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Non-radiative voltage loss is one of the significant bottlenecks limiting the performance of organic solar

cells (OSCs). This work presents a material design approach for conjugated polymers isolating the

polymer chains with molecular encapsulation, enabling better control over the donor—acceptor spacing.

Bulk-heterojunction OSCs based on encapsulated polymers as electron donors show a remarkable
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increase of ~50 mV in the V.. Significant improvement in the V. is attributed to reduced non-radiative
voltage losses as evidenced by enhanced electroluminescence as a result of suppressed intermolecular
aggregation and an increase in structural disorder. Importantly, molecular encapsulation resulted in

notable improvement in the operational stability of OSCs with no burn-in loss in V.., presenting a

rsc.li/frontiers-materials

Introduction

Organic solar cells (OSCs) witnessed tremendous progress in
the last two decades,' now achieving power conversion efficien-
cies (PCEs) of up to 19% for single-junction devices.>* The PCE
of OSCs is limited mainly by the open-circuit voltage (V,.), often
lower than the optical bandgap (Egop), mainly due to non-
radiative charge recombination. As per the Shockley-Queisser
model, an ideal solar cell should also be an ideal light-emitting
diode (LED), having only radiative recombination (100% electro-
luminescence external quantum efficiency EQEg;).”” However,
in actual devices, non-radiative recombination simultaneously
takes place, which is relatively more predominant in OSCs than
inorganic counterparts.®

In most OSCs, EQEg;, is very low typically on the order of
~107%-107*, resulting in total energy loss AEsss (Egopt — qVoc)
of ~500-600 meV, with non-radiative voltage loss (AVyenr)
being the key loss mechanism,”® and is expressed as:

kT
A Voenr = *7 1n(EQEEL) (1)
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promising strategy to simultaneously enhance the performance and operational stability of OSCs.

where £ is the Boltzmann constant, T is the temperature, and
q is the electronic charge. Thus, it is clear that significantly
reducing the (AV,e,)'° is essential to minimize AEqs and to
achieve OSCs with PCEs of 20% and above. New material design
strategies are urgently required to develop photoactive materials
with enhanced photoluminescence and electroluminescence
yields.""*?

So far, the rapid progress in the development of OSCs can be
attributed mainly to the design and synthesis of new materials,
primarily focusing on minimizing the voltage losses,'®'* and
tuning the optical bandgap and frontier molecular orbital
energies.”>'® Nevertheless, besides optimizing the energetic
offsets, material design strategies are still needed to intrinsically
limit the (AVyen;) that occur due to the recombination of the
photo-generated charges.

Conjugated push-pull polymers based on electron-deficient
lactam core of diketopyrrolopyrrole (DPP) have found a wide
range of applications for optoelectronic devices,"” owing to
their good electronic properties, photochemical stability, and
industrial relevance. However, due to a planar backbone, DPP
polymers have been found to have a strong tendency to aggre-
gate, which can limit the performance of OSCs via geminate
charge recombination."® Furthermore, polymer aggregates, for
example, are known to result in the formation of non-emissive
charge transfer states,'® limiting the device performance. Wang
et al. have recently demonstrated that by increasing the donor-
acceptor (DA) spacing, V,. of OSCs can be improved via reduced
non-radiative decay of charge carriers.*’

Covalently attached molecular encapsulation previously
reported by Sugiyasu,> Pan,”” and others has been shown to
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reduce n-m stacking interactions in conjugated polymers by
isolating the polymer chains, significantly improving the emissivity
of the polymers.”* However, due to the reduction/elimination of
n-n interactions, which would likely result in reduced charge-
carrier mobility, encapsulated conjugated polymers have rarely
been successfully implemented into optoelectronic devices.

In this study, we use DPP-based polymers as the model
system to demonstrate the reduction of (AV,ep,) in OSCs. This is
achieved by tuning the morphological and optoelectronic prop-
erties of polymers utilizing molecular encapsulation.”®> We
utilize a half-encapsulated approach to modulate the properties
of thiophene-flanked DPP-based conjugated polymer. By only
protecting a single face of a monomer unit and additionally
introducing it at a low concentration into a non-encapsulated
host polymer, we aim to maintain sufficient bulk charge carrier
mobility whilst improving the luminescence efficiency of a BHJ
OSC and hence reduce the (AVocn,). We selected narrow bandgap
polymer PDPP-TT, first synthesized by Li et al.,>* due to its good
performance in OSCs and high solubility. Here, new analogs of
this polymer were synthesized by systematically incorporating
varying amounts of half-encapsulated DPP monomer units into
the polymer backbone. Encapsulation of the DPP core resulted
in a notable enhancement of V,. by 50 mV via reduced(AVoenr)-
Molecular encapsulation reduced polymer aggregation,
enhancing the electroluminescence in polymer:PC,;BM OSCs.
Importantly, no changes were observed in the ionization energy
of the polymers as a result of molecular encapsulation, pre-
senting a promising molecular strategy to reduce (AVyenr),
without the need to design completely new molecules. This
promising molecular design strategy can be implemented to a
variety of existing m-conjugated systems and be used with
alternative non-fullerene acceptors.

Results and discussion

The synthesis of the half-encapsulated monomer is shown in
Scheme 1, and its detailed procedure is described in the ESL ¥
The synthesis of the encapsulated DPP monomer began with
the di-alkylation of 1 (DPP) using 1,10-dibromodecane in DMF
and K,CO; as the base. Compound 1 (DPP) was prepared via a
method previously reported in the literature.”® In order to
minimize the production of the competing side products,
including mono- and di-alkylated DPP, a solution of the alkyl

16 %
Scheme 1 Synthesis of encapsulated DPP monomer 3 (i) 1,10-dibromodecane, K,COs, 18-crown-6, DMF, 120 °C, 18 h; (ii) NBS, CHCls, 50 °C, 5 h.
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chain in DMF underwent slow dropwise addition to a largely
diluted basic solution of 1. Upon workup, the crude material was
purified via column chromatography, followed by sonication in
hexane. The pure product was then collected via filtration to give 2
as a bright pink solid (16%). Finally, 2 underwent di-bromination
with NBS at 50 °C to afford 3 as a dark purple solid (79%)
(Scheme 1). The structure of compound 3, was determined by
X-ray crystallographic analysis (single crystals grown from CHCl,:
MeOH, Fig. 1),*° confirming the successful encapsulation of the
DPP core. The X-ray structure of 2 was also obtained and can be
found in the ESIf (Fig. S1). The successful half-encapsulation
can clearly be seen, and the molecule retains a co-planar con-
formation. However, slight bending of the DPP core can be seen,
suggesting some strain may have been introduced through
encapsulation.

Monomer 4 was synthesized based on previously reported
literature.”” The reference polymer, PDPP-TTref, (which contains
no encapsulated monomer) was synthesized via a Stille cross-
coupling between monomer 4 and 2,5-bis(trimethylstannyl)-
thieno[3,2-b]thiophene, based on a procedure by Heeger et al.>”
(Scheme 2). The polymer then underwent Soxhlet extraction
using acetone, hexane and dichloromethane to afford PDPP-TTref
at a 77% yield. The new encapsulated polymers, PDPP-TT5%,
PDPP-TT10%, and PDPP-TT20%, were then synthesized by
incorporating an increasing ratio of monomer 3 in the place
of monomer 4 (Table 1), using the same procedure used to
synthesize PDPP-TTref, where the term x% reflects the feed
ratio of the encapsulated monomer in the polymer. The poly-
mers were then purified via Soxhlet extraction as before and
isolated in either dichloromethane (DCM), chlorobenzene (CB),
or chloroform (CHCl;). The monomer ratios, molecular
weights, and polydispersity index (PDI) of the polymers in the
study are summarized in Table 1.

The thin-film absorption spectra of PDPP-TTref, as well as of
its analogs with varying amounts of encapsulated units, are
shown in Fig. 2a. For PDPP-TTref, the absorption peak was
found to be at 821 nm, and blue-shifted when increasing the
fraction of encapsulated units in the polymer backbone. For all
polymer analogs, a blue shift in the absorption was also
observed in the solution (Fig. 2b), suggesting reduced aggregation
with the introduction of encapsulated units in the polymer back-
bone. Alternatively, the slight bending of the DPP chromophore as
observed in the X-ray structure may have resulted in a slight loss
of conjugation along the polymer backbone.

79 %

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 1 Crystal structure of encapsulated monomer 3 (forward and side perspective view). Crystals grown from CHClz:MeOH.
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Scheme 2 Synthesis of encapsulated DPP polymers.

Table 1 Properties of encapsulated conjugated polymers

Monomer ratio Molecular weight®

Polymer 4 3 TT M, (gmol™") M, (g mol™") PDI
PDPP-TTref 1 0 1 26.3 K 102.7 K 3.9
PDPP-TT5% 0.95 0.05 1 24.4 K 79.1 K 3.2
PDPP-TT10% 0.90 0.1 1 78.4 K 221.2 K 2.8
PDPP-TT20% 0.80 0.2 1 14.0 K 76.4 K 5.5

“ Determined by gel permeation chromatography (GPC) in CB against
polystyrene (PS) standard.

The photovoltaic properties of OSCs fabricated with an
active layer based on different polymer analogs and PC,;BM
BH]J blends are shown in Fig. 2 and summarized in Table 2.
OSCs based on PDPP-TTref demonstrated a modest PCE of
2.8% with a V,. of 0.64 V, which remained unchanged for PDPP-
TT5% devices. However, devices based on PDPP-TT10%
demonstrated a significantly enhanced V. of 0.69 V, resulting
in the highest PCE of 6.1%. It is worth noting that in the case of
PDPP-TT20% devices, a drop of 40 mV was observed in the V.,
compared to the PDPP-TT10% devices. The statistical distribution
of device parameters can be found in Fig. S17 (ESIf). Though
all devices exhibited a broad spectral response, the EQE
of the PDPP-TT10% and PDPP-TT20% devices were found to
be significantly higher between ~650-850 nm resulting in
enhanced J,., as compared to the devices based on the PDPP-
TTref and PDPP-TT5% donor polymers (Fig. 2e). This is poten-
tially due to the increase in the donor-acceptor intermixing
owing to the expected reduction in molecular packing in the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

PDPP-TTx%

polymer phase, leading to better extraction of the photo-
generated charges.

To verify the enhancement of V. with molecular encapsula-
tion in the polymer backbone, analogs of another DPP-based
polymer, PDPP-P, were also synthesized.'® OSCs based on
PDPP-P:PC,;BM BH]J blends also showed an improvement of
~30 mV in the V,. when encapsulated units were incorporated
into the polymer backbone (Fig. S18 and Table S4, ESIt).

To understand the improvement in the V,. upon molecular
encapsulation of the donor polymer, we first studied possible
changes in the ionization energy (IE) and electron affinity (EA) of
DPP-TT polymer analogs using ultraviolet photoelectron spectro-
scopy (UPS) and low-energy inverse photoelectron spectroscopy (LE-
IPES)."* For PDPP-TTref, IE and EA were measured to be 5.16 eV
and 3.38 eV (Fig. 3), respectively, corresponding to a transport
gap of 1.78 eV. Though the IE of all-polymer analogs was found
to be similar within the experimental uncertainties (~0.05 eV)
(PDPP-TT5% - 5.12 eV, PDPP-TT10% - 5.14 eV, PDPP-TT20% -
5.17 eV), the EA of PDPP-TT5%, PDPP-TT10%, and PDPP-
TT20% were measured to be 3.48 eV, 3.46 eV, and 3.29 eV,
respectively (Fig. 3c). From the frontier molecular orbital energies
measured using UPS and LE-IPES, a similar photovoltaic gap
(AEy,) between the highest occupied molecular orbital (HOMO) of
all polymer analogs and the lowest occupied molecular orbital
(LUMO) of the electron acceptor material in this case PC,,BM, is
expected. Thus, the observed enhancement in the device V,,. upon
molecular encapsulation of the polymer is independent of the
material’s energetics.

Detailed electrical and photo-physical characterization of
PDPP-TT: PC,;BM devices were further performed for an

Mater. Chem. Front.
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Fig. 2 Normalized UV-Vis absorption spectra of different PDPP-TT polymer analogs in (a) thin films (spin-coated from 5 mg mL™* in CB) and (b)
solutions (CB). (c) J-V characteristics, (d) box-plot depicting the statistical distribution of V., () EQE, and (f) intensity-dependent V,. measurements for

OSCs with different PDPP-TT donor polymer analogs.

Table 2 Summary of J-V parameters, optical bandgap Eg4 . Urbach energy (E,), Vo loss of OSCs fabricated using donor polymers based on PDPP-TT
analogs with varying fraction of the encapsulated units. The average PCE values are calculated over six devices

PDPPTT  Jo (MAcm ™) Voo (V) FF (%) PCEayg (%) PCEmax (%)  Egope (€V)  Ey (meV) eAVoe (€V)  Vocraa (V) AVoenr (V)
Ref 7.5 0.64 58 2.7 2.8 1.43 3411+ 0.61  0.79 1.05 0.41
5% 9.6 0.64 61 3.6 3.8 1.43 40.33 + 0.44  0.79 1.05 0.41
10% 12.8 0.69 69 6.0 6.1 1.42 38.90 £ 0.22  0.73 1.04 0.35
20% 14.4 0.65 59 5.5 5.6 1.42 40.91 +0.26  0.77 1.03 0.38

insightful understanding of the V,. trend. First, the charge
recombination mechanisms were probed by measuring j-V
characteristics at different light intensities. Js. and V,. plotted
against the natural logarithm of the light intensity provide
information about the bimolecular and trap-assisted recombi-
nation, respectively.”® Light intensity-dependent V,. measure-
ments show that when 10% encapsulated units are introduced
within the polymer backbone, trap-assisted recombination is
significantly reduced, as evident from the calculated slope of
1.53 kTq ' and 1.03 kTq~ " for PDPP-TTref and PDPP-TT10%,
respectively (Fig. 2f). For PDPP-TT20%, the slope slightly
increased to 1.17 kTq~ " compared to PDPP-TT10%. The above
results suggest that a 10% fraction of encapsulated units within
the polymer backbone results in an optimum intra and inter-
molecular order, thus facilitating efficient charge generation
and transport. This results in the least trap-assisted charge
recombination and explains the higher V,. of 0.69 V and FF of
69% for the PDPP-TT10% devices (Table 2). The relatively higher
trap-assisted recombination in the case of PDPP-TT20% devices
suggests that even though the relatively higher amount of

Mater. Chem. Front.

encapsulated fraction in PDPP-TT20% increases the donor-accep-
tor intermixing (via reduced aggregation in the polymer chains),
in this case, the further increased encapsulation has a detrimental
impact on the device performance, as reflected by the reduced
FF.>® On the other hand, the calculated slope of J. vs. the natural
logarithm of light intensity for various polymer analogs saw a non-
significant increase when encapsulated, suggesting little change
in the bimolecular recombination (Fig. S17, ESIt).

In order to probe the disorder in the BHJ films when
molecular encapsulation is introduced into the polymer back-
bone, sub-bandgap absorption was measured using photo-
thermal deflection spectroscopy (PDS) (Fig. 4a and Table 2). Below
the bandgap, a characteristic single exponential Urbach tail was
observed,*® which can be fitted according to eqn (2), where o is the
material’s absorption coefficient, E, the photon energy, E, the
Urbach energy, and E. and A are material constants:

ELE) )

u

oc:Axexp(

For the PDPP-TTref-based BH]J blend, E,, of 34.11 + 0.61 meV was

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 3 (a and b) Ultraviolet photoelectron spectroscopy (UPS), (c) low-
energy inverse photoelectron spectroscopy (LE-IPES) spectra of PDPP-TT
polymer analogs, and (d) schematic depicting the measured frontier
molecular orbital energies of PDPP-TT polymer analogs and the resultant
photovoltaic gap (AEg,).

measured. When molecular encapsulation was introduced in the
polymer backbone, E,, of all BHJ blends increased relative to the
PDPP-TTref blend. E, of BHJ blends based on PDPP-TT5%, PDPP-
TT10%, and PDPP-TT20% polymers were found to be 40.33 +
0.44 meV, 38.90 £ 0.22 meV, and 40.91 + 0.26 meV, respectively,
which are similar within the experimental uncertainties. Since the
E, reflects the structural disorder,* relatively higher E, of BHJ
blends with encapsulated polymers compared to the reference
polymer shows that the molecular encapsulation in the polymer
backbone results in increased structural disorder.

This interpretation is further supported by electrolumines-
cence (EL) measurements performed to study the changes in
the emissivity of polymers when encapsulated. Fig. 4b shows
the spectra of devices measured at a fixed injection current of
0.35 mA with different PDPP-TT polymer analogs. The EL
intensity of the device based on PDPP-TT10% was found to
be about an order of magnitude higher at a fixed injection
current density of 3.5 mA cm ™2, as compared to that in the case
of PDPP-TTref devices. This demonstrates that the molecular
encapsulation in the polymer backbone leads to higher emissivity
by limiting the formation of non-radiative quenching sites, and
recombination in such devices is more radiative in nature. Inter-
estingly, when encapsulation was further increased to 20%, the EL
intensity was reduced again, identifying PDPP-TT10% devices to
be the most emissive. This is in agreement with the photovoltaic
parameters of devices, which show that PDPP-TT10% results in
OSCs with the highest V,, and a relatively lower V. is observed in
the case of PDPP-TT20% devices.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 4 (a) Photothermal deflection spectroscopy (PDS) spectra of
polymer-PCBM BHJ blend films, (b) electroluminescence (EL) spectra
(uncorrected for detector sensitivity) measured at the same exposure time,

of OSCs based on BHJ blends having various PDPP-TT polymer analogs
with varying amounts of encapsulated units in the polymer backbone.

To obtain further insight into the V,. enhancement with
molecular encapsulation in the polymer backbone, we evaluated
the radiative and non-radiative energy loss. The Eg o Of the PDPP-
TTref and PDPP-TT5% devices, determined as per the reported
procedure,®® from the derivative of EQE spectra of the fully
functional devices was found to be 1.43 eV. For PDPP-TT10%
and PDPP-TT20% devices, an Eg o 0f 1.42 eV was measured. This
agrees with the nearly unchanged IE of the PDPP-TT polymer
analogs with varying amounts of encapsulated units (Fig. 3b).
Utilizing the measured Eyope and the V. of devices, AEj, was
calculated to be 0.79 V for PDPP-TTref and PDPP-TT5% devices,
whereas it was 0.73 V for PDPP-TT10% and 0.77 V for the PDPP-
TT20% devices, respectively.

The radiative limit (AVycraq) and the (AVoenr) was calculated
by using the relation expressed in eqn (3)-(5),>® where the
reconstructed EQE,, from blackbody (®gs) corrected EL spec-
trum was combined with the EQE spectrum (Fig. S19b, ESIt) to
enhance the resolution of the measurements.* In eqn (3), Jo,raa
represents the current density simulating the blackbody radia-
tion of the device at room temperature, kg is the Boltzmann’s
constant, E is the photon energy, and T is 300 K.

00

Jord = —qjo EQE,, (E) - $yp(E)AE 3)
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kT J
Vocrad = BTln ( =

JO‘rad

(4)

)

ocrad — Voc

AVocnr = (5)

(AVoenr) for the PDPP-TTref and PDPP-TT5% devices were
calculated to be 0.41 V (Table 2). In the case of PDPP-TT10%,
(AVoenr) 0of 0.35 V, ~ 60 mV lower than the reference device was
measured. For PDPP-TT20%, (AV,cn;) Was evaluated to be 0.38 V,
30 mV higher than that in PDPP-TT10% devices, and is in
agreement with the higher V,. and enhanced emissivity observed
with the PDPP-TT10% devices. This demonstrates that the
introduction of molecular encapsulation in the polymer back-
bone is an effective strategy to reduce(AVye,) in devices by
making encapsulated polymers intrinsically more emissive, at
the expense of increased structural disorder.

Lastly, morphology characterizations were performed to
directly probe the morphological changes upon molecular
encapsulation. The surface topographical images of polymer
thin films from atomic force microscopy (AFM) show domains
with fibrillar structures of polymer chains for PDPP-TTref
(Fig. S21a, ESIt). Upon introducing the encapsulated units
within the polymer backbone, the fibrillar structures were
slightly suppressed for PDPP-TT5%. The fibrillar structures
were not evident within the experimental resolution for the
PDPP-TT10% and PDPP-TT20%, which show lobular domains.
The thin film surface topography of all four polymer analogs,
when mixed with [6,6]phenylC,;-butric acid methyl ester

a) PDPP-TT ref

c) PDPP-TT 10%

0.5

Gy (A7)

1.0 0.5

Gy (A)

b) PDPP-TT 5%

d) PDPP-TT 20%
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(PC,;BM) in a BHJ blend, was largely consistent with that found
for neat polymers. PDPP-TTref and PDPP-TT5% blends with
PC,;BM displayed molecular aggregates with fibrillar struc-
tures, which were subsequently suppressed for BH] blends of
PDPP-TT10% and PDPP-TT20% (Fig. S21b, ESIY).

Grazing-incidence X-ray diffraction (GIXRD) analysis (Fig. 5)
of the BH]J blend films shows prominent 100 and 200 peaks for
the PDPP-TTref:PC,,BM BH]J, owed to the lamellar stacking of
the PDPP-TTref polymer, along with isotropic rings corres-
ponding to the packing of PC,;BM (Fig. 5). The introduction
of the encapsulation (PDPP-TT5%) led to a reduction of the
d-spacing of the lamellar stacking of the 100 and 200 reflections
(Table S5, ESIT). Additionally, the area of both peaks reduces,
suggesting a lower crystallinity of this DPP polymer. Finally,
both polymers PDPP-TT10%, and PDPP-TT20% show no pro-
minent lamellar reflections (Fig. 5¢ and d, respectively), further
confirming the suppression of the molecular packing with the
introduction of encapsulation into the polymer backbone. The
reduced molecular order in the BH]J films upon encapsulation
agrees with the observed enhancement in V,..>*

Changes in the morphology and crystallinity or molecular
ordering in polymer thin films often correlate with changes in
the thermal®?® and carrier transport characteristics.’” The
charge carrier mobility of all PDPP-TT polymer analogs was
thus measured using an organic field-effect transistor (OFET)
with a bottom contact-top gate configuration. The OFET demon-
strated dominant hole transport characteristics with high linear
mobility () of 0.5 cm® V' ™" for PDPP-TTref (Fig. S22, ESIT),
comparable to that reported earlier.”* However, with molecular

——PDPP-TT ref

——PDPP-TT 5%

——PDPP-TT 10%
PDPP-TT 20%

Intensity (a.u.)

0.5 1.0 1.5 20
q,(1/A)
f) ——PDPP-TT ref
—— PDPP-TT 5%
——PDPP-TT 10%

PDPP-TT 20%

t\/\
w

Intensity (a.u)

04 06

1.0 1.2

0T8
0y (1/A)

0.2 14

1.0

Fig. 5 2D-GIXRD profiles of polymer-PC7;BM BHJ films with DPP polymer analogs (a) PDPP-TTref, (b) PDPP-TT5%, PDPP-TT10%, and PDPP-TT20%, (e)

and (f) show the respective line-cuts.
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Fig. 6 Photostability of polymer-PC7,BM BHJ OSCs incorporating differ-
ent PDPP-TT polymer analogs with varying amounts of molecular encap-
sulation as donor material.

encapsulation in the polymer backbone, u;, was found to
systematically decrease with an increasing number of encapsu-
lated units in the backbone, resulting in p;, of 0.35 cm®> V™' S,
0.18 cm®> V' S7' and 0.03 cm® V™' S™! for PDPP-TT5%, PDPP-
TT10%, and PDPP-TT20%, respectively. A similar trend was
observed for the saturation mobility (usa), Where increasing
the ratio of encapsulated units in the polymer backbone results
in a systematic decrease of g, Lower charge mobility with
molecular encapsulation in the polymer backbone confirms that
the introduction of encapsulated units in the polymer backbone
decreases the molecular packing between adjacent polymer
chains, resulting in reduced molecular order in thin polymer
films. Interestingly, the threshold voltage (Vy,) is also reduced in
the case of encapsulated polymer analogs. PDPP-TTref shows Vy, =
49.8 V, which is decreased to 26.7 V for PDPP-TT10%, suggesting a
reduction in the trap density.*® Finally, PDPP-TT20% shows Vy, of
54.3 V, suggesting a higher trap density. These results are in good
agreement with the intensity-dependent V,,. measurements, where
PDPP-TT10% shows the lowest trap-assisted recombination. Even
though FET-measured mobility is not directly relevant for under-
standing the properties of solar cells as FET characterizes the
charge transport parallel to the substrate, it provides useful
insights into the morphology of polymer films after encapsula-
tion. Nevertheless, the observed changes in mobility and trap-
assisted recombination in OSCs are in agreement.

Finally, the photostability of OSCs based on different PDPP-
TT polymer analogs was studied. Devices based on the PDPP-
TTref and PDPP-TT5% polymers had significant burn-in losses,
losing almost 80% of PCE in the first 25 h of operation with all
device parameters undergoing severe degradation (Fig. 6). On
the contrary, the PDPP-TT10% and PDPP-TT20% devices were
relatively more stable, retaining almost 50% of the initial PCE
after up to 200 h of operation. The significant enhancement in
photostability of PDPP-TT10% and PDPP-TT20% devices is
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largely due to the negligible change in the V,. during the initial
burn-in period of up to 25 h. This suggests that the increased
intermixing of the polymer and PC,;BM phases in the case of
PDPP-TT10% and PDPP-TT20% devices result in more stable
BHJ morphology, ensuring more resilient devices under operation.
This strategy can be extended further to other n-conjugated systems
and utilized as a new strategy to extend the lifetime of OPV devices.

Conclusion

In conclusion, a series of low-bandgap encapsulated DPP-based
polymers were synthesized using molecular encapsulation. The
encapsulated material design enhanced the electrolumines-
cence in OSCs via suppressed intramolecular aggregation,
resulting in a notable reduction of non-radiative voltage losses.
OSCs based on the encapsulated polymers demonstrated
reduced trap-assisted charge recombination and improved V.
(~50 mV). Moreover, molecular encapsulation led to a signifi-
cant enhancement in the OSC photo-stability via better control
over the D-A morphology. The implications of the molecular
encapsulation strategy presented in this work are highly rele-
vant for designing high-performing n-conjugated materials and
solar cells with high operational stability.

Experimental
UV-visible absorption spectroscopy

UV-vis absorption spectra of encapsulated PDPP-TT polymer
analogs were measured either in solution with chlorobenzene
(CB) as the solvent or on thin films deposited from CB solution
(5 mg mL™") on a glass substrate.

OSC Fabrication and Testing

OSCs were fabricated with the structure ITO/PEDOT:PSS
(20 nm)/BHJ active layer (~100 nm)/DPO (~6 nm)/Ag
(80 nm). ITO (10 Q sq~ ") was cleaned by ultrasonication in a
2% aqueous solution of glass detergent (Hellmanex TM III) for
10 minutes before rinsing in DI water. ITO substrates were
subsequently ultrasonicated in DI water, acetone, and isopropyl
alcohol (IPA) for 10 minutes each, before cleaning in oxygen
plasma for 10 minutes. PEDOT:PSS (CLEVIOS P VP Al 4083) was
then spin-coated at 4000 rpm for 40 seconds, and the substrates
were then annealed at 160 °C for 10 minutes in the air before
transferring the substrates to the glove box. The active layer was
deposited from a polymer: PC71BM (1:3) BH]J solution in
chlorobenzene with 3% diphenyl ether as the solvent additive.
DPO (0.5 mg mL™ " in IPA) was spin-coated at 2000 rpm for
20 seconds to result in a ~6 nm ETL before thermally evapor-
ating a 100 nm silver electrode. The active area of all devices, as
defined by the electrode geometry, was 0.1 cm™ 2, Average PCE
values were calculated from an average of at least six devices.
The photovoltaic characteristics of devices were measured in
a nitrogen-filled glove box with a Keithly 2400 source meter and
an Orial Sol3A Class AAA solar simulator with an AM1.5 filter
and calibrated to 1 sun using a Newport certified KG-5 silicon
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reference cell. External quantum efficiency (EQE) measure-
ments were performed using an integrated system with a xenon
arch lamp from Enlitech, Taiwan.

Ultraviolet photoelectron spectroscopy (UPS) and low-energy
inverse photoelectron spectroscopy (LE-IPES)

The ionization energy (IE) and electron affinity (EA) of polymers
were measured using UPS and LE-IPES, as described elsewhere.*
Briefly, the polymer thin films were deposited on Au-coated Si
substrates by spin-coating polymer solution (2 mg mL™" in
chlorobenzene) at 2500 rpm. UPS measurements were performed
in an ultrahigh vacuum chamber with a base pressure of 10-
10 mbar, equipped with a 7-channel hemispherical analyzer
(Sphera IT EAC 125), calibrated with the Fermi edge of polycrystal-
line silver. The measurements were performed at a pass energy of
10 eV using He 1 line with excitation energy of 21.22 eV. The
estimated precision and spectral reproducibility in UPS measure-
ments was £0.05 eV. LE-IPES measurements were performed
in isochromatic mode (base pressure 10 ° mbar) using a PMT
detector (Hamamatsu R585) mounted with a 280 nm filter (10 nm
wavelength window) and an in-house build setup. The onset
energies of the unoccupied molecular orbitals were estimated by
deconvoluting the spectra using a Gaussian function and a
Tougaard background, with an estimated uncertainty of 0.1 eV.

Electroluminescence (EL)

EL spectra were measured on best devices inside a nitrogen-
filled glove box either by applying a DC voltage to the device
equal to the V. at one sun illumination or at a fixed injection
current of 0.35 mA (3.5 mA cm ™ 2). The emission collected by a
collimator reached the spectrograph (Princeton Instruments
SP-2300) through an optical fiber. The Pix100BRX Si detector
was wavelength calibrated using a Ne/Ar light source (Princeton
Instruments Intellical). The EL spectra measured using the Si
detector were corrected for detector sensitivity to calculate the
(Avocnr)'

Sensitive EQE (SEQE)

SEQE measurements were performed at short-circuit under
focused illumination from xenon arch lamp. The light beam
was modulated by an optical chopper (275 Hz). The photocurrent
was measured as a function of incident photon energy using a
lock-in amplifier (Stanford Instruments SR830, and the lamp
intensity was calibrated using a Si photodiode. The EL spectra
(corrected for detector sensitivity) were used to reconstruct the
EQEpv spectra at low photon energies according to the recipro-
city relation.*

Photothermal deflection spectroscopy (PDS)

PDS measurements were performed on thin polymer: PC71BM
(1:3) blend films (20 mg mL ™" in chlorobenzene with 3%
diphenyl ether as solvent additive) spin-coated on Quartz using
a home-built PDS setup. The light from a 250 W quartz tungsten-
halogen lamp (Newport 66996-250Q-R1) was sent through a
monochromator (LOT MSH-300) and used as a pump allowing
excitation across the UV-to-near-infrared spectral region. The
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pump light was modulated by a chopper operating at a constant
frequency of a few hertz (4 Hz for the present case) and focused
on the sample, which was immersed in a chemically inert liquid
[perfluorohexane (C6F14); Sigma-Aldrich] during the measure-
ment. A small fraction of the monochromatic pump light was
split off as intensity reference and measured by lock-in detection
(Stanford Research Systems SR830 lock-in amplifier) using a
pyroelectric detector (Newport DET-L-PYC5-R-P). Thin-film sam-
ples for PDS were prepared on cleaned quartz substrates by spin
coating the polymer: PC71BM BH]J solution (20 mg mL ™" in
chlorobenzene). A stabilized continuous-wave laser (Thorlabs
HRS015 HeNe, 633 nm) was used as a probe beam source
focused closely on the sample surface. The deviation of the
probe beam was detected by a Si quadrant detector (Thorlabs
PDP90A) using lock-in detection (Stanford Research Systems
SR830). The entire setup was controlled by a home-built
LabVIEW-based data acquisition and device control code.
Further details can be found in the ESL.¥
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