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Abstract

The performance of perovskite solar cells (PSCs) is partially dependent on the properties of the hole
transporting material (HTM) used. Here, we present the synthesis and study of novel benzothiazole-based
arylamines HTMs. The compounds are thermally stable, decomposing at temperatures > 350 °C, and exist
in amorphous states. The ionization potential values of the HTMs are between 5.26-5.62 eV, which are
optimal with respect to the valence band energy of perovskite (~5.7 eV). PSCs employing the best
performing HTM resulted in a power conversion efficiency (PCE) of 20.74% with a fill factor (FF) of
77.6%. With this we present donor—m-bridge—acceptor type-strategy as an effective method to increase
charge transport properties of benzothiazole-based small molecule HTMs that are obtained in high yield
via a simple Knoevenagel condensation reaction resulting in improved performance of the hole transporting
layer in PSCs.

Introduction

Over the past several years, fast development of hybrid organic-inorganic perovskite solar cells (PSCs) has
made them one of the major research subjects in the field of photovoltaics as alternatives to current silicon-
based solar cells.! During 2009, the first PSC devices were demonstrated by Kojima and co-workers,? with
a power conversion efficiency (PCE) of 3.1%. Since then, the performance of PSCs has increased
significantly, to a current record of 26.7% for single junction devices.> PSCs exhibit impressive
photovoltaic performances due to the excellent optoelectronic properties of perovskite materials.*~

In general, the structure of a PSC device consists of a multi-layered stack, where the light-absorbing
perovskite layer is positioned between an electron transporting material (ETM) layer and hole transporting
material (HTM) layer.!? The charge transporting layers facilitate more effective charge extraction/collection
and prevent charge recombination, which is essential for producing high efficiency solar cells.!! Typically,
titanium dioxide (TiO,) is used as the ETM, while the most commonly used HTM in PSCs is 2,2',7,7'-
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tetrakis(V,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (Spiro-OMeTAD). However, due to both the
stability issues of Spiro-OMeTAD devices, which limits their lifetime, and a multi-step synthesis route,
which results in a relatively high material cost, the search for stable and low-cost alternatives remains highly

View Article Online

relevant to further PSC development.!?13 DOI: 10.1039/D5TCO1318F

Substantial effort from many research groups has been directed towards the improved synthesis of small
molecule HTMs which can reduce the cost and improve the stability of photovoltaic devices. Reported
examples of novel HTMs include those based on fluorene-,'4!5 amide-,'® enamine-,'7-!° carbazole-,>023
triphenylamine-,>* pyrene-,>>¢ and thiophene-based?’3! derivatives. One of the possible strategies for
developing novel HTMs is to construct molecules consisting of an electron-donating unit (D) and electron-
accepting units (A) as alternating electronic structures. The donor-acceptor type of molecules has been
extensively investigated and widely adopted in the organic photovoltaic (OPV) field.3> However, for
application in PSCs, they have been rarely reported. Nevertheless, Liu and co-workers have developed a
D-A type conjugated small molecule DOR3T-TBDT as a dopant-free HTM.3? Due to its high hole mobility
and conductivity, the photovoltaic cell constructed using a layer of DOR3T-TBDT reached a PCE of 14.9%,
which was higher than the device fabricated using a layer of doped Spiro-OMeTAD (14.0%). Another
useful strategy for designing novel organic semiconductors is to develop molecules of the type A—-D-A, as
reported by Steck and co-workers. In this example, two S,N-heteropentacene conjugated molecules were
prepared, having suitable energy levels with respect to the MAPbI; perovskite. The resulting PSC devices
gave favourable fill factor (FF) and open circuit voltage (V¢) values, and PCEs of 10.3—11.4% without the
use of additives.’*

Potentially more interesting are HTM molecules of the type D-A—D. This molecular construction tends to
have a low bandgap with a low-lying HOMO level, leading to an improvement in Vy¢.3> One example of
this could be the work of Pham and co-workers, using triphenylamine (TPA) as the donor blocks and
biphenyl fumaronitrile (BPFN) as the acceptor to synthesize new organic semiconductors of the type TPA-
BPFN-TPA.3¢ Devices using this new compound as a dopant-free HTM in PSCs achieved a V¢ value was
1.04 V with a PCE of 18.4%, while the doped Spiro-OMeTAD reached 1.00 V and 16.5%, respectively.

As can be seen from previously reported works, the use of donor and acceptor building blocks to fabricate
new charge transportation materials has significant potential. By employing a donor-acceptor based
molecular architecture approach, an alternative method is created to successfully prepare highly efficient
HTMs, which should exhibit properties such as high charge carrier mobility and charge separation due to
strong dipolar intermolecular interactions, suitable energy levels and improved stability and efficiency of
the photovoltaic device.

Considering the promising properties of donor-acceptor type molecules, we designed and synthesized
donor—n-bridge—acceptor A(—n—D), type small molecule HTMs systems and present them herein. To the
best of our knowledge, benzothiazole-based derivatives bearing photoconductive triphenylamine
chromophores linked by an aliphatic n-bridge have not been used as HTMs in PSCs. The optimized PSCs
using the highest performing HTM, designated V1671, reached a PCE of 20.74%.

Results and discussions

The target HTMs V1670, V1671 and V1672 were obtained via Knoevenagel condensation of the respective
benzo[n]thiazole derivatives with n equivalents of 4-[bis(4-methoxyphenyl)amino]benzaldehyde in the
presence of sodium hydride (Figure 1). This results in a benzo[n]thiazole core connected through an ethenyl
unit to a substituted triphenylamine chromophore. While the cores for n = 1 and n = 2 (2-
methylbenzothiazole and 2,6-dimethylbenzo[1,2-d:4,5-d"]bisthiazole, respectively) are commercially
available, the core for n = 3 was prepared by a modification of literature methods.3"The chemical structures
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of the HTMs were confirmed by 'H NMR, 3C NMR, mass spectrometry and elemental analysis (See
Supporting Information).
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Figure 1. Synthesis of target compounds V1670, V1671, and V1672.

The thermal stability of the prepared HTMs was examined by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). The results are provided in Figure 2a, and the summarized
properties are listed in Table 1. The TGA results show that the decomposition temperatures (7}..) range
between 362 °C and 443 °C, which is somewhat lower than that of Spiro-OMeTAD (7. = 449 °C).38 The
increase in T, values has been observed in the set of the synthesized HTMs, where the lowest 5% weight
loss Ty value of 362 °C has been reported for V1670 containing one substituted triphenylamine
chromophore, nevertheless, it is still reasonably high to indicate sufficient thermal stability required for
PSCs. Whereas highest recorded 7. value are for V1672 (443 °C) bearing three substituted triphenylamine
chromophores. This tendency potentially can be explained by the higher molecular mass resulting in
stronger intermolecular interactions.
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Figure 2. (a) TGA heating curves of the target HTMs. (b) DSC curves of the second heating run.

DSC analysis shows that investigated HTMs V1671 and V1672 exist in an amorphous state since no
endothermic melting peaks were observed over two heating cycles (Figure S7, Supporting Information).
However, for the compound V1670 a melting temperature (7,,) was detected during the first heating cycle
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at 56 °C and glass transition temperature (7,) was measured during the second heating at 51 °C. Meanwhile
for compounds V1671 and V1672 second heating scans showed glass transition at 117 °C and 154 °C,
respectively. Furthermore, the data presented in Figure 2b and Table 1 show that the T, values increase

View Article Online

significantly with an increasing number of substituted triphenylamine moieties, leading tooamorestabibized
amorphous state, which is generally desired for the formation of stable HTM films in PSCs.38

Table 1. Thermal and photophysical properties of the HTMs.

Ho (em> V71 iy (cm? V7!

D LECF TP A mP VY BV Eg@vr MU S1)e
V1670 51 362 572 5.26 2.46 2.80 2.6-10°° 3.0-1077
V1671 117 432 593 5.62 2.23 3.39 2.7-10°° 1.4-1077
V1672 154 443 588 5.57 2.29 3.28 - 3.6-1077

9Glass transition (7,) and decomposition (7y,.) temperatures determined from DSC and TGA, respectively (10 °C/min, N,
atmosphere); ®UV—vis and PL spectra were measured in CB and CH,Cl, (1:1 in volume) solutions (3.3 mM); Tonization
energies of the films measured using PESA; 9E, estimated optical bandgaps of HTMs; 9E,, = I — E,; "Mobility value at zero
field strength; @ Drift carrier mobility measured with bisphenol-Z polycarbonate (PC-Z) (1:1).

To better understand the energy level alignment of the target compounds in PSCs, we measured the solid-
state ionization potential (/). /, values of the novel HTMs were determined by the photoelectron emission
spectroscopy in air (PESA) measurement of their thin films and give a reliable estimation of the highest
occupied molecular orbital (HOMO) energy level. The recorded data is shown in Figure 3a and Table 1.
As seen from the measurement results, 7, values of V1670, V1671 and V1672 were found to be 5.26, 5.62,
and 5.57 eV, respectively. The 7, values of HTMs are sufficiently close to optimally match with the valence
band energy of perovskite (~5.7 eV), suggesting that the synthesized compounds would be suitable for use
in PSCs.

a b
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Figure 3. (a) Photoemission in air spectra of V1670, V1671 and V1672. (b) Electric field dependencies of
the hole-drift mobility (x) in the synthesized compounds, with and without PC-Z.

The defining property of HTMs is their ability to selectively and efficiently transport holes. To investigate
charge transport properties of the benzothiazole derivatives, hole drift mobilities were measured using the
xerographic time of flight (XTOF) technique. The measurement results are presented in Figure 3b and Table
1. Charge mobility values at zero-field strength (0 V-cm™') are most significant, as electric fields are
relatively weak in PSCs. Although the measured charge mobility of pure compounds V1670 and V1671
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was 2.6:107¢ and 2.7-107% cm? V157!, respectively, which is not particularly exceptional, it is sufficient
for their application in PSCs. It should be noted that the quality of pure V1672 layers was insufficient for
XTOF measurements. To assess the hole drift mobility of V1672, it was mixed with a polycarbonate (PC-
7), and a film prepared. Addition of the polymer dilutes the HTM, reducing the overall charge: nobility:by
roughly one order of magnitude; however, it allowed for the measurement of V1672 and its comparison
with the other compounds. The XTOF measurement results of the HTMs with PC-Z shows that all three
materials produce similar results under the same (diluted) conditions.

The PSC structure for the FTO/SnO,/Perovskite/PEAI/HTM/Au was characterized by cross-section
scanning electron microscopy (SEM) (Figure 4a). The SnO, electron transport layers were fabricated by a
chemical bath deposition (CBD) method according to a previous report.3® The energy level diagram of each
component in the PSCs is illustrated in Figure 4b. As reported above, the HOMO energy level of V1670,
V1671 and V1672 are —5.26, —5.62 and —5.57 eV and the optical bandgaps are 2.46, 2.23 and 2.29 eV,
respectively (Figure S8 and S9). Therefore, the lowest unoccupied molecular orbitals (LUMOs) of the
V1670, V1671 and V1672 are calculated to be —2.80, —3.39 and —3.28 eV, respectively. The valence band
maximum (VBM) and conduction band minimum (CBM) of the perovskite film are —5.71 and —4.18 eV,
respectively, which were determined by ultraviolet photoelectron spectroscopy (UPS) (Figure S10). The
HOMO level of V1671 has the lowest energy barrier relative to the VBM of the perovskite film among the
three HTMs, indicating that photogenerated holes could be extracted efficiently from perovskite layer to
the V1671 HTM. The PSC based on this material shows the highest PCE with the enhancement of open-
circuit voltage (Voc) and short-circuit current density (Jsc) among the three HTMs (Figure S11), which
could be attributed to its efficient charge extraction property and high hole drift mobility (Table 1).
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Figure 4. (a) The cross-sectional SEM image of the n-i-p PSC structure. (b) The energy level diagram of
each layer in the PSC. (c) Current density-voltage (J—V) curves of the PSC based on the V1671 HTM under
reverse and forward scan modes. (d) External quantum efficiency (EQE) spectra and the integrated Jgc of
the corresponding PSC. (e) Steady power output of the champion target device for 300 SD@)lM(I%ﬁlEt%ﬁ%
of the unencapsulated V1671 PSC under continuous 1 Sun illumination in a N, atmosphere at room

temperature.

The surface morphologies of the V1670, V1671 and V1672 films were measured by SEM, as shown in
Figure S12. The surface morphology of the V1670 is highly homogeneous, whereas the V1671 film is
slightly less homogeneous and not pinhole-free. However, the V1672 film has poor morphology, with many
visible pinholes and a tendency to aggregate when spin-coating, which may affect the quality of HTM film
and impede the PSC performance. Figure S15 shows the TRPL spectra of perovskite and deposited HTLs.
The effective lifetimes (defined as the time required for the PL intensity to decay to 1/e of its initial value
after excitation) were 86.8, 1.8, 2.2, and 2.9 ns for the perovskite, perovskite/V1670, perovskite/V1671,
and perovskite/V1672 films, respectively. Compared to the pristine perovskite film, the perovskite/HTM
films exhibit much shorter PL lifetimes, indicating efficient carrier extraction at the perovskite/HTM
interface. Among the three HTMs, V1671 shows the most efficient carrier extraction, consistent with its
minimal energy barrier between its HOMO level and the VBM of the perovskite.

Further, the performance of the PSC based on V1671 was optimized by adjusting its solution concentration
during spin-coating (Figure S13) and the average photovoltaic parameters are summarized in Table S1. The
PSCs based on 25 mg/mL V1671 have the best surface morphology, and, correspondingly, the highest
photovoltaic performance (Figure S12b and Figure S14). A V1671 concentration above 30 mg/mL led to
significant reductions in Jgc and fill factor (FF) of the PSCs due to reduced homogeneity of the surface.
The champion V1671 device had a Ve of 1.066 V, a Jsc of 25.10 mA-cm 2 and an FF of 77.6%, which
resulted in a PCE of 20.74% at reverse scan (RS) (Figure 4c). Its PCE at forward scan (FS) reached 19.62%.
Detailed photovoltaic parameters are summarized in Table 2. The hysteresis index (HI) of the V1671 device
was 5.4%, as calculated using HI = (PCErs—PCErs)/PCEgs.>* Compared to the V1671 device, the Spiro-
OMeTAD device shows a higher PCE of 21.8% with a smaller HI of 3.2% (Figure S16), indicating there
is still a gap of molecular design. Figure 4d shows the spectral dependence of the external quantum
efficiency (EQE) for the V1671 device. The integrated current density is 24.90 mA-cm™2, which is
consistent with the Js¢ value in Figure 4c. Furthermore, the maximum power point tracking (MPPT) PCE
of the device is 20.46%, stable over a 300 s measurement (Figure 4e). In addition, the operational stability
of the unencapsulated V1671 device was evaluated at the MPP under a nitrogen atmosphere using a light-
emitting diode lamp with a calibrated light intensity of 100 mW-cm™2. After 500 hours of measurement,
the V1671 device retained about 65% of its initial PCE (Figure 4f). Water contact angle measurements
revealed that all HTMs show higher contact angle comparing with bare perovskite films as shown in Figure.
S17. V1671 film exhibited a highest angle (83°) among the series, which is also higher than that of the
spiro-OMeTAD (68°).4° The greater hydrophobicity of V1671 could be one of the reasons of high stability
of the device that contains this HTM.

Table 2. Detailed photovoltaic parameters of the champion V1671 device.

V1671 Voc (V) Jsc (mA-cm™2) FF (%) PCE (%)

Reverse 1.066 25.10 77.6 20.74

Forward 1.046 25.21 74.5 19.62
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Conclusions

In conclusion, we report the synthesis and systematic study of the novel A(—n—D), type small molecule
HTMs for PSCs. The investigated benzothiazole-based arylamines were obtained in high yield viaasinple
Knoevenagel condensation reaction. The influence of the different number of triphenylamine
chromophores has been evaluated by the thermal, optical, photophysical and photovoltaic measurements.
It was found that as the number of triphenylamine fragments increases the decomposition and glass
transition temperatures of the HTMs increase, and investigated compounds exist in an amorphous state
which is desired in the fabrication of PSCs. Notably, the /, values of HTMs are in the range of 5.26-5.62
eV, which is suitable for application in PSCs. Additionally, PSCs fabricated with V1671 as the HTM
resulted in the photovoltaic device achieving a PCE of 20.74% that is much higher than PCEs of V1670
and V1672 devices, which could be attributed to its higher hole drift mobility, better energy level alignment
relative to the perovskite layer, and pinhole-free surface morphology. This work shows that the synthesis
of new small molecule HTMs via a donor—mn-bridge—acceptor type-strategy is an effective method to
improve the performance of the hole transporting layer in PSCs.
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