance parameters are summarised in Table 1. The con-
ventional BHJ OPV device without the TPFPP additive shows a
PCE of 15.1% with a short-circuit current density (Js) of
24.2 mA cm? and a fill factor (FF) of 74%. With the increase of
the TPFPP additive content, the PCE of the device improved and
achieved a maximum PCE value at 10 mg ml ™" additive content,
exhibiting a V,. value of 0.80 V, a J. value of 25.7 mA cm™ 2, a FF
value of 80%, and a PCE of 16.9%, which is a significant improve-
ment compared to OPV devices without the TPFPP additive. Further
increasing the TPFPP additive to 20 mg ml ", the performance
slightly decreased and achieved a PCE of 15.3%, which is compar-
able to the control devices without any additives.

The observed OPV device performance shows that the TPFPP
additive has a significant effect on the OPV device performance,
and the performance of solar cells is further characterised by the
external quantum efficiency (EQE). As shown in Fig. 2b, the OPV
device, without any additive, exhibits an EQE response as high as
83.8%, with a broader photo-response in the wavelength range of
350-930 nm, and this yields an integrated photocurrent of
23.9 mA cm™ 2, which is consistent with the measured J,. from
the J-V curve (Fig. 2a). With the TPFPP additive, the device
exhibits an improved EQE response to 86.9%, which results in
the highest J,. value and contributes to the enhanced integrated
photocurrent from 23.9 mA cm™* to 25.3 mA cm™ 2. The observed
higher EQE response and FF with the TPFPP additive indicate
that the carrier dynamics, such as exciton dissociation, charge
transport and charge collection of OPV devices, are improved.

Charge transport and exciton generation

To investigate the influence of the TPFPP additive on the
charge-transporting properties of the devices, the electron
mobility (ue) and hole mobility (1) were examined by using

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) J-V curves and (b) EQE spectra of the OPV devices based on

the PM6:BTP-eC9 photoactive layer with and without TPFPP additives.

Table 1 Photovoltaic performances of PM6:BTP-eC9 based solar cells
with various concentrations of TPFPP

Additive e

concentration (mA cm™?) V. (V) FF (%) PCE“ (%) (Best cell)

74+ 2
78 £ 2
80 £ 2
75+ 3

TPFPP (0 mg)
TPFPP (5 mg)
TPFPP (10 mg)
TPFPP (20 mg)

24.2 £ 0.30
25.3 £ 0.25
25.7 £ 0.20
24.1 £ 0.30

0.82 £ 0.02
0.80 £ 0.02
0.80 £ 0.02
0.78 £ 0.02

14.90 =+ 25 (15.10)
16.10 + 0.25 (16.20)
16.80 + 0.15 (16.90)
15.1 + 0.35 (15.30)

¢ PCE values are calculated using 10 devices.

the space charge limited current (SCLC) method. The config-
urations of electron-only and hole-only devices are ITO/ZnO/
active-layer/PFN-Br/Ag and ITO/PEDOT:PSS/active-layer/MoO3/
Ag, respectively, as shown in Fig. S4 (ESIT). As shown in Table S1
(ESIY), the hole mobility and electron mobility of the devices
without any additive were 2.62 x 10™* cm® V™' s7" and 7.56 x
10~* em® V! 577, respectively. With the TPFPP additive, the
hole mobility was increased to 8.31 x 10 * em®* V™' s, and the
electron mobility was improved to 1.88 x 10> ecm® V™' s~ *. The
enhanced charge mobility accounts for the higher j,. and FF
achieved in the TPFPP blended devices, indicating that the
device with the additive could achieve more balanced charge

Mater. Adv,, 2023, 4, 2207-2213 | 2209
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transportation by suppressing the accumulation of space
charges and decreasing the bimolecular recombination.

Next, we investigate the influence of TPFPP additives on
exciton dissociation and charge generation behaviour of the OPV
devices. As shown in Fig. 4a, the photocurrent (/pn = Jitumination ~
Jaark) is plotted as a function of the effective voltage (Ve = Vo - V),
where Jijumination 1S the current density under AM 1.5G illumina-
tion, Jyark is the dark current density, Vj, is the voltage where Jp, = 0,
and V is the applied bias under AM 1.5G illumination. In both
devices, [, exhibit a linear dependence at low Vet and reaches
saturation when the effective voltage (V) reached 2 V, suggesting
that all devices exhibit negligible recombination at high voltages.
At a maximum power output (Veg = 0.2 V), the ratios of Jp/fsac Were
calculated as 0.88 and 0.76 for the device with and without the
additive, respectively. The larger J,n/Jsa¢ value for the device with
the additive could be attributed to efficient charge generation and
collection processes compared to devices without TPFPP.

Surface morphology of the active layer

To further probe the influence of solid additives in the mor-
phology of PM6:BTP-eC9 films, tapping mode atomic force
microscopy (AFM) was performed to characterise the surface
morphology of the active layer films with various concentrations
of the TPFPP additive. As shown in Fig. 3, the active layer films
show enhanced aggregation morphology with the increased
addition of the TPFPP additive, which confirms the interaction
of additives with the photoactive layer blend. The optimum
morphology was obtained at an additive concentration of
10 mg ml™', and the corresponding device exhibited an
improved Js,. and FF, resulting in the highest efficiency of

PM6:BTP-eC9
0 mg/ml TPFPP

(3) Ry =0.750m b
r . .
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5mg/ml TPFPP

W 2 ¢
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Phase image
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16.9%. At a higher additive content (Fig. 3c and d), the surface
morphology exhibited excessive holes and clusters due to the
evaporation of additives. The average root-mean-square (RMS)
roughness increased from 0.75 nm to 4.34 nm for the BHJ film
with an additive concentration of 20 mg ml~". The increased
roughness of the surface is an indication of the self-organization
of polymer and non-fullerene acceptor domains in the blend,
facilitated by solid additives, which in turn enhances the ordered
structure orientations in the active layer film, promoting exciton
dissociation and charge separation towards respective electrodes.
It is well known that morphology optimisation at the nanoscale is
crucial for the high performance of OPV devices. Here, the
optimum TPFPP additive concentration (10 mg ml™") improves
the nanoscale phase-separated morphology of the photoactive
layer, which eventually improves the charge transport leading to
balanced transport, reduced recombination and enhanced charge
extraction. This optimum nanoscale phase-separated morphology
with the TPFPP additive enhances the device performance by
improving the J;. and FF of the device and resulted in the highest
efficiency. And our device performance is comparable to earlier
reported results of the OPV device with addtives.”>™®

Next, to investigate the molecular interaction of TPFPP with the
active layer blend, ATR-FTIR measurements were performed on the
active layer blend films with and without TPFPP additives processed
at RT and under thermal annealing (100 °C) conditions (Fig. 4b). It is
known that the halogen atom in TPFPP can interact with active layer
molecules containing S, N or O atoms through the formation of
fluorine bonding.** As shown in Fig. 4b, the peaks at 1430 and
1650 cm™ " are assigned to the C-C and C = 0 stretching. The ATR-
FTIR spectra of films without TPFPP and with TPFPP processed at

PM6:BTP-eC9
20 mg/ml TPFPP

PM6:BTP-eC9

Fig. 3 AFM height images (a—d) and phase images (e—h) of blend films based on PM6:BTP-eC9 with various concentrations of TPFPP additives. (The
above AFM morphology show that the nanoscale phase separated domain size increases with the increasing additive concentration.)
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Fig. 4 (a) Jpn vs. Vegs characteristics of the devices and (b) ATR-FTIR spectra of PM6:BTP-eC9 films with and without TPFPP additives.

100 °C are identical, confirming the removal of solid additives upon
thermal annealing. The blend film with TPFPP additives processed
without annealing exhibits a peak shift from 1650 to 1640 cm ™' and
1540 to 1530 cm™ ', suggesting the interaction of TPFPP with the
photoactive layer.

XPS studies of the active layer

In order to confirm the volatility of the TPFPP additive from the
active layer upon annealing at 100 °C, X-ray photoelectron
spectroscopy (XPS) measurement and XPS depth-profile analysis
were performed.*® As shown in Fig. 5a and b, the high-resolution
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Fig. 5 2D high-resolution XPS spectra of (a) Fls and (b) P2p. (c) and (d) XPS-depth profile analysis of the active layer with 10 mg of TPFPP upon
annealing.

150 175

© 2023 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2023, 4, 2207-2213 | 221


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00106g

Open Access Article. Published on 11 April 2023. Downloaded on 2/21/2026 9:42:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

XPS spectra of F1s and P2p elements showed the absence of TPFPP
additives in both annealed and non-annealed films, and this
observation confirms that there is no TPFPP additive on the surface
of the film. To further confirm whether TPPFF molecules are present
inside the active layer, we probe the photo-active layer with TPFPP
additives, using XPS-depth profile analysis. In this study, the
chemical composition, such as F1s, C1s, Cl2p, S2p, P2p and In3d,
of the active layer film coated on top of ITO/PEDOT:PSS was analysed
using XPS in conjunction with Ar-ion beam sputtering. Here, we
analyse the TPFPP added active layer film with XPS for every 10 s of
argon ion beam etching, and the active layer etching time was
calibrated to the thickness of the active layer as shown in Fig. 5c
and d. In the active layer, both the PM6 polymer and the TPFPP
molecule have fluorine atoms. It was expected that, if TPFPP
additives resided in the active layer, the XPS analysis should
exhibit a more intense F1s peak for the non-annealed film
compared to that for the annealed active layer. However, we
observed no change in the Fi1s peak intensity (Fig. 5a), which
confirms the volatility of TPFPP additives. In addition, the XPS
depth profile plot (Fig. 5d) shows the atomic percentage of the
F1s signal is just half of the Cl2p signal, which is a characteristic
peak of the BTP-ec9 acceptor, confirming the presence of only
PM6 and BTP-ec9 in the film rather than TPFPP additives. As
shown in Fig. 5b and d, both high-resolution XPS and depth
profile analysis confirm the absence of a phosphorous P2p signal
in both the annealed and non-annealed films, which further
confirms the evaporation of TPFPP additives upon annealing.
However, the absence of a P2p signal in the non-annealed film
(Fig. 5b) might be due to the removal of volatile additives during
the ultra-high vacuum process in XPS characterisation.

Conclusions

In conclusion, we have successfully demonstrated a novel solid
additive TPFPP to control the BH] morphology and enhance the
device performance of non-fullerene OSCs based on PM6:BTP-eC9.
The OPV device with the TPFPP additive achieved a higher PCE of
16.9% and an FF of 80% due to the improved nanoscale morphol-
ogy, and enhanced charge extraction, and charge transport proper-
ties. Further analysis of the active layer confirms that the
intermolecular interaction of additives with the active layer fine
tunes the nanoscale morphology of the active layer. The volatility
of TPFPP additives upon thermal annealing was characterised
using optical studies and XPS depth profile analysis. Our observa-
tions reveal the great potential of phosphorous-based fluorinated
solid additives for boosting the OPV device efficiency and large-
area device fabrication for high-performance devices.
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