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Abstract: Recently, perovskite solar cells have been in the spotlight due to several of their advan-
tages. Among the components of PSCs, hole transporting materials (HTMs) re the most important
factors for achieving high performance and a stable device. Here, we introduce a new D-m—D type
hole transporting material incorporating Tips-anthracene as a m—conjugation part and dimethoxy-
triphenylamine as a donor part (which can be easily synthesized using commercially available
materials). Through the measurement of various optical properties, the new HTM not only has an
appropriate energy level but also has excellent hole transport capability. The device with PEH-16 has
a photovoltaic conversion efficiency of 17.1% under standard one sun illumination with negligible
hysteresis, which can be compared to a device using Spiro_OMeTAD under the same conditions.
Ambient stability for 1200 h shown that 98% of PEH-16 device from the initial PCE was retained,
indicating that the devices had good long-term stability.
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1. Introduction

Perovskites of organic-inorganic hybrid halide have become one of the most promising
next-generation photovoltaic materials due to their unique properties such as their large
charge-carrier diffusion length [1], small exciton binding energy [2], high absorption
coefficient [3], and low trap density [4], all of which have pushed their performances
to a record efficiency beyond 25.5% [5]. Hole transporting materials (HTMs) are one
of the most important factors for achieving high performance in perovskite solar cells
(PSCs). HTMs exhibit an important role in PSCs to transfer the positive charges in between
perovskite and counter electrodes [6-10]. Among the various HTMs, 2,2',7,7’-tetrakis(N,N-
di-p-methoxyphenylamine)-9,9’-spirobifluorene (Spiro_OMeTAD) has been widely used
in PSCs. However, it is necessary to develop new HTMs to replace their low stability and
good price in future application of PSCs.

Many researchers have widely used dimethoxy-arylamine as a donor part due to
its superior hole transporting ability. Moreover, researchers have developed arylamine
(Donor)-spacer (m-conjugation)-arylamine (Donor) materials that can synthesize new
HTMs through simple changes. Donor-n-Donor configured HTMs such as thiophene
derivatives [11,12], carbazole derivatives [13,14], and fluorene-dithiophene [15] flanked
by amine donors are widely studied in PSCs to replace their expensive price and instable
spiro-OMeTAD. Among them, anthracene-base molecules have potential properties and
are well known for applications such as organic solar cells, light-emitting diodes, organic
thin film transistors, and perovskite solar cells [16-20]. Recently, X. Liu reported a PEC of
17.27% using anthracene HTMs by simple synthesized [21]. Particularly, A102-based cells
has better performance than A101-based cells since the results from controlled intermolec-
ular interactions, which the vertical charge transport was improved. However, the poor
solubility of A101 devices remains a problem.

In this report, we designed and synthesized D-n-D type HIM (the code name is
PEH-16), incorporating TIPs-anthracene derivative as a 7-conjugation part and dimethoxy-
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triphenylamine as a donor part for PSCs. Anthracene moieties are widely used in molecular
semiconductors owing to their planarity, which facilitates charge transport by enhanc-
ing -7t stacking. Moreover, TIPs (triisopropylsilylacetylene) moiety is used to enhance
their solubility and maintain charge transport. The new compound was characterized
by conventional spectroscopic/analytical / performance of PSC. PSCs using triplecation-
perovskite [22] Csg 1(FAPDbI3)g.76(MAPbBr3)g14 and PEH-16 as HTM exhibited excellent
PCE of 17.12% under full son illumination. Also, the stability of PEH-16 device is quite
good compared to the Spiro_OMeTAD device.

2. Materials and Methods

General Methods. All reactions were carried out under nitrogen. All reagents were
purchased from Sigma-Aldrich and TCI. 'H and '*C nuclear magnetic resonance (NMR)
spectra were recorded in NMR solvent using a Bruker Fourier 300 MHz spectrometer
operated at 300.1 and 75.4 MHz, respectively. The 'H and '*C NMR chemical shifts
were referenced relative to CDCl3 (7.26 ppm for 'H NMR and 77.16 ppm for 1*C NMR).
Mass spectra were recorded on a JEOL JMS-SX102A instrument. The absorption and
photoluminescence spectra were measured on a Perkin-Elmer Lambda 9505 UV /VIS/NIR
spectrometer and a Perkin LS-55 fluorescence spectrometer, respectively.

Electrochemical characterization. Cyclic voltammetry was carried out with a IVIUM
Compactstat. A three electrodes system were used and consisted of glassy carbon as
working electrode, platinum (wire, diam. 1.0 mm, 99.9% trace metals basis by Sigma-
Aldrich, St. Louis, MO, USA) as counter and Ag/Ag+ (0.01M AgNO3) reference electrodes
were used with and without ferrocene (Fc/Fc+ as an external reference). Redox potential
of HTM were measured in CH,Cl, with 0.1 M (n-C4Hg)4NPFg as 100 mV s~ ! of a scan rate.

Synthesis. Target compound of PEH-16. In degassed water (20 mL) and dry THF
(40 mL), a mixture of Compound 1 (0.7 g, 1 mmol), Compound 2 (1.3 g, 3 mmol), Pd(PPh3),
(0.12 g, 0.1 mmol), K,CO3 (7.4 g, 5 mmol) were refluxed for 36 h under a nitrogen atmo-
sphere. After cooling to RT, the solution was extract with ether and remove residual water
with MgSOjy. The solvent was remove and the product was purified by column chromatog-
raphy (DCM:Hx = 1:1). MS: m/z 1144 [M+]. 'H NMR (CDCI3): § 8.82 (d, 2H, 4] = 1.2 Hz),
8.61 (d, 2H, 3] =9 Hz), 7.87 (dd, 2H, 3] = 9 Hz), 7.65 (d, 4H, 3] = 9 Hz), 7.15 (m, 8H), 7.03 (d,
4H, 3] = 8.7 Hz), 6.86 (m, 8H), 3.82 (s, 12H). 1.30 (s, 42H). *C{1H} NMR (CDCI3): 5 156.06,
148.60, 140.95, 138.46, 132.88, 132.46, 131.81, 127.92, 127.78, 126.78, 126.59, 123.6, 120.87,
118.25,114.84,104.92, 103.73, 55.65, 19.1, 11.67. Anal. Calc. for C76H84N204Si2: C, 79.67;
H, 7.40; N, 2.44; O, 5.60; Si, 4.92.

Fabrications. FTO glass (Nippon Sheet) was washed by sonicating in a 2% Hellmanex
solution, water, acetone, and ethanol. A TiO; blocking layer was deposited to the substrate
around 30 nm using the spray pyrolysis method at 450 °C from titanium precursor (TAA)
by Sigma-Aldrich in isopropanol. We prepared a bi-Mesoporous layer. TiO, mesoporous
layers were prepared spin coating and sintering at 500 °C for 30 min. Subsequently, SnO,
was deposited by spin coating using 0.1 M SnCly in HyO. We carried this out sintered at
190 °C for 1 h. The perovskite solution, Csg 1 (FAPbI3)g 76(MAPDbBr3)g 14, was prepared in
mixture anhydrous solvent follow according to the literature [23]. Using this solution, spin-
coating is performed at 2000 rpm for 12 s and continuously at 5000 rpm for 30 s, leaving 15 s
and dropping triflourotoluene (110 pL). This film is immediately annealed at 100 °C for 1 h.
The HTM solutions prepared by 20, 40 mM, and Spiro_OMeTAD prepared by 70 mM in
chlorobenzene with additives (TBP, Li-TFSI, FK-209) according to the literature [22]. These
solutions were spin-coated by 4000 rpm for 25 s. Finally, a device was made by depositing
70 nm Au through a vacuum deposition method.

Solar cell characterization. We measured and obtained current-voltage curves in air
condition from a solar simulator of the Newport company connected to a potential state
(keithley). To match the light intensity, KG5 filtered Si diode verified by NREL was used.
The active area was corrected using a 0.16 cm? of metal mask. The IPCE spectra were
measured by IQE 200B equipment. We conducted long-term stability tests using unsealed
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device with PEH-16 and Spiro_OMeTAD which were stored in dark conditions with a
humidity of approximately 20%.

3. Results

The synthesis method of the new HTM is detailed in Scheme 1. All reactions were
carried out in a nitrogen atmosphere and compound 1 was prepared according to the
literature [24]. The prepared side donor unit as compound 2 was connected to the conju-
gated linkers by Pd-catalyzed Suzuki coupling reaction with leading to the final product.
The final products, PEH-16, was verified by NMR spectroscopy. PEH-16 dissolves well in
common solvents such as methylene chloride, chloroform, chlorobenzene, and THE.
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Scheme 1. Synthesis of the new HTM of PEH-16.

The UV-vis absorption and photoluminescence spectroscopy of PEH-16 in THF solu-
tion are described in Figure 1a and Table S1. PEH-16 displayed an absorption maximum at
380, 428, and 505 nm, which is converted to m—* transition of the conjugated system by
light. The optical band gab (Eg.g) of PEH-16 is calculated at the intersection of absorption
and emission spectra. In Figure S1, we measured thermogravimetric analysis (TGA) to
determine the thermal property of PEH-16. Thermogravimetry analysis (TGA) showed
that PEH-16 start to decompose at temperature higher than 350 °C and they encounter
30% weight loss after 400 °C. This demonstrated a superior thermal stability of PEH-16
incorporated with TIPs-anthracene-linked dimethoxytriphenylamine as a hole transporting
material for PSCs.

The electrochemical properties of PEH-16 were studied using cyclic voltammetry (CV)
in Figure 1b and Table S1. PEH-16 show reversible redox processes in the low potential
region at 0.19 V, indicating that the two electrons are removed successively from TPA
donor units. The HOMO level of PEH-16 was calculated using CV with ferrocene as
reference. Since the calculated HOMO level is —5.24 eV, which is higher than the valence
band (—5.65 eV) of perovskite, the new HTM can have an efficient hole transport capability.
According to Eyymo = Enomo — Eog-o, the LUMO level of PEH-16 was calculated to be
—2.91 eV, which plays an important role of HTM in operating for PSCs. When electrons
are excited in the perovskite, not only does it prevent the counter electrode electrons from
flowing, but it also ensures that they flow naturally to the perovskite layer when electrons
of the HTMs are excited in Figure 1c.

In the seen Figure 2a, the photoluminescene (PL) spectra exhibited the perovskite
film with and without HTMs. As a typical result, the device with HTM shows dramatic
quenching with respect to the pristine perovskite. Reduced of PL intensity is attributable
to the effective hole transport occurring at interfacial of the perovskite and HTM. The new
HTM shows an effective PL quenching than Spiro_OMeTAD. This reduction in perovskite
PL can result in efficient hole transport from perovskite to PEH-16. However, since PEH-
16 emission partially overlap with the perovskite, these numbers do not pretend to be
quantitative but still indicate that a lot of quenching occurs.
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Figure 1. (a) Absorption (black solid line) and photoluminescence (black dashed line) spectrum
of PEH-16 in THF. (b) Cyclic voltammogram of PEH-16 in DCM with 0.1 M tetrabutylammonium
hexafluorophosphate. (c) Energy level diagram of each material in perovskite solar cell.
d) 12 b) 28 C) 100 25
= No HTM
3 ——PEH-16 88888 5293888800000.0.
£ —— Spiro_OMeTAD 0 sl Tzssszeees Y 20
z 09} =~ <
's g 2
2 = 5L _ —e— deviee with PEH-16 <
£ E £ 80F —o—device with Spire_OMeTAD 15E
= 06 «‘E 6 z.‘
& E f device with PEH 16 & s} w0 E
= S device with Spiro_OM¢TAD g
g 03+ é
z o 20 4s =
- A . § . : L )
700

750 800 850 0.0
Wavelength (nm)

Voltage (V)

400

500

600
Wavelength (nm)

700

800

Figure 2. (a) Steady state PL spectra of pristine perovskite and perovskite/HTM bilayer under excitation at 530 nm.

(b) Current-voltage curves of the best performing device using PEH-16 and Spiro_OMeTaD. (c) IPCE spectra of the device

using HTM and integrated Jsc from the IPCE curves.

To investigate the PEC of PEH-16 and Spiro-OMeTAD for PSCs, the device configuration
of FTO/compact and mesoporous TiO; /SnO, / Cs 1 (FAPbI3) 76(MAPbBr3)g 14/HTM/ Au was
fabricated by an anti-solvent method [22,25]. A detailed procedure is shown in the ESL

A device was fabricated using different concentrations, and the optimal efficiency of
the device was reported using a concentration having a high efficiency among them. Then,
current-voltage (J-V) curves of device with PEH-16 and Spiro_OMeTAD are provided
in Figure 2b and their PV parameters are summarized in Table 1. The best perform-
ing device with PEH-16 exhibited an PCE of 17.12% under standard AM 1.5 illumina-
tion (100 mW cm—2) (open-circuit voltage (Voc) of 1.022 V, a short-circuit current (JSC) of
22.19 mA cm?, and a fill factor (FF) of 0.755, respectively). The performing device with
Spiro_OMeTAD showed over 19% efficiency slightly higher Voc and Jsc under the same
conditions. In order to confirmed the change of Jsc based on different HTMs, we conducted
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incident photon-to-current conversion efficiency (IPCE) spectrum in Figure 2c. The inte-
grated Jsc values from the IPCE spectra were 21.9, and 22.5 for PEH-16 and Spiro_OMeTAD,
respectively, which is consistent with the value of short-circuit current in Figure 2b. As
seen in Figure 52 and Table 1, both cells of hysteresis between reverse and forward were
almost invisible. Due to slightly lower Voc and ff, we obtained low performance in the
forward scan.

Table 1. Photovoltaic performance of the PEH-16 and Spiro_OMeTAD devices under one
sun illumination.

Voc (V) Jsc (mA cm—2) ff Efficiency (%)
Best 1.022 22.19 0.755 17.12
PEH-16 Reverse scan 1.036 22.46 0.710 16.51
Forward scan 1.020 22.46 0.690 15.81
Best 1.127 22.51 0.767 19.46
Spiro_OMeTAD  Reverse scan 1.117 22.58 0.750 18.90
Forward scan 1.105 22.59 0.735 18.34

The stability of the PSCs is one of the main factors, and we performed a stability
test of the device with PEH-16. Spiro_OMeTAD was also implemented for comparing.
The devices were kept without encapsulation in ambient condition (around 20% relative
humidity in dark). As seen in Figure S3 and Table S2, the stability of both devices is
very interesting and shows an increased efficiency compared with the initial efficiency
for 1200 h. In addition, when the highest efficiency is seen as a standard, the PEH-16
and Spiro_OMeTAD based on the device exhibit a reduction 2% and 3%, respectively. We
confirmed improvement in the stability of devices based on PEH-16.

In summary, we have designed and synthesized simple hole transporting materials
that incorporated Tips-anthracene as a T—conjugation part with good solubility by a facile
synthesis process. The novel HTM has an appropriate energy level and efficient hole
transport occurring between the perovskite and HTM interface. The optimized device with
PEH-16 achieved a PCE of 17.12%. Moreover, we demonstrated significantly improved
long-term stability of device with PEH-16 comparable to the device with Spiro_OMeTAD.
Work related to the design and development of a new anthracene-based HTM which is
dopant-free and has a higher stability is currently in progress.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/pr9122249/5s1. Figures S1-S5, Tables S1 and S2. Table S1. Optical and electrochemical data
for PEH-16. Figure S1. Thermogravimetry analysis (TGA) of PEH-16. Figure S2. Hysteresis of
device with PEH-16 and Spiro_OMeTAD. Figure S3. Stability test for device base on PEH-16 and
Spiro_OMeTAD during 1200 h. Table S2. A summary of stability data. Figure S4. 1H NMR of PEH-16.
Figure S5. 13C NMR of PEH-16.
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