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ABSTRACT

Operational stability of organic solar cells (OSCs) is a key issue for the commercialization. In order to
enhance the stability of OSCs, various strategies are being used. In this study, pyrroles and isoindigo
monomers with tert-butoxycarbonyl side chains were synthesized and used to prepare a D-A-type poly-
mer, P(TBPyTBIID), via Stille coupling. The obtained polymer dissolved readily in organic solvents, such as
chloroform. However, the formation of interchain hydrogen bonds after side-chain cleavage via thermal
treatment rendered the resulting polymer insoluble in organic solvents. In addition, strong 7 - -t stacking
due to face-on orientation enabled dense packing of the structure, which led to an increase in resistances
to organic solvents, acid, and ultraviolet (UV) light. P(TBPyTBIID) was introduced as a UV and external
protective layer, along with silver nanoparticles, at the back surface of the glass substrate. The light-
soaking stability was enhanced without significantly reducing the efficiencies of the organic solar cells.
This work indicates that introducing an UV blocking layer can be an effective strategy to increase the sta-
bility of organic solar cells.

© 2022 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

Organic electronic devices, light-emitting diodes, and solar cells
(0SCs) that use organic semiconductors are attracting considerable
attention due to their low costs, light weights, flexibilities, and
solution processabilities. However, the active layers of such
organic electronic devices are vulnerable to light, moisture (H,0),
and oxygen due to their low energy states [1,2]. These conditions
that rapidly degrade organic compounds must be strictly con-
trolled during manufacturing and within the devices. Therefore,
the design and selection of materials should be considered, in addi-
tion to device engineering, processing techniques, and encapsula-
tion [3].

(1) In terms of material design, the stability can be enhanced via
structural changes in the active or charge transport materials. In
their study on adjusting the spacer length of small-molecule
donors with A-m-D-m-A structures, Wang et al. reported that
extended conjugation length resulted in enhanced long-term
device stability [4]. Doping the interfacial material is also an effec-
tive strategy to enhance the solar cell performance. Song et al. syn-
thesized zirconium-doped ZnO nanoparticles as a cathode
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interfacial layer and reported the enhancement of thickness toler-
ance and shelf stability [5]. (2) In terms of device engineering, a
third component may be introduced to form a more stable mor-
phology. An et al. reported that the introduction of a high-
molecular-weight acceptor (N2200) as a third component into
the PBDB-T:ITIC system resulted in improved stability compared
to that of the binary system [6]. Yin et al. reported that the effi-
ciency and stability improved upon incorporating 1,4-
butanedithiol as an additive instead of 1,8-diiodooctane (DIO),
which is an unstable, widely used additive. Additionally, additives
with lower boiling points promoted the thermal stability of the
active layer [7]. Song et al. reported two device engineering strate-
gies to control the aggregation state of the active materials. By
introducing volatile process-aid solid (PAS) [8], and by using tun-
able non-halogenated solvent engineering (TSE) [9], they success-
fully controlled the aggregation and morphologies of the active
layers to improve the performance of the devices. (3) Encapsulat-
ing the device is another promising strategy to enhance the life-
time and mechanical stability of a device by blocking external
moisture and oxygen [10]. (4) Ultraviolet (UV) light can be blocked
to increase the stabilities of UV-sensitive organic semiconductors
[11-14]. Lukas Schmidt-Mende et al. successfully enhanced the
stability by incorporating electron transport layers (TiO;) that
effectively filtered UV light via absorption [11]. Our group incorpo-
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rated hole transport layers with multifunctional double-layered
structures into UV-curing during electrode (Ag) formation. Conse-
quently, the UV protection increased the photostability of the
device [15]. Moreover, studies involving altering the side chains
of molecular structures to enhance stability were reported. In gen-
eral, side chains affect the solubility and optical and electronic
properties of the overall molecular structure [16]. In particular,
sites where hydrogen bonding may occur in side-chains bearing
N-H bonds, such as diketopyrrolopyrrole (DPP), isoindigo (IID),
and quinacridone derivatives, are exposed following cleavage
[17-19]. Thus, the rigidity of the structure increases due to the for-
mation of intra- or intermolecular hydrogen bonds. These dyestuffs
exhibit planar structures in organic electronic devices, and the
resulting high hole mobility, improved morphology, and surface
optimization yield significant advantages [20]. Fang et al. used qui-
nacridone derivatives that cleaved side chains to synthesize inter-
molecular hydrogen-bonding ladder polymers. These polymers
showed very strong mechanical properties and solvent resistances,
suggesting that they could be applied in harsh environments, such
as space, and as precursors to carbon materials [21]. Huang et al.
used indigo derivatives that incorporated a benzodithiophene
(BDT) derivative and tert-butoxycarbonyl (t-BOC) group to synthe-
size a D-A-type polymer. This polymer was subsequently incorpo-
rated into the active layers of organic thin film transistors (OTFTs)
and OSCs via solution processes, and improved properties were
reported following the removal of the bulky t-BOC side groups
via thermal treatment [22].

In this study, we synthesized D-A type polymer with isoindigo
derivative as an acceptor-unit and pyrrole derivative as a donor-
unit. We then introduced t-BOC chains that could be thermally
cleaved at the N-sites of the isoindigo and pyrrole, followed by
polymerization via Stille coupling. The obtained polymer, poly
(di-tert-butyl-(E)-6-(1-(tert-butoxycarbonyl)-1H-pyrrol-2-yl)-2,2’-
dioxo-[3,3’-biindolinylidene]-1,1’-dicarboxylate)  (P(TBPyTBIID),
was readily soluble in organic solvents, such as chloroform (CF).
The efficiency of side chain removal based on the temperature of
thermal treatment was investigated, with a 100% efficient side-
chain removal occurring upon heating for 30 min at 150 °C. After
the removal of the side chains, P(TBPyTBIID) exhibited a crystalline
structure with strong 7t- - -1 stacking due to the face-on orientation,
which considerably increased the resistances to organic solvents,
acids, and UV light. P(TBPyTBIID) was introduced as a UV and
external protective layer, along with silver nanoparticles (AgNPs),
to the lower surface of the glass, and the photostability was
enhanced without significantly reducing the efficiency of the
device.

Experimental section
Materials and instruments

All reagents and chemicals were purchased from commercial
sources and used without further purification unless stated other-
wise (TCI chemicals, Sigma-Aldich and Acros organics). PM6 and
Y6-BO-4Cl were obtained commercially form Suna Tech Inc.

Unless otherwise specified, all reactions were performed under
a nitrogen atmosphere. The solvents were dried using the standard
procedures. All column chromatography was performed with silica
gel (230-400 mesh, Merck) as the stationary phase. "H NMR spec-
trum were collected by a Bruker ARX 400 spectrometer using solu-
tions in CDCl; with chemical concentrations recorded in ppm units
using TMS as the internal standard. The absorption (UV) spectra
were measured in chloroform using an HP Agilent 8453 UV-Vis
spectrophotometer. The cyclic voltammetry (CV) waves were
obtained using a Zahner IM6eX electrochemical workstation with
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a 0.1 M acetonitrile (purged with nitrogen for 20 min) solution
containing tetrabutyl ammonium hexafluorophosphate (Bu4NPF6)
as the electrolyte at a constant scan rate of 50 mV/s. ITO, a Pt wire,
and silver/silver chloride [Ag in 0.1 M KCI] were used as the work-
ing, counter, and reference electrodes, respectively. The electro-
chemical potential was calibrated against Fc/Fc+. The HOMO
levels of the polymers were determined using the oxidation onset
value. The onset potentials are the values obtained from the inter-
section of the two tangents drawn at the rising current and the
baseline changing current of the CV curves. Thermogravimetric
analysis (TGA) measurements were performed on a NETZSCH TG
209 F3 thermogravimetric analyzer. Attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR) measurements
were performed on a FT/IR 4100, using powdered or coated sam-
ple. All gel permeation chromatography (GPC) analyses were per-
formed using chloroform as an eluent and a polystyrene standard
as a reference. XRD patterns were obtained using a Smart Lab
3 kW (40 kV 30 mA, Cu target, wavelength: 1.541871 A) instru-
ment of Rigaku, Japan. The optimized molecular geometries of
the model molecules were obtained by minimize energy calcula-
tions with Gaussian 09. Theoretical analyses were performed using
density functional theory (DFT) as approximated by the B3LYP
functional and employing the 6-31G(d) basis set.

Synthetic procedures

The synthesis of monomers were carried out by referring to and
changing the previous literature [23]. Synthesis of monomers and
TH NMR data are specified in supporting information.

Polymerization of P(TBPyTBIID) - (6) (24.6 mg, 0.05 mmol),
(3) (31 mg, 0.05 mmol), Tris(dibenzylideneacetone) dipalladium
(0) (1 mg, 0.0011 mmol), Tris(o-tolyl)phosphine (1.2 mg,
0.0039 mmol) were dissolved in 4 mL of tetrahydrofuran. The flask
was flushed with nitrogen and the temperature was raised to 66 °C.
After 120 hours of reaction, the reaction mixture was cooled down
to room temperature and poured into methanol. The product was
Soxhlet extracted with methanol, acetone, hexanes, methylene
chloride and chloroform in a sequence. Chloroform fraction was
dried and precipitated in methanol to obtain navy solid.
(vield = 70%) 'H NMR (400 MHz, CDCl;): & 8.84(br, 2H), 8.07(br,
2H), 7.32(br, 2H), 6.49(br, 2H), 1.64-1.59(br, 27H).

Device fabrication

Binary and ternary organic solar cell device was fabricated with
the structure of ITO/PEDOT:PSS/Active layer/PDINN/Ag. Patterned
ITO substrates were sonicated for 15 min and rinsed with acetone,
Alconox solution, isopropanol, and deionized water in a sequence.
Substrates were transferred into UVO cleaner and exposed with
uv-ozone for 30 min for surface treatment. PEDOT:PSS (Heraeus,
Al4083) was filtered through 0.45 pum PTFE syringe filter, and
spin-coated for 60 s at 5000 rpm, and annealed for 15 min at
150 °C to form 40 nm of HTLs. Substrates were then transferred
into nitrogen filled glovebox with 3 ppm of moisture, and 3 ppm
of oxygen. Active layers were spin-coated onto HTLs. Active blends
(1:1 of P(TBPyTBIID) and Y6-BO-4Cl with the concentration of
12 mg/mL for binary structure, and 1:0.008:1 of PM6, P(TBPyT-
BIID), and Y6-BO-4Cl with the concentration of 12 mg/mL for tern-
ary structure dissolved in chlorobenzene containing 0.5 v% of
chloronaphthalene) were spin-coated for 30 s at 2300 rpm onto
HTLs and annealed for 10 min at 150 °C to form 100 nm of active
layer. PDINN (Sunatech., 1 mg/mL in methanol) was spin-coated
for 30 s at 3000 rpm to form ETLs. Substrates were then transferred
into high-vacuum chamber with the pressure of 5 x 10~ torr, and
100 nm of silver was thermally evaporated to form top electrode.
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Organic solar cell devices containing UV-blocking layers were
fabricated with the structure of UV-blocking layer/AgNPs/ITO/PE
DOT:PSS/Active layer/PDINN/Ag. Pretreatment of the substrates
were conducted with the same procedure as above. Under the sub-
strate, AgNPs (Aldrich, diluted 100, 1000, and 10,000 times by vol-
ume in IPA) were spin-coated for 60 s at 3000 rpm and annealed
for 10 min at 200 °C. P(TBPyTBIID) (5, 10 mg/mL in CF) was spin-
coated for 30 s at 3000 rpm and annealed for 10 min at 200 °C to
form UV-blocking layer. Substrates were transferred into UVO clea-
ner and exposed with uv-ozone for 30 min for surface treatment.
After that, all the other procedures were same as above except
for the active blend condition (1:1 of PM6 and Y6-BO-4Cl with
the concentration of 12 mg/mL total in chlorobenzene containing
0.5 v% of chloronaphthalene).

Results and discussion
Molecular design and synthesis

By using building blocks bearing N-H bonds, such as diketopy-
rrolopyrrole (DPP), isoindigo (IID), and quinacridone derivatives,
side chains can easily be attached to these N-H sites. And if N-H
sites are exposed after the side chain cleavage, hydrogen bonding
may occur at these. If hydrogen bonds are formed after the side
chain cleavage, the rigidity of the structure increases. DPP, IID,
and quinacridone units also exhibit planar structures in organic
electronic devices, and the resulting high hole mobility, improved
morphology, and surface optimization yield significant advantages.
Thus, we introduced t-BOC chains that could be thermally cleaved
at the N-sites of the IID and pyrrole units. The synthesis of the
monomers and polymers are shown in Scheme 1 and are con-
ducted according to literature methods, with each molecular struc-
ture identified using 'H-nuclear magnetic resonance spectroscopy
(see ES). The polymerization is conducted via the Stille coupling of
(6) (tert-butyl 2,5-bis(trimethylstannyl)-1H-pyrrole-1-carboxy
late) and (3) (di-tert-butyl (E)-6,6'-dibromo-2,2’-dioxo-[3,3’-biindo
linylidene]-1,1’-dicarboxylate). The obtained polymer was a navy
solid that readily dissolved in organic solvents, such as CF. The
structure of the polymer is confirmed as P(TBPyTBIID) (Fig. S7).

Gel permeation chromatography (GPC) of P(TBPyTBIID) reveals
a Mn and Mw of 3.47 and 4.56 kDa, respectively, with a PDI of 1.32
(Table S1).

Theoretical density functional theory (DFT) calculations using
the B3LYP/6-31G(d) level functionals were conducted on the ideal
structure of P(TBPyTBIID), and the results are shown in Fig. 1. The
dihedral angle between the pyrrole (donor unit) and isoindigo (ac-
ceptor unit) is 49.9° prior to t-BOC side-chain cleavage (a,c), and
18.8° following side-chain cleavage (b,d), indicating that the struc-
ture becomes more planar after side-chain cleavage. Therefore, we
expected stronger 7 - -t stacking can be formed after t-BOC side-
chain cleavage via thermal treatment.

Thermal cleavage of P(TBPyTBIID)

The thermal properties of the synthesized polymer were deter-
mined using thermogravimetric analysis, as shown in Fig. 2a. The
mass of the polymer decreases sharply between 150 and 200 °C,
which indicates the cleavage of the relatively unstable t-BOC side
chain weakly bonded to the polymer. The molecular weights per
repeating unit before and after t-BOC removal are shown in
Table S2. The mass ratio relative to the initial mass was measured
after polymer stabilization at >200 °C, with a value of 62% (38%
mass loss) obtained. This mass ratio is very close to the calculated
value of 65%, confirming that the cleavage of the t-BOC side chains
occurs between 150 and 200 °C [20-23]. As the product resulting
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from the removal of the side chains is the product to be applied,
we analyzed the thermal stability of the product.

Therefore, the temperature where another 5% mass loss occurs
after the first mass loss at 200 °C was set as Tq (~461 °C), which
indicates that P(TBPyTBIID) exhibits an extremely high thermal
stability. This is due to the interchain hydrogen bonds that form
after the removal of the t-BOC side chains and the strong 7 - -7
stacking resulting from the enhanced planarity.

Chain cleavage efficiency under different annealing conditions

The cleavage of the t-BOC side chains generally occurs via ther-
mal treatment at 200 °C for >10 min [20-23]. Because previous
studies conducted thermal treatment at <200 °C for t-BOC cleav-
age, and the TGA thermograms occasionally confirmed the cleav-
age of the t-BOC side chains in the temperature range
150 ~ 200 °C, we studied the efficiency of side-chain cleavage at
various temperatures in the range 150 ~ 200 °C for various dura-
tions. Thermal treatment was conducted for 10, 20, and 30 min
at 150 and 175 °C and 10 and 20 min at 200 °C. The changes in sol-
ubility and the UV-visible (UV-vis) spectrum of each sample are
shown in Figs. S9 and S10. In conclusion, a reduction in solubility
is observed in all the samples treated at >150 °C, but the UV-vis
spectra reveal that the cleavage efficiency is identical when the
polymer is thermally treated for 30 min at 150 °C or 10 min at
200 °C.

Fig. 2b shows the Fourier transform infrared spectra of P(TBPyT-
BIID) with various annealing time at 200 °C. The spectrum prior to
thermal treatment shows signals representing the C=0 of the iso-
indigo backbone and the C=0 of t-BOC at 1730 and 1780 cm !,
respectively. However, the signal at 1780 cm™! is decreased and
finally not observed in the spectrum as annealing time increases,
confirming that the t-BOC side chains are cleaved. A weak signal
corresponding to N-H is detected at approximately 3200-
3470 cm™~', which is likely due to hydrogen bonding between the
N-H and (=0 (hydrogen bonded NH stretching vibration). In addi-
tion, the signal corresponding to the C=0 of isoindigo shifts from
1730 to 1690 cm™! after thermal treatment (from amide I, C=0
stretching) - this is due to the hydrogen bonding between C=0
and N-H weakening the C=0 bond, which is consistent with previ-
ous studies [18,24-26]. Also, the amide II peak at 1600 cm™~! was
shifted higher wavenumber to 1610 cm™!, indicating that N-H
bending signal confirming the formation of secondary amine con-
sequently [27]. The interchain hydrogen bonds formed by the
cleavage of the t-BOC side chains may also be confirmed via
changes in solubility before and after thermal treatment. The poly-
mer was coated on a glass substrate, and we compared the solubil-
ity of the polymer in CF before and after thermal treatment. As
shown in Fig. 2¢, the coated P(TBPyTBIID) readily dissolves in CF
prior to thermal treatment but does not dissolve following thermal
treatment. These changes in solubility suggest that the N-H and
C=0, which are exposed after thermal treatment, interact to form
interchain hydrogen bonds, leading to stronger intermolecular
forces.

Optical and electrochemical properties

Fig. 3a shows the UV-vis absorption spectra of P(TBPyBIID) in
solution (in CF, black line) and in film (red line: before annealing,
blue line: after annealing). The spectrum of P(TBPyBIID) exhibits
absorption peaks at 300-400 nm and 400-800 nm due to m-7*
transition and strong intramolecular charge transfer interactions,
respectively, between pyrrole and isoindigo [28,29]. The absorp-
tion peak at 400-800 nm in the spectrum measured in solution
is broadened when the film is formed (450-950 nm) and after ther-
mal treatment (400-1100 nm). The maximum absorption peaks
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Fig. 1. Calculated molecular structure of P(TBPyTBIID); (a, b) top view, (c, d) side view.
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Fig. 3. (a) UV-vis spectrum of P(TBPyTBIID), (b) cyclic voltammograms of P(TBPyTBIID) before and after annealing.

(Amax) are observed at 618, 637, and 765 nm, confirming that a red
shift occurs.

Table 1 shows the UV-vis spectral data. The optical band gaps of
P(TBPyTBIID) before and after thermal treatment are calculated
using the UV-vis absorption spectrum of the film state as 1.48
and 1.22 eV, respectively. The red shifts of these absorption spectra
are due to the high aggregation and packing of the molecules upon
film formation. In particular, the results are consistent with the
DFT results shown in Fig. 1 that reveal the more planar structure

due to t-BOC side-chain cleavage from P(TBPyTBIID) following
thermal treatment. The aggregation and 7 - -7 stacking are maxi-
mized due to the hydrogen bonds between the C = O and N-H
groups, resulting in a larger red shift[30].

Fig. 3b shows the cyclic voltammogram of P(TBPyTBIID) before
and after thermal treatment. The following equation is used to cal-
culate the highest occupied molecular orbital (HOMO) level:
[HOMO(eV) = -4.8 - (Egnset = E1/2(Ferrocene))]- The calculated HOMO
values of P(TBPyTBIID) before and after thermal treatment are
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Table 1
Optical and electrochemical properties of P(TBPyTBIID) before and after annealing.
Polymers Abs. [nm] EgOPt) [eV] Energy level
Solution Film cv DFT
Amax Amax Aonset HOMO LUMO HOMO LUMO
[eV] [eV] [eV] [eV]
P(TBPyTBIID) 618 372, 637 838 1.48 5.22 3.74 5.11 3.01
Before annealing
P(TBPyTBIID) - 359, 765 1016 1.22 5.23 4.01 4.95 2.84

After annealing

3 Calculated from the intersection of the tangent on the low energetic edge of the absorption spectrum with the baseline.

—5.22 and —5.23 eV, respectively. The calculated HOMO value and
the band gap energy determined via UV-vis absorption were used
to determine the lowest unoccupied molecular orbital (LUMO) val-
ues before and after thermal treatment, which are 3.74 and
—4.01 eV, respectively. The HOMOs, LUMOs, and electron densities
of P(TBPyTBIID) calculated using DFT are shown in Fig. S8, and the
integrated data regarding the measured and calculated electro-
chemical properties are shown in Table 1.

Organic solvent/acid/UV resistances

The physicochemical properties of the P(TBPyTBIID) film before
and after thermal treatment are shown in Fig. S11. The coated P
(TBPyTBIID) film is stable in H,0, CH30H, i-propyl alcohol (IPA),
and hexane regardless of the thermal treatment. However, the P
(TBPyTBIID) film that was not thermally treated dissolved in CF
and chlorobenzene (CB) (Fig. S11a), and the film was physically
peeled off in acetic acid due to degradation. However, the ther-
mally treated film does not degrade or dissolve (Fig. S11b).

The UV resistance properties measured using a UVC 150 device
from Omniscience are shown in Fig. 4a. UV with a wavelength of
253.7 nm (15-20 mW/cm?) was irradiated for 30 min on a thin film
on glass coated with P(TBPyTBIID) solution (2 mg/mL). The P
(TBPyTBIID) films that are not thermally treated completely
decompose under UV irradiation, with no signals observed. Con-
versely, the spectra of the thermally treated films partially main-
tain several of their absorption peaks. UV tolerance studies were
conducted on films with varying concentrations (1, 2, 5, or
10 mg/mL) of P(TBPyTBIID), and the results are shown in Fig. 4b.
The intensities of the peaks do not directly decrease even after
UV irradiation if higher P(TBPyTBIID) concentrations (5 or 10 mg/
mL) are used, which is consistent with the general decomposition
mechanism of polymers. When polymers are irradiated with UV

a bfann
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——aftann
——aft ann, UV 30m

=
s
8
c
(1]
]
2
<
T

T T T T T T
300 400 500 600 700 800 900
\Wavelength (nm)
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light, the carbons in the backbone form free radicals, which react
with atmospheric oxygen to form C=0, and finally C=O0, thus
breaking the backbone [31].

If the concentration of P(TBPyTBIID) is low, photodegradation
occurs due to this mechanism, but if P(TBPyTBIID) is packed suffi-
ciently densely at a concentration of >5 mg/mL, the formed radical
recombines with another radical within the packing, which ulti-
mately prevents the degradation of P(TBPyTBIID).

Microstructure ordering analysis

Fig. 5 shows the X-ray diffraction patterns for analyzing the
crystal structure of P(TBPyTBIID).

The data of the out-of-plane mode, as shown in Fig. 5a, reveal
amorphous characteristics before thermal treatment, but a high-
angle, broad peak (010) corresponding to m---m stacking is
observed at 24.90° after thermal treatment. Therefore, P(TBPyT-
BIID) likely exhibits a strong face-on structure after thermal treat-
ment. The face-on orientation of P(TBPyTBIID) is shown in Fig. 5b.
The intermolecular 7---m stacking distance calculated using
Bragg’s Law (A = 2dsin0) is 3.57 A. The face-on orientations of
polymers efficiently transfer charges in the vertical direction
[32-34]. In the case of P(TBPyTBIID), the polymer acquires a
face-on structure via the cleavage of the t-BOC side chains during
thermal treatment, and thus, when the polymer is applied to OSCs,
we should observe superior photovoltaic properties compared to
those of the polymer prior to thermal treatment.

Photovoltaic properties

Fig. 6a, b and Table 2 show the device structure and results of
using P(TBPyTBIID) as a donor in the active layer and as a UV pro-
tection material. As shown in Table 2, the acceptor is the active
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Fig. 4. a UV tolerance test of P(TBPyTBIID) films (2.0 mg/mL solution) before and after thermal annealing, b tolerance to ultraviolet ray of P(TBPyTBIID) films after thermal

annealing coated with various concentrations.
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Fig. 5. (a) XRD of P(TBPyTBIID) before and after annealing in out-of-plane, and (b) schematic image of P(TBPyTBIID)’s crystallinity change after thermal annealing.

Fig. 6. (a, b) Structure of fabricated OSC devices with active layer of P(TBPyTBIID):Y6-BO-4Cl or PM6:P(TBPyTBIID):Y6-BO-4CI* and PM6:Y6-BO-4CI™, (c) schematic
illustration of the device fabrication procedure with extra UV-blocking layer beneath the glass substrate.

Table 2

Detailed photovoltaic performances of fabricated OSC devices under illumination of AM1.5G, 100 mW/cm? light.

# Donor materials UV-blocking layer Jsc Voc FF PCE(0) PCE(3 h)?/PCE(0) [normalized]
[mA/cm?] [V] [%] [%]

1 P(TBPyTBIID)Y None 0.64 0.68 21.9 0.10 -

2 P(TBPyTBIID)” None 1.46 0.50 41.7 0.31 -

3 PM6% None 23.54 0.79 70.5 13.08 0.46

4 PM6% AgNPs® 23.63 0.79 70.6 13.23 0.49

5 PM6? AgNPs® + P(TBPyTBIID)® 19.98 0.76 70.4 10.64 0.51

6 PM6% AgNPs® + P(TBPyTBIID)® 16.76 0.73 72.2 8.81 0.52

All the active blends are made with Y6-BO-4Cl, and annealed at 100 °C, 10 min® and 150 °C, 30 min®.

©)AgNPs solution was diluted 10,000 times in isopropyl alcohol.

P(TBPyTBIID) solutions were 5 mg/mL?, 10 mg/mL® in chloroform, respectively, and annealed 30 min at 150 °C.
DPhotovoltaic properties of the OSC devices with UV-blocking layer weremeasured periodically under continuous illumination of AM1.5G, 100 mW/cm? light condition.

material, Y6-BO-4Cl, and the donor is a bulk heterojunction (BH]J)
structure that uses P(TBPyTBIID) and PM6. The active layers were
thermally treated for 10 min at 100 °C (#1, #3-#6) or 30 min at
150 °C (#2). These are the general thermal treatment conditions
where side chains of Y6 derivatives and P(TBPyTBIID) are 100%
cleaved. The active layer that was thermally treated for 10 min at
100 °C (#1) using P(TBPyTBIID) exhibits a Jsc of 0.64 mA/cm?, Voc
of 0.68 V, FF of 21.9%, and PCE of 0.096%. However, the active layer
that was thermally treated for 30 min at 150 °C (#2) exhibits a Jsc
of 1.46 mA/cm?, Voc of 0.50 V, FF of 41.7%, and PCE of 0.31% (Fig. 7a,
Table 2). The increase in PCE due to thermal treatment (from 0.1%

to 0.31%) occurs due to the increase in Jsc and FF, which likely
occurs due to the cleavage of the side chains.

Thermal treatment for 30 min at 150 °C cleaves all side chains of
P(TBPyTBIID), rendering the molecular structure highly planar and
forming strong 7t-- -7 stacking to favor the vertical motion of the
charges [35-37]. This is consistent with the results of DFT and
UV-vis spectroscopy.

Y6 based acceptors generally exhibit face-on orientation, and P
(TBPyTBIID) acquires a face-on orientation after side-chain cleav-
age, thus the orientations of the donor and acceptor harmonize
and subsequently leading to an increase in PCE. In addition, the
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Fig. 7. (a)J-V curve of P(TBPyTBIID):Y6-BO-4Cl based device before and after thermal annealing, (b) photostability of PM6:Y6-BO-4Cl based devices with and without AgNPs

and P(TBPyTBIID) as UV-blocking layer.

interchain hydrogen bonds formed during side chain cleavage pro-
mote the hopping of charge carriers.

We then manufactured and characterized a ternary device by
incorporating P(TBPyTBIID) as the third component into the PM6:
Y6-BO-4Cl system. We conducted thermal treatments for 10 min
at 100 °C and 30 min at 150 °C to analyze the effect of side chain
cleavage. Even minimal incorporation of P(TBPyTBIID) causes
decreases in the V¢ and FF values, leading to an overall decrease
in efficiency compared to that of the reference device, PM6:Y6-
BO-4Cl (Table S3). This is because the incorporation of P(TBPyT-
BIID) damages the morphology of the BHJ formed by the PM6
and Y6-BO-4Cl blend. The incorporated P(TBPyTBIID) acts as an
impurity, thus adversely affecting the morphology formed by
PM6:Y6-BO-4Cl, which is confirmed by the reduction in FF. Fur-
thermore, Voc decreases upon thermal treatment at 150 °C, which
also causes PCE reduction. This is also consistent with previous
studies [38,39]. Stability of these PMG6:P(TBPyTBIID):Y6-BO-4Cl
based ternary OSCs were tested but didn’t seem any improvement
(Fig. S12). We then fabricated P(F-Cl):IT-4F and P(F-BiT)-COOBOCI
(out):IT-4F based ternary devices[40,41] to see the generality of P
(TBPYTBIID) as a third component (Fig. S14a, b, Table S8, S9).
Though the device fabricating condition is not optimized, adding
P(TBPyTBIID) lowered the Jsc dramatically, we did not further try
to optimize the ternary device. According to EQE data of both tern-
ary devices (Fig. S14 ¢, d), introducing P(TBPyTBIID) caused
decrease of EQE throughout the whole region. The degree of EQE
decrease was larger in the acceptor region than donor region, indi-
cating that after the chain cleavage, the electrons generated at the
donor cannot be transferred to acceptor efficiently.

Subsequently, we introduced P(TBPyTBIID) into the PM6:Y6-
BO-4Cl system as a UV protection layer to analyze the effect on
the photovoltaic characteristics. P(TBPyTBIID) may act as a UV pro-
tection layer as it blocks a certain amount of strong energy emitted
by UV light. However, Jsc should decrease because P(TBPyTBIID)
also absorbs light in the 500-1000 nm range when coated under
the glass substrate. Therefore, we coated AgNPs on the bottom sur-
face of the indium tin oxide (ITO) glass before the device was fab-
ricated to partially compensate for the light amplification due to
the surface plasmonic effect [42-47], and the subsequent increase
in Jsc is confirmed in Table 2. AgNPs were diluted in IPA to three
concentrations prior to use: 1/100, 1/1000, and 1/10000 by vol-
ume. To simultaneously act as an external protective layer for
the AgNPs and a UV protection layer, P(TBPyTBIID) was further
coated in concentrations of 5 or 10 mg/mL over the AgNPs, fol-
lowed by thermal treatment to remove the t-BOC side chains.
The concentration was set based on the concentration of P(TBPyT-
BIID) that does not decompose under UV light. P(TBPyTBIID) after

side chain removal acquires strong physicochemical properties
due to elevated planarity, strong 7---m stacking, and interchain
hydrogen bonding, therefore, the polymer acts as an external pro-
tective layer that prevents the cleavage of AgNPs, in addition to
blocking UV light. The subsequent processes were conducted
according to the manufacture of general OSCs by flipping the cell
(Fig. 6¢ and S13).

For devices with incorporated AgNPs and P(TBPyTBIID) as UV
protection layers, the efficiencies decrease from 10.64% to 8.81%
as the concentration of P(TBPyTBIID) increases (Table 2), and the
efficiencies are 19% and 33% lower compared to that of the refer-
ence device of 13.08%. The reduction in efficiency is because of
the decrease in the amount of light flowing into the device due
to the coating of the external surface with P(TBPyTBIID), and this
is confirmed by the reduction in Jsc. The Jsc slightly increases for
devices that only incorporate the AgNP layer, and the efficiency
also subsequently increases slightly.

The UV protection layer was used to prevent UV-induced device
degradation, and therefore, a photostability study was conducted
under air for 3 h under a light source of AM 1.5G and 100 mW/
cm? (Fig. 7b). For the reference devices, only 46% of the initial effi-
ciencies are maintained after 3 h, but 51% and 52% of the initial
efficiencies are maintained for devices coated with 5 and 10 mg/
mL of P(TBPyTBIID), respectively. This improvement in stability is
due to the P(TBPyTBIID) effectively blocking UV light, along with
the AgNPs. The initial photovoltaic performance and photostability
data of each condition are shown in Tables S4-S7. The reduction in
efficiency during the first ~60 min occurs due to light-induced
burn-in degradation, with the photoactive layer structurally
decomposed by UV light. Several potential explanations for this
burn-in degradation are proposed, but recent studies report that
morphological changes caused by the UV-induced decomposition
of the photoactive layer are the main causes [3,48,49]. The gradi-
ents of the graphs are not significantly different after 60 min (after
burn-in degradation), but the incorporation of the UV protection
layer results in enhanced stability upon comparison of the changes
in the gradient before 60 min.

Conclusion

In summary, t-BOC side chains were linked to molecules bear-
ing N-H groups, such as isoindigo and pyrrole, and the D-A-type
polymer, P(TBPyTBIID), was synthesized via Stille coupling. The t-
BOC chains were cleaved via thermal treatment, exposing N-H to
form hydrogen bonds with the C=0 of isoindigo, and enhancing
the structural planarity of the polymer. Due to interchain hydrogen
bonding and strong = - -1 stacking, the polymer exhibited strong
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thermal stability and solvent resistance, in addition to resistances
to acid and UV light. These characteristics of P(TBPyTBIID) could
be used to effectively block UV light, along with AgNPs, when
incorporated as a UV protection layer in OSCs, and this increases
the photostability without significantly decreasing the efficiency.
Furthermore, P(TBPyTBIID) could simultaneously act as an external
protective layer, utilizing its improved mechanical strength
acquired via side-chain cleavage to prevent AgNP elimination. As
the degree of reduction in efficiency and improvement in stability
required a trade-off, optimization of the conditions where the two
factors were balanced was necessary to maximize the potential of
the UV protection layer. In addition, P(TBPyTBIID) absorbed light in
the 500-1000 nm range and reduced the efficiency, and thus,
structural modifications to include high or low bandgaps to mini-
mize absorption in the visible region may lead to improved results.
This study is significant as we increase the potential for the com-
mercialization of OSCs by proposing novel methods to enhance
0OSC stability. Furthermore, P(TBPyTBIID) acquiring self-
immobilizing properties due to the removal of the t-BOC side
chains should be useful in diverse device structures.
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