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Introduction

Wide bandgap organic solar cells with improved
photovoltaic performance via solid
additive integration
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Wide bandgap (WBG) and high-voltage organic solar cells (OSC) are of high interest for applications
such as top cell in multijunction structures and indoor photovoltaic. In this study, an inverted WBG OSC
is optimized through a synergistic approach integrating material design and a solid additive strategy. The
initial active layer is composed of a blend of the WBG donor polymer PBDB-T-2F (PM6) with a WBG
non-fullerene acceptor (NFA) GS-ISO. After optimization of the process, including thermal annealing of
the active layer and incorporation of processing additives, a power conversion efficiency (PCE) of 7.4% is
reached. It is shown that the introduction of a conjugated polymer, F8T2, in small quantities (<1% wt),
further improves the photovoltaic performance. Indeed, the effects of enhanced absorption through
improved intermolecular packing result in a high open-circuit voltage (Voc) of 1.20 V and a fill factor (FF)
of 0.68, leading to a PCE of 10% for the champion cell under 1 sun. Such a WBG cell is particularly
suitable to be integrated as top cell in a full-OSC lateral multijunction architecture and we show
theoretical achievable efficiencies up to 14% and values of increase-over-best-cell (IoBC) up to 21%.
Beyond multijunction applications, WBG materials are also of particular interest in the development of
efficient indoor photovoltaic devices, and the cells developed in this work were proven to reach
efficiencies up to 16% under 1000 lx illumination.

disrupted the dominance of fullerene acceptors, offering
improved photovoltaic performance.'® NFAs have a broad and

Organic solar cells (OSC), heralded as a promising next-
generation technology for solar energy conversion, have capti-
vated significant interest within academic and industrial com-
munities based on their distinctive advantages of flexibility,
large-area fabrication, relative low cost, lightweight, eco-
friendliness and solution processability."® The improvement
in PCE is one of the main issues to increase the commercializa-
tion potential and value of OSC.””® In the past few years rapid
progress has been made thanks to the development of non-
fullerene acceptors (NFAs). Since 2015, the emergence of NFAs
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tunable absorption spectrum which can be complementary to
that of many donor materials.'* They can also present lower
voltage loss'> and higher stability than fullerene derivatives."?
In 2016, an efficient NFA, ITIC, was developed and exhibited
promising properties, with efficiency comparable to the records
established by fullerene-based devices (11%)."* Since then, the
development of NFA molecules and conjugated polymers has
given rise to a spectacular growth in OSC performance. Recent
studies highlighted the outstanding PCE of a particular NFA
called Y6 and its derivatives.'*"® These reports underlined the
essential role of acceptor materials in pushing forward the
limits of efficiency.” In parallel, the design of donor materials
with strong temperature-dependent aggregation has contribu-
ted significantly to the continuous improvement of PCE in the
field of OSC due to their optimized optical absorption and
molecular energy levels.'® Additional strategies have been
developed to further increase the Voc. The latter is linked
to the difference between Ejymo of the acceptor and Exomo
of the donor."”” Another way to increase Voc is the use of
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multicomponent mixtures, ranging from three'® to six compo-
nents.'® This strategy can be advantageous in mitigating the
inherent limitations associated with the electronic structures
and morphologies of binary donor/acceptor mixtures. Thanks
to these different developments, a PCE of 20% for an organic-
based single-junction cell has been achieved, marking a
milestone in 0SC.*°

However, for single junction solar cells, it is more and more
difficult to further improve PCE due to the energy losses.>"*?
A promising strategy to reach higher efficiencies lies in the
development of multijunction architectures. Such designs can
harvest a broader solar spectrum upon careful selection of
active materials with complementary bandgaps, and reduce the
thermalization losses of high energy photons. A number of
cutting-edge organic tandem devices have recently emerged with
outstanding performance. Devices based on PFBCPZ:AITC for the
front cell and PBDB-TCL:AITC:BTP-eC9 for the rear cell in conven-
tional stacked geometry exhibit a record PCE of 20.6%.>* Devices
using the same active layer as in our work, PM6:GS-ISO, as front
cell and PM6:BTP-eC9 as rear cell, come close to the best, with
PCE of up to 20.27%.** In addition, the RAINBOW solar cell
concept has recently emerged, showing that it is possible to
monolithically integrate two complementary-absorbing OSCs in
a lateral configuration. By illuminating the device with a spectrally
splitted beam, each sub-cell receives a fraction of the spectrum
suited to its bandgap.>®

Due to the versatility of organic semiconductors, it is possible
to synthesize wide-bandgap (WBG) materials which are of parti-
cular interest to be used as the top cell active materials in a
tandem structure. Among the most efficient ones, PBDB-T-2F
(PM6) and GS-ISO can be highlighted for the OSC technology in
terms of performance.>® Due to its molecular packing, GS-ISO
exhibits excellent optoelectronic properties, a long exciton diffu-
sion length (Lg = 27 nm), a good charge transport and a well
restrained energetic disorder, which is ideal for photovoltaic
applications.”® Despite these promising traits, only a few studies
have been reported on organic solar cells based on GS-ISO.
A power conversion efficiency of 11.35% was achieved by Bi
et al. with conventional solar cell architecture with PM6:GS-
ISO.%® However, detailed optimization of GS-ISO-based solar cells
with an inverted architecture is lacking in the literature. This type
of architecture differs from the conventional one by changing the
nature of charge collection using ITO as the cathode and a high
work function metal like gold (Au) or silver (Ag) as the anode.
Inverted structures are known to be more air stable than conven-
tional ones®”*® and allow greater flexibility in the large-scale
manufacturing of organic solar devices as all the layers can be
fully printable. This specificity makes it possible to design organic
solar cells that are easier to integrate into commercial applica-
tions, including flexible solar panels, integrated into building
materials, or in tandem as the top cell in the final device.*® Last,
inverted architecture is preferred in the case of a vertical segrega-
tion of the bulk heterojunction (BH]J) with acceptor preferentially
located downward and donor preferentially located upward. This
can happen naturally or can be induced thanks to pseudo-bilayer
deposition.?*°
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In this work, we report on key developments in the optimi-
zation of WBG OSC with a bulk heterojunction (BHJ) composed
of GS-ISO blended with the polymer donor PM6 in an inverted
architecture. We show that the thermal annealing of the active
layer results in the most optimal OSC performance and that
the morphology of the BHJ film can be improved by using
1,8-diiodooctane (DIO) additive. A major key improvement is
obtained by adding a conjugated polymer, F8T2, which acts as a
solid additive. The introduction of a low amount of a polymer
in the active layer of a solar cell is a strategy that has been used
to improve absorption, to boost charge transport properties
and/or to reduce bimolecular recombination.*'”** It is often
used to act as dopant but its introduction can also induce
changes in the film morphology that can be linked to the solar
cell performance improvement.**® For instance, Xiong et al.*®
showed that the addition of a small amount of F4-TCNQ in
FTAZ:IT-M blend could tune the mesoscale morphology of the
blend with a higher mean-square composition which, in addi-
tion to better transport properties (charge carrier lifetime and
mobility), contributes to enhance cell performance. In our case,
with the use of a small amount of F8T2 a PCE of 10% with a
1.20 V Vo was achieved under one sun illumination whereas a
maximum PCE of 7.4% could be reached without this additive.
The suitability of this system as a WBG sub-cell in lateral multi-
junction RAINBOW configuration was investigated through
modelling.>® The study showed that integrating the PM6:GS-
ISO as a blue cell can lead up to a 14% PCE when combined
with a narrow gap cell, both of which have less than 12% PCEs
as single junctions. This proof of concept opens the route to the
development of cells for efficient OSC-based multijunction
solar cells. Such a WBG cell is also suitable for energy harvest-
ing from indoor light sources and we present promising results
of our PM6:GS-ISO cell for indoor applications.

Results and discussion

Our WBG PM6: GS-ISO solar cells were optimized in two steps
which are summarized in the following sections: (1) optimiza-
tion through thermal annealing and DIO solvent additive to
fabricate a reference device; (2) investigation of the effect of the
solid additive F8T2 on the reference device performance.

The chemical structures of the donor polymer PBDB-T-2F
(PM6), and the acceptor GS-ISO used in this work are shown in
Fig. 1a and b. The inverted OSC architecture used for this study
is ITO/ZnO/PM6:GS-ISO/M00O3/Ag. The energy level diagram of
all considered materials for OSC is reported in Fig. le. The
LUMO/HOMO levels of GS-ISO, PM6 and F8T2 materials are
—3.69 eV/—5.51 eV,*® —3.64 eV/—5.48 eV (ref. 37) and —3.1/
—5.5 eV (ref. 38) respectively.

Fabrication of the reference device through thermal annealing
and DIO solvent additive

The active layer films composed of PM6:GS-ISO were annealed
before HTL deposition at different temperatures (as-cast, 80,
120, 160 and 200 °C) during 15 min and integrated into OSCs.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Chemical structures of (a) donor material (PBDB-T-2F or PM6), (b)
acceptor material (GS-1SO), (c) solvent additive DIO, (d) solid additive F8T2
and (e) energy level diagram of the structure used in this study.

The current density-voltage (J-V) curves are given on Fig. 2a for
the different annealing temperatures and the statistical results
of all OSC parameters (Jsc, Voc, FF and PCE) as a function of
the annealing temperature are shown in Fig. S1. Devices inte-
grating the as-cast BHJ exhibited low Jsc and FF, 9.1 mA cm >
and 0.50, respectively, which are clearly insufficient to obtain a
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without annealing at 160 °C.
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high-performance solar cell. Upon thermal annealing, a clear
increase of the Jsc and FF is observed, leading to the enhance-
ment of the PCE from 5.2% (for an active layer without
annealing) to 6.4% (for a 160 °C annealed active layer) with a
Voc of 1.09 V, a Jsc of 10.5 mA cm ™2, and a FF of 0.56. This
increase may be attributed to an improved molecular arrange-
ment in the blend film. Above this temperature, thermal
treatment has a detrimental effect and reduces the performance
down to 4.3% when annealing at 200 °C, probably due to an
unfavourable morphology such as large phase segregation.** The
performance of these OSC are also summarized in Table S1.

The effect of thermal annealing on the absorption spectra of
the pure materials and PM6:GS-1SO films was investigated and
shown in Fig. 2b and Fig. S2. A zoom-in of both spectra is
shown in Fig. S2. On one hand, PM6 absorption spectrum is not
affected by the thermal treatment, while, on the other hand,
a strong red-shift of GS-ISO pure film (AZ = 24 nm) is observed
due to its excellent crystallization as a single material. In the
case of PM6:GS-ISO blend film, a slight broadening of the
spectral range (AFWHM = 6 nm) is observed upon thermal
annealing which may indicate subtle changes in intermolecular
interactions or film morphology.*>*' For PM6:GS-ISO, the
optical band gap (Eg™) is determined from the Tauc plot
(Fig. S3) and the value remains constant with and without
annealing, around 1.85 eV respectively corresponding to the
bandgap of GS-ISO.

A small amount of the solvent additive 1,8-diiodoctane (DIO,
Fig. 1c) was also used to further optimize the OSC performance.
Blended solutions with various DIO content were used to
fabricate solar cells with the same inverted architecture as
aforementioned. The only addition of DIO (0.5 v%), without
thermal treatment, did not allow to reach high efficiency with
only 6% PCE achieved. Therefore, the effect of DIO in combi-
nation with the optimal thermal annealing (160 °C) was stu-
died. The influence of the amount of DIO on the performance
of the cells is shown in Fig. S4 and the corresponding device
parameters are reported in Table S2. The incorporation of an

(b)

Thermal annealing 160°C
,,,,,,,, w/o

PMé6
GS-ISO

Normalized absorbance (arb.u)

500 600 700
Wavelength (nm)

400 800

Influence of thermal annealing on: (a) J-V curves of the OSC, and (b) the absorbance spectra of PM6, GS-1SO and PM6:GS-1SO thin films with and
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optimized amount of DIO (0.5 v%) in the blend solution results
in a significant improvement of the cell performance with a
PCE of 7.4%, a Voc of 1.13 V, a Jc of 11.5 mA cm ™2, and a FF of
0.56. Such amount (0.5 v%) is consistent with previous studies
carried out for PM6:GS-ISO mixtures.>**° It was shown that DIO
additive can induce an improvement of the film morphology
resulting in a better crystallinity, less disorder, and a better
charge transport pathway.*>** However, the excess amount of
DIO (at 1 v% in our case) can cause a strong decrease of Jsc and
Voc mainly due to an excessive crystallinity, a poor phase
organisation or molecular aggregation.’>*> A change of the
morphology of our BH]J films with the DIO content was
observed on topographical images obtained by atomic force
microscopy (AFM) measurements and shown in Fig. S5, where
the AFM image of the as-cast sample (no thermal treatment and
no DIO) is also presented. The corresponding root-mean-square
roughness (oyms) and grain size (D,y) value are given in
Table S3. First, a 160 °C thermal annealing leads to an increase
of the grain size (see Table S3) as molecular reorganization and

14 14
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crystallization of materials are facilitated by heat.*® Second, the
addition of a small amount of DIO (0.5 v%) combined with the
thermal treatment, leads to the disappearance of larger grains
and the formation of more homogeneous fibrillar domains.
The phase separation between both donor and acceptor is
improved, with improved conduction paths and high exciton
dissociation rate.*””*®* When DIO is added in a higher amount
(1 v%), the fibrillar morphology is disrupted with the appear-
ance of large domains. It can be linked to an over-aggregation
of the donor phase, which disturbs the percolating pathway of
the acceptor phase and reduces the interfacial area for exciton
dissociation.*®

Impact of the non-volatile solid additive F8T2 on the
photovoltaic properties of PM6:GS-ISO solar cell

To further optimize our PM6:GS-ISO solar cell, we used the
poly(9,9’-dioctyl-fluorene-co-bithiophene), also known as F8T2
(Fig. 1d), as a non-volatile solid additive for the first time. F8T2
is a well-known p-type semiconducting polymer with effective
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Fig. 3

Influence of F8T2 on: (a) short-circuit current (Jsc) and open-circuit voltage (Voc), (b) power conversion efficiency (PCE) and fill factor (FF), and (c)

external quantum efficiency (EQE) and UV-Vis spectroscopy of the BHJ without F8T2 (w/o) and with 0.20 wt% of F8T2.
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hole transport properties and highly crystalline structure.’”
Despite interesting electronic properties, F8T2 has only been
so far scarcely employed in a ternary strategy in OSC devices
and not yet with the PM6:GS-ISO system.*® Herein, the effect of
the integration of F8T2 into our optimized procedure is inves-
tigated. Since the proportion of the material introduced to the
PM6:GS-1SO solution is low (<1 wt%), the term “solid additive”
is used in this study. The aim of introducing this solid additive
is to improve molecular order and promote the formation of
well-defined crystalline domains, to tune the size of domains
within the active layer and to promote controlled phase
separation.>

In this section, the samples are designated as “F8T2-x%wt”,
where x is the F8T2 mass percentage in wt%.

The performance of the solar cells with different F8T2
proportions are summarized in Table S4 and their j-V char-
acteristics are shown in Fig. S6a. The variation of each photo-
voltaic parameter with respect to various F8T2 amount is
plotted in Fig. 3a and b and reported in Table S4. Fig. 3a shows
that the Jsc slightly increases with increasing F8T2 proportion
up to 0.10%wt but decreases for higher F8T2 content. The FF
and V¢ are also improved with an optimal proportion of
0.20%wt of F8T2. As a result, the optimal condition (0.20 wt%)
leads to an average PCE of 9.32% out of 12 devices.

In order to understand the origin of this enhancement,
complementary analyses were performed: external quantum
efficiency (EQE), grazing-incidence wide angle X-ray scattering
(GIWAXS), AFM, Jsc and Voc versus irradiance and transient
photovoltage measurements (TPV). First, the EQE of the differ-
ent devices was measured. Fig. 3c shows the EQE spectra of the
reference sample without F8T2 and the sample F8T2-0.20%wt
which exhibits the best PV performance. Complementary EQE
spectra of samples F8T2-0.10%wt and F8T2-0.30%wt are pre-
sented in Fig. S6b. It is important to note that the active layers
of the devices, whatever the conditions, have similar thick-
nesses of 130 nm (5 nm). The calculated Jsc values from the
EQE spectra are presented in Table S4, confirming the trend in
the device performance. According to Fig. 3c, the addition of
0.20 wt% of F8T2 leads to a higher photoresponse in the 400-
500 and 600-700 nm ranges compared to the reference sample
(w/o). A slight broadening of the BH]J absorption spectrum is
observed (AFWHM = 6 nm) in the 600-700 nm region. This
phenomenon could be attributed to a better intermolecular
interaction and crystalline arrangement of the acceptor in the
film as well as an improved n-n stacking. Moreover, no sig-
nificant change was observed on the absorption of both donor
and acceptor materials compared to their respective film with-
out F8T2 as shown in Fig. S7. It suggests that F8T2 does not
induce crystallisation in pure films. To confirm our hypothesis
and to compare the molecular packing of PM6:GS-ISO films
with 0.20 wt% and without F8T2, GIWAXS has been conducted.
The results are shown in Fig. 4.

Both samples display the same intense peaks in the plane
(1P) located at gy, = 0.29 and 0.37 A™". They can be attributed to
PM6 lamellar spacing (100, d-spacing = 21.7 A) and to GS-ISO
lamellar spacing (d-spacing = 17.0 A), respectively.?*>*** Out of

This journal is © The Royal Society of Chemistry 2025
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the plane (OOP), although slightly shifted, these peaks are also
observed, located at g, = 0.31 and 0.39 A™* (d-spacing = 20.3
and 16.1 A). An additional one is observed at g, = 0.50 A™*
(d-spacing = 12.6 A) which may correspond to a different
crystalline plane. The peak attributed to lamellar spacing of
PM6 is more pronounced out-of-plane. In contrast, the peak
attributed to lamellar spacing of GS-ISO is more pronounced in
the IP direction.

Interestingly, the peak corresponding to n-m stacking dis-
tance (010) is clearly observable in the out of the plan direction,
at g, = 1.77 A~* (d-spacing = 3.55 A) while it is absent in the IP
direction.”® This indicates that, for both conditions, there is a
preferential orientation of the conjugated polymers and small
molecules with mainly face-on orientation, which can favour
charge transport in the vertical direction.

Performance enhancement with F8T2 can be explained by
two mechanisms. In the OOP direction, the characteristic n-n
stacking peak is more intense for the F8T2-0.20%wt condition.
Given that both samples, w/ and w/o F8T2, have the same
thickness (130 + 5 nm), this increase highlights a better
stacking of the aromatic rings, which can give rise to a
preferential transport in the vertical direction, a better creation
of percolation paths for electron and hole transport and a
reduction of trap-assisted recombination, and can then explain
improvement in FF.>*®® Moreover, as observed in Fig. 4a,
reference film shows a very clear and strong halo ring around
1.4-1.6 A™' which is indicative of an amorphous region.
This halo is completely absent for the film with 0.2%wt F8T2
in Fig. 4b.

The effect of F8T2 on the BHJ morphology was also inves-
tigated using AFM measurements. Topographic images are
shown in Fig. 5a-c and roughness, as well as average grain size
are calculated from the topographic images and are reported in
Table S5. The previously optimized film (DIO-0.5 v%) is now
designated as a reference film or device (w/o) and presents
average grain size of 55 = 15 nm. AFM images show an active
layer morphology made of only fibrillar domains. For the
optimal F8T2 content (0.20 wt%), the film morphology is
modified, with the appearance of large rounded GS-ISO-rich
domains in the fibrillar regions, a morphology totally different
from the control sample (w/o). As a consequence, the average
grain size increases up to 85 nm with larger distribution of sizes
represented by the increase of standard deviation up to 20 nm.
This difference in morphology and the formation of these large
domains could indicate an improvement of the acceptor crys-
tallinity, suggested by the red-shifted absorbance and EQE
photo-response in the GS-ISO region as well as the GIWAXS
results. Such optimized morphology could explain the
improved photovoltaic performance and external quantum
efficiency, especially between 400-500 nm and 600-700 nm
regions.

The potential impact on charge carrier transport induced by
F8T2 has been studied by measuring hole and electron mobi-
lities (un and p. respectively) using hole and electron only
devices. Hole and electron devices incorporating BHJ with
different amount of F8T2 were fabricated and characterized.

J. Mater. Chem. C
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Fig. 4 2D-GIWAXS patterns of the active layers based on PM6:GS-ISO: (a) without F8T2 (w/o) and (b) with 0.20 wt% of F8T2 (F8T2-0.20%wt).
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Fig. 5 AFM images for PM6:GS-1SO films: (a) without F8T2 (w/0). (b) With
0.20 wt% of F8T2 (F8T2-0.20%wt). (c) with 0.30 wt% of F8T2 (F8T2-
0.30%wt).
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The transition from ohmic to SCLC behavior can be seen in the
transition from a linear J-V trend to a quadratic dependence
and this regime is used to extract the mobility values from
the space-charge limited current (SCLC) model.>* Results are
presented in Fig. 6a and Table S6.

For both electrons and holes, the mobility is not signifi-
cantly affected by the incorporation of F8T2. Indeed, for
pristine PM6:GS-ISO, u, was found to be equal to 3.7 x
10"* em? V' 57! and it increases only slightly for PM6:GS-
ISO with F8T2 (0.20 and 0.30 wt%) to 4.6 x 10 * em* V' 57"
(Fig. 6a). u does not change upon addition of F8T2, with values
of 1.4 x 107" and 1.8 x 10~* em? V™' s7'. Thus, the addition of
F8T2 in the BH]J solution does not seem to impact significantly
the hole and electron mobilities in the film and cannot explain
the improvement of the performance.

We further investigated the impact of F8T2 addition on the
charge carrier recombination in the OSC. Jsc and Voc light
intensity dependence measurements were performed. Since the
shunt resistances of the devices are of the order of 1 MQ cm?,
measurements were carried out between 0.01 and 20 mW c¢m >

This journal is © The Royal Society of Chemistry 2025
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to study the logarithmic behavior of Jsc and Vi as a function of
light intensity.”® The J-V curves at various light intensities are
shown in Fig. S8 and the related details are provided in the
experimental section. Insight into the recombination mechan-
isms can be obtained by measuring /¢ as a function of the light
intensity (fjign) following a power law relationship.

The power-law was used following eqn (1) to extract the
power factor («):*’

Jsc o Iﬁght (1)

The loss originated from bimolecular recombination can be
neglected when the power factor « is equal to 1.>*°° As observed
in Fig. 6b, there is a linear dependence of log(/sc) with log(Ziigh)
for all investigated conditions, and o values can be deduced
from the slope.” For the reference sample, F8T2-0.20%wt and
F8T2-0.30%wt, the coefficient o is very equal to 0.98, 1 and 0.99,
respectively. This result indicates that for those three condi-
tions, losses originated from bimolecular recombinations are
negligible.

In order to study the trap-assisted recombination process,
dependency of Vo against irradiance was studied following the
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Shottky’s equation (Fig. S8d).

v nkT n ( 1 ) @)
o (L
oc <= A

where ¢q is the elementary charge, k is the Boltzmann’s con-
stant, T is the temperature, I represents the current, I, is the
reverse saturation current and »n is the ideality factor. When
1, it means that trap-assisted recombination process is
negligible whereas it is dominant for n ~ 2.

However, Proctor et al. demonstrated that leakage current
(associated with low shunt resistance) is not negligible in solar
cells and must be considered to accurately fit experimental data
from Vo as a function of light intensity measurements. As a
result of this model, eqn (3) has to be taken into account:*

Vo = Egp _ nkT1n< (1 — P)yN&? )
q q PG — Vo(_‘/qLRSH

n =

(3)

where P is the dissociation probability of a bound electron-hole
pair, vy is the bimolecular recombination rate coefficient,
L represents the active layer thickness, Rsy denotes the shunt
resistance and N the effective density of states (fixed at 2.5 x
10" cm? by Blom et al.).** The photogeneration rate G is the
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only parameter assumed to be directly proportional to light
intensity. Consequently, Voc follows a logarithmic dependence
on irradiance. By plotting V¢ as a function of PG — Voc/qLRsy,
as shown in Fig. 6c¢, variations in Rgy between different devices
can be accounted for, allowing a precise analysis of the recom-
bination effects under different conditions.

The calculated n value of the reference devices without F8T2
was found equal to 1.87 which indicates that trap-assisted
recombination is predominant. Such mechanism can explain
to some extent the low FF of the devices.®> On the other hand,
the devices with F8T2 exhibit lower n values of 1.38 for F8T2-
0.20%wt and 1.40 for F8T2-0.30%wt conditions, respectively.

This result indicates that trap-assisted recombinations
decrease upon addition of specific amount of F8T2 and that
this reduction is linked to the change in the active material
itself, and not to effects specific to the device (interface effects,
improved Rgy, etc.).

To better understand the recombination processes in devices
with or without F8T2, transient photovoltage (TPV) measure-
ment were carried out (Fig. 6d). TPV is a precise technique to
study charge recombination process in a solar cell.** From
these measurements, the data were fitted with two exponentials
to deduce fast and slow decay times (t; and t,). The results are
summarized in Fig. S9 and Table S7. The first component (z,) is
similar for the three samples (7; &~ 0.1 ps) suggesting a similar
first recombination process for the three conditions. However,
a significant difference is observed in the second time constant
between devices without or with 0.2 and 0.3%wt F8T2. They
show slower component (t,) of 5.9, 9.4 and 7.2 us respectively.
A longer 7, for PM6:GS-ISO devices with F8T2 suggests that
the trap density is lower than in samples without the solid
additive, leading to slower recombination process. Those
results, coupled with the GIWAXS and AFM measurements
previously carried out, highlight the possible use of F8T2 to
prevent trap-assisted recombination by creating additional
paths for charge carriers.® As a result, parameters such as
Voc and FF are increased.

In conclusion, the PCE of the OSC can be enhanced by 27%
upon addition of F8T2, in comparison with the previous
optimized sample only prepared with DIO as solvent additive.
This improvement is the result of a better morphology
involving the formation of more crystalline domains together
with fibrillar morphology. The latter led to the decrease
of trap-assisted recombinations resulting in improved FF
and Voc. With this strategy, PCE of 10% could be achieved,
with a Jsc equal to 12.2 mA em 2, a FF of 0.68 and a Voc of
1.20 V. This V¢ value is one of the highest found in the
literature.®®

Table 1 RAINBOW simulation results

View Article Online
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Multijunction devices with RAINBOW architecture

The RAINBOW architecture lies within the spectral splitting
geometries. It is based on lateral multijunction arrangement of
the sub-cells, with the incoming spectrum spectrally split into
ranges delimited by dividing wavelengths (14). The latter need
to be optimized in order to match the characteristics of each
sub-cell. Compared to tandem vertical architecture, there is no
need for current matching and interconnecting layers, and
fabrication is compatible with spin and blade coating. The
main current disadvantage is the requirement of a spectral
splitting optical element.?

In this work, we evaluated the feasibility of a 2-junction
RAINBOW using PM6:GS-ISO (with and without F8T2) as a blue
sub-cell. For the low bandgap (or red) sub-cell, two OSC options
were used. On one side, PTB7-Th:COTIC-4F (V¢ = 0.53 V, Js¢ =
19.9 mA cm 2, FF = 0.61, PCE = 6.5%) as one of the lowest
bandgap OSC.°®®” On the other, PM6:Y6 (Voc = 0.82 V, Jsc =
21.8 mA cm™ >, FF = 0.64, PCE = 11.5%) as one of the most
popular blends.®®

We performed simulation to explore the optimal 44 to split
the spectrum for each sub-cell and the corresponding overall
efficiency. These simulations require EQE curves and PV para-
meters as input values. The integration of the product of
spectral solar irradiance and EQE is proportional to Jsc. Simi-
larly, the partial Jsc for each sub-cell is obtained by integrating
the EQE x spectrum product using 14 as a limit. Then, the
corresponding partial PCE is obtained by using this partial
photocurrent value together with the other J(V) parameters
(Voc, FF). Further details on this calculation can be found in
the article from Gibert-Roca et al.>® Our simulation results are
summarized in Table 1.

Fig. 7 shows the values of partial PCE and Js¢ for each sub-
cell depending on 4. The dividing wavelength for the best
efficiency is indicated (vertical lines). With PTB7-Th:COTIC-4F
as a red cell, the optimal value occurs when the blue cells start
absorbing, as seen in Fig. 7a. The slightly red-shifting effect of
F8T2 is appreciated. The early absorption of high-energy
photons by the blue cell makes the resulting PCE improve
significantly (Fig. 7b), even though the red cell loses part of all
the current it would provide as a single junction. Still, its deep
absorption into the near infrared makes the overall combined
current higher than those of the single junctions (Fig. 7c). With
a value of 11.2%, the PCE increase with respect to that of
PM6:GS-ISO without F8T2 is nearly 47%, and with a value of
12.7%, above 37% with respect to the one with F8T2. Given the
higher EQE values of the blue cell in the spectral region where
the blue cell contributes, the RAINBOW efficiency enhancement
for these material systems comes from improved photocurrent

Red cell F8T2 in blue cell Jq (nm) RAINBOW Jsc (mA ecm™?) RAINBOW PCE (%) 10BC (%)
PTB7-Th:COTIC-4F No 685 23.1 11.2 46.7

Yes 695 23.9 12.7 37.3
PM6:Y6 No 650 21.8 12.7 10.7

Yes 680 22.1 13.9 20.9

J. Mater. Chem. C
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(solid) and without F8T2 (dotted). (a) and (d) EQE profiles of sub-cells, (b) and (e) partial and RAINBOW (black) efficiencies depending on dividing
wavelength, (c) and (f) partial and RAINBOW (black) Jsc depending on dividing wavelength.

as well as the reduction of thermalization losses, i.e. the higher
Voc of the blue sub-cell compared to the red sub-cell.

PM6:Y6 has a better single junction efficiency compared to
the WBG. In Fig. 7d, the EQE of PM6:Y6 is similar but a bit
higher in part of their overlapped regions and that displaces the
optimal dividing wavelength to lower values. Nevertheless, the
multijunction approach ultimately culminates in a larger PCE
(Fig. 7e) with a value of almost 14% in the case of blue cell
based on the F8T2 additive. This time, the combined current is
similar to that of the single junction red cell for any 14 below
the optimal ones (Fig. 7f). This is due to very similar EQE values
of the two cells within the region in which the blue cell
contributes. Therefore, in this case, the improvement comes
mainly from reduced thermalization.

These simulations prove the impact that PM6:GS-ISO WBG
OSC has for a better use of the solar spectrum and achieving
improved efficiency, especially with the addition of F8T2.

Indoor PV performance

Organic solar cells are one of the most promising indoor energy
collectors than other energy harvesting technologies due to
their unique low-light optoelectronic properties and other
characteristics that are particularly suitable for indoor environ-
ments. This includes stable source accessibility, aesthetic
features such as color viability and flexibility.*

For indoor applications, Ming Ju Wu et al. demonstrated
that wide bandgap active layer materials of 1.8-1.9 eV are of

This journal is © The Royal Society of Chemistry 2025

particular interest due to their E, matching typical indoor
spectra, which is especially true for LEDs used in most modern
indoor lighting.””* In comparison with performance under
AM1.5G spectrum illumination, a big drop in Jsc is observed
with indoor illumination due to the reduced incident light.

Because of the logarithmic dependence of Vo and Jsc,
a drop in Jsc also represents a drop in Voc. Consequently, a
solar cell with a higher Voc would benefit from a smaller
percentage drop in efficiency.”?

Because of their high Eg, Voc and PCE, PM6:GS-ISO cells
with and without F8T2 are good candidates for indoor light
harvesting. All the samples of this study were measured at
different indoor illuminations (200, 500 and 1000 Ix), with LEDs
of different temperatures (2700, 3500 and 5000 K). Table S8
shows the performance for all these measurements.

The best performance were obtained under indoor lighting
conditions using a 3500 K LED with 1000 Ix illumination
(340 pW cm?), the spectrum of which is shown in Fig. 8a
together with the EQEpy of the devices measured. The asso-
ciated J-V measurements are shown in Fig. 8b, and the para-
meters derived from the measurements are listed in Table 2.

It is important to note the similar trends between indoor and
conventional PV devices. Indeed, with the introduction of a low
quantity of F8T2 (0.20 wt%), it is possible to increase the indoor
efficiency of the cells by almost 29% compared with the reference.

The best cell (F8T2-0.20%wt) presented under 1000 lux
at 3500 K a respectable efficiency of 16.2% with a Jsc of

J. Mater. Chem. C
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indoor efficiency measurements.

Table 2 Influence of F8T2 on indoor device characteristics (Jsc, Voc, FF,
PCE and Ppuay) with a 3500 K LED at 1000 Ix

Condition Jsc Voc PCE Pyax

(Wt%) (LA cm?) v) FF (%) (LW ecm™?)
w/o 74 1.01 0.60 12.6 44

0.20 83 1.05 0.66 16.2 57

83 UA cm 2, a Vo of 1.05 V, a good FF of 0.66 and a density of
converted power of 57 uW ¢cm 2.

Moreover, according to the results summarized in Table S8,
one can observe the robustness of the best device (F8T2-
0.20%wt), with efficiencies in the range of 14-16% indepen-
dently of the light source (2700, 3500 and 5000 K) and illumi-
nating power (200, 500 and 1000 Ix).

These results, previous to any optimization of the cell for
this particular application, show that this system is a promising
candidate for developing photovoltaic devices working under
artificial light conditions.

Conclusions

In this study, we highlighted the beneficial use of a conjugated
polymer, F8T2, introduced as a solid additive, to optimize the
performance of WBG organic solar cells with an active layer
composed of PM6 as donor and GS-ISO as acceptor. F8T2 was
introduced into the BH]J solution in a small quantity (<1%wt)
and it enabled the improvement of the crystallinity and the
tuning of optical properties. We show that the modification of
the active layer morphology by F8T2 helps to improve m-n
stacking, to reduce trap density in the film and consequently
trap-assisted recombination. As a result, the optimal cell
achieved a maximum PCE of 10%, compared to 5.2% for non-
optimized devices, with an impressive Voc of 1.20 V, a Jsc of
12.2 mA cm ™2, and a FF of 0.68. These results highlight the
ability to produce high-performance inverted WBG solar cells
using a conjugated polymer as a solid additive. The potential of

J. Mater. Chem. C

such WBG OSC as a subcell in lateral multijunction device
configurations was explored numerically and it was shown that
the WBG OSC can improve the performance of the single
junction low-bandgap OSC device. In addition, we show
that PM6:GS-ISO with F8T2 can efficiently be used as indoor
photovoltaic cells with efficiencies between 14 and 16% and
Voc above 1.0 V, independently of the light source and
illumination power.

Experimental details
Materials

Deionized water was obtained from a PURELAB Flex system
(12 MQ). 0-Xylene (97%), ethanolamine (99.5%), ethanol (99.8%),
zinc acetate dihydrate and 1-8 diiodoctane were purchased from
Sigma Aldrich. MoO; powder was purchased from NEYCO. PBDB-
T-2F and GS-ISO were purchased from Brillant Matters. F8T2 was
purchased from Solaris Chem Inc.

Devices fabrication

OSC devices were fabricated with an inverted architecture
consisting of glass/ITO/ZnO/BH]J/MoO;/Ag, where ZnO is used
as an electron transport layer (ETL) and MoOj; as a hole trans-
port layer (HTL). The ITO covered glasses (1.5 x 1.5 cm,
10 Q O, VisionTek) were cleaned by sequential ultrasonic
treatments: diluted soap Hellmanex III, deionized water, acet-
one and isopropanol. Before depositing the ETL, the clean ITO
substrates were treated by UV-ozone for 15 min. The ZnO
precursor solution was prepared by mixing zinc acetate dihy-
drate (166 mg) and ethanolamine (50 pL) with ultrapure etha-
nol (4.95 mL). The solution was then stirred at 55 °C in air for
30 min and left at room temperature under continuous stirring
prior to deposition. ZnO precursor solution was then spin-
coated at 2000 rpm during 30 s to form a 45 nm thin film.
The substrates were then annealed in air at 180 °C for 30 min.
The BH] solutions were prepared by dissolving 23 mg mL ™" of
PM6:GS-ISO (Wt% of 1:1.3) mixture in o-xylene with 1-8 diio-
dooctane (5 pL) as an additive. For the solid additive study,

This journal is © The Royal Society of Chemistry 2025
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various weights of F8T2 were added directly to our previous BHJ
solution (e.g. for F8T2-0.20%wt, 0.046 mg of F8T2 was added to
the 23 mg mL ™' BH] solution). The solutions were then stirred
for at least 3 h at 55 °C in a nitrogen-filled glovebox. For BHJ
active layers, solutions were spin coated with a rotation speed
of 2000 rpm during 60 s to form a 130 nm film. This thickness
was optimized by varying the concentration and the rotation
speed. Afterward, thermal evaporation under vacuum (P =
10~° mbar) was used to deposit the HTL MoO; (7 nm thick
with a deposition rate of 0.5 A s™*) and the Ag electrode (70 nm
thick with a deposition rate of 1 A s™*) through a shadow mask,
defining a sample of four devices, each device with an active
area of 10.5 mm>.

Characterization

AFM measurements were performed in tapping mode, using an
Innova from Bruker and a AC160TS tip (Oxford instrument)
with a frequency of 300 kHz and a radius of 8 nm. The surface
topographical data was analyzed using Gwyddion software.
The grain size was determined with a threshold marking and
the root-mean-square roughness with the rugosity option. UV-
visible absorption spectra were acquired on a SAFAS UVmc2
spectrophotometer from 300 to 1100 nm with 2 nm step.
GIWAXS measurements were realized at room temperature
using the SIRIUS beamline at the French National Synchrotron
Radiation facility SOLEIL. An X-ray energy of 10 keV (X-ray
wavelength, 1.24 A) was selected with a Si(111) double crystal
monochromator. The beam size 500 x 100 um” (H x V) was
obtained using a two-slits system. A beam stop was used to stop
direct and reflected beams. 2D X-ray scattering data were
collected on a DECTRIS PILATUS3 1M 2D detector positioned
350 mm downstream of the sample. Two laterally rotated
detector positions were used for covering the scattering vector
range up to 2 A%, The incidence angle was set at 0.12°. Typical
exposure time for these samples was 330 seconds. Current
density-voltage characterization were performed using a
solar simulator with a Xenon source and AM 1.5G filters
(Newport LCS-100). The light intensity of the lamp was set at
100 mW cm™ > using a calibrated silicon reference cell from
Newport Co. The J-V curves were recorded in the dark and
under 1-sun using a Keithley 2400 SMU, and parameters were
directly extracted vie a homemade LabVIEW program. j-V
characterization was performed in a nitrogen-filled glovebox.
External quantum efficiency measurements were carried out
using a PVE300 Photovoltaic EQE from Bentham Co. EQE
was performed in ambient atmosphere and all OSC devices
were encapsulated. SCLC measurements were performed and
devices fabrication and characterization were done. For both
hole- and electron-only devices, the ITO-covered substrates
were cleaned with the same procedure as the OSC devices.
For electron-only devices, a structure ITO/ZnO/active layer/Ca/
Al was used. The ZnO and the active layer were deposited in the
same way than for the OSCs. The Ca and Al layers were then
thermally evaporated under a high vacuum of approximatively
10~° mbar. The 10 nm thick Ca layer was evaporated with a rate
of 0.5 A s7! and the Al layer was evaporated with a rate of
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View Article Online

Paper

5 A s7%. For hole-only devices, a structure ITO/PEDOT:PSS/
active layer/MoO;/Ag was used. After a 15 min UV-ozone treat-
ment, the PEDOT:PSS was spin-coated on it to form a 20 nm
thin film. The substrates were subsequently dried at 150 °C for
30 min. After deposing the active layer with the same procedure
than the OSCs, MoO; and Ag were evaporated in the same
conditions than the OSCs.

The Mott-Gurney law (eqn (4)) was used to extract the
electron and hole mobility.

9 &
JscLe = R (4)

In this equation, ¢, is the relative dielectric constant which is
3.9 for PM6:GS-ISO,** ¢, is the vacuum permeability (8.854 x
107" F m "), y, is the mobility in the SCLC regime, V is the
applied voltage, and L is the active layer thickness.

Light intensity dependence measurement were carried out
from a system containing a Keithley 2400 SMU and a 528 nm
LED. Transient photovoltage (TPV) characterization was carried
out from a measurement system containing a function
generator (Keithley 3390) producing a pulse at 1.1 Hz, 5 V for
500 ms, a pre-amplificator, a digital oscilloscope (Keysight
Technologies DSOX1202A) and a 532 nm LED.

Indoor measurements were performed with an Aurelle Phi-
lips Hue White Ambiance LED light (60 x 60 x 4.6 cm). This
setup features an adjustable correlated color temperature (CCT)
with four preset options ranging from 2200 K to 6500 K. The
intensity range used extends from 100 to 1000 lux. The variation
of this parameter is obtained by adjusting the distance from the
sample holder.
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