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A Nitroxide Radical Conjugated Polymer as an Additive to
Reduce Nonradiative Energy Loss in Organic Solar Cells

Furong Shi, Pengzhi Guo, Xianfeng Qiao, Guo Yao, Tao Zhang, Qi Lu, Qian Wang,
Xiaofeng Wang, Jasurbek Rikhsibaev, Ergang Wang,* Chunfeng Zhang,*
Young-Wan Kwon, Han Young Woo,* Hongbin Wu, Jianhui Hou, Dongge Ma,

Ardalan Armin, Yuguang Ma, and Yangjun Xia*

Nonfullerene-acceptor-based organic solar cells (NFA-OSCs) are now set off
to the 20% power conversion efficiency milestone. To achieve this, minimizing
all loss channels, including nonradiative photovoltage losses, seems a
necessity. Nonradiative recombination, to a great extent, is known to be an
inherent material property due to vibrationally induced decay of
charge-transfer (CT) states or their back electron transfer to the triplet
excitons. Herein, it is shown that the use of a new conjugated nitroxide
radical polymer with 2,2,6,6-tetramethyl piperidine-1-oxyl side groups (GDTA)
as an additive results in an improvement of the photovoltaic performance of
NFA-OSCs based on different active layer materials. Upon the addition of
GDTA, the open-circuit voltage (V,), fill factor (FF), and short-circuit current
density (Jsc) improve simultaneously. This approach is applied to several
material systems including state-of-the-art donor/acceptor pairs showing
improvement from 15.8% to 17.6% (in the case of PM6:Y6) and from 17.5% to
18.3% (for PM6:BTP-eC9). Then, the possible reasons behind the observed
improvements are discussed. The results point toward the suppression of the
CT state to triplet excitons loss channel. This work presents a facile,
promising, and generic approach to further improve the performance of

1. Introduction

Over the last decades, bulk heterojunction
organic solar cells (OSCs) comprised of
blends of electron donors (D) and accep-
tors (A) have attracted great attention be-
cause of their potential for realizing low-
embodied energy, solution-processed, and
flexible solar cells tailorable for a variety
of application targets.'™# Variety of ap-
proaches such as the development of nu-
merous D- and A-materials,> %/ and op-
timization of the device fabrication pro-
cesses and device configurations have been
extensively implemented to achieve high-
performance OSCs.[M13-16] However, the
power conversion efficiencies (PCEs) of
OSCs are still considerably lower than
their inorganic and organic-inorganic hy-
brid counterparts.'’-11 The lower PCEs
of fullerene-based OSCs are found to be

NFA-OSCs.

mainly due to the voltage loss as a re-
sult of the typically large interfacial energy
offset required for photoinduced exciton
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dissociation,!?2] relatively large energetic disorder, and addi-
tional energy losses via both radiative and nonradiative recom-
bination of free charges via charge-transfer (CT) states.??°! On
the contrary, for nonfullerene acceptor-based OSCs (NFA-OSCs),
the energy offset between the D and A materials and the ener-
getic disorder can be substantially decreased while charge gener-
ation is maintained efficiently. This manifested as higher photo-
voltages for the given photocurrent values in these systems.[3%-32]
Such technical advantages have resulted in considerable im-
provements in the performance of the single junction NFA-OSCs
with the highest certified PCE of 17.3%-18.6% 20% in sight and
an optimistic value of 25% predicted.l>33-%) To further improve
the efficiency beyond the current values, all loss mechanisms,
however small, must be identified and eliminated. The most chal-
lenging of these losses to tackle is arguably nonradiative recom-
bination, which seems to be an intrinsic characteristic of organic
semiconductors.>30-32]

Several mechanisms and/or models have been proposed to de-
scribe the nonradiative voltage losses (V2°""¢), to explain their
dependence on materials, and device properties and to put for-
ward possible means for overcoming them.3¢1 Accordingly,
promising strategies to reduce nonradiative losses have been
developed or resurrected from the traditional approaches such
as morphology optimization of the photoactive layer, molecular
engineering of D- and A-type materials, and forging multiple-
component OSCs.[¥#65% For example, Janssen et al. demon-
strated that the improvement of film morphology through sol-
vent additives would mitigate the charge carrier recombination
through (dark) triplet states channel hence reducing nonradia-
tive losses.[*?] Li, Zhang and Yang et al. separately verified that the
nonradiative loss could be suppressed via fluorination of either D
or A materials.[*’-%l Hou et al. have reported the suppression of
nonradiative energy loss (El‘;‘;‘sl’“"d) of OSCs with PCEs approach-
ing 19% by employing a third component.l*]

Different to the said approaches, spin manipulation has
been also employed as a strategy. Vardeny et al. employed
Galvinoxyl  (Gxl)  (2,6-di-butyl-a-(3,5-di-tert-butyl-4-ox0-2,5-
cyclohexadiene-1-ylidene)-p-tolyloxy) as a spin-manipulating
additive in P3HT:PC;BM based OSCs, and they suggested that
the Gxl additive facilitate the conversion of singlet CT (!CT)
to triplet CT (*CT) states with a longer lifetime which results
in a more efficient charge separation efficiency and reduced
recombination. This ultimately resulted in improvements in
the short-circuit current density (Jy.) and the fill factor (FF) of
the OSCs.P1°2] Kim et al. argued that the increased efficiency
of the P3HT:PC;,BM-based OSCs was most likely not due to
the increased population of triplet polarons (*CT state) upon the
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introduction of Gxl additives.[>*! Vardeny et al. later extended the
application of Gxl as an additive in the OSCs to PTB7:PC¢, BM
blends and achieved a 30% improvement in the PCEs. This,
however, resulted in a decrease in the PCE of PTB7:PC,,BM
blends. They further suggested that Gxl facilitates the inter-
system conversion between *CT state excitons and 'CT state
excitons and thereby suppresses the back charge transfer (BCT)
from the CT states to the ending lower-lying triplets on PTB7.
This ultimately results in the improvement of the photocurrent
of the OSCs based on PTB7:PC;BM blends.[*

In this work, we tackle the problem of nonradiative loss
in NFA-based OSCs by utilization of solid radical additive.
First, we found that the addition of the Gxl additives, partic-
ularly in the case of NFA systems, results in decreased PCEs
(Table S1, Supporting Information). In this regard, the effective-
ness of the employment of radical additives to increase the pho-
tovoltaic performance of OSCs remains ambiguous and needs
to be further investigated. Moreover, universally effective strate-
gies such as additives to considerably improve the performance
of OSCs, especially in NFA-based OSCs, are yet to advance.
In this context, a nitroxide radical conjugated polymer (GDTA)
comprising a benzo[1,2-b;4,5-b’|dithiophene (BDT)-based conju-
gated backbone with dangling 2,2,6,6-tetramethyl piperidine-1-
oxyl (TEMPO) side groups, was successfully prepared and charac-
terized. Upon the addition of 2 wt% GDTA (relative to the weight
of PM6), the PCEs of PM6:Y6-based OSCs were improved from
15.8% to 17.6%. In parallel, the strategy is applied to the 10 differ-
ent additional bulk heterojunction photovoltaic material systems,
for which similarly remarkable performance improvements are
obtained. The OSCs of particular interest are based on the ternary
PM6:BTP-eC9:GDTA (0.5 wt%) blend for which a maximum PCE
of 18.3% is achieved. Notably, the reduced El‘:)‘;:‘rad, decreased T,
exciton population in Y6 and increased photostability as well,
were observed and supported by a range of optical and electri-
cal spectroscopic measurements of the representative OSCs from
PM6:Y6 blends with and without GDTA. The results indicate that
the GDTA seemed to act as a generic additive to improve the per-
formance of NFAs-OSCs via the suppression of T, formation.

2. Results

2.1. Synthesis and Characterization of GDTA

The synthetic routes of the monomers and the resulting radical
polymer GDTA are presented in Scheme 1. For compari-
son, a control polymer GDZZ based on the same polymeric
backbone with ethyl ester side groups instead of TEMPO
in GDTA was also synthesized. 2,6-Bis(trimethylstannyl)-
4,8-bis(4,5-dioctylthiophen-2-yl)benzo[1,2-b:4,5-b’|dithiophene

(BDT-Sn) was synthesized by following a previous report, and
characterized before use.’>! 2,5-Dibromo-1,4-bis(4-0xy-2,2,6,6-
tetramethylpiperidine-1-oxyl)phthalate (BTMP) was prepared
with a yield of 65.4% by coupling 2,5-dibromoterephthalic
acid and 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl  (4-
OH-TEMPO) radical via Steglich esterification (see detailed
discussion in Note S1 in the Supporting Information).>®! The
electrospray ionization time-of-flight mass spectrometry (ESI-
TOF/MS) measurement confirmed the molar mass of BTMP
(Figure S1, Supporting Information). Figure 1a displays the
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Figure 1. a) EPR spectra of TEMPO, BTMP, and GDTA. b) Normalized absorption spectra of GDTA and GDZZ in film. c) Cyclic voltammograms of
GDTA, GDZZ, and Fc/Fc*, and d) energy level diagram of GDTA, GDZZ, PM6, and Y6.

hyperfine structures in the electron paramagnetic resonance
(EPR) spectrum of BTMP in tetrahydrofuran (THF) with a
g(Q) value of 2.008, where the 3 peaks are interpreted in terms
of the hyperfine coupling of the unpaired electron in N-O
with N nuclear spin in TEMPO radicals.’’®] To further
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confirm the molecular structure of BTMP, it was reduced by
erythorbic acid to generate 2,5-dibromo-1,4-bis(4-0xy-2,2,6,6-
tetramethylpiperidine-1-hydroxyl)phthalate, the structure of
which was verified by '"H NMR measurement (Figure S2, Sup-
porting Information). All the ESI-TOF/MS, EPR, and '"H NMR
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Figure 2. a) Device structure. b) Chemical structures of PM6, Y6, GDTA, TEMPO, and Gxl. c) J-V curves of PM6:Y6-based OSCs with and without GDTA.

d) EQE characteristics of PM6:Y6-based OSCs with and without GDTA.

results confirmed that the monomer BTMP was successfully
synthesized.

GDTA and the controlled polymer GDZZ were prepared via
palladium-catalyzed Stille coupling between BDT-Sn and BTMP
or 2,5-dibromoterephthalic acid diethyl ester with 74% and
77% vyields, respectively (see detailed discussion in Note S1 in
the Supporting Information).®*) The number-average molecu-
lar weight (M) and polydispersity index (PDI) were determined
to be 14 300 g mol™! and 2.3 for GDTA and 16700 g mol™!
and 2.5 for GDZZ (Table S2, Supporting Information), by gel-
permeation chromatography (GPC) with THF as eluent relative
to polystyrene standards. As shown in Figure 1a, GDTA exhibited
an almost identical EPR spectrum to BTMP and TEMPO with a
hyperfine structure (g(Q) = 2.009) in a dilute THF solution, in-
dicating that the TEMPO moiety was successfully incorporated
into the polymer. The successful synthesis of GDTA was also sup-
ported by the comparable absorption spectra of GDTA and GDZZ
because of the same conjugated backbone (Figure 1b) in the two
polymers.

The electrochemical properties of GDTA and GDZZ films
were investigated by cyclic voltammetry (CV) as described in
the Supporting Information General Method. As shown in
Figure 1c, the first and second onset oxidation potentials (Eqy)
of GDTA were measured to be 0.41 and 0.79 V, respectively. For
comparison, the onset of oxidation potentials of the control poly-
mer GDZZ (0.74 V) and TEMPO (0.34 V) was separately deter-
mined (Figure 1c; Figure S3, Supporting Information). The re-
sults suggested that the Eyy of 0.41 and 0.79 V for GDTA might
be originated from the oxidation of the dangling TEMPO moi-
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eties and the conjugated backbone, respectively. From CV mea-
surements, the singly occupied molecular orbital (SOMO) en-
ergy level of dangling radicals in GDTA was determined to be
—5.11 eV by the empirical formula of Egqyo = —(ER3! + 4.70)
(eV), where the redox potential of Fc/Fct was + 0.10 eV un-
der the same conditions.>>*”] Similarly, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO) energy levels of GDTA were calculated to be
—5.49 eV and —3.06 eV, respectively, from the oxidation onset
(0.79 V) and the corresponding optical bandgap (E2™') (2.43 eV)

g

using the empirical formulas EG0% = —(ESP™ +4.70) eV and

ESDuS = —(1ESomo] — |Egpt|) eV.5>391 A similar LUMO energy
level (—3.05 eV) and a slightly upshifted HOMO energy level
(—5.44 eV) were also calculated for GDZZ as shown in Figure 1d.
The results also indicate that a radical conjugated polymer with

TEMPO radical species and conjugated backbone is prepared.

2.2. Photovoltaic Properties

To investigate the potential application of GDTA as additive
to improve the performance of OSCs, devices with a con-
ventional configuration of ITO/PEDOT:PSS/PM6:Y6 (1:1.2 by
weight ratio)/PDINO/Ag (Figure 2a,b) were fabricated and op-
timized by varying the processing additives and post thermal
treatment following the method reported by Zou et al.'?l The
typical current density-voltage (J-V) curves and the result-
ing photovoltaic parameters of the devices are summarized in
Figure 2c and Table 1. The PM6:Y6-based devices delivered a
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Table 1. Photovoltaic parameters of PM6:Y6 OSCs with and without GDTA..

www.advmat.de

Active layers GDTA Voc [V] Jsc [mA cm™?] FF [%] PCE [%] Cal. Jsc ¥ [mA cm™2)
PM6:Y6 0 0.83(0.829 =+ 0.002) 25.5(25.3 +0.2) 74.5(74.3 + 0.4) 15.8(15.6 + 0.2) 25.0
(1:1.2) 2% 0.85(0.852 + 0.002) 27.1(27.0 +£0.2) 76.2(76.1 + 0.4) 17.6(17.5 £ 0.1)2) 26.6

. . . b . .
) The average photovoltaic parameters were determined from the measurements of over 100 separate devices. ) Calculated by integrating EQE curves.

PCE of 15.8% when 0.5% 1-chloronaphthalene (CN) (v/v) was
employed as a solvent additive alongside annealing of the blend
films at 110 °C for 10 min.['?) Based on the optimal device fabrica-
tion conditions, the photovoltaic performances of PM6:Y6-based
OSCs were further studied by varying the content of GDTA (0.5-
5% w/w relative to PM6). As shown in Figure 2c, Table 1, and Ta-
ble S3 and Figure S4 (Supporting Information), the open-circuit
voltages (VicS), Jscs, and FFs of the OSCs were improved from
0.83 V, 25.5 mA cm~2 and 74.5% to 0.85 V, 27.1 mA cm~2 and
76.2% upon the addition of 2 wt% GDTA additives. This resulted
in an increase in PCE from 15.8% to 17.6%. Further increase in
GDTA content led to declined V. and FF values (0.84 V and
71.8% at 3% GDTA, 0.83 V and 70.0% at 5% GDTA).

To verify the reproducibility of the high performance, over 100
devices were fabricated under the optimal device fabrication con-
dition with 2 wt% GDTA to get the statistical data (inset of Fig-
ure 2c¢). Finally, an average PCE of 17.5% was obtained and the
best PCE was 17.6% with a V. 0f 0.85V, a Jg of 27.1 mA cm™2,
and an FF of 76.2%. The external quantum efficiencies (EQEs)
of the OSCs were also measured to verify the accuracy of the
J-V curves of PM6:Y6-based OSCs with and without GDTA. The
PM6:Y6-based OSCs with 2% GDTA showed slightly enhanced
EQEs in the range of 450-850 nm compared to that without
GDTA (Figure 2d). The integrated current densities from the
EQEs spectra were 25.0 and 26.6 mA cm™ for the PM6:Y6-based
devices without and with 2% GDTA, respectively, which agree
well with those obtained from the -V measurements. For com-
parison, the effect of GDZZ, which has the same backbone as
GDTA but without radical side groups, on the photovoltaic per-
formance of PM6:Y6-based OSCs was also investigated. The re-
sulting devices with 2% GDZZ showed a slight decrease in their
PCEs (from 15.8% to 15.1%) as compared to those without addi-
tives. (Figure S5 and Table S4, Supporting Information).

To investigate the effects of the addition of GDTA on the stabil-
ity of the devices, the shelf life of the PM6:Y6-based devices with
and without 2 wt% GDTA were monitored and compared. As pre-
sented in Figure S6 (Supporting Information), the PCEs of the
OSCs with and without 2 wt% GDTA remained at about 88.9%
and 87.4%, respectively, of their initial value after the devices were
kept in a glovebox in the dark for 144 h. Meanwhile, the photosta-
bility of the OSCs fabricated from PM6:Y6 blends was also moni-
tored under illumination with a 1 sun (100 mW cm~2) white-light
LED (LED color temperature: 6000 K, wavelength: 400-800 nm)
at ambient temperature in a glovebox with oxygen and water con-
tents less than 1 ppm. As shown in Figure S7 (Supporting Infor-
mation), the PCEs of the OSCs with and without GDTA addi-
tives lost 16.1% and 21.7%, respectively, of their initial value af-
ter 68 h irradiation. This suggested that the OSCs fabricated from
PM6:Y6 blends with GDTA presented enhanced photostability as
compared with the devices without GDTA.

Adv. Mater. 2023, 2212084 2212084 (5 of 10)

2.3. General Effectiveness of the GDTA Additives in Boosting the
PCEs of the OSCs

To explore the applicability of GDTA to influence the perfor-
mance of OSCs from different D:A materials systems, OSCs
based on P3HT:PC, BM, PTB7:PC,BM, PTB7-Th:PC,,BM,
PBDB-T:ITIC, J61:ITIC, PBDB-T:IT-4F, etc., were investigated.
The devices were prepared by following the optimal device
fabrication conditions for each D:A pair (Table S5, Supporting
Information) and the added amount of GDTA was fixed at 2%
(relative to the weight of donor polymers) to simplify the exper-
iments (Table S6, Supporting Information). For comparison, the
counterpart OSCs with Gxl and TEMPO as additives were also
prepared and characterized. The parameters of the OSCs are
summarized in Table S7 and Table S8 (Supporting Information),
respectively. Interestingly, the performances of the OSCs derived
from most of the D:A pairs were decreased upon the addition
of Gxl or TEMPO (Tables S7 and S8, Supporting Information).
As shown in Figure 3 and Table S6 (Supporting Information),
for the OSCs in which the major free charge recombination pro-
ceeds via the formation of T, (Figure 3, Class I).*%?] their Vs
increased along with the improvement of the Ji.s and FFs upon
the addition of GDTA, resulting in substantial improvement in
their PCEs by 7%-15%. Notably, the PCEs of the OSCs from
PM6:BTP-eC9 blends were increased from 17.5% to 18.3% upon
the addition of 0.5% GDTA. It is noticed that, with the addition of
the GDTA additives, the enhancement of PCEs for PM6:BTP-eC9
is smaller than that of the PM6:Y6 system (0.8% vs 2%), which
might be ascribed to their strongly suppressed (non-Langevin)
recombination as compared with the PM6:Y6-based devices.[®]
Therefore, there is only little room for the improvement in
the PM6:BTP-eC9 system. On contrary, for the P3HT:PC,, BM-
and PBDB-T:PC,,BM-based OSCs, in which T, formation was
negligible (Figure 3, Class II),5?] the V. was decreased upon
the addition of GDTA, while the Ji. and FF of the devices were
slightly increased. The results indicated that the addition of
GDTA should be effective for the OSCs derived from a broad
range of D and A pairs, especially for the OSCs in which the ma-
jor free charge recombination proceeds via the formation of T;.

2.4. Influence of GDTA Addition on the Optical, Morphological,
and Carrier Mobility Characteristics

In order to gain insight into the reasons for the improvement in
the performances of OSCs when GDTA was used as a solid addi-
tive, we used the PM6:Y6 pair as a model system to thoroughly in-
vestigate the photophysics, nanomorphology, and charge dynam-
ics of the blend films upon the addition of GDTA. First, we mea-
sured the absorption spectra of the blend films based on PM6:Y6
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Figure 3. Relative changes of Vo and PCEs of the OSCs from different D and A materials upon the addition of 2 wt% GDTA.

with and without GDTA. As shown in Figure S8 (Supporting In-
formation), the PM6:Y6 blend films with 2% GDTA additives
presented almost the same absorptance spectra as the original
blend film. Next, we performed grazing-incidence wide-angle X-
ray scattering (GIWAXS), atomic force microscopy (AFM) and
transmission electron microscopy (TEM) measurements to com-
pare the film morphology. The results indicate that the addition of
2 wt% GDTA into the PM6:Y6 blend films produced slightly pro-
nounced reflections at 0.22 and 0.43 A~!, alongside the slight vari-
ation of the root-mean-square (RMS) roughness from 0.534 to
0.775 nm and similar morphology as well (Figure S9, Supporting
Information). These indicated that the addition of GDTA had no
marked influence on the nanomorphology and molecular pack-
ing of the blend films. Furthermore, the charge-transport mea-
surements on the blend films with and without GDTA indicated
that the addition of 2% GDTA into the PM6:Y6 blend films has no
certifiable influence on charge-transport properties as very sim-
ilar electron and hole mobilities are measured for devices with
and without GDTA (Figure S10 and Tables S9 and S10, Support-
ing Information).'” Overall, the above results indicated that the
addition of GDTA does not alter the optical properties, blend mor-
phology, and charge-carrier mobility of the PM6:Y6-based blend
films, to an extent that justifies the main reasons for the enhance-
ment of the V¢, Jsc, and FFs of the OSCs (see detailed discussion
in Note S2 in the Supporting Information).

2.5. Reduction of Nonradiative Energy Loss of the PM6:Y6 OSCs
upon the Addition of GDTA

The Fourier-transform photocurrent spectroscopy external quan-
tum efficiency (FTPS-EQE), electroluminescence (EL) spectra,
and electroluminescence external quantum efficiency (EQEg; ) of

Adv. Mater. 2023, 2212084 2212084 (6 of 10)

the PM6:Y6-based OSCs, with and without GDTA, were further
investigated and the results were presented in Figure 4. As shown
in Figure 4a,b, both devices show almost the same FTPS-EQE
and EL spectra. However, the OSCs from PM6:Y6 with 2% GDTA
maintained a higher EQEy; of 6.6 x 1073%, therefore, leading to
the Von—rad o 0.25 eV, calculated using the equation Vnon—rd =

—%Tln(EQEEL),[“’GLGZ] which was lower by 0.02 eV than that of

the PM6:Y6-based devices without GDTA (Figure 4c). The result
agreed well with the 20 mV improvement in V. (Table 1), indi-
cating that the E}°%~ ~1d of the PM6:Y6- based OSCs was reduced
upon adding GDTA Likewise, the power-law Js. dependence on

the irradiating light intensity (Pyigy) (sc & Pji,) of the OSCs of

PM6:Y6 films with and without 2% GDTA addltlves, were also
investigated. The a value obtained for the OSCs with 2% GDTA
additives (0.970) was higher than that of the OSCs without GDTA
(0.926) (Figure S11, Supporting Information), suggesting that the
GDTA addition could result in substantial suppression of the
nongerminate recombination of free charge carriers.[6>64]

To get more insight into the EP°* of the PM6:Y6 OSCs
upon the addition of GDTA, femtosecond/nanosecond transient
absorption (fs-TA/ns-TA) spectroscopic measurements were fur-
ther performed, and the results were presented in Figure S12
(Supporting Information). As shown in Figure S12a (Support-
ing Information), in the initial stages, an excited-state absorp-
tion band (ESA) at 1550 nm, was monitored from 0.5 to 10 ps.
As time progressed from 10 to 1510 ps, an ESA feature at
around 1450 nm was observed, and then the ESA intensity in-
creased afterward. According to Zhang et al., the ESA feature
at 1550 nm can be assigned to the intramoiety excited (i-EX)
state.l%] The ESA feature at round 1450 nm can be assigned to T,
on Y6 via the triplet sensitization measurements of neat Y6 with
platinum octaethylporphyrin (PtOEP) (Figure S12b, Supporting

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. a) EL and FTPS-EQE of the PM6:Y6-based OSCs without GDTA. b) EL and FTPS-EQE of the PM6:Y6-based OSCs with 2% GDTA. c) EQEg, of
the PM6:Y6-based OSCs without and with 2% GDTA under the current density of 50 mA cm~2.

Information), which was similar to the data reported in the
literature.[*®! Figure S12c¢,d (Supporting Information) shows the
ns-TA behaviors of the PM6:Y6 blends, with and without GDTA,
under a picosecond pulse excitation of weak fluence at 670 nm
(~100 ps, ~ 2 yJ cm~2, LDH, Pico quant). The spectra in the long-
wavelength range (1100-1600 nm) were magnified by a factor of
10 for clarity. Upon the addition of GDTA, the amplitude of the
triplet signals centered at ~1450 nm decreased while the ESA
signal at 770 nm increased. ESA at 770 nm on the time scale
of ns or later was contributed by the free polarons postcharge
separation.|®] The increase of the EAS at 770 nm indicates that
the addition of GDTA likely promoted charge generation. In par-
allel, the time-resolved traces probed at 1450 nm from the two
samples suggest that the decay of the triplet became faster with
the addition of GDTA, suggesting that the addition of GDTA
likely decreased the population and shortened the lifetime of the
T, on Y6 (Figures S12e,f, Supporting Information). While the
triplet-charge annihilation (TCA) occurs via a charge and one
triplet exciton as suggested by Gillett et al.[*l and Neher et al.[*}]
and the additional channel of spin conversion was not intro-
duced to change the TCA reaction rate constant, it would be an
inevitable deduction that the promoted charge generation con-
tributes to the increase of the free charge population, thus result-
ing in the shortening of the lifetime of the T, on Y6 (see detailed
discussion in Note S3 in the Supporting Information). The re-
sults indicate that the nonradiative recombination of free charge
carriers in the representative OSCs from PM6:Y6 blends might
be predominantly through back electron transfer from triplet CT
states to low-lying triplet excitons of Y6 as suggested by Gillett
et al.l*%l Tt also suggests that the addition of the GDTA additives
might result in the suppression of *CT’s decay to T, on Y6.
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3. Discussion

The possible reasons behind the effect of GDTA on the perfor-
mance of OSCs are discussed as follows. First, it may be spec-
ulated that the enhancement of the PCEs of the OSCs upon the
addition of GDTA is related to electrical doping or improvements
in charge-carrier mobilities. We argue that none of these mecha-
nisms can be responsible for the simultaneous improvement of
the Jc and Vi .24%67] We also measured electron and hole mo-
bilities (Tables S9 and S10, Supporting Information) and found
the values to be unaffected by the introduction of GDTA. Like-
wise, the energy levels of GDTA relative to PM6:Y6 as shown in
Figure 1d do not meet requirements for n-type (HOMOy, e >
LUMO,,) or p-type (LUMOy,,,,, < HOMO,,,) doping, there-
fore it cannot be considered as a molecular dopant. In any case,
and if it could act as a molecular dopant, its effect would not be
necessarily positive and impactful on the V. This is because
previous works on PM6:Y6 have shown that electrical doping may
have both positive and negative effects on the performance (de-
pending on the device architecture), and the V. is not affected
by the doping (Figures S13-S15 and Table S11; see detailed dis-
cussion in Note S4 in the Supporting Information).[66-68]
Another potentially responsible process for the improvement
upon the addition of GDTA may be the mechanism of the spin
radical facilitating intersystem crossing conversion of *CT to !CT
proposed by Vardeny et al.>*! In that case, however, it is not en-
tirely clear as to why and how the radical additives asymmetrically
regulate the forward and reverse intersystem crossing rates be-
tween the !CT and *CT.**l In the OSCs fabricated from PM6:Y6,
our data shows that the EX*"~ =d and T, on Y6 were reduced
upon addition of GDTA (Flgure 4c; Figure S12e, Supporting
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Information). From these finding one may speculate that the
spin-¥2 radical of GDTA may facilitate the conversion of the *CT
to 1CT and decreases the density of >*CT, thus reducing the T, pop-
ulation on Y6 by slowing down the BCT from 3*CT to T,. There-
fore, the E{(‘)‘;’s“”d via TCA is decreased and hence an improve-
ment in the Vjs. Our further investigation suggests that this
argument may not be true. By following the line of said argu-
ment, the addition of TEMPO is expected to result in the increase
of the PCEs of the PM6:Y6-based OSCs. However, it is noted
that the introduction of a similar amount of the small molecular
radical TEMPO, which presents almost the same SOMO energy
level as the dangling TEMPO in the GDTA, results in a slight
decrease, rather than an increase of the PCEs of PM6:Y6 devices
(Figure S15 and Tables S8 and S11, Supporting Information). Ad-
ditionally, it is also inconvincible that GDTA only facilitates the
intersystem crossing conversion of *CT to !CT for the OSCs from
Class I, but not for Class II, photovoltaic D:A systems.

Based on the above discussion, we conclude that the improve-
ment in the devices with GDTA is most likely not related to
the enhanced intersystem crossing conversion of 3CT to !CT.
Instead, one plausible explanation for the improvement with
GDTA is the enhancement of charge generation yield, which
also reduces bimolecular recombination. As discussed in the
citations, 364270 the charge generation quantum yield depends
on the ratio of the dissociation rate of the CT states to the overall
decay rate of the CT states. Enhancement of the CT dissociation
rate (which results in improved charge generation) indeed im-
proves the J and FF, however, the V. remains only dependent
on the nonradiative decay rate of the CT states. In accordance
with our EQEy; results and the V., Jsc and FF improvement as
well, we suggest that GDTA slows down the CT state’s decay. This
can be suppression of vibrationally induced nonradiative decay of
ICT or a reduction in the back transfer of *CT to the T, excitons
loss channel upon the addition of the GDTA additives. Mean-
while, the slight improvement in V.. (increasing the EQE, bya
factor of ~2.5) and partially slowing down the formation of T; on
Y6, might be ascribed to the most likely formation of the GDTA
aggregates, which inevitably have some shared interface with the
donor and acceptor (Figure S16 and see detailed discussion in
Note S5 in the Supporting Information). Further details of these
processes remain unclear with some open questions for future
studies.

4, Conclusion

A nitroxide radical conjugated polymer, GDTA, bearing TEMPO
in the side chains, was successfully developed and characterized.
Upon the addition of 2 wt% GDTA (with weight ratio relative
to PM6), the PCEs of PM6:Y6-based OSCs were improved from
15.8% to 17.6% alongside the enhancement of the photostability,
without certifiable changes in optical, morphological, and charge-
transport characteristics. The improvement of the FFs and Jys as
well as a small enhancement in Vs of the representative OSCs
from PM6:Y6, ascribed to the reduced nonradiative CT decay,
were observed and supported by a range of optical and electrical
spectroscopic measurements. Besides, the general effectiveness
of the GDTA additive to improve the photovoltaic performances
of the OSCs based on various D:A pairs, in which the major free
charge recombination proceeds via the formation of T, excitons,
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has been verified. Especially, the OSCs based on the PM6: BTP-
€C9 blends with 0.5% GDTA could deliver a maximum PCE of
18.3%. To the best of our knowledge, this is the first report on a
radical conjugated polymer used as an additive to extensively and
effectively boost PCEs of OSCs based on a broad range of D:A ma-
terials through the suppression of T, formation. This study not
only opens a new avenue for further improvement of the pho-
tovoltaic performances of OSCs, but also provides an important
design insight for such kind of radical polymer additives to effi-
ciently suppress the energy loss via T; in OSCs.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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