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All-Rounder Low-Cost Dopant-Free D-A-D Hole-
Transporting Materials for Efficient Indoor and Outdoor

Performance of Perovskite Solar Cells

Hong Duc Pham, Sagar M. Jain,* Meng Li, Zhao-Kui Wang, Sergei Manzhos,
Krishna Feron, Sudhagar Pitchaimuthu, Zhiyong Liu, Nunzio Motta, James R. Durrant,

and Prashant Sonar*

A novel biphenyl fumaronitrile as an acceptor and triphenylamine as donor
conjugated building blocks are used for the first time to successfully synthe-
size donor—acceptor—-donor molecule (D-A-D) 2,3-bis(4'-(bis(4-methoxyphenyl)
amino)-[1,1"-biphenyl]-4-yl)fumaronitrile (TPA-BPFN-TPA). The new TPA-BPFN-
TPA with low-lying HOMO is used as a dopant-free hole-transporting material
(HTM) in mesoporous perovskite solar cells. The performance of the solar cells
using this new HTM is compared with the traditional 2,2’,7,7’-tetrakis(N,N’-di-
p-methoxyphenylamino)- 9,9’-spirobifluorene (Spiro-OMeTAD) HTM based
devices for outdoor and indoor performance evaluation. Under 1 sun illumina-
tion, dopant-free TPA-BPFN-TPA HTM based devices exhibit a power conver-
sion efficiency (PCE) of 18.4%, which is the record efficiency to date among
D-A-D molecular design based dopant-free HTMs. Moreover, the stability of
unencapsulated TPA-BPFN-TPA-based devices shows improvement over Spiro-
OMeTAD-based devices in harsh relative humidity condition of 70%. Another
exciting feature of the newly developed HTM is that the TPA-BPFN-TPA-based
devices exhibit improved PCE of 30% and 20.1% at 1000 lux and 200 lux illu-

1. Introduction

On account of the global climate change
and issues related to energy security, tech-
nologies relying on renewable non-fossil
energy resources are in demand. Solar
energy seems to be one of the best can-
didates among non-conventional energy
resources due to its environmental sustain-
ability and economic viability. To utilize
this resource on a large scale, there are a
number of developing solar photovoltaic
technologies including conventional inor-
ganic solar cells, organic solar cells, dye sen-
sitized solar cells, and perovskite solar cells.
Among them, recently perovskite solar cells
(PSCs) have emerged as one of the most
promising solar cell technologies due to its
potentially lower cost and impressive power

minations, respectively. This new finding provides a solution to fabricate low
indoor (low light) and outdoor (1 sun) perovskite solar cell devices with high

efficiency for cutting-edge energy harvesting technology.

conversion efficiency (PCE) achieved within
a short period of time. Indeed, the PCEs
achieved with PSCs grew from 3.8% in
2009 to 25% up to date.l) Such exceptional
development happened due to aggressive
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worldwide research efforts. The level of performance achievement
in PSC is close to the well-established high-performance solar cell
technologies such as copper indium gallium diselenide (CIGS)
solar cells and other inorganic materials based solar cells. One of
the main reasons for the exceptional efficiency enhancement is
due to the outstanding properties of the hybrid organic—inorganic
halide perovskite material. These properties include strong solar
absorption, large charge carrier diffusion length, and low charge
recombination rates.>?! Despite achieving the high PCE quickly,
stability of the device is one of the major drawbacks holding back
commercialization. Fortunately, the development of new mate-
rials employed as hole-transporting layers (HTLs) can address this
drawback.*”! Actually, HTLs play a critical role in PSCs because
this layer not only enhances the device performance by blocking
electron movement and avoiding charge recombination but also
controls the stability of the device by preventing moisture permea-
tion and oxygen penetration into the perovskite layer.[>%) Develop-
ment of hole-transporting materials (HTM) is one of the key and
growing research topics in perovskite solar cell research domain.
Many HTMs have been reported for PSC application. Among
them, the HTMs’ design based on small molecules and polymers
exhibits promising performance. Compared to polymeric coun-
terparts, small molecules possesses several benefits, including
high purity, defined molecular structure, promising yield, and
better batch-to-batch reproducibility.®!% Apart from these newly
developed small molecular HTMs, 2,2,7,7-tetrakis(N,N’-di-
pmethoxyphenylamino)-9,9-spirbiuorene (Spiro-OMeTAD) has
been considered as a standard and most widely used commer-
cial HTM in perovskite solar cells because it dissolves very well
in most of the common organic solvents. Such better solubility
aspect provides a uniform and smooth surface of the hole-
transport layer on top of the active light-absorbing perovskite
layer.>!! In addition to the above benefit, this material can be
also deposited by vacuum-deposition technique, which makes
Spiro-OMeTAD as a state-of-the-art HTM for perovskite solar
cell technology Though a significant PCE of 21.1% has been
achieved using this standard HTM Spiro-OMeTAD-based
devices,1? there are still some major shortcomings of this mate-
rial: a) high cost (roughly 400 USD per gram);®13] b) multistep
synthesis (which leads to the high production cost for commer-
cial solar cells);>!! ¢) the compulsive requirement of additives to
enhance the performance of the device (which makes the device
unstable in large-area application).[%* Apart from these disadvan-
tages of Spiro-OMeTAD, there are almost no reports related to the
device performance of PSCs used for indoor applications such as
Internet of Things (IoT) with wireless internet connection using
this as HTM.I" Thus, there is urgent demand for a new genera-
tion of HTMs that are low cost, scalable, dopant-free, and can pro-
vide greater stability to the device with superior performance and
their use for indoor application and future smart living.
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To avoid charge recombination and prevention of loss of hole-
transfer energy, the minimal energy offset between the valence
band maximum of perovskite and the highest occupied mole-
cular orbital (HOMO) of hole-transporting layers is needed.!'l
This requires a low-lying HOMO level which can be achieved
via tuning the HOMO with molecular design approaches. Low-
lying HOMO-based HTMs can be designed based on the sym-
metrical donor—acceptor—donor (D-A-D) design concept, and
this class of materials is to satisfy this requirement in com-
parison to D-7-D, A-D-A, or D-A-7 type of molecular structures.
First, the symmetrical molecular structures can be beneficial
for high hole mobility and improve the lifetime of a charge-
separated excited state due to the 77 stacking interaction.!'”]
Second, the D-A-D structure can provide a deeper HOMO level
which leads to the V. improvement,['8 ultimately to a higher
PCE of PSCs.>10.19]

Herein, we used an innovative molecular engineering and
report a new HTM based on an electron-deficient biphenyl-
fumaronitrile (BPFN) unit as the core and the well-known
electron-rich triphenylamine (TPA) as end-capping groups.
The compound 2,3-bis(4’-(bis(4-methoxyphenyl)amino)-[1,1"-
biphenyl]-4-yl)fumaronitrile designated as TPA-BPFN-TPA
is synthesized through a standard Suzuki coupling reaction.
The synthesis is illustrated in Scheme 1, and the detailed
synthesis procedure is explained in Supporting Information.
Subsequently, TPA-BPFN-TPA was implemented as HTM in
mesoporous CH3;NH;PbI; (or MAPDI;) perovskite devices to
investigate the effect of this HTL on solar cells” device perfor-
mance under the condition of outdoor (at 1 sun illumination)
and indoor applications (at 1000 lux and 200 lux illumination).
Our newly reported D-A-D HTM exhibits excellent performance
with efficiency of 30.01% for indoor solar cell device applica-
tion. While several D-A-D HTMs fabricated in PSCs have been
reported,[1%29-24] this is the first report of a novel dopant-free
D-A-D-based HTM for indoor application with such impressive
efficiency using low-cost materials and device technology.

2. Results and Discussion

2.1. Rational Design and Synthesis

In this molecular structure, the BPFN central core is selected
due to its electron-withdrawing nature and its ability to form a
low band gap D-A-D type molecular structure upon combining
with end-capping donor moiety. In addition to these benefits,
BPFN core has been also successfully used for preparing OLED
materials with high solid-state efficiency and preparing low
band gap organic semiconductors.l”>-*”l Meanwhile, TPA-sub-
stituted conjugated derivatives are often used in high-perfor-
mance hole-transport materials for several types of solar cells.
Particularly, in terms of PSCs, TPA units have proved to be one
of the most successful end-capping groups in order to create
world class HTMs.28] BPEN core together with triphenylamine
end-capping group conjugated building block has previously
been used successfully for constructing materials for organic
light emitting diodes (OLEDs) and organic field effect transistor
(OFET) devices.?>?62] Apart from OLED and OFET applica-
tions, BPEFN core was not used for PSC devices in previous

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. The synthetic route for TPA-BPFN-TPA. Reagent and conditions: a) 1-iodo-4-methoxybenzene, KOH, CuCl, 1,10-phenanthroline mono-
hydrate, toluene, 120 °C, 24 h; b) bis(pinacolato)diboron, KOAc, Pd(dppf)Cl,, DMF, 120 °C, 24 h; c) 2-(4-bromophenyl)acetonitrile, iodine, sodium
methylate, diethyl ether, =78 °C, 4 h; d) 2 m K,CO;, toluene, Pd(PPh;)4, 120 °C,48 h.

reports. Herein, first time, we showed BPFN core can be used
successfully for designing a new D-A-D HTM and it can be used
successfully for PSC application with a world record for indoor
efficiency. The HTMs containing methoxy unit based devices
typically show better performance compared to those without
these groups under same device characterization conditions,
so methoxy group substitution plays a crucial role for highly
efficient devices.’% This is because methoxy units play a Lewis
base role to passivate the defect sites at the interface between
HTL and the perovskite layer, ultimately leading to increased
short circuit current (J,) and open circuit voltage (V,).3" Fur-
thermore, the methoxy moieties enhance the solubility of the
molecules for easy processability.”!

The synthesis route of TPA-BPFN-TPA is represented in
Scheme 1. The preparation of precursor TPA (compound 3)
followed previous studies.>®! The synthesis of BPFN core was
performed from the commercial available 2-(4-bromophenyl)
acetonitrile (compound 4) and followed earlier attempts.[2>-2¢]
Afterward, the synthesis of target TPA-BPFN-TPA was carried
out via a Suzuki coupling reaction between compounds (3) and
(5) using tetrakistriphenylphosphine palladium [Pd(PPhys),]
catalyst and 2 m K,COj3; base at 120 °C for 48 h in anhydrous
toluene solvent. After purification by SiO, column, the reac-
tion yield for the compound was measured around 60%. Their
purity was proved by proton and C13 nuclear magnetic reso-
nance (NMR) spectroscopy (Figure S1, Supporting Informa-
tion). Meanwhile, the molecular weight was confirmed by mass
spectroscopy. TPA-BPFN-TPA is well soluble in most common
organic solvents such as chloroform, dichloromethane, and
chlorobenzene.

2.2. Density Functional Theory Calculations

To gain insight about the distribution of electron density and
the energy levels of this material, density functional theory

Adv. Electron. Mater. 2020, 1900884 1900884 (3 of 11)

(DFT) calculations at the B3LYP level using the basis set
Lanl2dz were conducted.?¥ A polarized continuum model
of the chloroform solvent was used.**l The resulting HOMO
and LUMO distributions are shown in Figure 1. The elec-
tronic structure of the LUMO primarily dispersed over the
m-conjugated system through the electron withdrawing BPFN
core, whereas the HOMO is mainly delocalized over the
electron-donating TPA moieties and two central weak donor
phenyl rings and the olefin bond. This observation coincides
well with earlier attempts, which have the similar structural
design.?>2% The computed LUMO and HOMO values are —3.03
and —5.01 eV, respectively. Accordingly, the band gap is found
to be of 1.98 eV, in good agreement with experimental data. The
absolute HOMO and LUMO values are somewhat higher that
the experimental estimates, due to approximations used in both
the calculation (functional, basis set) and the experiment (PESA
uncertainly and LUMO estimate from onset of absorption). In
addition to above data, the DFT shows the optical absorption
maximum in chloroform is at 737 nm, resulting in a narrow
optical band gap of 1.68 eV. Thus, peak is due to the HOMO-to-
LUMO transition. It is red-shifted versus the experimental peak
(in the 500 nm area as shown in Figure 2a) due to the charge-
transfer nature of the transition, as expected. The low band gap
of the TPA-BPFN-TPA is due to the insertion of donor—acceptor
building blocks in the backbone and their molecular orbital
interactions. On the other hand, the computed Stokes shift is
32 nm, in good agreement with experimental 30 nm (counted
from the VIS peak at 499 nm in solution). The dihedral angle
between end-capping TPA groups and the adjacent phenyl
moiety of BPFN core is computed to be 32°.

2.3. Optical Properties
The optical properties of TPA-BPEN-TPA were measured by

UV-vis spectroscopy. The normalized absorption spectra in

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. The calculated isosurfaces of electron density of HOMO and LUMO and the geometry of TPA-BPFN-TPA.

chloroform (CF) solutions and solid-state thin films on glass  crystallization in thin films.*¥ The absorption maxima of
are illustrated in Figure 2a. The extracted optical parameters are =~ TPA-BPFN-TPA reveals two main absorption peaks, which is
listed in Table 1. The similarity of the spectra of the material in  consistent with the data from DFT calculation shown in Figure
the thin films and solutions suggests that there is no significant ~ S3, Supporting Information. The UV peak in the 300-370 nm
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Figure 2. a) The UV-vis absorption and PL spectra in CF solutions and the UV-vis absorption in films; b) photoelectron spectroscopy in air (PESA)
spectra; c) energy level diagram, d) cross-sectional scanning electron microscopy image of PSC of TPA-BPFN-TPA.
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Table 1. Thermal, optical, and electrochemical properties of TPA-BPFN-TPA.

MATERIALS

www.advelectronicmat.de

HTM Armax ApL Stoke shift Egptc) Enomo? Erumo? Ty T, T
[nm] [nm] [nm] [eV] [eV] [eV] °q [°q [°q [em? V7]
Solution? Film®b
TPA-BPFN- 492 499 522 30 2.01 —5.47 —3.46 390 110 240 29x10
TPA

3 Absorption spectrum was measured in chloroform (CF) solution; Y)Film was prepared by spin-coating a CF solution containing the sample onto glass substrate at a spin
speed of 1000 rpm at room temperature; 9Optical bandgap was calculated from the formula of 1240/ 4,ys; 9 The oxidation potential was also measured by photoelectron

spectroscopy in air (PESA); ELUMOPESA = EHOMOPESA+E§pt.

area is due to n—7* transitions of TPA units.>*l The visible peak
in the 400-600 nm area is due to the HOMO-to-LUMO transi-
tion and involves partial charge transfer (CT) between the donor
and acceptor moieties of the D-A molecules.?®! The absorption
band in films is slightly red-shifted compared with that of the
solutions, which indicates very weak intermolecular interac-
tions in the solid state.'%The absorption maxima in chloroform
solutions shows two peaks at 332 and 492 nm, and that in thin
films exhibit at 337 and 499 nm. Moreover, the optical band gap
from the onset of absorption curve in solid state is evaluated to
be 2.01 eV.

The normalized emission maxima in chloroform solutions of
the TPA-BPFN-TPA is shown in Figure 2a and listed in Table 1.
The first strong peak at 522 nm and a fairly shifted shoulder
peak at 559 nm may be tentatively attributed to the n—z* transi-
tion and intramolecular charge transfer (ICT) transition, respec-
tively.> To understand the relationship between the absorption
and emission, the Stoke shift is calculated by using the gap
between the maximum of absorption and emission spectra. As
a result, the value is found to be roughly 30 nm, which indi-
cates a relatively rigid nature of the TPA-BPFN-TPA structure.

2.4. Thermal Properties

The thermal properties of TPA-BPFN-TPA were characterized
by using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC), which are shown in Figure S2,
Supporting Information, and summarized in Table 1. For TGA
plot, the temperature at which 5% weight loss is observed is
390 °C, indicating that the thermal stability is sufficient for
the fabrication as well as operation of PSCs, including at high
ambient temperatures. The DSC curve with two cycles shows
that the glass transition and melting temperatures are found
to be at 110 and 240 °C, respectively. While the presence of
methoxy groups in TPA units of TPA-BPFN-TPA in this study
does not affect the glass transition temperature, methoxy
groups were the reason causing a noticeable change in the
decomposition temperature (as shown in Table S1, Supporting
Information).!>:2¢]

2.5. Electrochemical Properties
The electronic structure of molecules plays an important role

for charge injection and transport and the simplest method to
determine its energy level is to find out its HOMO and LUMO

Adv. Electron. Mater. 2020, 1900884 1900884 (5 of 11)

values. These values are also crucial for demonstrating envi-
ronmental stability of the new materia. HOMO energy level
of TPA-BPFN-TPA was estimated by using photoelectron spec-
troscopy in air (PESA). The corresponding data is shown in
Table 1. From the onset energy level using PESA data, we calcu-
lated HOMO value for TPA-BPFN-TPA HTM and the HOMO
value in thin film is estimated to be —5.47 eV. The PESA data
are shown in Figure 2b. This value implies good energy band
alignment with the HOMO of active light-absorbing perovskite
material. As argued above, such a small HOMO value offset
between the perovskite active layer and the HTM can facilitate
the hole extraction and transport by reduced charge recombi-
nation and loss of energy transfer. Compared to other D-A-D
HTMs employed in mesoporous PSCs, which are summarized
in Table 4, the design of TPA-BPFN-TPA achieved the goal of
the low-lying HOMO level.

Meanwhile, the LUMO value was estimated from the differ-
ence between the HOMO estimated by PESA and optical band
gap calculated from thin film optical absorption data using
ELUMO = EHOMO + Eg” equation. The obtained LUMO value
is —3.46 eV which is sufficiently high and sufficient to block
the electron movement which can further enhance solar cell
efficiency. Based on the HOMO-LUMO value, TPA-BPFN-TPA
seems to be potential promising material for the hole-trans-
porting layer of perovskite solar cells.

2.6. Perovskite Solar Cells

Upon completion of new HTM characterization, TPA-BPFN-
TPA was employed in the conventional mesoporous per-
ovskite devices with the purpose to study the impact of the
presence of the hole-transporting layer on the device perfor-
mance. PSC devices with the same architecture (FTO/com-
pact-TiO,/mesoporous-TiO,/MAPDbI;/HTL/Ag) were prepared
as in an earlier report.*® The energy level of each layer in
the device is depicted in Figure 2c. Meanwhile, the scanning
electron microscope cross-section of the mesoscopic device is
shown in Figure 2d. A dense compact TiO, layer (30—40 nm)
was deposited on the FTO substrate by spray pyrolysis while
a mesoporous n-type TiO, layer was formed by spin-coating
dilute TiO, paste. The MAPbI; was then spin-coated by solvent
engineering reported by Seok’s group.l’’]

The perovskite solution was prepared by dissolving 50 wt%
of MAPDI; in the mixed dimethyl sulfoxide (DMSO) and
y-butyrolactone (GBL) DMSO/GBL. Around 120 nm thick HTLs
were applied to the top MAPDI; layer by spin-coating. Finally,

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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PSC devices made using different hole-transport layers: a) using TPA-BPFN-

TPA (red curve) and Spiro-OMeTAD (black curve) as the hole-transporting material; b) absolute EQE spectra of PSC devices made using hole-trans-
porting layers; c) power output under maximum power point tracking for 360 s, starting from forward bias and resulting in a stabilized power output
of 18.4% and 16.5% using TPA-BPFN-TPA and Spiro-OMeTAD based devices, respectively. All devices were measured at constant low scan speed of
10 mV s7'; d) stability measurements at maximum power point for unencapsulated devices prepared using TPA-BPFN-TPA and Spiro-OMeTAD hole-
transporting layers. All devices were kept in relative humidity 70% and under continuous 1 sun (AM 1.5 G) illumination PCE obtained on maximum
power point tracking. Inset images show contact angle measurements performed on FTO/perovskite/respective HTMs assembly.

silver as a counter electrode was deposited by thermal evapo-
ration. The thickness of mesoporous TiO, and perovskite is
~550 nm, whereas the capping layer of perovskite is estimated
to be =100 nm. Bigger crystals of TiO, in the capping layer assist
in saturated light absorption enhancing the external quantum
efficiency (EQE) in the red-light range. For a valid comparison
of performance in terms of PCE and stability, we prepared
new dopant-free (undoped) HTM based devices and standard
devices with dopant using conventional Spiro-OMeTAD (with
additional additives, including tBP and LiTFSI) as the HTM.
The optimized champion device efficiency for three different
HTMs and corresponding photovoltaic performance parame-
ters are shown in Figure 3a,b and Table 2. The TPA-BPFN-TPA
HTM based PSC device shows the highest champion device
efficiency of 18.4% with respect to a J,. of 22.70 mA cm™, a V.
of 1.04 V, and an FF of 78% while an overall PCE of 16.5% is

Adv. Electron. Mater. 2020, 1900884 1900884 (6 of11)

recorded with a J,. of 22.3 mA cm™, a V. of 1.0 V, and an FF
of 74% in case of doped Spiro-OMeTAD-based devices. More-
over, devices prepared with pristine TPA-BPFN-TPA and doped
Spiro-OMeTAD exhibited negligible hysteresis.

Interestingly, as shown in Figure 4 and Table 3, the low light
performance of undoped TPA-BPFN-TPA-based solar cells also
shows significant improvement of 30.01% and 20.1% over
doped Spiro-OMeTAD PSCs’ 22.7% and 10% at 1000 lux and
200 lux illumination, respectively.

It is noteworthy that the obtained PCE of 18.4% (at 1 sun)
and 30.01% (at 1000 lux) using TPA-BPFN-TPA HTIM is a
record compared to other HTMs reported in the literature
taking the dopant-free aspect into account.3® Even though
the first report regarding inverted perovskite solar cells using
PEDOT:PSS as HTM was carried out by Prof. Lin's research
group,B? there is no attempt utilizing dopantfree HTMs

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Solar cell device performance with different HTMs under 1 sun
condition.

HTLs? Scan Ve Jse FF PCE
direction I\ [mAcm (%] [%]
Undoped Forward 1.04 22.70 78.0 18.40
TPA-BPEN-TPA  peverse 1.02 22.63 76.1 17.54
Average® 0.93 21.22 76.1 15.06
Doped Forward 1.00 22.31 74.0 16.50
Spiro-OMeTADY g erce 1.00 21.97 71.5 16.60
Average® 0. 86 20.00 743 12.01

aCell size (active area): 0.100 cm?. Photovoltaic performance at 1000 wm= (AM
1.5 G) and constant scan speed of 10 mV s~ mesoscopic MAPbl; devices; ®)An
average device efficiency of a total of 43 devices for each Spiro-OMeTAD and
TPA-BPFN-TPA, respectively; 9With additives: 4-tert-butylpyridine (tBP) and Li-
bis(trifluoromethanesulfonyl)-imide (LiTFSI).

fabricated in mesoporous MAPDbI; PSCs up to date. In this
study, we have demonstrated for the first time the effect of
changing dopant-free D-A-D HTM/mesoporous perovskite
interface on the performance of PSCs under low light illumina-
tion for indoor application or application of mesoporous solar
cells in low insolation regions or weather conditions. The statis-
tics of a total of 86 devices (43 devices using each HTMs) pre-
pared using three different hole-transporting layers is given in
Figure S4, Supporting Information. The statistical data exhibit
an average device efficiency of 15% and 12%, respectively,
showing improved reproducibility in indoor (under 200 lux and
1000 lux illuminations) as well as outdoor (under 1 sun illu-
mination) performance for PSCs made using TPA-BPFN-TPA
over Spiro-OMeTAD-based devices. As presented in Figure 3c,
the devices with TPA-BPFN-TPA have EQE values above 85%
from 365 to 650 nm covering the entire UV region with the
highest EQE of 94% observed at 420 nm.

The hole-transport properties are measured using the
space charge limited current (SCLC) method. A simple device

(a)

0.20

...........

.........

.....

0.154

0.104

Jsc (mAIcmz)

1000 lux
—a— TPA-BPFN-TPA
—a— Spiro-OMeTAD
0.054
o-oc % ] 1 T '
0.0 0.2 04 0.6 0.8
Voltage (V)
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architecture with configuration of ITO/PEDOT-PSS/HTM/Au
were made to measure the hole-only mobility of respective hole
transport materials. The I'TO and gold have a close matching work
function value of 5.3 eV that acts as a hole-only device and makes
it possible to determine the hole mobility. The calculated hole
mobility value of TPA-BPFN-TPA is 2.90 X 10~ V157!, whereas
that of Spiro-OMeTAD shows relatively low 1.45 x 10 V-ls7
(Figure S5, Supporting Information). Our newly developed low-
cost D-A-D type dopant-free HTM almost exhibits two times higher
hole mobility than the conventional expensive Spiro-OMeTAD
with dopant and this is also one of the remarkable features of our
new material. Higher hole mobility obtained for TPA-BPFN-TPA
compared to Spiro-OMeTAD are further confirmed from the high
FF obtained for devices prepared using TPA-BPFN-TPA HTMs.

Water solubility of Pb makes lead-based PSCs highly sus-
ceptible for degradation and is also a major environmental
concern,*% especially when the ambience is humid. This raises
the question of the stability of these solar cells. In our previous
study we have investigated a notorious role played by LiTFSI
salt dopants in the degradation of PSCs.[3l We investigated the
stability of fabricated champion devices without any encapsula-
tion at high humidity conditions (relative humidity [RH] = 70%,
temperature = 22 °C) for our newly developed TPA-BPFN-TPA
and standard classical Spiro-OMeTAD HTMs based PSCs (as
shown in Figure 3d). Stability measurements were performed
using a simple stability setup as previously reported.3] The
doping of hygroscopic salts (LiTFSI) induces more hydrophilic
nature of cells prepared using doped Spiro-OMeTAD. The per-
formances of TPA-BPFN-TPA and Spiro-OMeTAD on aging are
detailed in Figure 3d. The stability measurements show that
the doped Spiro-OMeTAD HTM based devices degraded at a
faster rate compared to undoped TPA-BPFN-TPA HTM based
devices.

As expected, it is found that the undoped TPA-BPFN-TPA
is more stable than the doped Spiro-OMeTAD. The hydro-
philic nature of the Spiro-OMeTAD, which is due to doping
with LiTFSI hygroscopic salt!'¥ is further confirmed by the

(b)

0.08

0.064
)
E 0.044
o 200 lux
= —&— Spiro-OMeTAD
0.02- —a— TPA-BPFN-TPA
0.00 T T T
0.0 02 04 0.6 08
Voltage (V)

Figure 4. Photovoltaic performance of perovskite devices prepared using TPA-BPFN-TPA and Spiro-OMeTAD HTMs under 1000 lux (a) and 200 lux

(b) illumination.
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Table 3. Champion (Champ) and average (Ave) performance of PSCs
fabricated employing TPA-BPFN-TPA and Spiro-OMeTAD HTMs under
indoor light illumination (1000 lux and 200 lux).

Illumination HTL Voe Jse FF PCE
[\ [mAcm™] %] [%]
1000 lux Doped Spiro- 0.809 0.171 65 22.70
OMeTAD (Champ.)
Doped Spiro- 0.600 0.130 50 15.50
OMeTAD (Ave)
Undoped TPA-BPFN-  0.796 0.186 74 30.01
TPA (Champ.)
Undoped TPA-BPFN-  0.700 0.176 69 24.50
TPA (Ave.)
200 lux Doped Spiro- 0.645 0.058 41 10.31
OMeTAD (Champ.)
Doped Spiro- 0.502 0.038 29 6.03
OMeTAD (Ave.)
Undoped TPA-BPFN-  0.698 0.066 59 20.14
TPA (Champ.)
Undoped TPA-BPFN-  0.610 0.062 56 17.43
TPA (Ave.)

water contact angle measurements performed on the glass/
perovskite/Spiro-OMeTAD surface, where a low contact angle
of 41° is observed, indicating high wettability. On contrary, the
glass/perovskite/TPA-BPFN-TPA surface displays a high con-
tact angle of 112° (shown in the inset of Figure 3d), which is
three times higher indicating the water-repellent nature of the
dopant-free TPA-BPFN-TPA surface. This also ultimately con-
tributes to the improved stability of devices prepared using
undoped TPA-BPFN-TPA HTL.

On exposing the champion devices to RH = 70%, we
observed a rapid decrease in the PCE of Spiro-OMeTAD-based
PSCs causing rapid loss in efficiency from 16.5% to 5% after
only 40 h. The devices made using TPA-BPFN-TPA showed an

(a)

—— C.‘-I:’_NHaF‘!‘.bI3
3250004 |9 CHyNH, Pbly/Spiro-OMeTAD
—a— CHaNH3 Pb|3.‘TPA-BPFNvTPA
S 2750001
<
=
@ 125000
k]
-
T  75000-

760 800 840

Wavelength (nm)

720
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improved stability and over 100 h of exposure to intense 70%
RH showed a drop in PCE from 18.4% to 8%. The improved
performance and stability of TPA-BPFN-TPA over Spiro-
OMeTAD is due to the high hole-transport properties and
avoidance of hygroscopic dopants (e.g., LITFSI).

To further investigate the origin of the improved PCE of
18.4% obtained with TPA-BPFN-TPA, steady-state and time-
resolved photoluminescence measurements are carried out
and shown in Figure 5. In order to avoid quenching contribu-
tion from TiO,, all measurements are performed on a glass/
perovskite/HTM assembly. In this way, we ensure that any
changes in PL are due to the HTM. The glass/perovskite film
was used as a reference. All films were excited at 550 nm
wavelength. The steady-state PL (as shown in Figure 5a) of the
glass/perovskite exhibits high-intensity photoluminescence
(black spectrum) confirming the excellent quality of perovskite
films that we used in this study.3®*!l Upon the deposition of
Spiro-OMeTAD and TPA-BPFN-TPA HTMs, the PL inten-
sity reduces, showing significant quenching of 70% and 93%,
respectively. We have observed a similar behavior in our earlier
studies.'®13 The higher photoluminescence quenching with
TPA-BPEFN-TPA clearly indicates more efficient charge transfer
and is well matched with the high hole mobility obtained for
TPA-BPFN-TPA.

Time-resolved photoluminescence shown in Figure 5b indi-
cates the improved hole-transport properties. Bare perovskite
films deposited on glass substrate as well as with different hole-
transport layers show the usual biphasic kinetics. The fast com-
ponent decays in picosecond (due to 80 ps laser pulse) and the
slower component has a time constant of 10-15 ns. The fast
component represents trap filling. As the hole transfer films are
deposited on the bare glass—perovskite layer for direct probing,
this gives us a good estimation about quenching of the photo-
luminescence happening only due to hole-transport layers. As
shown in our previous work, a good quality glass—perovskite
sample shows a lifetime of 8-10 ns.*!l In this work, we have
obtained =8 ns lifetime for the bare perovskite sample (without

(b)

—_
o
G

——CH,NHPbI,
——CH,NH,PbI,/TPA-BPFN-TPA
——CH,NH_Pbl,/Spiro-OMeTAD
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Figure 5. a) Steady state and b) time-resolved photoluminescence (PL) measured on bare perovskite film (black), and hole-transport layers TPA-BPFN-

TPA and Spiro-OMeTAD deposited on perovskite.
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Table 4. The comparison among promising D-A-D HTMs.
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HTM?) HOMO  LUMO E™ Perovskite materials Active area Additives® V. Jse FF PCE Stability test ~ Ref.
[eV] [ev] [eV] (Energy levels)® [em?] VM [mAcm?  [%] (%] [9%]9)
TPA-BPFN-TPA  —547  -3.46  2.01 MAPbI; (~5.46/-3.93 eV) 0.1 None  1.04 227 78 18.4(16.6)9 76 (5))  This study
DPA-ANT-DPA  -5.46 —4.03 1.43 MAPbI; (—5.46/-3.93 eV) 0.1 None 1.00 16.2 71 11.5 (16.0) 66 (14) [10]
YN2 -540  -357 183 (FAPbI3)o5(MAPbBr3)q s 0126  LiTFSItBP 1.1 23.15 75 1927 (17.8) 913 (42.2)  [23]
(=5.65/—4.05 eV)
TQ2 -5.32 —2.94 2.38 MAPbDI; (—5.44/-3.93 eV) 0.09 LiTFSItBP  1.12 22.55 77.67 19.62 (18.54) 90 (60) [24]
BTPA-3 542 313 229 Csoos(MAg1/FAgg)0ssPb 016  LTFSItBP  1.09 199 534 9.81(13.2) 84 (98) [22]
(lo3Broa7)s (=5-4 €V)
MAPbBr; (—5.90/-3.60 eV) 1.44 6.66 61.5 5.91 (5.61) 75 (97)
H1 —5.46 —2.62 2.92 MAPbBr; 0.76 LiTFSItBP  1.43 5.50 72 5.80 (6.12) — [27]
FK209

3A typical mesoporous architecture, including FTO/compact TiO,/mesoporous TiO,/Perovskite/HTM/cathode, was used in these studies; ®)Energy levels of perovskite
materials (HOMO/LUMO [eV]); 9bis(trifluoromethylsulfonyl)imide lithium salt (LiTFSI), 4-tert-butylpyridine (tBP), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(I1l)
trifhexafluorophosphate] (FK209); 9The percentage of the retaining performance after the ageing test (unsealed devices); ©PCE of standard Spiro-OMeTAD; A The per-

centage of the retaining performance of standard Spiro-OMeTAD.

the hole-transporting layer), which is similar to the earlier
attempts. In the company of the high intensity PL, this further
confirms the quality of the perovskite film. Bare perovskite film
shows an average life time of 200 ns. After the introduction of
TPA-BPFN-TPA as the material of the hole-transporting layer
above the perovskite layer, the average decay time (t) short-
ened to =20.2 ns. The decay lifetime (t;) of Spiro-OMeTAD
and TPA-BPFN-TPA hole-transporting materials decreased
from 35 ns (bare perovskite without HTL) to 15 ns for Spiro-
OMeTAD and 9 ns for TPA-BPFN-TPA HTL.

A list of small molecular D-A-D-type HTMs recently reported
is summarized in Table 4. These selected HTMs are based on
a similar mesoporous architecture with approximately equiva-
lent working area. Generally, most HTMs are doped to improve
the device performance. Aside from them, The highest PCE
of 19.62% is achieved with the devices using dopant-free TQ2
HTM. However, the presence of additives has a negative impact
on the stability of the devices and increases the production
cost. Along with doped D-A-D HTMs, the champion efficiency
of our TPA-BPFN-TPA-based devices is 18.4% in the absence of
additives. Moreover, the J,. of 22.7 mA cm™2 and FF of 78% of
devices using TPA-BPFN-TPA HTM are among the best values
in dopant-free D-A-D HTM employed in these conventional
mesoporous PSCs. More interestingly, the HOMO energy
levels of TPA-BPFN-TPA, DPA-ANT-DPA, and H1 are close
to that of perovskite layer compared to other D-A-D HTMs.
Particularly, despite the similar HOMO energy levels (5.46—
5.47 eV), their PCE-based devices are in the order: TPA-BPFN-
TPA > DPA-ANT-DPA > H1. This corresponds to the different
Jsc values (TPA-BPEN-TPA > DPA-ANT-DPA > H1). In terms
of aging tests of unsealed devices, the devices using novel
TPA-BPEN-TPA as HTM exhibit an outstanding stability com-
pared to the reference Spiro-OMeTAD devices under similar
condition. Furthermore, the devices with TPA-BPFN-TPA HTL
have been employed for indoor applications (low light) while
this application of other HTMs was not reported. According to
the tabular comparison, our newly reported small molecular
HTM shows a superior PCE compared to other recent HTMs.
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Thus, TPA-BPFN-TPA can become a worthy alternative to
Spiro-OMeTAD.

3. Conclusions

In this work, we have successfully designed and synthesized
a new BPFN core based TPA-BPFN-TPA hole-transport mate-
rial which is employed without the addition of hygroscopic
additives (e.g., LiTFSI) in a mesoporous perovskite architec-
ture yielding a record efficiency of 18.4%, which is higher than
that of doped standard Spiro-OMeTAD under 1 sun condition.
Particularly, in terms of indoor applications, our undoped TPA-
BPFN-TPA-based devices displayed significant, hysteresis-free
efficiency of 30% and 20.1% at 1000 lux and 200 lux illumi-
nation, respectively. To the best of our knowledge, these are
record efficiencies to date for dopant-free TPA-based hole-trans-
port material in mesoporous MAPDI; devices for outdoor and
indoor applications. Most importantly, TPA-BPFN-TPA-based
devices revealed improved stability over Spiro-OMeTAD-based
devices under similar aging condition without encapsulation.
Overall, the superior performance and stability of TPA-BPFN-
TPA- to Spiro-OMeTAD-based devices is due to the high hole-
transport characteristics as observed from hole mobility, well
efficient photoluminescence quenching, and hydrophobic
nature, respectively. Based on our outstanding resultant data,
the symmetrical geometric D-A-D design will become a prom-
ising architecture for dopant-free HTMs of highly efficient and
more stable solution-processable perovskite solar cells in the
future. This work paves a plethora of HTMs to be used to fine
tune PSCs performance for harvesting indoor light efficiently
and hence extend their application for Internet of Things
(I0T).

4. Experimental Section

Detailed experimental methods can be found in Supporting Information.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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from the author.
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