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Abstract 3,6-bis(diphenylaminyl)carbazole molecular
glasses were initially designed as solid hole conductor for
solid-state dye-sensitized solar cells. Herein we employed
these simple and easy-to-synthesize carbazole derivatives in
CH;NH,PbI; regular perovskite solar cells. Devices using
these hole transporting materials (HTM) gave comparable
efficiency to the conventional Spiro-OMeTAD based control
device made under the same conditions, thus demonstrating
the huge potential of carbazole-based molecular glasses as
an emerging class of lower cost organic hole conductors with
easier synthetic pathways for solid state hybrid solar cells.

1 Introduction

In the last 10 years, the rise of perovskite solar cells (PSC)
has been one of the most impressive evolutions in the his-
tory of photovoltaic technology. Their power conversion effi-
ciency (PCE) rose from 3.8% in 2009 to higher than 22% in
mid 2016 for single cells [1]. Importantly, these solar cells
are prepared by soft techniques using solution processing.
Therefore, the cost-effective large-scale production of PSC
seems to be realizable. For instance, Di Giacomo et al. [2]
successfully demonstrated flexible perovskite photovoltaic
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modules using low-temperature processes including UV-
irradiation of the mesoporous TiO, and atomic layer depo-
sition of the compact TiO, giving solar cells with 8.4% effi-
ciency, good flexibility, and improved stability with respect
to scaffoldless equivalents. Screen-printable scaffolds and
masking/laser patterning procedures enables fabrication of
3.1%-efficient mesostructured perovskite modules on plastic
substrates.

In PSC, the hybrid perovskite light harvesting layer as
well as materials for selective contacts serving electron and
hole extraction are the most important components. The
use of HTMs to extract holes from perovskite and to trans-
port them to the electrode, is indispensable in almost all the
architectures utilized for PSCs [3]. Spiro-OMeTAD (Fig. 1)
has been the most commonly used HTM for PSCs. Origi-
nally used in solid-state dye sensitized solar cells (DSSC)
research [4, 5], it has been successfully adapted for PSC
and has shown PCE over 22%. However, the onerous syn-
thetic pathway and costs of Spiro-OMeTAD is an obstacle
for large-scale production [6]. For this reason, alternative
cost-effective HTMs for highly efficient PSCs are highly
researched. In search of alternatives to Spiro-OMeTAD,
a huge number of molecular HTMs have been employed
in PSC [7-9]. A dozen of them have been found to give
devices with performance comparable, or even superior,
to that of Spiro-OMeTAD (PCE ~20%.) [10-15]. Among
them, carbazole derivatives are attractive classes of HTMs
[16-20]. This is due to their interesting properties, including
suitable electrochemical oxidation potentials, good charge
transport, and good thermal and morphological stability.
Recently, we have developed a series of carbazole based
hole conductors, which are easily prepared in a short syn-
thetic pathway, for solid state DSSC [17]. Herein we show
that these materials are also suitable for elaboration of effi-
cient CH;NH;Pbl; PSCs, leading to efficient devices with
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Fig. 1 Molecular structures of studied hole transporters

comparable performance to Spiro-OMeTAD under standard
conditions.

2 Results and discussion
2.1 Materials synthesis

The structure of the studied hole transporters are given in
Fig. 1. Structurally, N-alkylated carbazoles are end-capped
by di(4-methoxyphenyl)amino function in 3,6 positions.
These electron rich groups will modulate optoelectrochem-
ical properties of targeted compounds. Methoxy groups
render molecules more soluble in organic solvents. Addi-
tionally, the presence of methoxy groups in para positions
of phenyl rings of the diphenylamino moiety favour charge
transport properties [21, 22]. It is reported that the alkyl
chain at N-position of carbazole favours the infiltration into
mesoporous networks [23].

The materials can be easily synthesized in short syn-
thetic sequence from readily available commercial products

NaOH

Br  DMF/H,0

B58 R. -

N
B63 R: XN /©/ \©\
H,CO OCHj

B74 R: 3‘{\©

Fig. 2 Synthesis of carbazole HTMs
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(Fig. 2). Briefly, 3,6-dibromocarbazoles react with alkyl
halide in basic medium leading to N-alkyl-3,6-dibromocar-
bazoles. The latter is the subjected to a twofold Pd-catalyzed
amination with 4,4'-dimethoxydiphenylamine, leading to the
final products in good yields [17].

These carbazole derivatives have good solubility in
organic solvents (such as toluene, chlorobenzene, etc.), ren-
dering them suitable for PSC elaboration by wet-process.

2.2 Thermal and optoelectrochemical properties

The thermal and optoelectrochemical properties of these
compounds have been previously reported [17]. All com-
pounds showed significant thermal stability (T ;> 300 °C),
suitable for the applications in optoelectronic devices and
the glass transition temperature (T,) range from 55 to 80 °C,
depending on the length of alkyl chain at the N-position:
shorter chain leads to higher molecular rigidity, and as con-
sequence higher T,. The presence of the amorphous phase is
highly desirable for producing a homogeneous, compact film
with good HTM/perovskite interfacial contact, which is vital

OCH3
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Pd(OAc),, BusP, NaOBu
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for efficient charge transfer, thus leading to high efficiency.
Analysis by cyclic voltammetry suggests that these mole-
cules are electrochemically stable. The ionization potentials
(IPs) were estimated from the onset of the first oxidation.
The electron affinity (EAs) was estimated by subtracting the
optical bandgap from the IPs. These data are summarised
in Table 1, together with that of Spiro-OMeTAD obtained
under identical conditions. Carbazole compounds have IPs
and EAs close to that of Spiro-OMeTAD measured under
the same conditions. Their HOMO level is located above the
ground-state level of the CH;NH,;Pbl; absorber (5.4 eV),
thus ensuring efficient charge extraction and transferability.
Additionally, the hydrophobicity of N-alkyl substituted car-
bazole hole conductors has been proved to improve moisture
resistance in hybrid perovskite based devices [24]. All these
characteristics suggest that these materials will be suitable
for use as HTM in PSC.

2.3 Photovoltaic performance

Carbazole compounds were then incorporated as HTM in
regular CH;NH;PbI; PSC devices. A typical PSC device
is demonstrated in Fig. 3, illustrating an optimized device
composed of a compact TiO, (50 nm), mesoporous TiO,

(250 nm) filled with CH;NH;Pbl; perovskite (50 nm of cap-
ping layer), HTM (100 nm) and a 100 nm thermally evapo-
rated Au layer as cathode.

Molecular glasses have been known for having low
charge mobility in pristine state. The intrinsic charge trans-
port properties of B58, B63 and B74 were investigated in
field effect transistors using these molecules as active layers
together with Spiro-OMeTAD as reference [17]. B58 has
slightly higher mobility (2.87.1077 cm?/Vs at 1 V) than that
of B63 (1.77.1077 ¢cm?/Vs at 1 V), probably due to better
molecular packing in the film. B74 have the lowest mobility
(1.18.1077 cm?/Vs at 1 V) due to the worst molecular pack-
ing in solid state. These are in line with our observation in
the absorption spectra of the films where B74 showed the
weakest intensity at the transition correlating to n—x stack-
ing. However, Spiro-OMeTAD showed about one order of
magnitude higher mobility (2.107° cm?/Vs at 1 V) than those
of these carbazoles.

We thus incorporated 4-tert-butylpyridine (rBP) and
bis(trifluoromethane)sulfonamide lithium salt (LiTFSI) in
the HTM solution for making photovoltaic devices. tBP
increases the polarity of HTM and enhances the interfacial
contact between perovskite/HTM, leading to a high V. and
PCE [25]. tBP acts also as a charge recombination inhibitor

Table 1 Thermal, optoelectrochemical and photovoltaic properties of studied materials

Compound T/T,(°C)  IP(eV) EA(eV) py(em’*V7's™)  Scandirection J (mAcm™) V. (V) FF(%) PCE (%)
B63 80/375 4.70 1.93 1.77x 1077 Voe—Jse 18.6 0.878 59.2 10.8
I —V,. 16.7 0.845  41.1 6.4
B58 55/398 4.65 1.85 2.87x1077 v, -l 13.7 0.836 593 7.5
I~V 12.9 0.751  51.8 5.6
B74 66/336 4.68 1.91 1.18x 1077 v, —J, 175 0931 547 9.9
IV, 16.9 0.911 48.3 8.3
Spiro-OMeTAD 4.70 1.70 2x107° v, —J, 15.8 0921 692 11.2
I —V,. 15.5 0912 650 102
The T, Tg, IP, EA, W, are from our previous work [17]
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Fig. 3 General PSC device structure (/eff) and energy levels of the device components (right)
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and prevents phase segregation of LiTFSI and HTM, result-
ing in a homogeneous hole transport layer. These properties
are critical for charge transport in the HTL bulk film as well
as at the perovskite/HTM and HTM/electrode interfaces for
efficient PSC [26, 27]. LiTFSI is known to act as an oxi-
dative agent in the presence of oxygen and moisture, and
increase the hole mobility of molecular HTM [28, 29].

The current-density—voltage (J—V) characteristics of the
perovskite solar cells and the J-V curve statistics for devices
employing different carbazole hole transport materials are
shown in Figs. 4 and 5, respectively. For comparison, the
control devices with Spiro-OMeTAD were also fabricated,
and the measured data are summarized in Table 1.

The device incorporating B58 achieves a short-cir-
cuit current (J,) of 13.7 mA cm™2, an open-circuit volt-
age (V,.) of 0.836 V, a fill factor (FF) of 59%, giving an
overall conversion efficiency of 7.5% (Figs. 4 and 5). The
B63 based cells shown 10.8% efficiency due to higher J
(18.6 mA cm™?) and V,. (0.878 V). The benzyl substituted
B74 gave highest Voc (0.931 V). However, due to the drop of
FF, the PCE decreases to 9.9%. These PCE are slightly lower
to that of Spiro-OMeTAD control devices (11.2%). How-
ever, the hysteresis effect of carbazole based HTMs are more
prominent in comparison to Spiro-OMeTAD. That may be
attributed to the lower mobility of these materials (Table 1).

The IPCE spectra of PSC are presented in Fig. 6 and the
values of integrated J, are given in the inset of this figure.
The values are in perfect accordant with measured J, from

Spiro-OMeTAD
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Fig. 4 Current density—voltage (J—V) curves of best PSC devices

@ Springer

[-V curves: 14.69; 16.67; 16.07 and 17.03 mA cm™? for
B58, B63, B74 and Spiro-OMeTAD based PSC respectively.

3 Conclusions

In summary, we have successfully applied three N-alkyl
substituted bis(diphenylaminyl)carbazoles as HTM in
CH;NH;Pbl; PSC. These materials gave PSC with per-
formance comparable to that of the reference materials
(Spiro-OMeTAD) prepared under the same conditions. The
higher hysteresis effect of these materials could be attrib-
uted to their lower charge mobility in comparison to Spiro-
OMEeTAD. Our results thus affirm the successful application
of simple molecular HTM materials designed for solid-state
DSSCs in hybrid perovskite photovoltaics.

3.1 Experimental

Etched FTO glass substrates (NSG Pilkington, TEC7) were
cleaned sequentially in detergent, deionised water, acetone
and ethanol before undergoing 10 min of O, plasma treat-
ment. A compact TiO, layer was deposited on the glass sub-
strates through spray pyrolysis of a 0.2 M solution of tita-
nium diisopropoxide bis(acetylacetonate) in isopropanol at
450 °C. Upon cooling, a mesoporous layer of TiO, nanopar-
ticles was spin-coated from a 2:7 wt suspension of Dyesol
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Fig. 5 Current—voltage curve
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Fig. 6 IPCE spectra of the best PSC devices

30NR-D paste in ethanol (4500 rpm for 30 s), followed by
sintering at 550 °C for 30 min.

A CH;NH;Pbl; perovskite precursor solution was pre-
pared by dissolving 576 mg Pbl,, and 199 mg CH;NH;I in
a 4:1 vol solution of DMF:DMSO. 100 pl of the perovskite
precursor solution was deposited onto the TiO, films and
spin-coated at 4000 rpm for 30 s, with 200 ul of ethyl acetate
dripped onto the spinning substrate 10 s prior to the end of
the spin-coating process. Perovskite films were annealed at
100 °C for 10 min.

Hole transport materials were dissolved in chloroben-
zene (75 mg/ml) and doped with additives including
bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI,
20 pl/ml from a 1.8 M solution in acetonitrile) and 4-tert-
butylpyridine (tBP, 30 ul/ml). The HTM solution was
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spin-coated onto perovskite films at 4500 rpm for 30 s before
100 nm thick Au contacts were thermally evaporated onto
devices.

Current—voltage measurements were performed using a
AAA-rated solar simulator (Oriel Sol3A) calibrated against
a KG5-filtered reference diode (Oriel 91,150-KG5). Solar
cells were masked to 0.1 cm? and scanned both from forward
to reverse bias and vice versa at 100 mV/s.
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