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Three novel tetraaryldiamines are synthesized and applied as an interlayer between zinc oxide (ZnO) and
photoactive layers in PTB7-Th:PC;:BM solar cells. The arylamines have an optical bandgap of 3.0-3.4 eV
and do not interfere with the light-harvesting window of our polymer:fullerene combination. They
enhance the power conversion efficiency from 7.48% in the control device to 8.95%, 8.18%, and 7.84%
in PN-, PA-, and PAP-based devices, respectively. The dependence of photovoltaic parameters on the
deposition conditions of the interlayer reveals that the current density and fill factor are the main param-
eters that increase when tetraaryldiamines are used as an interlayer. The external quantum efficiency
increases from 73.1% in the bare ZnO device to 77.7-82.0% in the interlayer-incorporated devices. The
power loss owing to the series and shunt resistances is reduced by a suitable alignment of the electronic
energy levels with the interlayer and enhanced charge transfer through the components. Interlayer-
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Stability incorporated devices also show a superior environmental stability compared to devices using bare
ZnO0. The results of this study should help advance the engineering strategies for organic solar cells with
enhanced performances.
© 2022 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction mismatch of surface energy with certain photoactive layers [22-

Significant research effort has recently been focused on boost-
ing the performance of organic solar cells via the design and syn-
thesis of photoactive materials, charge-transporting layers,
electrodes, and interlayers, as well as the optimization of device
architecture [1-8]. The photoactive layer is typically wedged
between the electron-transport layer and hole-transport layer.
The transport layers and the electrodes are of extreme importance
for the separation and extraction of charge carriers with minimal
charge recombination in the cell, in order to boost the device per-
formance [9-13]. Different materials, such as polymers, functional-
ized fullerene derivatives, polyelectrolytes, metal oxides and salts,
and self-assembled monolayers, have been employed as electron-
transporting layers [14-21]. Zinc oxide (ZnO) is widely used for
an electron-transport layer, owing to its high transparency, appro-
priate electronic energy levels, and environment-friendliness
[10,22]. However, ZnO also exhibits certain limitations, such as
non-uniform morphology affecting its charge-transfer properties,
surface defects acting as potential recombination sites, and the
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26]. To overcome these drawbacks, passivation of ZnO by ionic lig-
uids, self-assembled monolayers, polymers, and functionalized
fullerenes has been proposed [27,28]. The deposition of thin buffer
layers on a ZnO layer can smoothen the ZnO surface, improve the
charge collection efficiency, and form a dipole moment at the
interface to enhance charge transport [29,30]. Ideally, a suitable
buffer layer exhibits solvent orthogonality with the active layer,
charge-carrier selectivity with a suitable work function, and the
ability to enhance device stability [31-33].

Recently, the performance of organic solar cells has been nota-
bly enhanced by employing amine-functionalized materials as an
interlayer. For instance, an aliphatic amine derivative, called
PDINN, was used as an interlayer in organic devices and reduced
the work function of the metal cathode, thereby creating a better
contact [34]. The use of a modified version of perylenediimides,
called PDIN-H, as a cathode interlayer in organic solar cells with
an inverted structure revealed an appreciable enhancement in
device performance [35]. Generally, materials bearing amine
groups are believed to reduce the work function of electroactive
materials, including metals, polymers, and metal oxides [36]. This
interesting feature motivated us to develop a series of arylamines
and apply them as an interlayer sandwiched between the ZnO
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and photoactive layers in organic solar cells with an inverted struc-
ture to enhance device performance and stability.

Herein, we report three tetraaryldiamines, namely N,N,N',N'-tet
rakis(4-(naphthalene-1-yl)phenyl)ethylenediamine (PN), N,N,N,
N'-tetrakis(4-(anthracene-9-yl)phenyl)ethylenediamine (PA), and
N,N,N',N'-tetrakis(4-(10-phenylanthracene-9-yl)phenyl)ethylene
diamine (PAP), that were synthesized economically in higher yields
via short synthetic routes from easily accessible reagents. The
tetraarylamines are easy to handle using common organic solvents,
and have a wide bandgap (>3 eV) and an absorption in the ultra-
violet region, allowing the harvesting of visible and infrared light
at the photoactive layer. These arylamines were applied as an
interlayer between a PTB7-Th:PC7;BM photoactive layer and an
electron-transporting ZnO layer in organic solar cells. The maxi-
mum power conversion efficiencies (PCEs) were 8.95%, 8.18%,
and 7.84%, for the optimized ZnO/PN, ZnO/PA, and ZnO/PAP
devices, respectively; these values were significantly higher than
that of a control ZnO device (7.45%). The interlayer affected the
short-circuit current density (Jsc) and fill factor (FF). A detailed
investigation, conducted with the best-performing PN interlayer,
revealed that the interlayer enhanced charge transfer through
the layers and interfaces.

Experimental section
Materials

Naphthalene-1-boronic acid, 9-anthraceneboronic acid, (10-
phenylanthracen-9-yl)boronic acid, chlorobenzene, butyl acetate,
zinc acetate dehydrates, diiodooctane, silver (Ag), and molybde-
num oxide (MoOs) were purchased from Sigma-Aldrich. Tetrakis(
triphenylphosphine)palladium(0), PTB7-Th (catalog name: PCE-
10), PC;:BM, ethanolamine, and 2-methoxyethanol were pur-
chased from Tokyo Chemical Industry (TCI), 1-Material, Nano-C,
Daejung Chemicals & Metals, and Samchun Chemicals, respec-
tively. An indium tin oxide (ITO; 10 Q/sq)/glass substrate was pur-
chased from AMG-Tech.

Synthesis

General procedure for preparation of tetraaryldiamines (3).
N,N,N',N'-Tetrakis(4-bromophenyl)ethylenediamine (2) was pre-
pared according to the previous report [37,38]. To tetrakis(triphe
nylphosphine)palladium(0) (0.17 g, 0.15 mmol), arylboronic acid
(3.23 mmol), and 2 (0.50 g, 0.74 mmol) in a two-neck round-
bottom flask under nitrogen atmosphere, toluene (15.0 mL), etha-
nol (5.0 mL), and 2 M aqueous Na,COs solution (2.2 mL, 4.41 mmol)
were added. The solution was heated at reflux for 72 h and cooled
to room temperature. The reaction mixture was diluted with chlo-
roform (100.0 mL), washed with water (x3) and brine, and dried
over MgSO,4. The resulting solution was concentrated under vac-
uum to afford the crude product that was further purified by a col-
umn chromatography or a hot gravity filtration.

Preparation of N,N,N,N-tetrakis(4-(naphthalene-1-yl)phe
nyl)ethylenediamine (3a, PN). PN was prepared by the reaction
of naphthalene-1-boronic acid (0.56 g, 3.23 mmol) and 2 (0.5 g,
0.74 mmol). The crude product was purified by column chromatog-
raphy (CH,Cly:n-hexane = 1:2) to afford 3a (0.63 g, 96.4%) as a
white powder: mp = 207-208 °C (uncorrected); TLC Ry 0.50 (CH-
Cly:n-hexane 1:1); 'H NMR (600 MHz, CDCl;) 88.03 (d,
J = 8.35 Hz, 4H), 7.90 (d, J = 8.10 Hz, 4H), 7.84 (d, ] = 8.14 Hz,
4H), 7.51 (dd, J; = 8.14 Hz, J, = 8.10 Hz, 4H), 7.47 (d, ] = 8.58 Hz,
8H), 7.48-7.44 (m, 8H),7.39 (ddd, J; = 8.49 Hz, |, = 6.75 Hz,
3 = 1.34 Hz, 4H), 7.27 (d, J = 8.58 Hz, 8H), 4.35 (s, 4H); >*C NMR
(150 MHz, CDCI3) & 146.76, 139.87, 134.02, 133.88, 131.69,
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131.14, 128.27, 127.35, 126.01, 125.95, 125.70, 125.43, 120.63,
50.09; HRMS (FAB, m/z) Calcd for CggHygNo [M + H]: 869.3896;
found: 869.3904.

Preparation of N,N,N,N -tetrakis(4-(anthracene-9-yl)phenyl)
ethylenediamine (3b, PA). PA was prepared by the reaction of
anthracene-9-boronic acid (0.72 g, 3.23 mmol) and 2 (0.5 g,
0.74 mmol). The crude product was purified by column chromatog-
raphy (CH;Cl,:n-hexane = 1:1) to afford 3b (0.67 g, 79.6%) as a pale
yellow powder: mp > 260 °C (uncorrected); TLC Ry 0.63 (CHCl5:n-
hexane = 3:2); 'TH NMR (600 MHz, CD,Cl,) & 8.47 (s, 4H), 8.02
(br-d, J = 8.58 Hz, 8H), 7.83 (br-d, J = 8.88 Hz, 8H), 7.50 (d,
J =8.53 Hz, 8H), 7.43 (d, ] = 8.53 Hz, 8H), 7.39 (ddd, J; = 8.58 Hz,
J2 6.47 Hz, |3 1.05 Hz, 4H), 7.26 (ddd, J; 8.85 Hz,
J2 = 6.47 Hz, J; = 1.22 Hz, 4H), 4.61 (s, 4H); 3C NMR(150 MHz,
CDCl3) & 146.98, 136.78, 132.46, 131.95, 131.41, 130.43, 128.30,
126.82, 126.38, 125.31, 125.04, 120.79, 50.09; HRMS (FAB, m/z)
Calcd for CgoHseN, [M + H]: 1069.4522; found: 1069.4537.

Preparation of N,N,N,N -tetrakis(4-(10-phenylanthracene-9-
yl)phenyl)ethylenediamine (3c, PAP). PAP was prepared by the
reaction of 10-phenylanthracene-9-boronic acid (0.96 g,
3.23 mmol) and 2 (0.5 g, 0.74 mmol). The crude product was puri-
fied by a hot gravity filtration (CH,Cly:n-hexane = 1:4) to afford 3c
(0.39 g, 38%) as a pale brown powder: mp > 267 °C (uncorrected);
TLC Ry 0.25 (CHCl3:n-hexane = 1:1); '"H NMR (600 MHz, CDCl3) §
7.92-7.88 (m, 8H), § 7.69-7.65 (m, 8H), & 7.62-7.57 (m, 8H),
7.57-7.50 (m, 20H), 7.50-7.45 (m, 8H) 7.31-7.25 (m, 16H), 4.63
(s, 4H); '>C NMR(150 MHz, CDCl;) & 147.00, 139.10, 136.96,
136.88, 132.58, 132.28, 131.31, 130.13, 129.93, 128.37, 127.42,
126.96, 125.02, 124.99, 124.96, 120.88, 50.16.

Fabrication of organic solar cells.

Organic solar cells were fabricated on an ITO/glass substrate,
and their structures are given as ITO/ZnO/tetraaryldiamine/PTB7-
Th:PC;;BM/Mo00s/Ag. The ITO/glass substrate was washed with
deionized water, acetone, and isopropanol, and treated with air
plasma for 10 min. Zinc acetate dehydrates (1 g) and ethanolamine
(0.28 g) in 2-methoxyethanol (10 mL) were mixed under vigorous
stirring for 24 h in air [39]. The ZnO precursor solution was aged at
room temperature for 1 day. After deposition of ZnO by spin-
coating at 3 krpm for 40 s, the samples were annealed in air at
200 °C for 60 min to convert the precursor to a ZnO layer having
a thickness of ~ 44.8 nm. Tetraaryldiamines (PN, PA, and PAP) were
dissolved in butyl acetate at designated concentrations (0.5, 1.0,
1.2, 1.5, and 2.0 mg/mL), stirred overnight at 50 °C, and deposited
onto the ZnO layer by spin-coating at 3 krpm for 40 s, followed by
annealing at 150 °C in ambient air for 10 min. The PTB7-Th:PC;;BM
(1:1.5 by weight ratio) blend was prepared in chlorobenzene with
a total concentration of 25 mg/mL. A small amount (3 vol%) of
diiodooctane was added in the polymer:fullerene blend as a pro-
cessing additive. The blended solution was spun on the ZnO- and
ZnO/arylamine-coated substrates at 800 rpm for 60 s; the resulting
samples were transferred to a thermal evaporator to deposit
Mo0s3(10 nm) and Ag (100 nm) through a shadow mask under
ultrahigh vacuum. The fabricated devices had active areas of either
4 or 9 mm?. Photoactive layers were exposed to air without encap-
sulation before and after deposition of top electrode.

Characterization

A Varian VNS system was used for nuclear magnetic resonance
(NMR) spectroscopic analysis ('H NMR 600 MHz, '>C NMR
150 MHz). Chemical shifts were reported in & units (ppm) by
assigning the tetramethylsilane resonance as 0.00 ppm in 'H
NMR and the CDCl; resonance as 77.2 ppm in '3C NMR. Ultravio-
let-visible (UV-vis) absorption spectra and photoluminescence
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(PL) spectra were acquired using a V-670 spectrophotometer
(JASCO) and a Cathodoluminescence Measurement System (PSI),
respectively. Bandgaps of the synthesized tetraaryldiamines (PN,
PA, and PAP) were determined from their solution UV-Vis spectra
using the direct bandgap Tauc plot method [40]. Theoretical geom-
etry optimization of the molecules and single-point energy calcu-
lation of their orbitals were performed based on density
functional theory (DFT) at the B3LYP/6-31G(d) level of theory using
the ORCA 4.2.1 package [41]. Melting point was measured using
Barnstead Electrothermal 9100. A Keithley 2400 was used to mea-
sure the current-voltage curves. Ultraviolet photoelectron spec-
troscopy (UPS) was performed on the films using Sigma Probe
(Thermo VG Scientific) equipped with a He I (21.22 eV) UV source.
The energy scale was calibrated using a gold film as a reference. A
PEC-LO1 system (Peccell Technologies) was used to simulate the
AM1.5G solar irradiation (100 mW/cm?). Device measurements
were carried out in ambient air at room temperature without
any device encapsulation. Electrochemical impedance spec-
troscopy (EIS) analyses of the devices under 1-sun illumination
were conducted in the frequency range from1 MHz to 20 Hz using
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a ZM2410 LCR meter with an AC voltage of 10 mV without any DC
bias.

Results and discussion

The three tetraaryldiamines (PN, PA, and PAP) have a common
flexible core of ethylene diamine and four m-conjugated arylene
moieties connected to two nitrogen atoms. These arylamines were
synthesized in high yields via an efficient synthetic path as
depicted in Scheme 1. They are soluble in common organic sol-
vents, including butyl acetate, tetrahydrofuran, toluene, and
chloroform.

The tetraaryldiamines exhibited absorption profiles in the UV
and blue regions of the spectrum (Fig. 1a). For PN, a strong absorp-
tion peak was observed at 333 nm. As the size of the aromatic moi-
eties increased from naphthalene to anthracene, the absorption
bands of the tetraaryldiamines exhibited a red-shift to 388 nm
(PA). The attachment of a phenyl group to anthracene resulted in
a further red-shift of absorption maximum wavelength to
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Fig. 1. Optical and thermal properties of PN, PA, and PAP: (a) UV-Vis absorption spectra, (b) PL spectra, and (c) TGA profiles.
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398 nm (PAP). Similarly, the photoluminescence (PL) emission
spectra of the three arylamines showed a significant red-shift of
the peak as the conjugated unit became larger (Fig. 1b). Strong
PL emissions of PN, PA, and PAP were observed at 418 nm,
459 nm, and 463 nm, respectively. Optical molecular bandgap,
which was calculated from the UV-Vis absorption spectra using
the Tauc method, showed a progressive decrease from 3.39 eV
for PN to 3.05 eV for PA and to 2.99 eV for PAP. The trend in the
optical bandgap was consistent with the DFT calculation results.
The energy gap between the lowest unoccupied molecular orbitals
(LUMOs) and the highest occupied molecular orbitals (HOMOs)
narrowed from 3.90 eV (PN) to 3.33 eV (PA) and to 3.15 eV
(PAP). The TGA data confirmed that the arylamines were thermally
stable (Fig. 1c). The initial mass loss could be attributed to the
decomposition of arylamines. The decomposition temperature
(Ta05%) were 387 °C, 398 °C, and 406 °C for PA, PAP, and PN, respec-
tively. The molecular properties are summarized in Table 1.

We applied the tetraaryldiamines (PN, PA, and PAP) as an
electron-transporting interfacial layer in organic solar cells, which
had the structure of ITO/ZnO/tetraaryldiamine/PTB7-Th:PC;;BM/
MoOs/Ag (Fig. 2). The energy levels of the constituent materials
are suitable for the inverted structure [42]. Very smooth surface
with a roughness of 0.9-1.2 nm was observed in both ITO/ZnO
and ITO/ZnO/tetraaryldiamines (Fig. S7). The samples are denoted

Journal of Industrial and Engineering Chemistry 113 (2022) 461-467

as ZnO/Px(y), where x represents the aromatic moiety (N, A, or
AP) and y is its concentration (mg/mL). A preliminary study was
conducted on the device to screen which arylamine was effective
at what concentration in enhancing the performance of the solar
cells (Fig. 2). A significant impact on the performance was observed
for all arylamines to different degrees, which may originate from
their common amine nature. Each material was tested by varying
its concentration in butyl acetate and was found to perform opti-
mally with the maximum PCEs of 8.95% for ZnO/PN(1.2), 8.18%
for ZnO/PA(1.5), and 7.84% for ZnO/PAP(1.0). These PCEs are higher
than that of the control sample without arylamines (7.48%). The
photovoltaic parameters are listed in Table 2. In virtually all
devices with the tetraaryldiamine interlayer, the short-circuit cur-
rent density (Jsc) and the fill factor (FF) were significantly
enhanced, leading to an enhanced PCE (Fig. 2b and Tables S1-S2).
Because ZnO/tetraaryldiamine interlayers outperformed pristine
Zn0 and the arylamines shared structural similarities, we focused
on PN as the model system of interest and conducted in-depth
analyses.

To identify the major parameters of enhancement, we studied
PTB7-Th:PC7,BM solar cells fabricated with PN at various concen-
trations during interlayer deposition and characterized them under
simulated AM1.5G solar irradiation at 100 mW/cm? (Fig. 3). The
control device with pristine ZnO without an interlayer exhibited

Table 1
Molecular properties of tetraaryldiamines (PN, PA, and PAP).
Material hAbs.Max AEm Eg HOMO (eV)° LUMO (eV)" Ta05%
(nm) (nm) (eV)'! ()
PN 333 418 3.39 —5.00 -1.10 406
PA 388 459 3.05 —4.93 -1.60 387
PAP 398 463 2.99 —-4.79 -1.64 398
¢ Calculated from the onset of absorption spectra in solution.
b Obtained from DFT calculations at the B3LYP/6-31G(d) level.
A
o (b) 0 PCE (%)
-3.64 ——2n0 7.48
— ITO/ZnO/PN -4.00 e —e— ZnO/PN(1.2) 8.95
> -4.16 o NE —o— ZnO/PA(1.5) 8.18
) —_—— 0 4.30 5 -10} |-e—znopaP(1.0) 7.84
>| -4.32) = | 5 A <
> | o 1] g
& | ITO/ZnO | =l E E
5 | ) -
w a
-4.64 522 549 -20
ITO —:
580 MoO, 00 02 04 06 038

V()

Fig. 2. (a) A schematic of PTB7-Th:PC;;BM-based organic solar cell with a tetraaryldiamine interlayer, along with the corresponding energy level diagram of the constituent
layers. (b) J-V curves of devices with and without the optimized tetraaryldiamine (PN, PA, and PAP) interlayers, under simulated one sun (100 mW/cm?).

Table 2
Photovoltaic parameters of optimal PTB7-Th:PC7;BM devices with PN, PA, and PAP as interlayers.
ETL Voc & J5& FF PCE PCEmax EQE Re Rsn
v) (mA/cm?) (mA/cm?) (%) (%) (%) (%) (Q cm?) (Q cm?)
Zn0O 0.74 17.75 16.94 48.07 6.34 7.48 731 6.98 179.27
(£0.01) (£1.09) (£1.73) (£0.50) (£0.54) (+39.63)
ZnO/PN (1.2) 0.73 18.89 18.55 56.45 7.80 8.95 77.7 5.03 378.50
(£0.02) (+1.08) (+2.89) (£0.52) (£0.95) (+105.87)
ZnO/PA (1.5) 0.73 20.51 19.18 4943 7.39 8.18 80.7 6.794 166.76
(£0.01) (£0.33) (+2.19) (£0.49) (£0.42) (+36.42)
ZnO/PAP (1.0) 0.71 20.64 18.83 49.85 7.35 7.84 82.0 6.31 175.47
(+0.05) (£0.43) (+2.06) (0.80) (£2.21) (£23.71)
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Fig. 3. Device characteristics of the solar cells with a PN interlayer deposited under different conditions: (a) J-V curves under simulated one sun. (b) Device parameters as a

function of PN concentrations deposited on the ZnO film.

a maximum PCE of 7.48%, with Jsc of 19.93 mA/cm?, Voc of 0.73 V,
and FF of 51.4%. The average PCE of the control ZnO device was
6.34% (Table 2). When a very small amount of PN was deposited
on ZnO in ZnO/PN(0.5), the parameters were not affected. Interest-
ingly, parameters like Jsc and FF increased appreciably for ZnO/PN
(1.0) compared to those of the devices without an interlayer, while
Voc remained unaffected. The trends of Jsc and V¢ of the devices
with interlayers agree with the previous report [43]. The highest
PCE of 8.95% was achieved with ZnO/PN(1.2) with the highest
Voc of 0.75 V, Jsc of 20.03 mA/cm?, and FF of 59.3%. The average
performance parameters of the ZnO/PN(1.2) devices were 0.73 V,
18.89 mA/cm?, 56.45%, and 7.80%, for Vo, Jsc, FF, and PCE, respec-
tively (Table 2). The PCE of the ZnO/PN(1.2) device was ~1.4% point
higher than that of the bare ZnO device. The device performance
gradually declined for ZnO/PN(1.5) with a PCE of 7.12% and for
ZnO/PN(2.0) with 5.78%. Jsc and FF were the major factors affected
by the interlayer deposition, as presented in Table S1 and Fig. 3.
Similar trends of performance enhancement in devices with opti-
mal interlayer conditions were also observed for PA and PAP
(Figs. S8-S9 and Table S2). We note that device performance with
an optimal interlayer was also enhanced previously for polymeric
interlayers with pendant amino groups [44].

The interlayer affected the PCE of PTB7-Th:PC;1BM devices
through collection of generated charge carriers. The external quan-
tum efficiency (EQE) was higher for the optimized tetraaryl-
diamine devices than for the control devices across the entire
wavelength range (Fig. 4a and Fig. S9b). The peak EQE increased
from 73.1% for the control to 77.7% for ZnO/PN(1.2). The EQE-
based Jsc values for the control ZnO devices and the optimum
ZnO/PN(1.2) devices were 16.94 and 18.55 mA/cm?, respectively.
The Jsc values from the EQE spectra were in good agreement with
those from J-V measurement (Table S1). The absorption spectra of
the PTB7-Th:PC;;BM devices with and without the arylamine
interlayer showed negligible differences (Fig. S10), implying that
the insertion of the arylamine layer did not affect the photon flux
in the solar cells [43].

The J-V curves in dark conditions showed that the optimal PN
interlayer increased the rectification ratio and improved the diode
characteristics (Fig. 4b). The ZnO/PN(1.2) devices had higher for-
ward current densities and lower reverse current densities than
the devices without interlayer optimization. The leakage current
density of the ZnO/PN devices was significantly reduced compared
to that of bare ZnO, indicating superior hole-blocking property of
ZnO/PN layers [45]. Ideally, series resistance (Rse) should be mini-
mized while shunt resistance (Rsy) should be maximized to
enhance the device performance. ZnO/PN(1.2) showed more desir-
able R (5.03 Q cm?) and Ry, (378.50 Q cm?) values than the con-
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Fig. 4. (a) EQE spectra of the PTB7-Th:PC;:BM solar cells prepared under different
deposition conditions for a PN interlayer. (b) J-V curves of the devices under dark
conditions.

trol devices (6.98 Q@ cm? and 179.27 Q cm?, respectively). The
small Rq. value of ZnO/PN(1.2) suggests improved charge transport
across the device, which coincides with the enhanced Jsc and FF.
The large Ry, value also indicates an important reduction in leakage
current of the present devices.

We analyzed the impedance components of the devices and
obtained Nyquist plots using EIS measurements to elucidate their
charge-transport behaviors with and without the interlayer
(Fig. 5a) [46]. The diameter of the semicircle represents the trans-
port resistance of photogenerated charge-carriers. The optimal
device with ZnO/PN(1.2) had a resistance of 285.8 Q, significantly
lower than that of the device with bare ZnO (1774.9 Q). In fact, all
PN-incorporated devices showed relatively lower resistances than
the device with pristine ZnO, which is consistent with the
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Fig. 5. (a) Nyquist plot of the solar cells with and without PN interlayers for various deposition conditions under simulated one-sun illumination. (b) UPS spectra of ITO, ITO/
ZnO, and ITO/ZnO/PN(1.2). (c) Jpn versus V. curves. (d) The ratio of photocurrent to saturated current density as a function of the different PN deposition conditions.

enhanced current density of the optimized devices. We also carried
out UPS measurements on the ITO, ITO/ZnO, and ITO/ZnO/PN(1.2)
layers to extract their work functions and further understand
how the interlayer could affect charge extraction (Fig. 5b). The
work function decreased from 4.64 eV for ITO to 4.32 eV for ITO/
ZnO and to 4.16 eV for ITO/ZnO/PN(1.2). The work functions for
ITO and ITO/ZnO are in a similar range compared to previously
reported values [47,48], and The minimized value of 4.16 eV for
ITO/ZnO/PN(1.2) may be attributed to an interfacial dipoles formed
by the arylamine groups. The work function of ZnO/PN(1.2) could
be suitable for hole blocking and electron extraction, resulting in
increased Jsc and FF.

We also investigated the exciton dissociation properties of the
control and arylamine-incorporated devices by analyzing the pho-
tocurrent density (Jon), as shown in Fig. 5¢,d. Here, Jpn was calcu-
lated as the difference between the current densities under
illumination and in dark, and the effective voltage (V.) was defined
as the difference between the applied external voltage and the
voltages at which J,, becomes zero (Vo) [49]. The V, values are
0.763, 0.755, 0.763, 0.815, 0.799, and 0.750 V for the control ZnO,
ZnO/PN(0.5), ZnO/PN(1.0), ZnO/PN(1.2), ZnO/PN(1.5), and ZnO/PN
(2.0) devices, respectively. For all devices, J,, became saturated
when V. exceeded 2 V, allowing us to extract the saturated current
density (Jsar). Under the maximal power output conditions, Jpn/Jsa
values were 74.6%, 78.8%, 77.9%, 79.1%, 73.3%, and 72.0% for the
solar cells with the control ZnO, ZnO/PN(0.5), ZnO/PN(1.0), ZnO/
PN(1.2), ZnO/PN(1.5), and ZnO/PN(2.0) devices, respectively. The
higher J,n/Jsac value of the devices with ZnO/PN(1.2) can be inter-
preted as the efficient generation and collection of free charge-
carriers from the light-induced excitons.

We tracked the performance of the organic solar cells over time
to analyze their stability with and without an interlayer (Fig. 6).
Devices with and without arylamine interlayers were fabricated,
characterized in ambient air, stored under vacuum, and tested

1M
I Fresh devices
8 | 6 months later
=i, B B
z ol
e Y@, Bs B=
AT S
None PN PA PAP

Tetraaryldiamine on ZnO film

Fig. 6. PCE of the as-fabricated devices and those devices after 6 months.

again. Compared with the modified devices, the control devices
showed more severe degradation of PCE. In contrast, interlayer-
incorporated devices showed more stable operation. The devices
with bare ZnO retained only about 76% of the initial PCEs, whereas
the optimized ZnO/PN, ZnO/PA, and ZnO/PAP devices retained
approximately 88%, 82%, and 83%, respectively, of their initial PCEs
after six months. Interestingly, the FF of the devices with arylami-
nes remained virtually constant compared with that of the devices
with bare ZnO (Fig. S11). This stability enhancement may be
ascribed to the passivating role of arylamines on ZnO, which pre-
vented the degradation of the device.

Conclusions

We developed a series of new tetraaryldiamines (PN, PA, and
PAP) as interlayer materials to modify the electron-transporting
ZnO layer in PTB7-Th:PC;;BM solar cells. They were synthesized
by a simple and economical route and investigated through spec-
troscopic and thermal characterizations. All three arylamines
afforded appreciable enhancements in device performance when
used as an interlayer deposited onto ZnO. By varying the solution
concentration during interlayer deposition, we could optimize
the devices to achieve the maximum PCEs of 8.95%, 8.18%, and
7.84% for the ZnO/PN(1.2), ZnO/PA(1.5), and ZnO/PAP(1.0) devices,
respectively, which were considerably higher than the PCE of the
control ZnO device (7.48%). The main enhancement parameters
were Jsc and FF. All devices with optimal tetraaryldiamine interlay-
ers showed effective conversion of photons to electrons, as con-
firmed by the increased EQE. To further elucidate the mechanism
of improvement by arylamines, we conducted various measure-
ments focusing on the significance of the PN interlayer on device
performance. The optimized ZnO/PN(1.2) showed a lower series
resistance and superior hole-blocking properties compared to the
devices with bare ZnO, as confirmed by the J-V curves and EIS,
UPS, and photocurrent analysis. Furthermore, the organic solar
cells with interlayers showed superior environmental stability
compared to the control devices. This work offers exciting pro-
spects for the use of simple arylamines to enhance the interfacial
properties of ZnO and the performance of organic solar cells.
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