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BODIPY-based materials are well known for their outstanding chemical and photo-stability as well as their
ease of synthesis and tunability of their frontier molecular orbitals. These are attractive features for hole
transporting materials (HTMs) for perovskite solar cells (PSCs) that could help improve device stability
and cost. In this paper, we report the straightforward synthesis of a new BODIPY small molecule, PTZ-
PTZ-BDP, functionalised with phenothiazine moieties in both the meso and « positions giving rise to
a Y-shaped structure. As estimated by DFT calculations, and confirmed by electrochemical and ambient
photoemission spectroscopy studies, PTZ-PTZ-BDP presents appropriate energy levels suitable for its
use as a HTM in PSCs. Electrochemical measurements also reveal several redox processes with excellent
reversibility. Systematic evaluation of its performance as HTM in n—i—p PSC with and without dopants
was conducted and the device parameters compared with commonly used HTMs of spiro-OMeTAD and
PTAA. The CHzNHzPbls based PSCs incorporating simple solution processed PTZ-PTZ-BDP as HTM
demonstrated a champion power conversion efficiency of 14.6%, matched in performance and shelf-life
stability to complex and expensive state-of-the-art HTMs, showing that BODIPY based HTMs are
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Introduction

Perovskite solar cells (PSCs) emerged in recent years as
a promising photovoltaic technology that is developing rapidly
in terms of device architecture and power conversion efficiency
(PCE).** From an initial 3.8% PCE in 2009,’ they are currently
certified with efficiencies surpassing 25%,"*” and the initial
phase of industrialisation is expected soon.*™* The narrow and
tuneable band-gaps, high extinction coefficients in the UV-vis
and near-infrared region, small exciton binding energy, high
crystallinity and charge mobility, and exceptionally long carrier
life time, along with the ambipolar charge transport ability, are
some of the remarkable features of these organic-inorganic
hybrid materials.’** In such cells, the perovskite material,
with a general formula APbX; [A = methylammonium
(CH3NH;)" or formamidinium (CH3(NH,)**); and X = Cl~, Br,
I" or mixed halides], is usually sandwiched between an electron
transport layer (ETL) and a hole transport layer (HTL),' in
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a promising direction for perovskite solar cells.

which the latter plays a crucial role in the stability and efficiency
of the device." The high power conversion efficiency of perov-
skite based solar cells is a result of the excellent optoelectronic
properties of both the perovskite photoactive layer and the
charge selective layers. In spite of the fact that PSCs have
experienced tremendous progress, long term stability is an
important goal and continues to challenge the academic
community and the industry.” Due to high degradability via
exposure to humidity, temperature, oxygen, high pressure and
even UV light,"~** PSCs still show considerable limitations that
prevent their uptake in the market.>***

To obtain high PCE and stability with perovskite based solar
cells, each layer has to fulfil several functions. The charge
selective layers should be transparent, possess proper energetic
alignment with the HOMO/LUMO of the perovskites to ensure
charge selectivity and blocking of the opposite carrier, high
charge carrier mobility, easy processability and low cost. Two
device architectures are widely used: the n-i-p structure in
which holes are extracted through a metal contact on the top of
the device, and the p-i-n structure in which they are extracted
through the bottom of the device which consists of ITO on
a glass substrate. In the former case, the HTM lies between the
air outside the device and the perovskite active layer. Hence in
addition to its electronic properties it also plays a role as
a protecting layer against air, moisture and diffusion of the
metal electrode into the perovskite material, thereby reducing
degradation.” It is desirable for HTMs to possess

This journal is © The Royal Society of Chemistry 2022
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hydrophobicity, a LUMO level located above the conduction
band of the perovskite used and high chemical and photo-
stability*

A very widely used HTM in n-i-p perovskite solar cells is
spiro-OMeTAD.***” It remains the most dominant HTM in n-i-
p PSCs due to its solution processability, amorphous nature,
and appropriate energy levels to match with the hybrid
perovskites. Despite these advantages, to achieve good
conductivity and performance, spiro-OMeTAD needs dopants
such as the bis(trifluoromethane)sulfonimide lithium salt
(LiTFSI),*** 4-tert butylpyridine and (¢BP)*® and tris(2-(1H-pyr-
azol-1-yl)-4-tert-butylpyridine)cobalt(i) tri[bis(trifluoro-
methane)sulfonimide] (FK209).** LiTFSI for instance, is a p-type
dopant used to improve the conductivity of HTMs: while the
lithium ions facilitate the oxidation of the HTMs, the TFS™
counter-ions stabilize the oxidized HTM species.”® Other
important issues are pinhole formation which accelerates the
device degradation by moisture and oxygen diffusion to the
perovskite active layer and temperature induced changes in the
transport properties even at 50 °C. Moreover spiro-OMeTAD
synthesis is lengthy, low yielding (~40%) and for purification,
costly sublimation is required, making it an expensive (~470
USD per gram) material choice.>** These issues make spiro-
OMEeTAD a less attractive HTM for industrial scale fabrication
of n-i-p solar cells despite their high efficiency.

Several polymeric materials such as P3HT, poly-TPD, PTAA
have been investigated to replace spiro-OMeTAD.%7>*3335
Among these, PTAA and poly-TPD are also expensive HTMs
(~500 USD for 1 g of poly-TPD and 2000 USD for 1 g of PTAA)
which presents a barrier to large scale manufacture. Some of the
most promising families of small molecules exploited as HTMs
in the literature include spiro-like compounds,* star-shaped
compounds,®***” carbocyclic cores,*** nitrogen*® or sulphur*
containing central scaffolds and oligomeric-like molecules.>”

Materials that naturally possess good chemical and photo
stability and are easily tuneable in their frontier orbitals energy
levels are attractive for generating efficient HTMs in perovskite
solar cells.***>*** It is rather surprising that the use of BODIPYs
is relatively scarce as HTMs in PSC,*™ especially considering
their typically high photochemical and electrochemical
stability, often high hole mobility,*® and multiple stable redox
processes.*** They have been successfully applied in opto-
electronic applications,* generating efficient dye-sensitised
solar”® cells and bulk-heterojunction solar cells.”**” Despite
the fact that some BODIPY synthesis can be relatively low in
yield, they often benefit from short synthetic routes®**® and
relatively easy one-pot type procedures,*** which can, in turn,
compensate in terms of cost. From the best of our knowledge,
there has been only one report of them directly applied as HTMs
in PSCs: the polymeric BODIPY-based materials by Keyong
et al” (showing 16.02% for the best cell with exceptional
stability and non-doped). Hence, further investigation of the
potential of this class of materials is needed, especially as small
molecules. In this contribution, a symmetric BODIPY-based
material, named PTZ-PTZ-BDP, was designed, synthesised and
its photophysical and electrochemical properties were investi-
gated (Fig. 1). The compound features a BODIPY core and
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Fig. 1 Chemical structure of PTZ-PTZ-BDP.

phenothiazine branches, giving rise to a Y-like structure. The
investigation showed promising -characteristics including
multiple redox waves with reversible character. PTZ-PTZ-BDP
was then incorporated as HTM in a typical n-i-p and p-i-n PSCs
and its performance was systematically studied and compared
to that of existing HTMs of PTAA and spiro-OMeTAD.

Results and discussion
Synthesis

PTZ-PTZ-BDP was synthesized following a well-established
procedure,®® that encompasses a Knoevenagel type condensa-
tion of the meso-functionalized BODIPY*® with a phenothiazine
carbaldehyde derivative. Synthetic details and structure verifi-
cation are given in the ESL

Optical and electrochemical properties

The UV-vis absorption spectrum of PTZ-PTZ-BDP was recorded
in dichloromethane solution (1 x 107> M) and is provided in
Fig. 2. The spectrum features maximum absorption (Anax) at
689 nm (data available in Table 1), which likely originates from
intramolecular charge transfer (ICT) between phenothiazine
units and the BODIPY core.* Another absorption peak is seen at
333 nm and can be ascribed to m-7* transition of the conju-
gated backbone. As already reported for BODIPY dyes of this
kind,* the functionalisation on the a positions is responsible
for the broad absorption spectrum observed. PTZ-PTZ-BDP
shows an extinction coefficient value (eya) of ca 6.4 X
10* M~" em ', and an optical bandgap (Eop) of 1.59 eV. In thin
film form the absorption spectra profile is preserved but
a redshift and broadening of the peaks are observed. Similar
effects have been previously observed in comparing the
absorption spectra of small molecules in solution and thin
film.*** The red shift can arise from increased electron deloc-
alisation (possibly including contributions from aggregation or
m-stacking),***® whilst the broadening can arise from a wider
range of conformations in the film.
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Fig.2 (a) UV-vis spectra of PTZ-PTZ-BDP solution recorded in DCM (1

x 107° M) (b) UV-vis spectra of PTZ-PTZ-BDP in thin film form
(~30 nm thickness).

Cyclic voltammetry (CV) measurements [recorded in DCM 5
x 10~* M, calibrated versus the ferrocene/ferrocenium (Fc/Fc")
redox couple], reveal multiple oxidation waves and one reduc-
tion wave for PTZ-PTZ-BDP (see Fig. 3). Reversible character is
indicated by the CV waveform during the oxidation and the
reduction processes. This suggests that PTZ-PTZ-BDP can
undergo several oxidation processes while exhibiting good
stability, which is a valuable characteristic and accounts for the
electrochemical stability of optoelectronic devices featuring this

Table 1 Optoelectronic and redox properties of PTZ-PTZ-BDP
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unit.®”*® This is especially true for PSC, where the HTM has to
undergo rapid oxidation processes while maintaining reason-
able stability.”** The oxidation waves overlap in the CV, there-
fore square wave voltammetry (SW) measurements were carried
out and the voltammogram is provided in Fig. S4 (ESIt); where
one can clearly see four oxidation and one reduction peaks. The
values of first oxidation potential (E;,, o) and first reduction
potential (E1; req), taken from the SW measurements, were used
to estimate the respective ionization potential (IP) and electron
affinity (EA). Based on the measurements, PTZ-PTZ-BDP has an
IP of —5.0 eV and an EA of —3.4 eV, culminating in a funda-
mental-gap (Eg,nq) of 1.6 eV. This ionization potential closely
matches that of spiro-OMeTAD in its commonly used configu-
ration (doped with LiTFSi and ¢BP and exposed to air) [see

Fig. 3(b)].*

DFT modelling

Density functional theory (DFT) calculations at the B3LYP/6-
311G(d,p) level were carried out in order to better understand
the electronic properties of PTZ-PTZ-BDP, and in particular,
provide the HOMO and the LUMO energy levels.” The optimised
structure and the HOMO and LUMO maps are provided in Fig. 4.
An angle of 88° for the meso-phenothiazine moiety relative to the
BODIPY core was revealed by the calculation. On the other hand,
a small angle of c.a. 2.7° for the styryl phenothiazine units and
the core was observed, giving rise to the Y-shaped structure. Due
to their butterfly conformation, the phenothiazine moieties face
in opposite directions to circumvent steric hindrance. These
values match those of other reported compounds of the same

dma (M) Apa (MM) ema® M em™)  Aonger” (Nm)

Eopt” (V)

Eipo (V) Eipred® (V) IP°(eV)  EA (eV)  Epnd® (eV)

689 6.4 x 10* 779 1.59

0.21 —1.42 —=5.0 —3.4 1.6

“ Measured in dichloromethane (1 x 107° M). 5 Measured in thin film. ¢ Calculated using the formula Eqp = 1240/Agnset- 4 Measured in

dichloromethane (5 x 10™* M) and calibrated versus the ferrocene/ferrocenium (Fc/Fc") redox couple. ¢ Calculated using the formula IP =

7[E ox

+4.8] ev.” Calculated using the formula EA = —[E,eq + 4.8] V. ¢ Calculated using the formula Eg,ng = |IP — EA| eV.
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Fig. 3 (a) Cyclic voltammetry of PTZ-PTZ-BDP, recorded in DCM (5 x 10~% M), calibrated versus the ferrocene/ferrocenium (Fc/Fc*) redox
couple, using TBA-PFg as electrolyte, a 1.6 mm diameter platinum working electrode, a platinum wire counter electrode and a silver wire pseudo-
reference electrode. (b) Energy level diagram of PTZ-PTZ-BDP and spiro-OMeTAD;? for reference, the valence and conduction bands of

CH3NH3Pblsz are also included.3®
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Fig.4 Schematic representation of optimised structure [front (a) and side (b) views] and HOMO and LUMO maps (c) of PTZ-PTZ-BDP computed
at the B3LYP level of theory and the 6-311G(d,p) basis set.
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(a) Ambient photoemission spectra of PTZ-PTZ-BDP, PTAA and spiro-OMeTAD thin films (b) energy level diagram showing the HOMO

level of MAPbIs compared to that of PTZ-PTZ-BDP, PTAA and spiro-OMeTAD. The work function (WF) values are shown in dotted lines (c) current
density (J)-voltage (V) curves of the hole only devices for the pristine PTZ-PTZ-BDP films. The inset shows the device architecture used for

obtaining the current—voltage data.
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kind.**”* The HOMO distribution is primarily located on the
styryl groups with considerable extension to the core, whereas the
LUMO is confined to the m-framework of the BODIPY core and
slightly extends to the styryl groups. The meso-substituent is
usually absent in frontier orbital electronic distribution due to
the high dihedral angle typically observed,*”> which is exacer-
bated by the presence of methyl groups in the positions 1 and 7,
which is also observed here. The HOMO energy level was esti-
mated as —4.73 eV and the LUMO as —2.67 by the calculation (see
Table S17).

Photovoltaic properties

The HOMO level of the pristine PTZ-PTZ-BDP thin film and its
comparison with the photoactive layer of MAPbI;, PTAA and
spiro-OMeTAD measured using ambient photoemission spec-
troscopy is shown in Fig. 5(a). Without any dopants added, the
HOMO level of PTZ-PTZ-BDP is found to be closer to MAPbI;
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than that of PTAA and spiro-OMeTAD which could be beneficial
for the charge transfer processes at the HTM/perovskite buried
interface. The p-type nature of the PTZ-PTZ-BDP along with that
of PTAA and spiro-OMeTAD is demonstrated through the work
function (WF) measurement using the Kelvin probe method
and is given in Fig. 5(b). The hole mobility of the PTZ-PTZ-BDP
thin films was estimated using the space charge limited current
(SCLC) method and the corresponding J-V curve is shown in
Fig. 5(c). The obtained hole mobility is (2.02 = 0.94) x 10> cm?
v~ s7" and is comparable to that of the hole mobilities previ-
ously reported for pristine PTAA (3-4 x 10" ° em® V™' s7%) and
spiro-OMeTAD (1.67 x 107° cm® V' s7').7*75 With these
promising optical and electrical properties of the PTZ-PTZ-BDP
films, their hole extraction properties were tested in perovskite
photovoltaic devices using MAPbI; as the photoactive layer.
Fig. 6(a) shows the n-i-p device architecture used in the
present study. The perovskite solar cells were fabricated with
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(@) The n—i—p device architecture used for the solar cell device fabrication (b) comparison of the power conversion efficiency (PCE) of the

solar cells with the HTMs of PTAA and PTZ-PTZ-BDP with and without doping (c) comparison of the photovoltaic performance parameters of the
PTAA and PTZ-PTZ-BDP based devices with and without doping (d) EQE spectra of the n—i—p solar cells with the doped PTAA and PTZ-PTZ-BDP
as HTMs. The molar concentration ratio of HTM : LiTFSI : tBP was 1 : 0.082 : 0.39.
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and without dopants for the PTZ-PTZ-BDP and the photovoltaic
performance is compared with two of the most widely used
HTMs PTAA and spiro-OMeTAD. Fig. 6(b) and (c) show the
distribution of the PCE and photovoltaic performance param-
eters of the perovskite solar cells using PTAA and PTZ-PTZ-BDP
as the HTMs with and without LiTFSI and ¢BP as dopants. The
corresponding J-V characteristics are shown in Fig. S5(a), (b)
and S6(a), (b). Without any dopants, the PTAA based devices
show higher average power conversion efficiency of ~8% (best
PCE 9.3%), compared to PTZ-PTZ-BDP devices with average PCE
of 6%. As shown in Table S2,7 PTZ-PTZ-BDP HTM based devices
have slightly lower V,. (0.76 V vs. 0.84 V) and FF (50% vs. 55%)
and the yield was also lower compared to PTAA HTM based
devices. Upon adding LiTFSI and ¢BP dopants to the HTM in the
molar ratio of 1:0.082 : 0.39 respectively, the average power
conversion efficiency of both the PTZ-PTZ-BDP and PTAA based
devices increased to ~10%, with the champion device efficiency
~12%. Previously it has been shown that when PTAA is used as
HTM in the n-i-p configuration, this particular dopant

16
154
141
134

(@)

12
114

0y 0y &

PCE (%)

104 Bl
9
84

35 nm

(c)

FS RS

(b)

104

PCE(%)

Voc (V)

FF(%)

Jsc (MA/cmA2)

13.2
0.97
65.3
20.7

14.6
1.03
71.5
19.8

00 02 04 06 08
Applied Bias (V)

Fig. 7

1.0

1.2

View Article Online

Sustainable Energy & Fuels

concentration gives the best device performance.”® We note that
higher efficiency (~17%) has been reported in the literature, but
the number obtained here is typical of our lab and still enables
comparison with other HTLs.”” As shown in Table S3,} for PTZ-
PTZ-BDP based devices the V. increased to 0.903 V and FF
improved to 55%. The comparison of the EQE spectra of the
devices with PTAA HTM is shown in Fig. 6(d). For all the
perovskite solar cells described so far, the thickness of the PTZ-
PTZ-BDP films were maintained at ~26 nm. This thickness is
closely matching with that of the commonly used PTAA HTM
layer thickness of ~30-40 nm in the n-i-p device
architecture.”®”®

By keeping the thickness of the HTM layer as 26 nm, the
doping concentration of the LiTFSI and ¢BP were then increased
to 1:0.164 : 0.78. The performance parameters are shown in
Table S4.f The average efficiency is increased to 10.6%,
(champion cell PCE of 12.8%) with the corresponding
improvement of average V,. (0.96) and FF (62%). This
improvement in V,. can be due to the work function
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(a) Comparison of the power conversion efficiency as a function of different thickness of PTZ-PTZ-BDP thin films (b) comparison of the

photovoltaic performance parameters as a function of thickness (c) J—V characteristics of the champion solar cells with PTZ-PTZ-BDP as HTM.
FS stands for forward scan and RS stands for reverse scan (d) EQE spectra and the integrated Js. of the champion solar cells with PTZ-PTZ-BDP as

HTM.
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(a) Solar cell configuration for the p—i—n solar cells (b) J-V characteristics of the PTZ-PTZ-BDP + PFN-P1 as HTM and PFN-PI alone as

HTM. FS stands for forward scan and RS stands for reverse scan (c) the EQE of the champion p—i—n device using PTZ-PTZ-BDP as the HTM.

modification of the HTM and its better alignment with the
photoactive blend of CH;NH;Pbl;. The improvement in FF
suggests that the mobility of the charge carriers in the HTM has
been improved.” To investigate the role of PTZ-PTZ-BDP HTM
thickness on the device performance, two other thicknesses
(one higher and lower) of the HTM were also considered
keeping the doping ratio of LiTFSI and ¢tBP as to 1 : 0.164 : 0.78.
The photovoltaic performance parameters of the devices are
given in Fig. 7(a) and (b). When the thickness was increased to
35 nm the average PCE increased to 12.4% with the champion
cell efficiency increased to 14.6%. This improvement is mainly
due to the increased V,. to 1.02 V and the FF to 67%. This
champion PCE is slightly higher than that obtained using spiro-
OMeTAD as the HTM (FS 12.5% and RS 13.7%) as shown in
Fig. S7.1 Reducing the PTZ-PTZ-BDP thickness from 26 nm to
22 nm has not much influence on the PCE and photovoltaic
performance parameters. Fig. 7(c) shows the j-V characteristics
of the best performing solar cell device with the doped PTZ-PTZ-
BDP as the HTM. The EQE spectra of the best performing solar
cell and the integrated J. are shown in Fig. 7(d).

Motivated by the high efficiency of the PTZ-PTZ-BDP HTM
based n-i—p perovskite solar cells, their hole extraction property
was characterised in p-i-n device architecture as well. In this
architecture, the perovskite layer is deposited from solution in
DMF and DMSO onto the HTM. We therefore tested the
compatibility of PTZ-PTZ-BDP thin films with DMF and DMSO.
We found that the PTZ-PTZ-BDP resisted the solvents well (i.e.
was not dissolved by them), but they had difficulty wetting the
HTM layer. To overcome this a thin layer (~2 nm) of PFN-P1
polyelectrolyte was deposited on the HTM to improve its
wettability. This property is similar to the existing HTMs like
PTAA and poly TPD where this polyelectrolyte processing has
shown to improve the solar cell device yield.

The p-i-n device architecture used for the fabrication of the
solar cells is shown in Fig. 8(a). The solar cells with PFN-P1
alone as HTM showed only an average PCE of ~3.5%.
However, when the HTM layer is modified with PTZ-PTZ-BDP +
PFN-P1, the average power conversion efficiency improved to
~5.2%. The J-V characteristics of the best solar cells in p-i-n
configuration is shown in Fig. 8(b) along with the control
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device's characteristics. The EQE spectrum is shown in Fig. 8(c).
The corresponding photovoltaic performance parameters are
shown in Table S5.1 The J-V characteristics and the EQE spectra
show that, more optimisation are needed to improve the PTZ-
PTZ-BDP performance in p-i-n configuration.

The shelf-life stability of the PTZ-PTZ-BDP HTM based n-i-p
MAPDI; solar cell devices was tested for the period of 6 months.
The non-encapsulated cells was stored inside a desiccator under
near ambient air conditions of 30% relative humidity
(measured using HTC-1 thermo-hygrometer) and at a room
temperature of 22 °C. The devices retained 80% of their initial
PCE, with the drop mainly for the V,.. However, these devices
showed higher hysteresis effect upon aging. Table S67 shows
the comparison of the best performing devices while they were
fresh and after aging of six months. The shelf-life stability of the
spiro-MeOTAD HTM based n-i-p MAPbI; solar cell devices are
also shown in Table S6.1 Compared to the PTZ-PTZ-BDP HTM,
the spiro-MeOTAD based devices demonstrate better shelf-life
stability, presumably due to the improved oxygen doping of
the spiro-MeOTAD layer over time improving the performance
slightly.

Conclusion

The synthesis and characterisation of a new BODIPY-based
small molecule, functionalised with phenothiazine moieties
in the meso and the a positions, is reported for application as
HTM in perovskite solar cells. PTZ-PTZ-BDP presented a Y-
shaped structure, and its calculated HOMO as well as the elec-
trochemically derived IP energy level closely matches that of
spiro-OMeTAD. Four oxidation and one reduction peaks were
revealed by the electrochemical experiments with excellent
reversible character, indicating that the BODIPY-based material
is electrochemically stable. PTZ-PTZ-BDP was systematically
investigated as the HTM in n-i-p MAPbI; PSC and its perfor-
mance was compared with that of the commonly used HTMs
PTAA and spiro-OMeTAD. The optimised n-i-p MAPbI; devices
with PTZ-PTZ-BDP as HTM demonstrated a champion PCE of
14.6%, slightly better than that of the corresponding devices
using spiro-OMeTAD as HTM. The combination of

This journal is © The Royal Society of Chemistry 2022
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electrochemical characterisation, DFT calculation, and
systematic investigation of the hole extraction properties in the
photovoltaic devices show how meso and o functionalised
BODIPYs can be used as efficient HTMs, and so expand the
range of HTMs in perovskite solar cells.
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