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The composition of the bulk heterojunction active layers in organic solar cells is crucial to their photovoltaic
performance. Highly efficient organic solar cells have been constructed by the so-called ternary approach
due to its process simplicity and diverse donor and acceptor materials. In the study described here, the
simple medium-bandgap closed-shell quinoidal A-D—A non-fullerene small molecule acceptor QDT1,
ie., 4,4-dihexyl-4H-cyclopental2,1-b:3,4-b'ldithiophene (CPDT), was used as a guest acceptor in the PBDB-
T:Y6 host binary active layer to fabricate ternary organic solar cells. QDT1 has an absorption profile that is
complementary to those of the host active materials (PBDB-T and Y6). This matching of profiles is beneficial
for light-harvesting and ultimately enhances the photocurrent in the OSC devices. Ternary organic solar cells
fabricated in ambient conditions with the optimized PBDB-T:QDT1:Y6 (1.0:0.2:1.0) active layer gave an
overall power conversion efficiency of 13.31%, which is better than that of the PBDB-T:Y6 counterpart
(11.17%). The higher PCE in the ternary system is mainly attributed to the higher short circuit photocurrent
and fill factor along with a decreased energy loss. The increases in photocurrent and fill factor can both be
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DOI: 10.1039/d5tc00724k attributed to faster exciton dissociation, energy transfer from QDT1 to Y6, more rapid charge extraction,

extended charge carrier lifetime and lower charge recombination. The organic solar cells based on a
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Introduction

Organic solar cells (OSCs) have several advantages over silicon-
based solar cells and these include flexibility, a lightweight
structure, and the possibility of cost-effective applications in
wearable electronic devices, indoor internet of things and
building integrated photovoltaics.'™® In recent years the emer-
gence of non-fullerene acceptors (NFAs)” " has led to signifi-
cant advances in OSCs and the power conversion efficiency
(PCE) has reached 20%.">""” The most effective OSCs generally
consist of bulk heterojunction (BHJ) blend layers that consist of
electron donors (D) and acceptors (A). In these layers the
hierarchical blend structures tend to incorporate interpene-
trated D/A nanoscale networks to enhance the exciton dissocia-
tion into free charge carriers and their subsequent transport
towards electrodes.'®'® The majority of OSCs are based on
NFAs but the synthesis of these materials involves complex
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PBDB-T:QDT1 active layer provided a PCE greater than 23% under indoor illumination (white LED).

and lengthy procedures, which result in substantial expenses
that create major obstacles for industrialization of OSCs.

In recent years non-fused-ring NFAs have emerged as com-
petitive low-cost materials for OSCs due to their simple syn-
thesis routes.”*** OSCs based on non-fused NFAs have given
a PCE value of 17% for a binary BH]J active layer**® and 18%
for a ternary active layer,”” which is very close to the values
obtained for fused-ring NFAs.

Despite the remarkable properties of quinoidal semiconductors
and the fact that they are already used in organic transistors,”**’ their
application as electron acceptors in organic solar cells (OSCs) remains
limited.*>*' The incorporation of quinoidal structures, however,
provides an alternative approach to developing high-performance
electron acceptors owing to several exclusive advantages: (i) the rigid
and flat configuration of the quinoidal unit facilitates compact n-n
stacking and efficient intermolecular charge transport and (ii) qui-
noidal units typically have excellent m-electron delocalization and a
strong intramolecular charge-transfer effect, resulting in reduced
optical bandgaps and elevated absorption coefficients.

Thiophene and its derivatives play a crucial role in the
semiconductor electronic revolution, namely organic electro-
nics, and thiophene-containing polymers and oligomers are
prominent in this field in applications that include thin-film
transistors, OLEDs and organic photovoltaics.** 4,4-Dihexyl-
4H-cyclopenta[2,1-b:3,4-b']dithiophene (CPDT) is a versatile

This journal is © The Royal Society of Chemistry 2025
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component of opto-electronic materials due to the completely
planar nature of the fused-dithiophene, the excellent n-electron
donor ability and the possibility of incorporating alkyl chains to
afford solubility.>*"*

Tetracyanoquinodimethane oligothiophenes have been widely
used in the field of organic conjugated molecules®>*® and some of
us prepared a quinoidal derivative of bis-CPDT-vinylene that had
novel electronic properties and potential applications in organic
electronics.’” We recently reported a series of bis(semiquinone)
compounds with CPDT bridges of different lengths (n-QDT) that
were encapsulated with benzoquinone to give systems that evolve
from closed-shell (n = 1) to full diradical (n = 3).>®

The majority of efficient OSC active layers still have the BHJ
structure proposed by Heeger and co-workers.'® The absorption
spectra of most polymer donors are in the short wavelength
region while the absorption spectra of most NFAs are in the
long wavelength and near-infrared regions and, as a conse-
quence, the absorption spectrum of the binary BH]J active layer
makes it difficult to cover the entire solar spectrum. This
limitation hinders the effective absorption of solar light, which
in turn limits any improvement in photocurrent. In an effort to
overcome this challenge, a ternary approach has been devel-
oped that involves BH]J active layers with either two donors and
one acceptor or one donor and two acceptors. This approach
has led to significant enhancements in the PCE of 0SCs.***
The third component (donor or acceptor) of effective ternary
OSCs must have a complementary absorption profile, cascade
energy level alignment, and strong compatibility with the
existing binary host blend.

We report here the use in OSCs of the shortest member of
the aforementioned series, namely QDT1,*® which has a stable
quinoidal closed-shell form. QDT1 was employed as a medium-
bandgap non-fused small molecule acceptor (NFSMA) for ternary
organic solar cells along with PBDB-T as a donor and Y6 as an
acceptor. QDT1 showed excellent performance as the third com-
ponent. The OSC based on PBDB-T:QDT1:Y6 gave a PCE value of
13.31%, which exceeds that of binary counterparts (11.17 and
7.52% for PBDB-T:Y6 and PBDB-T:QDT1, respectively). PL and
TRPL spectroscopy revealed that a highly efficient FRET occurred
between QDT1 and Y6, which led to more efficient exciton
diffusion and subsequent exciton dissociation. TPV and TPC
measurements revealed that the introduction of QDT1 into the
host PBDB-T:Y6 material led to faster charge extraction and longer
charge carrier lifetime, which in turn led to the suppression of
both bimolecular and trap-assisted recombination. This resulted
in improvements in the Jsc, FF and overall PCE. Moreover, the
OSC based on PBDB-T:QDT1 gave a PCE greater than 23% under
white light LED illumination.

Results and discussion

Electronic and theoretical studies

The skeletal structures of polymer PBDB-T, QDT1, and Y6 are
illustrated in Fig. 1a. QDT1 was prepared as reported previ-
ously.®® The spectrum of a dilute solution of QDT1 in CH,CI,
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Fig. 1 (a) Chemical structures of PBDB-T, QDT1, and Y6. (b) UV-Vis-NIR
spectra of QDT1 in solution, @DT1 in thin film, PBDB-T in thin film, and Y6
in thin film. (c) Schematic energy level diagrams of materials used in
photovoltaic devices.

shows an absorption maximum at 656 nm and an absorption
edge at around 780 nm (Fig. 1b). In thin film, a broader
absorption band with a maximum of 676 nm and a shoulder
at 780 nm is observed. This bathochromic shift indicates
a highly ordered and compact J-aggregate arrangement of
molecules in the solid state, which enhances the excitonic
interactions. The absorption edge in the thin film is observed
at 850 nm, and this corresponds to an optical bandgap of 1.45 eV.
The thin film UV-Vis absorption spectra of PBDB-T, QDT1, and Y6
cast from chloroform solution are shown in Fig. 1b. Both PBDB-T
and Y6 show strong absorption in the regions of 350-700 nm and
600-900 nm. QDT1 displays maximum absorption at 676 nm,
whilst its predominant absorption ranges from 500-850 nm. Both
spectra combine to give a complementary absorption spectrum
that should enable substantial photon harvesting with the host
PBDB-T and Y6. This system is expected to have a strong capability
for photon harvesting and potentially lead to a higher J¢ value in
the ternary OSCs.

The energy levels of PBDB-T, Y6, and QDT1, as estimated by
electrochemistry, are depicted in Fig. 1c. The results infer that
the LUMO (—4.00 eV) and HOMO (—5.40 eV) energy levels of
QDT1 are located between those of PBDB-T (—3.53/—5.21 €V)
and Y6 (—4.08/—5.68 eV), thus establishing a cascading energy
arrangement. This arrangement could help to facilitate efficient
charge transfer at the D/A interfaces, modulate the energy
losses and promote charge separation.*"** Furthermore, the
relatively upshifted LUMO energy level of QDT1 (—4.00 eV),
when compared to that of Y6 (—4.08 eV), indicates possible
advantages in achieving greater V¢ values for ternary OSCs.

The most stable geometry of QDT1 (Fig. S1a, ESI) was calcu-
lated using a DFT (B3LYP) method with a 6-31G* basis set.
These calculations indicate the high planarity of the quinoidal
system (QDT1). The molecular dipole moments of Y6 and QDT1
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were also calculated (Fig. S1b, ESIt) and it was found that QDT1
has a significantly higher dipole moment (4.859 D) than Y6
(0.523 D). The main difference in these dipole moments lies
along the y-axis. In the case of Y6, there are polar groups on
both sides (up and down) of the x-axis and this arrangement
results in compensation of the dipole moments on both sides.
In QDT1, however, all the polar groups are aligned along the
‘north’ axis. The intermolecular packing interactions**** are
affected by large differences in the dipole moments between
QDT1 and Y6. The electrostatic potential (ESP) distributions of
Y6 and QDT1 were computed (Fig. S2, ESIT) and the results
show that the highest energy value is in the CPDT moiety and
the lowest in the quinone terminal units.

Photovoltaic performance

As depicted in Fig. 1c, the LUMO offset between PBDB-T and
either QDT1 or Y6 is sufficiently above the threshold force
required for the dissociated excitons from the PBDB-T to break
it into free charge carriers. This situation facilitates the sub-
sequent transfer of electrons from the donor to the acceptor in
both PBDB-T:Y6 and PBDB-T:QDT1 BHJ active layers. There is
adequate HOMO offset between PBDB-T and Y6 to ensure that
there is effective hole transfer from Y6 to PBDB-T which is
followed after the dissociation of excitons generated in Y6.
PBDB-T and QDT1 assure a HOMO offset of about 0.19 eV
between them. To gain information about exciton dissociation
after their generation, and transfer of holes from HOMO of
QDT1 to HOMO of PBDB-T, the photoluminescence (PL) spec-
tra of pristine QDT1 film and its blend with PBDB-T were
compared and shown in Fig. S3 (ESIT). We can see PL quench-
ing of QDT1 when blended with PBDB-T. This only suggests
effective exciton dissociation and subsequent transfer of holes
from QDT1 to PBDB-T. The processes occur though the HOMO
offset is less. Such exciton dissociation and charge transfer are
often reported for OSCs in which NFSMA, and polymer or small
molecule donors are employed.*>™’

The OSCs were fabricated with the conventional architecture
of binary and ternary OSCs comprising ITO-coated glass as
TCO, PEDOT:PSS as HTL, PFN-Br as ETL and Ag (100 nm) as
anode (which was deposited by thermal evaporation technique).
All the processes were done in ambient conditions. PBDB-T and
Y6 or QDT1 were used as the polymer donor and acceptor,
respectively. All devices were prepared by spin-coating solutions
of the components with a PBDB-T: Y6 weight ratio of 1:1.2. A
concentration of 14 mg mL~" was maintained. The detailed
procedure for device fabrication is provided in the ESI.f The
ternary OSCs were prepared by adding different amounts of
QDT1. 1-Chloronaphthalene (CN) at 0.25 vol% was included as
a solvent additive. The resulting thin films were allowed for
thermal annealing at 110 °C for about 5 minutes. The obtained
devices were characterized under 1 sun conditions (AM 1.5G
spectra).

The current-voltage (J-V) characteristics of the optimized binary
(PBDB-T:QDT1 or PBDB-T:Y6) and ternary (PBDB-T:QDT1:Y6)
devices are depicted in Fig. 2a and their photovoltaic parameters
are tabulated in Table 1. The binary OSCs comprising PBDB-T:Y6
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Fig. 2 (a) J-V characteristics under 1 sun condition (AM1.5G, 100 mW
cm™2), (b) EQE spectra of the optimized binary (PBDB-T:QDT1 and PBDB-
T:Y6) and ternary PBDB-T:QDT1:Y6 OSCs.

Table1l Photovoltaic parameters of the binary and ternary OSCs based on
PBDB-T as donor and QDT1 and Y6 as acceptors

Active layer Jsc(MAcem™) Voo (V) FF PCE
PBDB-T:QDT1 14.36 (14.099° 0.854  0.613  7.52 (7.34)
PBDBT-T:Y6 20.78 (20.57)°  0.812  0.662 11.17 (10.97)
PBDB-T:QDTL:Y6  22.84 (22.65)°  0.836  0.697 13.31 (13.06)°

“ Jsc value obtained from the integration of EQE spectra. ” Average
value of 8 identical devices.

and PBDB-T:QDT1 yield efficiencies of 11.17% and 7.52%,
respectively. The dipole moment of QDT1 is higher than that
of Y6, and, as a consequence, the exciton binding energy of the
QDT1 system is lower. In this case, a lower driving force is
required for the dissociation of excitons, and hence the higher
value of Vo for the OSCs based on QDT1. Moreover, the
inclusion of 20% wt of QDT1 in PBDB-T:Y6 blends gave PBDB-
T:QDT1:Y6 (1:0.2:1.0) ternary OSCs with a remarkable PCE
value of 13.31%. This high value is due to the simultaneous
increase in Voc (0.836 V), Jsc (22.84 mA cm™?) and fill factor
(0.697) when compared to PBDB-T:Y6 OSCs. The QDT1 film
exhibited a complementary absorption with both PBDB-T and
Y6, thus enhancing the light-harvesting capability and increas-
ing the Jsc in the ternary OSC. The V¢ value for the ternary
device is higher than the binary Y6 counterpart but still less than
PBDB-T:QDT1. The open voltage of the BHJ-based OSC is corre-
lated to the difference in energy levels between the LUMO of
the acceptor and the HOMO of the donor. It can, therefore,

This journal is © The Royal Society of Chemistry 2025
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be envisaged that the higher V¢ for the ternary system, when
compared to the Y6 binary counterpart, may be due to the fact
that the LUMO of QDT1 is upshifted in relation to that of Y6.

The external quantum efficiency spectra (EQE) of all the
devices are displayed in Fig. 2b. The spectra of PBDB-T:QDT1
and PBDB-T:Y6 are very similar to the UV-Vis-NIR spectra of
their corresponding blends in the thin film. The EQE values of
the ternary OSCs are higher than those of the PBDB-T:Y6
counterpart — particularly in the wavelength region 600-740 nm,
where the absorption coefficient of QDT1 is high. This indicates
that the incorporation of QDT1 into PBDB-T:Y6 mixtures increases
the light-harvesting ability and thus leads to a higher Jsc value for
the ternary OSC. The Jsc values of the OSCs are given further
validation by the EQE spectra. The Jsc values attained by the area
of the EQE spectra closely match the Jsc measured from the -V
curves (Table 1).

The energy level difference of LUMO of the acceptor material
and HOMO of the donor material gives out the Vo of the bulk-
hetero junction devices. Due to the same, the V¢ of the ternary
active layer (0.836 V) lies between the two binary counterparts.
Cyclic voltammetry measurements on optimized Y6:QDT1
blend film were done to calculate HOMO-LUMO levels and
further their Voc dependence. The HOMO and LUMO energy
levels of the optimized acceptor blend are —5.48 and —4.04 eV,
respectively. These values lie between those of Y6 and QDT1,
which results in an increase in the charge transfer (CT) state
(ECT) with dark current density being in a suppressed state for
ternary blends.*®*® Moreover, the Voc values of the ternary
OSCs increase as the concentration of QDT1 increases (Table S1,
ESIt), a trend that is consistent with the formation of an alloy
between the two acceptors.>® Thus, the incorporation of QDT1 as a
third component can increase the open circuit voltage (Voc).>'*>

Exciton generation and charge recombination dynamics

The exciton dissociation (Py;ss) probability was investigated by
examining plots of the photocurrent density (/) variation with
effective voltage (Veg) (Fig. 3). The estimation of both the Jp;,
and V. values is described in the ESI.{

The J,, value increases as Ve increases and the photocur-
rent then becomes almost saturated when V. > 1.8 V. The
saturation current density (Jsa) in the ternary OSC was found to
be higher than those in the binary counterparts and this
finding indicates enhanced light-harvesting ability and a more
efficient exciton generation rate. The value of Pg;ss under short
circuit condition was estimated using the expression Pgjss =
JonlJsae- The Pgigs value for the ternary OSC (0.982) is higher than
that for binary counterparts (0.946 and 0.963 for PBDB-T:QDT1
and PBDB-T:Y6, respectively) and this suggests that the ternary
OSC exhibited faster dissociation of excitons into free charges
and subsequent collection of them by the electrodes, which in
turn contributes to the enhancement of Jsc and FF.>?

The carrier dynamics of devices, including their transport,
and recombination processes were evaluated by examining the
Jsc and V¢ correlation with varying illumination power (P;,) in
both binary and ternary OSCs. The slopes of Vo versus Py, plots
(Fig. 4a) were fitted using the expression Vo = (nkT/g)In P;, and

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Dependence of (a) Voc and (b) Jsc with P;, for optimized binary
(PBDB-T:QDT1 and PBDB-T:Y6) and ternary (PBDB-T:QDT1:Y6) OSCs.

the values were 1.45, 1.32 and 1.23kT/q for PBDB-T:QDT1,
PBDB-T:Y6 and PBDB-T:QDT1:Y6 OSCs, respectively. Compared
to binary OSCs, the lower slope obtained for the ternary
counterpart suggests that trap-assisted recombination was
lower in the ternary OSC, which leads to improved charge
transport and enhanced Jsc and FF.>* The Jsc—P;, curves
(Fig. 4b) were fitted using the relationship Jsc oc (Pin)”, where
o is used to determine the degree of bimolecular recombina-
tion. The « values calculated for ternary structure is 0.974, while
binary counterparts PBDB-T:QDT1 (0.912), PBDB-T:Y6 (0.959),
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has a slightly lower values. The higher « value obtained for the
ternary device, when compared to the binary counterparts,
indicates relatively weak bimolecular recombination in the
ternary OSC.>>°°

The transient photovoltage (TPV) was employed for asses-
sing the carrier recombination kinetics in these devices and the
results are depicted in Fig. 5a. The PBDB-T:QDT1:Y6 ternary
device exhibited a longer carrier lifetime (7.75 ps) than the
binary counterparts (5.38 us and 3.76 ps for PBDB-T:Y6 and
PBDB-T:QDT1, respectively). The longer carrier lifetime attri-
butes to a longer transport distance for photogenerated charge
carriers, and this is only possible due to less recombination,
which in turn enhances both Jsc and FF.>” Moreover, transient
photocurrent (TPC) measurements (Fig. 5b) demonstrate that
the PBDB-T:QDT1:Y6 device yielded the shortest photocurrent
decay time of 0.784 ps when compared to PBDB-T:QDT1
(1.26 ps) and PBDB-T:Y6 (0.965 ps). This difference signifies
that the ternary devices have enhanced charge extraction effi-
ciency. The high carrier extraction eased to reduce carrier
recombination inside the active layer and this ensures timely
extraction and transport of a greater number of photogenerated
carriers to the electrodes, thereby improving both Jsc and FF.>®

The charge transport kinetics in the active layers were
further examined by carrying out space charge limited current
(SCLC) measurements using hole and electron-only devices
(Fig. S4a and b, ESIt). The addition of QDT1 led to an increase
in both hole mobility (u) and electron mobility (u.) for the
PBDB-T:QDT1:Y6 device when compared with the PBDB-T:Y6
devices. The uy, and pe values increased from 4.56 x 10™* to
567 x 107" em® V7' 57! and from 3.42 x 107* to 4.78 x
10~* em® V' 57, respectively. The enhanced charge carrier
mobilities and more balanced p,/u. = 1.19 in the PBDB-T:QDT1:Y6
ternary film, which suppresses the charge recombination, is

12
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Fig.5 (a) TPV and (b) TPC curves for the binary (PBDB-T:QDT1 and
PBDB-T:Y6) and ternary (PBDB-T:QDT1:Y6) OSCs.
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consistent with the enhanced FF for the ternary OSC. These
findings clearly show that QDT1, as a guest acceptor, can simulta-
neously aid in exciton dissociation and carrier generation, thus
significantly enhancing the Jsc and FF of the OSC.

TRPL spectroscopy is a technique that is used to obtain
information about the exciton diffusion and exciton dissocia-
tion in the devices and selected spectra are shown in Fig. 6. The
decay time represents the exciton dissociation at the D/A inter-
face and exciton diffusion towards the interfaces.*® Compared
with binary blends (0.886 ns and 0.781 ns for QDT1 and Y6-based
blends, respectively), the shorter decay time (0.506 ns) measured
for the ternary blend indicates faster exciton diffusion and transfer
behaviour in ternary OSCs. These properties result in increased
Jsc and PCE values.

Energy loss analysis

Energy loss (Ejoss) analysis of binary and ternary devices was
performed in an effort to understand the Vo enhancement in
the ternary OSCs. Ej; is expressed as Ejoss = Eg — Voc, where Eg
is the optical energy bandgap of the blend film, which can be
estimated from the peak observed 1st derivative of EQE of the
OSC (Fig. S5, ESIT). The E, values for the blends were estimated
to be 1.58, 1.38 and 1.38 eV for PBDB-T:QDT1, PBDB-T:Y6
and PBDB-T:QDT1:Y6, respectively. The detailed E.s values
are shown in Table 2. In general, the E,s of a solar cell can be
divided into three parts: AE;, AE, and AE;. AE; is denoted as
E, — gV, where V2R represents the theoretical upper limit for
the Voc, as derived from Shockley-Queisser theory. This limit
originates from the absorption above the bandgap® and its
value is almost the same for all of the devices. AE, can be

This journal is © The Royal Society of Chemistry 2025
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Table 2 Energy loss data for the binary and ternary OSCs based on PBDB-
T as donor and Y6 and QDT1 as acceptors

Device E, (eV) AE, (eV) AE, (eV) AE; (eV) Total Ejos (€V)
PBDB-T:QDT1 1.58 0.255 0.0945 0.377 0.726
PBDB-T:Y6 1.38 0.249 0.0876  0.231 0.568
PBDB-T:QDT1:Y6 1.38 0.249 0.076 0.219 0.544

determined by the expression AE, = q(Vo2 — Vi) and it
represents the loss of radiation recombination below the band-
gap, which is determined by the degree of energy disorder and
recombination.®’ The AE, value obtained for the ternary device
is significantly lower than that for the binary device - a finding
that suggests minimal energy disorder in the ternary device.
AE, can also be quantified by a parameter called the Urbach
energy (Ey), where a low Ey value signifies low energy disorder.
The FTPS-normalized EQE (Fig. S5, ESIT) with Urbach’s rule®>®?
indicates that the Ey of the ternary device is lower (26.65 meV)
than that of the binary devices (31.43 meV and 28.25 meV for
QDT1 and Y6, respectively). The lower Ey value is mainly
attributed to the enhanced molecular aggregation, reduced
reorganization energy and energy disorder in the ternary blend
film.** AE; represents the non-radiative loss term, which
originates from the recombination of charge carriers in the
device. The AE; value for the ternary system is 0.219 eV, which
is lower than the values for the binary counterparts. The lower
AE; value for ternary OSC is related to suppression of the
charge carrier recombination.

Energy and charge transfer mechanisms in the ternary device

It can be seen from Fig. 7a that the steady state PL of QDT1 has
significant overlap with the absorption spectrum of Y6. This
observation indicates that Forster resonance energy transfer
(FRET) occurs from the medium-bandgap acceptor QDT1 to the
low-bandgap acceptor Y6 — a phenomenon that is observed in
many ternary OSCs. In an effort to obtain more information
about the energy transfer, the steady state PL spectra of QDT1,
Y6 and a QDT1:Y6 blend were investigated. It can be seen from
Fig. 7b that the emission peaks of QDT1 and Y6 are located at
816 nm and 920 nm, respectively. The incorporation of QDT1
with Y6 led to almost complete quenching of the PL emission
intensity of QDT1 along with a simultaneous increase in the PL
intensity of Y6. This behavior indicates an efficient energy
transfer from QDT1 to Y6. An alternative approach to confirm
the energy transfer between QDT1 and Y6 involves creating
solar cells with QDT1:Y6 (0.2:1.0) and pristine QDT1 or Y6 as
the active layers without a donor, respectively. The Jsc value
of the QDT1:Y6-based OSC is 0.68 mA cm ™2, which is lower
than the values for both pristine QDT1 (0.89 mA cm™?) and Y6
(1.05 mA cm ?). These values imply that charge transfer
between QDT1 and Y6 is negligible.

In accordance with FRET theory, the lifetimes of energy
donors in an excited state decrease with increasing acceptor
concentration since FRET is an additional non-radiative decay
channel for a donor in the system.”> TRPL spectroscopy
was used to investigate the energy transfer from QDT1 to Y6

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Absorption spectra and PL spectra of Y6 and QDT1, respectively,

(b) PL spectra of pristine QDT1, Y6 and QDT1:Y6, and (c) energy and
charge transfer in the ternary device.

(excitation wavelength of 690 nm and probing 830 nm emis-
sion). The average lifetime of pristine QDT1 was 1.55 ns, which
is markedly decreased to 0.66 ns for the QDT1:Y6 (0.2:1.0)
film. The energy transfer efficiency (i) from the energy donor
(QDT1) to the energy acceptor (Y6) can be estimated using the
following expression: 7 = 1 — (tpa/tp), Where 1, and 1, denote
the fluorescence lifetime of the donor with and without the
acceptor, respectively. QDT1 and Y6 act as energy donor and
energy acceptor, respectively. On using the above expression,
the energy transfer efficiency was calculated to be 57.3% and
this is consistent with the overlap of the absorption spectrum of
Y6 and PL spectrum of the QDT1. The energy transfer and
charge transfer mechanisms are illustrated in Fig. 7c. It can be
concluded that there is a balance between the exciton dissocia-
tion process and the energy transfer process in the optimized
ternary OSC.%®

The surface morphologies of PBDB-T:Y6 and PBDB-T:QDT1:Y6
blends were investigated by atomic force microscopy (AFM)
(Fig. S6, ESIT) in an attempt to elucidate why the ternary OSC
gave a high PCE value. Both blends gave smooth films that had
low surface roughness. The ternary PBDB-T:QDT1:Y6 film
showed slightly higher roughness (2.34 nm) compared to the
binary PBDB-T:Y6 counterpart (2.09 nm) and this is mainly due
to the improved molecular aggregation. Higher surface rough-
ness is beneficial for both high Jsc and FF values in 0SCs.%”

The surface morphologies of PBDB-T:Y6 and PBDB-T:QDT1:Y6
blends were investigated by atomic force microscopy (AFM)
(Fig. S6, ESIT) in an attempt to elucidate why the ternary OSC
gave a high PCE value. Both blends gave smooth films that
had low surface roughness. The ternary PBDB-T:QDT1:Y6 film
showed slightly higher roughness (2.34 nm) compared to the
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Fig. 8 J-V characteristics of the OSC based on PBDB-T:QDT1 under
illumination with stanard white (SW) LED (1000 lux).

Table 3 Photovoltaic parameters of OSCs based on PBDB-T:QDT1 under
1000 lux LED illumination

LED Jsc (WA em™?) Voc (V) FF PCE (%)
CW 146.34 0.752 0.587 21.51
sw 159.45 0.786 0.602 23.76

binary PBDB-T:Y6 counterpart (2.09 nm) and this is mainly due
to the improved molecular aggregation. Higher surface rough-
ness is beneficial for both high Jsc and FF values in 0SCs.*”

A great deal of research has been carried out in recent years
on OSCs for indoor applications®®”® and the PCE has been
boosted up to 30%.”"”*> Both PBDB-T and QDT1 showed strong
absorptions up to 800 nm and this is very similar to the
emission spectrum of white LEDs. As a consequence, the J-V
characteristics were measured under different absorption spectra.
The binary and ternary OSCs were also tested under indoor light
illumination (white LED, 1000 lux) using standard white (SW) and
cool white (CW). The detail of the j-V measurements is summar-
ized in ESL We have measured the intensity of indoor light by
luxmeter and it is 300.3 and 317.5 pW cm ™2 for SW and CW LEDs,
respectively.”” The J-V characteristics are shown in Fig. 8 and the
corresponding photovoltaic parameters are compiled in Table 3.
The PCE values of OSCs based on indoor light illumination
exceeded 23% under SW LED, thus demonstrating the potential
applications of medium-bandgap NFAs along with wide-bandgap
polymer donors for indoor OSCs.

Conclusions

A quinoidal A-D-A non-fullerene small-molecule acceptor
QDT1 was utilized as a guest acceptor in the host binary blend
PBDB-T:Y6 to fabricate ternary OSCs. It is worth highlighting
that addition of only a small amount of QDT1 can significantly
improve the PCE of the ternary OSC from 11.17% to 13.31%.
This improvement mainly results from the enhanced jsc and
FF. The mechanism was investigated by PL and TRPL studies,
which showed that QDT1 acts as an additional light absorber to
harvest more photons and deliver photon energy to Y6 through
FRET. In this process extra excitons were generated and
then dissociated into free charge carriers, which resulted in
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an improvement in the Jsc in the ternary OSCs. Moreover, the
OSCs based on PBDB-T:QDT1 gave PCE values above 24%
under indoor light illumination, thus highlighting the potential
of the BHJ active layer consisting of PBDB-T and QDT1 for
applications in indoor OSCs.
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