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A star-shaped conjugated molecule featuring
a triazole core and diketopyrrolopyrrole branches

is an efficient electron-selective interlayer for
inverted polymer solar cellsy
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A novel triazole-cored, star-shaped, conjugated molecule (TDGTPA) has been synthesized for use as an

electron-selective interlayer in inverted polymer solar cells (PSCs). This star-shaped molecule comprised

a triazole unit as the central core, 2,5-thienyl diketopyrrolopyrrole units as mt-conjugated bridges, and

tert-butyl-substituted triphenylamine units as both end groups and donor units. The inverted PSC had
the device structure indium tin oxide/ZnO/TDGTPA/poly(3-hexylthiophene) (P3HT)/fullerene derivative
(PC,1BM)/MoOs/Ag. Inserting TDGTPA as the electron-selective layer enhanced the compatibility of the

ZnO-based electron transport layer and the P3HT:PC;;BM blend-based photoactive layer. The low
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energy of the lowest unoccupied molecular orbital (—3.98 eV) of TDGTPA was favorable for electron

transfer from the photoactive layer to the ZnO layer, thereby enhancing the photovoltaic performance of

DOI: 10.1039/c8ra05360j

rsc.li/rsc-advances

1. Introduction

Polymer solar cells (PSCs) are attractive for their solution-
processability, high flexibility, light weight, and amenability to
large-area fabrication.”” The photovoltaic performance (PV) of
PSCs has improved rapidly through optimization of their device
structures, their interfacial layer engineering, and their processing
conditions.*” Indeed, power conversion efficiencies of greater than
10% have been reported recently.*® Nevertheless, PSCs having
a conventional structure—namely, indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) hole
transport layer/active layer/low-work-function metal cathode—
suffer from device degradation resulting from diffusion of oxygen
into the active layer through the pinholes of the metal cathode, as
well as corrosion of ITO by the acidic hole-transporting layer
(PEDOT:PSS).>* Therefore, inverted PSCs having a reversed layer
sequence—that is, ITO/electron transport layer/active layer/low-
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the PSC. The photo-conversion efficiency of the device incorporating TDGTPA as the electron-selective
layer was 15.8% greater than that of the corresponding device prepared without it.

work-function metal cathode—have been considered to improve
cell stability."** Although metal oxides displaying high electron
mobility, efficient electron extraction, and good hole-blocking
capacity—for example, zinc oxide (ZnO) and titanium oxide
(TiO,)—have been applied widely as electron transport layers in
inverted PSCs,”™ poor physical contact at the metal oxide-
photoactive layer interface and energy level mismatches often
result in charge trapping/recombination, thereby deteriorating the
PSC performance.” Hence, several interfacial materials have been
developed to tune the energy level alignment and passivate the
surface of the metal oxide-based electron transport layer, including
non-conjugated electrolytes,”>® conjugated polymer electrolytes,>
a self-assembled monolayer (SAM) composed of aminosilane and
alkylsilane components,®* and SAMs based on ionic liquid-
modified carbon materials and organic functionalized fullerene
derivatives.**¢ Insertion of a thin film of an amino-, ammonium-,
or ethylene oxide-containing polymer electrolyte and an organic
functional carbon nanomaterial on the bare ITO or ITO/metal
oxide (ZnO, TiO,) can effectively lower the work function of the
bottom electrode, improve the surface contact between the
electron-transporting layer and the conjugated polymer-based
photoactive layer, and enhance the electron extraction ability,
leading to inverted PSCs displaying improved PV performance.**-¢

Monodisperse well-defined star-shaped conjugated mole-
cules (SSMs) have been developed with uniform chemical
structures in high purity and with good solution processability,
providing PSCs displaying excellent reproducibility and

This journal is © The Royal Society of Chemistry 2018
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superior optoelectronic properties.’’** Recently, SSMs present-
ing pendant N,N-diethylamino and N,N-diethanolamino groups
have employed as efficient electron-collecting cathode inter-
layers that enhance the PV performance of inverted PSCs.*** Xu
et al. reported two alkylfluorene-based star-shaped conjugated
electrolytes, grafted with ammonium and diethanolamino
moieties, as efficient electron-collecting interlayers for inverted
PSCs;* the open circuit voltage (Voc) of the inverted PSCs was
enhanced as a result of the decrease in the work function of the
cathode, while overall improvements in the short-circuit current
density (Jsc¢) and fill factor (FF) were achieved compared with
those of the corresponding inverted PSC prepared without an
electron-collecting interfacial layer. Moreover, air stability tests
indicated that the storage stability of these inverted PSCs was
enhanced relative to that of the PSC having normal structure.*®
Zou et al. reported two alcohol-soluble star-shaped oligo-
fluorenes as electron-transport interlayers for inverted PSCs.**
The presence of ethanol groups effectively lowered the work
function of the electrode and benefitted charge extraction.** The
hydrophilicity of diethanolamino moieties can enhance inter-
actions with the ITO or the metal oxide-based electron transport
layers in the inverted devices. Indeed, the PV performance of
inverted PSCs was improved significantly after incorporating
these star-shaped oligofluorenes. In addition, Liu et al. reported
two SSMs, each featuring a triazine unit as the core and
dimethylamino-substituted fluorene units as arms, that were
used as cathode interlayers for inverted PSCs.** The polar
groups generated interfacial dipoles and, thus, lowered the
work function of the electrode and facilitated effective electron
extraction. Moreover, the interlayers facilitated contact between
the active layer and the cathode, resulting in devices yielding
higher photo-conversion efficiencies (PCEs).

According to the above mentioned, the P3HT/fullerene
derivative blend has been usually used as the photoactive
layer to study the effect of electron-selective interfacial layer for
the PV performance of inverted PSCs.*** In this study, we
synthesized TDGTPA, a triazole-cored SSM, for use as an inter-
facial layer between the ZnO-based electron transport layer and
the  poly(3-hexylthiophene) (P3HT)/fullerene  derivative
(PC;1BM)-based photoactive layer of an inverted PSC. The
structural features of this SSM include a triazole unit as the
central core, ethylene oxide moieties containing 2,5-thienyl
diketopyrrolopyrrole units as m-conjugated bridges, and tert-
butyl-substituted triphenylamine units as both end groups and
donor units. Electron-withdrawing triazole cores have been
applied previously as electron-transporting materials for several
organic electronic devices.*® This SSM containing conjugated
branches with tert-butyl-substituted triphenylamine units as
donor groups and 2,5-thienyl diketopyrrolopyrrole moieties as
acceptors presented a deep LUMO energy level, favoring elec-
tron transfer from the photoactive layer to the electron trans-
port layer.*® We suspected that insertion of TDGTPA as the
interfacial layer of an inverted PSC would cause the ethylene
oxide pendant units in the conjugated branches to construct an
interfacial dipole that would alter the work function of the
electrode, thereby facilitating efficient energy level pinning and
high-performance electron extraction.** Moreover, a polymer
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containing ethylene oxide segments would presumably
passivate the surface traps of a metal oxide-based electron
transport layer, suppress the recombination loss of carriers,
decrease the series resistance, and improve the electrical
coupling of the metal oxide and the photoactive layer.>*>>
Therefore, we expected that the PV performance of the P3HT-
based inverted PSCs incorporating TDGTPA as the interfacial
layer would be enhanced through modification of the surface
energy, morphology, and energy barrier between the ZnO-based
cathode and the photoactive layer.

2. Experimental details
2.1 Materials and instrumentation

Tetrakis(triphenylphosphine)palladium(0) [Pd(PPh;),], potas-
sium carbonate (K,COj3), n-butyllithium (2.5 M in hexane), and
all other reagents and chemicals were purchased from Aldrich,
Alfa, Acros, and TCI chemical, and used as received. Dichloro-
methane (DCM), tetrahydrofuran (THF), dimethylformamide
(DMF), toluene, N-methyl-2-pyrrolidone (NMP), and o-dichlo-
robenzene (0-DCB) were freshly distilled over appropriate
drying agents and purged with N, prior to use.

"H NMR spectra were recorded using a Varian Unity Inova
Spectrometer (600 MHz). Elemental analysis was performed
using an elemental analyzer (Elementar Vario EL III). The glass
transition temperature (7Ty), recrystallization temperature (Tc),
melting temperature (7T,,), and thermal decomposition
temperature (Tg4; temperature at which weight loss reached 5%)
of TDGTPA were determined through differential scanning
calorimetry (TA Instruments, DSC-2010) and thermogravimetric
analysis (TA Instruments, TGA-2050). Both analyses were per-
formed under a N, atmosphere at scanning (both heating and
cooling) rates of 10 °C min~". The temperatures at the inter-
cepts of the curves in the thermograms (endothermic,
exothermic, or weight loss) with the leading baseline were taken
as estimates of the values of T, and T4. Absorption spectra were
measured using a Hewlett-Packard 8453 UV-Vis spectrometer. A
dilute 0-DCB solution of TDGTPA was filtered through a 0.45 um
filter to remove insoluble materials prior to spectral measure-
ment. Cyclic voltammetry (CV) of TDGTPA was performed using
a CHI 611D electrochemical analyzer (CH Instruments; scan-
ning rate: 50 mV s~ ') equipped with Pt electrodes and an Ag/Ag*
(0.10 M AgNO; in MeCN) reference electrode in an anhydrous,
N,-saturated solution of 0.1 M Buy,NClO, in MeCN. A Pt plate
coated with a thin organic film was used as the working elec-
trode; a Pt wire and an Ag/Ag" electrode were used as the
counter and reference electrodes, respectively. The electro-
chemical potential calibrated against ferrocene/
ferrocenium. The morphologies of films prepared from P3HT/
PC;;BM blends were studied using atomic force microscopy
(AFM, Seiko SII SPA400) and transmission electron microscopy
(TEM, JEOL JEM-1400).

was

2.2 Synthesis of TDGTPA

3,6-Di(5-bromothien-2-yl)-2,5-di(2-(2-ethoxyethoxy)ethyl)pyr-
rolo[3,4-c]pyrrole-1,4-dione (1), (4,4’-di-tert-butyl-4”-(4,4,5,5-
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tetramethyl-1,3,2-dioxaborolan-2-yl))triphenylamine (2),
and 3,4,5-tris(4-bromophenyl)-4H-1,2,4-triazole (4) were

synthesized according to previously reported procedures.>>*

3-[5-[4-(N,N-Bis(4-tert-butylphenyl)amino)phenyl]thien-2-yl]-
2,5-bis(2-(2-ethoxyethoxy)ethyl)-6-(5-bromothien-2-yl)pyrrolo
[3,4-c]pyrrole-1,4-dione (3), 3,4,5-tris(4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl)-4H-1,2,4-triazole  (5), and
TDGTPA were synthesized as displayed in Scheme 1.
3-[5-[4-(N,N-Bis(4-tert-butylphenyl)amino)phenyl|thien-2-yl]-
2,5-bis(2-(2-ethoxyethoxy)ethyl)-6-(5-bromothien-2-yl)pyrrolo
[3,4-c]pyrrole-1,4-dione (3). A solution of 1 (1.00 g, 1.45 mmol), 2
(0.490 g, 1.01 mmol), and Pd(PPh;), (0.220 g, 0.200 mmol) in
toluene (40 mL) and aqueous K,COj; (2 M, 10 mL) was heated
under reflux with vigorous stirring under a N, atmosphere for
48 h. After cooling to room temperature, the mixture was par-
titioned between DCM and water. The organic phase was
collected, dried (MgSO,), filtered, and evaporated to dryness.
The crude product was purified through column chromatog-
raphy (SiO,; DCM/acetone) to give a deep-purple solid (0.37 g,
39%). "H NMR spectrum of compound 3 has been shown in
Fig. S1.1 'H NMR (600 MHz, CDCl;, TMS): ¢ 1.12-1.19 (m, 6H),
1.33 (s, 18H), 3.43-3.49 (m, 4H), 3.51-3.56 (m, 4H), 3.61-3.67
(m, 4H), 3.78-3.82 (m, 4H), 4.20 (t, ] = 6.0 Hz, 2H), 4.31 (t, ] =
6.0 Hz, 2H), 7.03 (d, / = 9.0 Hz, 2H), 7.07 (d, J = 9.0 Hz, 2H), 7.19
(d,J = 4.2 Hz, 1H), 7.30 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 4.2 Hz,
1H), 7.52 (d, J = 8.4 Hz, 2H), 8.44 (d, J = 4.2 Hz, 1H), 8.90 (d, ] =
4.2 Hz, 1H). *C NMR (150 MHz, CDCl,): 6 15.1, 30.9, 31.4, 34.4,
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Scheme 1 Synthesis of 3, 5, and TDGTPA.
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41.8,42.2, 66.7, 69.0, 69.7,70.8,107.3, 108.4, 110.0, 118.4, 121.7,
123.3, 124.7, 125.5, 126.2, 127.0, 127.1, 131.1, 134.1, 137.3,
137.8,141.2,144.2,146.7,149.1,151.4, 161.2, 161.7, 207.0. Anal.
caled for CsyHeoN3OgS,Br: C, 64.60; H, 6.21; N, 4.35; O, 9.94; S,
6.62. Found: C, 64.58; H, 6.20; N, 4.38; O, 9.90; S, 6.66.
3,4,5-Tris(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)

phenyl)-4H-1,2 4-triazole (5). A solution of 4 (4.37 g, 8.18 mmol)
in dry THF (40 mL) was stirred at —78 °C under a N, atmosphere
for 20 min and then n-BuLi (2.5 M in hexane, 5.24 mL, 13.1
mmol) was added dropwise. The mixture was maintained at
—78 °C with stirring for a further 2.5 h, at which point trimethyl
borate (1.47 mL, 13.0 mmol) was added dropwise. The mixture
was warmed to room temperature and stirred for 12 h, then HCI
(1 N) was added to quench the reaction. The mixture was
concentrated using a rotary evaporator. The residue was parti-
tioned between DCM and water; the organic phase was dried
(MgS0,), filtered, and evaporated to dryness. The residue was
recrystallized (MeOH) to provide a white solid (2.70 g, 48.9%).
"H NMR spectrum of compound 5 has been shown in Fig. S2.1
"H NMR (CDCl;, 600 MHz, 6/ppm): 1.33 (s, 24H), 1.37 (s, 12H),
7.09 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 7.8 Hz, 4H), 7.71 (d, ] =
8.4 Hz, 4H), 7.80 (d, J = 8.4 Hz, 2H). "*C NMR (150 MHz, CDCl5):
6 10.5, 14.0, 23.0, 23.6, 28.3, 28.4, 29.7, 30.1, 31.4, 34.4, 39.1,
46.0,121.6,123.2, 124.7, 125.4, 126.3, 126.8, 128.5, 131.3, 134.6,
138.0, 141.3, 144.2, 146.7, 149.0, 151.0, 161.6, 161.9. Anal. calcd
for CsgH,gN3OBs: C, 67.62; H, 7.12; N, 6.23; O, 14.23. Found: C,
67.60; H, 7.15; N, 6.20; O, 14.26.

Compound 3

#:an@lﬁ,?(@&

Compound 5

TDGTPA
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Fig. 1 DSC and TGA thermograms of TDGTPA.

TDGTPA. A solution of 3 (1.00 g, 1.05 mmol), 5 (0.175 g, 0.260
mmol), and Pd(PPh;), (0.220 g, 0.200 mmol) in toluene (40 mL)
and aqueous K,CO; (2 M, 10 mL) was heated under reflux with
vigorous stirring under a N, atmosphere for 48 h. After cooling
to room temperature, the toluene was evaporated under
vacuum. The resulting mixture was partitioned between DCM
and water. The organic phase was collected, dried (MgSO,),
filtered, and evaporated to dryness. The crude product was
purified through column chromatography (SiO,; DCM/acetone)
to give a deep-purple solid (0.114 g, 15%) having values of Ty, Tc,
and Ty, of 48.0, 126.4, and 192.7 °C, respectively. "H NMR
spectrum of TDGTPA has been shown in Fig. S3.1 'H NMR
(CDCl;, 600 MHz, 6/ppm): 1.12-1.19 (m, 18H), 1.32 (s, 54H),
3.43-3.49 (m, 12H), 3.51-3.56 (m, 12H), 3.61-3.67 (m, 12H),

This journal is © The Royal Society of Chemistry 2018

3.78-3.81 (m, 12H), 4.20 (t,J = 6.0 Hz, 6H), 4.31 (t,J = 6.0 Hz,
6H), 7.04 (d, J = 9 Hz, 12H), 7.05-7.09 (m, 8H), 7.30 (d,J = 9 Hz,
12H), 7.35 (d,J = 4.2 Hz, 3H), 7.44 (t,] = 6.0 Hz, 3H), 7.52 (d, ] =
9 Hz, 6H), 7.60 (d, ] = 4.2, 4H), 7.70 (d, ] = 8.4 Hz, 4H), 7.90 (d, J
= 8.4 Hz, 2H), 8.70 (d,J = 3.6 Hz, 3H), 8.75 (d, ] = 4.2 Hz, 3H),
8.88 (d, J = 4.2 Hz, 3H), 8.97 (d, J = 4.2 Hz, 3H). >*C NMR
spectrum of TDGTPA has been shown in Fig. S4.1 ">C NMR (150
MHz, CDCl,): 6 14.1, 15.1, 22.7, 29.7, 31.9, 34.4, 41.9, 65.9, 66.2,
66.7, 68.9, 70.0, 70.7, 107.4, 108.2, 110.0, 121.0, 121.8, 123.2,
124.6, 125.5, 126.2, 127.0, 127.2, 128.4, 128.8, 129.8, 130.4,
130.9, 134.2, 137.1, 139.0, 140.8, 142.1, 144.1, 144.2, 146.6,
146.8, 149.0, 151.0, 161.4, 161.8, 167.7. Anal. caled for
C176H102N1,015S6 (2952) C, 71.54; H, 6.50; N, 5.69; O, 9.76; S,
6.50. Found: C, 71.56; H, 6.47; N, 5.71; O, 9.75; S, 6.51.
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2.3 Fabrication and characterization of inverted PSCs

The inverted PSCs in this study were based on the structure ITO-
coated glass/ZnO/interfacial layer/photoactive layer/MoO; (5
nm)/Ag (50 nm), with the photoactive layer comprising an
interpenetrating network of P3HT/PC,;BM. ITO-coated glass
(sheet resistance: 15 Q per square) was purchased from Applied
Film Corp. PC,,BM was purchased from Nano-Carbon and used
as received. The ITO substrates were patterned lithographically,
cleaned with detergent, ultra-sonicated in acetone and iso-
propyl alcohol, dried on a hot plate (120 °C, 5 min), and then
treated with oxygen plasma (15 min). The ZnO precursor solu-
tion was spin-cast on a pre-cleaned ITO-glass substrate and
annealed (200 °C, 1 h) to give a ZnO film having a thickness of
30 nm, as determined using a profilometer. A solution of
TDGTPA (0.1 wt%) in 0-DCB was then spin-coated (2000 rpm)
onto the ZnO-coated substrates to afford a bilayer film after
annealing (80 °C, 30 min). A solution of P3HT/PC,;BM (1 : 1, w/
w; 20 mg mL ") in 0-DCB was stirred overnight, filtered through
a 0.2 mm polytetrafluoroethylene filter, and then spin-coated
(1000 rpm, 60 s) onto the TDGTPA-based interfacial layer to
form the P3HT/PC,;BM film-based photoactive layer. The
thickness of the photoactive layer was approximately 90 nm.
Subsequently, a thin layer of MoOj; (thickness: ca. 10 nm) was
vacuum-deposited on top of the photoactive layer at an evapo-
ration rate of 0.1 A s™*. The top Ag electrode (100 nm) was
thermally deposited through a shade mask having an effective
device area of 0.04 cm?. After electrode deposition, the inverted
PSC was encapsulated. The cathode deposition rate was deter-
mined using a quartz thickness monitor (STM-100/MF, Sycon).
The thicknesses of the thin films were determined using
a surface texture analysis system (3030ST, Dektak). The PV
properties of the inverted PSCs were measured using

View Article Online
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a programmable electrometer equipped with current and
voltage sources (Keithley 2400) under illumination with solar-
simulating light (100 mW cm™>) from an AM1.5 solar simu-
lator (NewPort Oriel 96000).

3. Results and discussion
3.1 Chemical and thermal characterization of TDGTPA

As displayed in Scheme 1, the conjugated branched compound
3 was synthesized through Suzuki coupling of the 2,5-thienyl
diketopyrrolopyrrole dibromide 1 and the tert-butyl-substituted
triphenylamino boronic ester 2. TDGTPA was then obtained
through Suzuki coupling of the bromide 3 with the triazole
tris(boronic ester) 5. The chemical structure of TDGTPA was
confirmed using "H NMR spectroscopy and elemental analysis.
TDGTPA is soluble in common organic solvents, including o-
DCB, chlorobenzene, DCM, CHCIl;, and THF. Such excellent
solubility suggested favorable spin-coating of TDGTPA on the
ZnO layer. We used DSC and TGA to determine the thermal
properties of TDGTPA (Fig. 1). The transition temperatures were
determined from the second round of the DSC heating scan. A
glass transition temperature (7y), a recrystallization tempera-
ture (T¢), and a melting temperature (T;,) were all observed for
TDGTPA: 47.5,126.4, and 192.6 °C, respectively. In addition, the
value of T4 for TDGTPA was 310 °C. Such a high thermal
stability suggested that this compound might be suitable for
PSC applications.

3.2 Optical properties of TDGTPA

Fig. 2 presents normalized UV-Vis absorption spectra of
TDGTPA as a solution in 0-DCB and as a solid film. In the 0-DCB
solution, the spectrum of TDGTPA exhibited an absorption

ind —™ TDGTPA (in 0-DCB)
“ | —— TDGTPA (as film)
0.8
5
s
8 064
o
©
£
?
o 04-
<
0.2
0.0 1 ) 1 1 1 1
400 450 500 550 600 650 700

750 800

Wavelength (nm)

Fig. 2 Normalized UV-Vis absorption spectra of TDGTPA in solution and as a thin film.
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band at 600 nm, representing intramolecular charge transfer
(ICT) between the triphenylamine donor units and the
diketopyrrolopyrrole-based branches. The maximal absorption
wavelength of TDGTPA in the thin film state appeared at
604 nm; that is, it was not significantly red-shifted relative to the
signal of the sample in 0-DCB. We suspect that the presence of
three diketopyrrolopyrrole-based branches having bulky struc-
tures resulted in spatial non-coplanarity of the triazole core with
respect to these three arms. Accordingly, the degree of -
stacking of the branches was low and, therefore, the red-shift of
the maximum absorption wavelengths in thin film state was not
significant for TDGTPA.*"*® Nevertheless, the full width at half
maximum (FWHM) of the absorption band of TDGTPA in the
film state was greater than that of the sample in solution, sug-
gesting that the conformation of the SSM in the thin film was
more complex than that in solution. We determined the band
gap energy (Ey) of TDGTPA in the thin film state from the onset
wavelength (740 nm) of the absorption band, obtaining a value
of 1.68 eV. Presumably, charge transfer between the triazole
core and the conjugated branches resulted in this relatively low
value of E, for TDGTPA.

3.3 Electrochemical properties of TDGTPA

We used CV to investigate the electrochemical behavior of
TDGTPA and to estimate the energy level of its highest occupied
molecular orbital (HOMO). Fig. 3 reveals the oxidation behavior
of TDGTPA in the CV curve. The oxidation potential (Egy) of
TDGTPA was 0.56 V vs. Ag/Ag’. Based on this value, we calcu-
lated the HOMO energy level of TDGTPA according to the

equation:*”**

HOMO = 7e(Eg?1 - Eg?l, ferrocene + 48) (CV)

View Article Online
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where 4.80 eV is the energy level of ferrocene below the vacuum
level and the value of ESx of ferrocene/ferrocene’ is 0.09 V in
0.1 M Bu,NClO,/MeCN. Accordingly, we obtained a HOMO
energy level for TDGTPA of —5.36 eV. We suspect that the
relatively high degree of electron delocalization along the
diketopyrrolopyrrole-based conjugated branches led to a rela-
tively low value of Egy, and the relatively high HOMO energy level
of TDGTPA. Because no evidence for reversible n-doping was
apparent in the CV spectra, we estimated the LUMO energy level
from the HOMO energy level and the value of E, obtained from
the UV-Vis absorption spectra, using the equation

LUMO = (HOMO + E,) (V)

This approach gave a LUMO energy level of —3.98 eV for
TDGTPA. We attribute this relatively low LUMO energy level to
the high content of electron-deficient moieties (diketopyrrolo-
pyrrole, triazole) in the SSM. We suspected that such a low
LUMO energy level would, however, be favorable for electron
transfer from the P3HT/PC,;BM-based photoactive layer to the
electron-transporting ZnO layer when we used TDGTPA as the
electron-selective layer in inverted PSCs. Apart from that, CV
spectrum were measured with 30 runs of scan to study the
reversibility and electrochemical stability of TDGTPA (Fig. S57).
The intensity of the CV peak slightly decreased for the first five
runs of scan and then remained unchanged for the further runs
of scan. CV spectra indicate that the TDGTPA exhibited good
electrochemical stability.

3.4 Morphology of TDGTPA-coated ZnO

The electron-injection capacity and PV performance of an
inverted PSC are strongly dependent on the morphology of its
ZnO layer. We used AFM (topographic and phase-contrast

Current (mA)

I I
0.0 0.2 0.4 0.6 0.8

1.0 1.2

Potential (V vs Ag/Ag+)

Fig. 3 Cyclic voltammogram of TDGTPA.
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images) to investigate the surface morphologies of TDGTPA-
coated ZnO layers. As revealed in Fig. 4(a) and (b), the surface
roughness of the ZnO layer was 5.2 nm. The surface roughness
decreased after TDGTPA (0.1 wt%) was coated (thickness: 10-20
nm) onto the ZnO layer. Indeed, the surface morphology of the
ZnO layer was influenced after modification with TDGTPA.
Nevertheless, high surface areas remained for the TDGTPA-
coated ZnO layers. A large contact area would favor electron
transfer from the photoactive layer to the ZnO layer. Next, we
coated the surfaces of the ZnO and TDGTPA-modified ZnO
layers with the P3BHT/PC,,BM (1 : 1, w/w) blend-based photo-
active layer. Fig. 5 presents the corresponding topographic and
phase-contrast AFM images. The phase images indicate that the
PC,,BM and P3HT units were phase-separated on the nanoscale
on the surfaces of both the ZnO and TDGTPA-modified ZnO
layers. This phase separation was more obvious for the P3HT/
PC,,BM blend film coated on the TDGTPA-modified ZnO layer.
Because the PV performance of bulk heterojunction solar cells
is strongly dependent on the morphology of the P3HT/PC,;BM
blend film, the P/N heterojunction phase must be controlled at
the nanoscale level to avoid recombination of excitons.’””** A
certain degree of phase separation is crucial for the efficient
formation of free carriers to provide PSCs with optimal PV
properties. Furthermore, the presence of a large surface area for
the photoactive layer favors hole transfer from the photoactive
layer to the anode electrode.

View Article Online

Paper

3.5 Surface energy of TDGTPA-coated ZnO

The surface energy of ZnO significantly influences the
compatibility between the ZnO layer and a conjugated polymer-
based photoactive layer.'*>** Moreover, the PV performance of
inverted PSCs is closely related to the surface energy of the ZnO
layer. Furthermore, the PV performance is also influenced by
the surface energy of the surface-modified ZnO layer. The best
PV performance of a P3HT:PC,;BM-based inverted PSC was
obtained when the surface-modified ZnO layer had an inter-
mediate surface energy of 51 mN m™'.1%% Thus, we calculated
the surface free energies of the ZnO, TDGTPA, and
P3HT:PC,,BM layers by measuring their contact angles (CAs) to
water and glycerol, based on the Wu model (harmonic mean).>
The measured CAs () were used in the following equations to
calculate the polar (yP) and dispersive (%) components of the
total energy y"'; here, the subscript “w” refers to deionized
water and “Gly” to glycerol:

Y (1 + cos 0y) = [Aysy/(ve + v9)] + [ByRaPl(vh + 7P)]
and

Yary (1 + c0s O1y) = [Ay&r vy + v + By y™/(vBry + 7).

Thus, the total surface energy is

}(.‘*
& Y™

Fig. 4 Tapping-mode AFM (a and c) topographic and (b and d) phase images of (a and b) ZnO and (c and d) TDGTPA-modified ZnO layers.
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Fig.5 Tapping-mode AFM (a and c) topographic and (b and d) phase images of P3HT/PC,,BM (1 : 1, w/w) blend film-coated (a and b) ZnO and (c

and d) TDGTPA-modified ZnO layers.

,Ytot — ,Yp + 'Yd~

Table 1 summarizes the calculated surface energies. The
surface energies of ZnO and P3HT were 74.5 and 20.0 mN m ™",
respectively, in good agreement with those reported previ-
ously."*® The TDGTPA- and TDGTPA/P3HT:PC,;BM-coated
ZnO films had surface energies of 40.7 and 24.9 mN m ™,
respectively. Thus, the surface energy of ZnO decreased
significantly after its surface had been modified with
a TDGTPA film. This behavior would presumably improve the
compatibility of the ZnO layer with the P3HT:PC,;BM-based

photoactive layer.

3.6 PV properties of P3HT/PC,;BM-based inverted PSCs
incorporating TDGTPA as an electron-selective layer

We fabricated inverted PSCs having the structure ITO/ZnO (30
nm)/P3HT:PC,;BM/Mo0; (5 nm)/Ag (50 nm), where ITO and Ag
functioned as the cathode and anode, respectively. We also
prepared structures in which TDGTPA was inserted as the
electron-selective layer between the ZnO layer and the photo-
active layer. Fig. 6(a) and (b) present schematic representations
of the configurations and energy levels of each component in
the PSCs. We expected that the low LUMO energy level of
TDGTPA would be favorable for electron transfer from the
photoactive layer to the ZnO layer. We measured the PV

Table 1 Contact angles and surface energies of films of ZnO, TDGTPA, P3HT:PC,,BM, and TDGTPA/P3HT:PC5,BM“

Film Owater (°) Ogtycerol (°) vP (MmN m™) v? (MmN m™) Y (mN m™)
ZnO 40.9 61.2 71.3 3.2 74.5
ZnO/TDGTPA 68.1 56.4 20.1 20.6 40.7
ZnO/P3HT:PC,;BM 97.8 90.4 10.0 11.1 21.1
ZnO/TDGTPA/P3HT:PC,,BM 96.2 84.6 7.6 17.3 24.9

“ The measured contact angles, §, were used with the Wu equation (harmonic mean) to calculate the polar (yP) and dispersive (%) components of

the total energy (v"*").
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(a) Device architecture of the P3HT/PC;;BM—-based inverted PSCs incorporating TDGTPA as a modifying layer. (b) Schematic repre-

sentation of the energy levels of the individual components in the inverted PSCs.

performance of the PSCs under illumination with solar-
simulating light (100 mW cm™?) from an AM1.5 solar simu-
lator. Fig. 7 displays the current density-voltage (/-V) charac-
teristics of the inverted PSCs; Table 2 summarizes the
photovoltaic parameters. The control bare device exhibited
a PCE of 2.92% with an open-circuit voltage (Voc) of 0.63 V,
a short-circuit current (Jsc) of 8.00 A cm 2, and an FF of 0.58.
After the ZnO layer had been modified with TDGTPA, the PV
performance of the inverted PSC improved. The incorporation
of the TDGTPA afforded increases in the value of Js¢ (9.09 mA
cm %) and fill factor (0.60). The PCE of the PSC incorporating

the ZnO layer modified with TDGTPA was enhanced signifi-
cantly, to 3.38%—an improvement of 15.8% over that (2.92%) of
the bare inverted PSC. The dark current density measurements
of the P3HT/PC,;BM blend based inverted PSCs have been
newly added in Fig. S6.1 The dark current density was reduced
for the P3HT/PC,;BM blend based inverted PSCs by the inser-
tion of a TDGTPA interlayer between ZnO and photoactive layer.
This implies that the presence of TDGTPA is favorable for the
electron transport from photoactive layer to ZnO layer. In
addition, the electron-mobilities were measured by the space
charge limited current (SCLC) method with structure of

—a— PSC |
—e—PSC I

Current Density ( mA / cm?)

1
0.3

1 1 N 1
04 05 06 0.7

Voltage (V)

Fig. 7 Current density—potential characteristics of illuminated (AM 1.5 G, 100 mW cm~2) P3HT/PC,,BM-based inverted PSCs.
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Table 2 Photovoltaic performance of P3HT:PC,BM blend film-based inverted PSCs

Inverted PSC* Electron-selective layer Photoactive layer Voc (V) Jsc (mA ecm™?) FF PCE (%)
PSC1 — P3HT:PC,;BM 0.63 8.00 0.58 2.92
PSC II TDGTPA P3HT:PC,,BM 0.62 9.09 0.60 3.38

4 PV properties of illuminated (AM1.5 solar simulator, 100 mW c¢m™2) P3HT:/PC,,BM-based inverted PSCs.
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Fig. 8 Storage stability of P3HT:PC,,BM blend film based inverted PSCs with/without TDGTPA interlayer in ambient conditions.

electron-only  device  ITO/ZnO/Interlayer/P3HT:PC,;BM/Al
(Fig. S7t). The electron-mobility values are estimated to be
6.85 x 107 % and 9.54 x 10> cm® V' S77, respectively. After the
ZnO layer had been modified with TDGTPA, the electron-
mobility of the device was improved. Apart from that, the
external quantum efficiency (EQE) spectra of these P3HT/
PC;;BM based inverted PSCs recorded under monochromatic
irradiation are shown in Fig. S8.7 The maximal EQE value of
TDGTPA-incorporated P3HT:PC,;BM based inverted PSC was
slightly higher than that of the bare inverted PSC. The
enhancement of EQE can be attributed to the reduced contact
resistance owing to the TDGTPA layer inserted between ZnO
and photoactive layers. Accordingly, TDGTPA did indeed play
a positive role as an electron-selective layer in the inverted PSC.
The addition of TDGTPA decreased the surface roughness of the
ZnO layer while also increasing the conductivity and charge
transfer capacity at the interface between the ZnO layer and the
photoactive layer. Consequently, we observed a higher photo-
current density and a higher PCE for the inverted PSC incor-
porating the TDGTPA-modified ZnO layer.

In general, the stability of PSCs is mainly affected by the
photovoltaic performance of the cell, while the thermal and
morphology stability of PSCs is influenced by the P3HT
molecular motions in photoactive layer. Nevertheless, the

This journal is © The Royal Society of Chemistry 2018

influence of the molecular motions on the thermal stability and
morphology of the P3HT:PC,;BM blend film would not be
significant since the T, of P3HT:PC,;BM blend film is higher
than 120 °C. DSC thermograms show that the T,s of P3HT and
P3HT:PC,;BM blend were observed at around of 127 °C
(Fig. S9t). The molecular motions during the glass transition
was suppressed for P3HT after blending with PC,;BM. More-
over, the topographic and phase images of P3HT:PC,;BM blend
film indicate that the morphology of photoactive layer was
stable after storage in ambient air for 10 days (Fig. S107).
Therefore, we discussed the storage stability of inverted PSCs in
ambient conditions under the illumination of a light intensity
of 100 mW cm™? (Fig. 8). The P3HT:PC,,BM blend film based
inverted PSC with TDGTPA interlayer exhibited better stability
than did the inverted PSC without TDGTPA interlayer. This is
attributed to lower series resistance and higher photo-
conversion efficiency of TDGTPA inserted PSC.

4. Conclusion

We have synthesized a novel triazole-cored star-shaped mole-
cule, TDGTPA, presenting 2,5-thienyl diketopyrrolopyrrole
derivatives as conjugated branches, and then used it as an
electron-selective interlayer in inverted PSCs. The low LUMO

RSC Adv., 2018, 8, 31478-31489 | 31487
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energy level of TDGTPA favors electron transfer from the
P3HT:PC,,BM blend-based photo-conversion layer to the ZnO
layer. Moreover, the surface energy of the ZnO layer decreased
significantly after its surface was modified with a film of
TDGTPA. Such modification improved the compatibility of the
ZnO layer and the P3HT:PC,;BM-based photoactive layer. As
aresult, inserting the TDGTPA film as an electron-selective layer
enhanced the short-circuit current density and the photo-
conversion efficiency of a P3HT:PC,;BM blend-based inverted
PSC.
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