A Low-cost Dopant additive free Hole Transporting Material for Robust Perovskite
Solar Cell with Efficiency Exceeding 21%

Hongwei Zhu'+$, Zhongjin Shen™, Linfeng Pan!, Jianlei Han" ¥, Felix T. Eickemeyer},
Xianggao Li* "3, Shirong Wang” ¥, Hongli Liu" ¥, Xiaofei Dong" ¥, Shaik M. Zakeeruddin?,
Anders Hagfeldt!, Michael Griitzel™ ' and Yuhang Liu™*

tTianjin University, School of Chemical Engineering and Technology, Tianjin 300072,
China;

iLaboratory of Photonics and Interfaces (LPI), Department of Chemistry and Chemical
Engineering, Ecole Polytechnique Fédérale de Lausanne, Lausanne CH-1015, Switzerland.
Collaborative Innovation Center of Chemical Science and Engineering, Tianjin 300072,
China.

ILaboratory of Photomolecular Science (LSPM), Ecole Polytechnique Fédérale de Lausanne,
Station 6, CH-1015 Lausanne, Switzerland.

Keywords: perovskite solar cells, hole transporting material, dopant additive free, high
efficiency

g:\s/zliggitng hole-transporting materials (HTMs) with appropriate molecular configuration and
charge mobility is important to improve perovskite solar cell (PSC) photovoltaic performance
and their feasibility for commercialization. In this work, a novel pyramidal-shaped low-cost
HTM coded MeOTTVT is prepared through extension of m-conjugation based on a
triphenylamine core. Carbon-carbon double bonds are introduced between the core and p-
methoxyl triphenylamine to improve the planarity of the HTM, favoring intermolecular
stacking of MeOTTVT and thus improve the hole mobility of the corresponding hole
transporting layer (HTL). Meanwhile, the p-methoxyl triphenylamine endowed HTM benefits
from a well-aligned highest occupied molecular orbital (HOMO) level with the perovskite
active layer, facilitating effective hole-extraction. Champion PSC using MeOTTVT-based
dopant additive free HTL yielded power conversion efficiency (PCE) up to 21.30%, which is
considered one of the best performing PSCs employing dopant additive free small molecule
HTM. In addition, MeOTTVT-based dopant additive free HTL exhibits outstanding thermal
stability and high glass-transition temperature (T =137.1 °C), combined with more
hydrophobic surface, PSCs based on MeOTTVT dopant additive free HTL exhibits outstanding

stability against moisture and thermal stress.

Introduction



Development in the last decade of perovskite solar cell (PSC) pushed the power conversion
efficiency (PCE) from 3.8% to 25.2%'-2. With improved PCE, the research focus of PSCs has
gradually shifted to commercialization, which is restricted mainly by the poor stability of PSCs
resulting from hydrophilicity of the ionic perovskite active layer’, which contrasts with the
robustness of the transporting layers together with lowering production-cost’-. Research efforts
had been concentrated on optimization of the composition of the perovskite active layer®!3 or
increasing the surface hydrophobicity!#!® to improve the stability of the PSCs. Hole
transporting layer (HTL) is applied in the standard n-i-p architecture of PSC to selectively
extract photo-generated holes and block electrons to avoid shunt!”20, 2,2' 7, 7'-tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD) is one of the most widely
used hole transporting material (HTM) yielding a PCE of corresponding PSCs of up to
24.66%?!. However, it is normally considered that spiro-OMeTAD may not the best choice for
practical application because of its high cost?*4, tendency to crystallize at 85 °C and low
intrinsic hole-mobility?*. Chemical dopants such as Li-bis(trifluoromethanesulfonyl)-imide (Li-
TFSI) and fert-butylpyridine (¢/BP) are introduced to spiro-OMeTAD based HTL as p-dopants,
can affect the long-term stability of PSCs?*2%, Li" movement has been witnessed during
operational conditions where an internal electrical field is present?. Meanwhile, the doping
process will also increase the complexity and cost of the PSCs fabrication®®. Therefore, it is
important to identify new low-cost HTMs exhibiting high hole-mobility and operational
stability. Generally, dopant additive free HTMs include inorganic HTMs*!-*2, polymer HTMs*
and small organic HTMs3*#3>. Attentions have been drawn to the small organic HTMs because
of the tunable molecular configuration, energy levels, and relatively low synthetic cost*®. While
previous studies reported dopant additive free small organic HTMs, such as TTE-237, DFH?8,
Z1011%°, TPA-ANT-TPA* and MPA-BTTI* achieving PCEs up to 21.17%%., it remains
challenging to develop high performance dopant additive free HTMs with low-cost, to push
further large spread applications of the PSC technology.

In this work, we report the design and synthesis of a novel small molecular HTM, MeOTTVT.
The molecular structure of MeOTTVT is shown in Figure 1a. To obtain appropriate energy
level, hole mobility and solubility, triphenylamine (TPA) with the quasi-3D pyramidal structure
was selected as the core of MeOTTVT. Carbon-carbon double bonds were employed between
TPA core and methoxy-substituted TPA arms to further enhance the molecular planarity, which
is beneficial to improve hole mobility. Moreover, methoxylated-TPA arms can improve the

contacts by forming a stable interface with the perovskite surface*?. When fabricated into solar



cell, MeOTTVT dopant additive free HTL based PSC obtains a PCE up to 21.3% with a
negligible hysteresis and exhibits good stability under thermal and humid conditions. Such a

PCE is considered the best performing dopant additive free small molecule HTM based PSC so
far (Table S4).
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Figure 1. a) Structure of MeOTTVT. DFT calculation results of the MeOTTVT b) side view
and c) top view of optimized ground-state molecular configurations. d) Electrostatic potential

(ESP) surface of MeOTTVT.

The synthetic route to prepare MeOTTVT is depicted in Scheme S1. The synthesis starts from
two steps of Vilsmeier-Haack reaction of triphenylamine, in which N,N-dimethylformamide
and phosphorus oxychloride provide compound 1. In the next step, a Wittig reaction of
compound 1, potassium tert-butoxide and diethyl (4-chlorobenzyl)phosphonate is employed to
yield compound 2. Subsequently, the Buchwald-Hartwig reaction of compound 2 and bis(4-
methoxyphenyl)amine affords the final compounds MeOTTVT. All key intermediates and the
final HTM were fully characterized by 'H NMR, '3C NMR and HR-MS spectrometry (Figures
S1-S9). In order to estimate the real synthetic cost of the new HTM, we employ the total cost

model that was described by Pablo et al.** and Tang et al.**, most of the quotes being collected
3



from major chemical suppliers (such as Sigma-Aldrich, Alfa, TCI and Fischer) for
corresponding chemicals used in the synthetic procedure of the MeOTTVT. Detailed synthetic
cost evaluations are given in Figures S10-S12 and Tables S1-S3. The estimated synthesis cost
of compound MeOTTVT is calculated to be 34.28 $/g with a realistic overall production yield
of 37.2%, which is considered a low-cost HTM in contrast with the mostly used spiro-

OMEeTAD and polytriarylamine (PTAA)*.

Density functional theory (DFT) calculations at the B3LYP level is applied to investigate the
molecular geometries, surface potential distribution, dipole moment and frontier orbital
distribution of MeOTTVT#. As shown in Figure 1b and 1¢, the top and side view of the optimal
molecular structure show that the molecule exhibits a pyramid shape with both partial planarity
and quasi three-dimensionality properties, which is considered beneficial to increase m-m
stacking in solid state while maintaining good solubility*’. The smaller dipole moment of
MeOTTVT (2.92 Debye) as compared to spiro-OMeTAD (5.8 Debye)*® implies improved
charge mobility for MeOTTVT#. As shown in Figure S13, the HOMO level of MeOTTVT is
mainly distributed in the central and the lowest unoccupied molecular orbital (LUMO) on the
methoxyl-substituted triphenylamine arms. Wang et al. report that spatially separated HOMO
and LOMO levels is favorable to obtain good hole-mobility*°. Electrostatic potential surface
(EPS) of MeOTTVT was calculated (Figure 1d), showing that the negative charges are mainly
concentrated on the methoxy group. Huang et al. also report that such electro-negativity of
methoxyl substituted TPA can act as a Lewis base to passivate perovskite surface defect and

increase the stability of PSCs®!.

Normalized UV-vis absorption spectrum of MeOTTVT, shown in Figure 2a, exhibits an
absorption band at 415 nm and the characteristic absorption peak of triphenylamine at 300 nm.
The optical band gap of MeOTTVT estimated from Tauc plot (inset of Figure 2a) is 2.74 eV.
Cyclic voltammetry (CV) measurements of MeOTTVT using ferrocene as the reference
(Figure S14) shows the HOMO level of MeOTTVT to be -5.24 eV against vacuum from the
first oxidation wave. The LUMO level of MeOTTVT is calculated to be -2.50 eV by adding the
band gap energy to the HOMO level. The energy diagram of perovskite photo-absorber and
charge extraction layers are illustrated in Figure 2b. The valance band off-set between

MeOTTVT and perovskite photo-absorber (-5.40 eV) generates a driving force of 0.16 eV for



the hole transfer from the perovskite to the HTL. Meanwhile, the deep HOMO energy level of

-5.24 eV provides favorable band alignment with perovskite and thus reduces voltage loss.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) was used to
investigate the thermal stability of MeOTTVT and the corresponding HTL (Figure S15). The
thermal decomposition temperature (T,) and glass transition temperature (T,) are 373.96 °C and
137.06 °C, respectively. The high T, value guarantees morphology stability for MeOTTVT-
based HTL, which is essential for the long-term photostability of PSCs>2-33,
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Figure 2. a) UV-vis spectrum of MeOTTVT thin film coated on glass with the inset showing
Tauc plot. b) Energy level diagram for device components. ¢) X-ray diffraction (XRD) pattern
of MeOTTVT thin film coated on glass substrate. d) TRPL of perovskite film coated with
MeOTTVT and standard doped spiro-MeOTAD. The solid lines indicate the model fits.

Employing a partial planar structure geometry implies potential aggregation tendency for
MeOTTVT, which is supported by X-ray diffraction (XRD) results of MeOTTVT thin film

coated on glass substrate (Figure 2¢). Although the thin film contained an amorphous phase
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with no characteristic diffraction peaks, the broad feature in Figure 2¢ at around 25° indicates
a m-m stacking between MeOTTVT molecules, which is important for increasing the hole
mobility in the corresponding HTL>*. We performed space-charge limited current (SCLC)
measurements to derive the hole-mobility using a hole-only device with architecture of indium-
doped tin oxide (ITO)/MoO; (10 nm)/MeOTTVT/MoOs (10 nm)/Al (80nm), and the results are
shown in Figure S16. The SCLC hole-mobility of MeOTTVT is 4.62 x 10* cm?V-! 5!, of the

same order of magnitude compared to reported dopant additive free HTM?3% 34,

Time-resolved photoluminescence (TRPL) was performed to investigate the hole extraction
ability at the perovskite/MeOTTVT interface. Figure 2d shows this measurement in
comparison with the TRPL measurement for the perovskite/doped spiro-MeOTAD interface.
Numerical simulations were applied to model the TRPL traces, the details of which have been
described in our previous work®>. Two different characteristics can be observed. The rapid
decay within the first 10 ns is dominated by charge carrier diffusion after the initial laser-
induced exponential carrier profile. After this an exponential decay is observed which comes
mainly from hole transfer from the perovskite into the HTM. We modeled this with a charge
carrier mobility of 1 cm?/Vs and a hole extraction velocity of 700 cm/s for the perovskite/spiro-
MeOTAD and 2500 cm/s for the perovskite/MeOTTVT interface. Note that this velocity could
in principle also be interpreted as interface recombination, however, in our previous work we
showed that this fast decay within the first 100 ns can be related to hole transfer>. These
findings indicate a good hole-extraction ability of MeOTTVT. This can be attributed to the

suitable HOMO level and the reduction of interfacial barriers.
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Figure 3. a) Cross-section scanning electron microscopy (SEM) photo of MeOTTVT based
PSC. b) I-V curves of the champion PSC based dopant additive free MeOTTVT with the inset
showing stable output of PSC device over 300s. c) IPCE of the device. d) Histogram of
efficiencies from 30 individual devices based on MeOTTVT.

To prove the potential application of MeOTTVT in PSCs, we fabricated PSC devices with
architecture ~ of  fluorine-doped tin  oxide (FTO)/compact  TiOz/mesoscopic
TiOz/perovskite/HTL/gold, in which perovskite formulation Cso.05FAo.ssMAo.10Pb(10.97B10.03)3
with 5% excess of Pbl, was applied. The cross-sectional scanning electron microscopy (SEM)
photo of a MeOTTVT based PSC is shown in Figure 3a. The optimized thickness of dopant
additive free MeOTTVT HTL is estimated to be 40 nm. The Energy-level alignment of each
component in perovskite solar cells is shown in Figure 2b. The current density—voltage (J—V)
curves for one of our champion PSC under simulated 1-sun illumination is shown in Figure 3b,
and the corresponding PV parameters are summarized in Table 1. The best-performing PSC
based on MeOTTVT dopant additive free HTL shows an outstanding PCE of 21.30% with an
open-circuit voltage (Voc) of 1111 mV, a short-circuit photocurrent (Jsc) of 23.89 mA/cm? and
a fill factor (FF) of 80.3%. Such a PCE sets a new benchmark for PSCs based on dopant additive

free small molecule HTM. The lower hysteresis of 1.2% between the forward and reverse scan
7



for the MeOTTVT dopant-additive free HTL based PSC compare with doped spiro-OMeTAD
based PSC (Figure S17) is attributed to eliminated ion movement, specifically Li* dopant in
the control device’®>’. The PCE statistics of 30 devices reflect good device reproducibility as
shown in Figure 3d. The incident photon-to-electron conversion efficiency (IPCE) spectra of
the champion devices is shown in Figure 3c¢. The integrated photocurrent is in good agreement
with the measured Jsc value (Table 1). The inset in Figure 2b shows power output at the
maximum power point (MPP) for the best performing devices under dry ambient air (10% RH
(relative humidity)) within 320 s (insert in Figure 2b). The MeOTTVT based PSC exhibits a
stabilized PCE of 21.15%, which is consistent with the value derived the J-V curves.

Table 1. Photovoltaic parameters of champion PSC devices employing dopant additive free

MeOTTVT-based HTL (measured under simulated AM 1.5G solar irradiance).

PSC Voc Jsc® Jsc? FF PCE®  PCEP
[V] mA/em?]  [mA/em?] [%]  [%]  [%]
MeOTTVT RVS?  1.111 23.89 80.3 21.30
23.42 21.17
MeOTTVT FWS? 1.101 2391 79.9 21.04

a) reverse scan; b) forward scan; ¢) Jsc determined from the IV measurement; d) Jsc determined
rom IPCE; e) PCE determined from the IV measurement; f) Average PCE of reverse and

forward scan.

The stability of the PSCs based on dopant additive free MeOTTVT HTL under thermal stress
and humid air is investigated, using devices based on doped spiro-OMeTAD as a reference.
Shelf live data was obtained under ambient condition at a relative humidity (r.h.) of 40-60%
without encapsulation, and the results are shown in Figure 4a. After 45 days the PCE of PSC
based on dopant additive free MeOTTVT HTL decreased by less than 5%, while the PCE of
standard (doped) spiro-OMeTAD based PSC decreased by ~50%. The superior stability of
dopant additive-free MeOTTVT HTL based PSC can be attributed to two main reasons, i) larger
contact angle of dopant additive free MeOTTVT compared to doped spiro-OMeTAD based
HTL with water droplet shows reduced wetting by water for dopant additive free MeOTTVT
based PSC as compared to spiro-OMeTAD. (Figure S18); ii) more stable perovskite/HTL
interface for dopant additive free MeOTTVT HTL PSC as revealed by monitoring Voc and FF
(Figure 4c¢ and 4d) under simulated 1-sun illumination. Compared to doped spiro-OMeTAD-

based device, the Voc and FF of dopant additive free MeOTTVT HTL based device remain
8



stable®>. MeOTTVT HTL -based PSC stability under heat stress is measured holding the devices
under 80 °C and monitor the PCE. (Figure 4b). After 220 h, the PSC based on dopant additive
free MeOTTVT HTL retained 90% of its initial efficiency, while the efficiency of spiro-
OMeTAD-based device deceased by almost 70%. These results can be attributed to the higher
Te of MeOTTVT (T, = 137.1 °C) than that of doped spiro-OMeTAD (Tg ~ 75 °C).
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Figure 4. Device stabilities of PSCs with different HTMs under a) RH 40-60 % and b) 80°C
condition. ¢) Voc and d) FF of device based different HTMs change over time under 1 sun

continuous illumination.

Conclusions

In conclusion, we conceived a novel pyramidal-shaped low-cost HTM, MeOTTVT and tested
it for PSCs application. By judicious chemical designing, the quasi-pyramidal geometry
endowed MeOTTVT =n-n stacking tendency while maintaining appropriate solubility for
processing. Sufficient hole-mobility that is related to the m-m stacking makes it possible for
MeOTTVT finding its application as dopant additive free HTL. The three methoxyl

triphenylamine arms provided suitable bandgap alignment with perovskite photoabsorber for
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efficient hole-extraction. MeOTTVT provides a new benchmark PCE for dopant additive free
small molecule HTL based PSC of 21.3% along with negligible hysteresis and good
reproducibility. In addition, it also exhibits higher T, and hydrophobicity as compared to spiro-
OMeTAD. Dopant additive free MeOTTVT-based devices showed good stability against
thermal stress and ambient moisture, retaining 96% of its initial PCE after 1100 h at RH 40-
60% condition, and 90% of initial PCE after 220 h under 80 °C. More importantly, the synthetic
cost of MeOTTVT is only 34.28 $/g based on realistic production yield of 37.2%, potentially
of low-cost for large throughput production in contrast with spiro-OMeTAD and PTAA. Our
work opens a new pathway to design dopant additive free HTM promoting large scale

applications of PSCs.
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