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1. Introduction

Low-cost and LiTFSI-free diphenylamine-
substituted hole transporting materials for highly
efficient perovskite solar cells and modulesT

Shengli Su,%® Pin Lv,3® Min Hu,* Yuxi Zhang,* Huiyu Yin,® Yanqging Zhu,*°
Junye Pan,? Yulong Wang,® Wangnan Li, &2 *° Yaoguang Rong, 2 ¢ Zhiliang Ku, & <’
Fuzhi Huang, @ " Yi-Bing Cheng®" and Jianfeng Lu {2 *¢

To date, the most efficient metal halide perovskite solar cells employ an n—-i—p architecture that uses
a 2,2,7'7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) as the hole-
transporting material (HTM), which achieves optimum conductivity with the addition of lithium
bis(trifluoromethane)sulfonimide (LiTFSI) and air exposure. However, the instability caused by these
additives limits the further development of PSCs toward commercialization. Here, we designed and
synthesized a novel HTM, 9-(4-((2-ethylhexyl)oxy)phenyl)-N2 N2 N’ N”-tetrakis(4-methoxyphenyl)-9H-
carbazole-2,7-diamine (SC-2), and oxidized SC-2 was synthesized to dope SC-2 to replace the
conventionally used spiro-OMeTAD system. The film conductivity, morphology, and solar cells were
optimized by varying the doping content. As a result, a champion efficiency of 21.3% under AM 1.5G
1- sun irradiation is achieved, which is one of the best efficiencies of the HTL doped by its pre-oxidized
salt. The non-encapsulated cells based on doped SC-2 retained 95% of their initial performance after
aging for 1450 h (ISOS-D-1), which is better than those of the cells based on doped spiro-OMeTAD
(ca. 77%) and doped EH44 (ca. 76%). In addition, an efficiency of 14.6% is demonstrated for perovskite
solar modules of 5 cm x 5 cm in size using a 10.0 cm? aperture area under AM 1.5G irradiation based
on this new HTM.

of PSCs has exceeded 25%, which is close to that of silicon solar
cells." PSCs employing a sandwich n-i-p structure consisting

In recent years, metal halide perovskite solar cells (PSCs) have been
developed rapidly due to the excellent photoelectric properties
of perovskite materials. The power conversion efficiency (PCE)
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of a perovskite active layer between an inorganic electron
transporting layer (ETL) and an organic hole transport layer
(HTL) often achieve excellent photoelectric properties.*” So far,
significant improvements have been made in the efficiency,®
and the research direction has been turned towards the combi-
nation of efficiency and stability recently.”

Currently, light (including ultraviolet light),® thermal,’
oxygen,'® and moisture stability'" of PSCs are the focus of
research. One way to improve the device stability is to optimize
the HTL."> 2,2',7,7'-Tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-
spirobifluorene (spiro-OMeTAD), which adapts a diphenylamine-
based structure, is the most widely used hole-transporting
material (HTM) in the PSC field.">"* Spiro-OMeTAD has a low
hole mobility in its original form due to its propeller-like
structure consisting of diphenylamine moieties and the intrin-
sic arrangement of sp® hybrid atomic bonds."? These structural
characteristics result in large distances between molecules and
low conductivity and hole mobility,'> which makes the use
of dopants essential. Doping is a main strategy to modulate
the conductivity of semiconductors, in which impurities are
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introduced into the semiconductor to increase the concen-
tration of charge carriers and improve the conductivity.'®
Usually, lithium bis(trifluoromethane)sulfonimide (LiTFSI) is
used as an additive for spiro-OMeTAD or poly(triaryl amine)
(PTAA) to improve their conductivity.'” It can expedite the
oxygen-induced oxidation of spiro-OMeTAD as shown in
eqn (1) and (2):"

spiro-OMeTAD + O, = spiro-OMeTAD*'0,*~ (1)

$piro-OMeTAD®*'0,°*~ + LiTFSI = spiro-OMeTAD® TFSI
+ Li, O, (2)

However, the speed of this oxidation reaction is relatively slow,
which can significantly affect the reproducibility of the solar
cells."® Moreover, the hygroscopic LiTFSI can absorb moisture
from air and aggregate from the spiro-OMeTAD film, strongly
affecting the interfacial energetics and morphology."®

Unlike the doping of spiro-OMeTAD with O, and LiTFSI, the
electrical conductivity of HTLs can be improved by adding its
oxidized salt analogue as well.>®*" Tan et al. quantitatively
doped spiro-OMeTAD with its oxidized salt (spiro-OMeTAD-
(TFSI),) without using any lithium salts, which improved the
HTL conductivity and device efficiency (~19%).>> With this
strategy, the unwanted intercalation of Li ions into the perovs-
kite active layer is also prevented." Snaith et al. implemented
this strategy to a low-cost, synthetically simple carbazole-cored
HTM, 9-(2-ethylhexyl)-N*,N* N’ ,N’-tetrakis(4-methoxyphenyl)-
9H-carbazole-2,7-diamine (EH44).>® They fabricated efficient
PSCs with enhanced water resistance by doping it with its pre-
oxidized TFSI™ salt (EH44-ox). Christians et al. subsequently
used EH44-ox doped EH44 as the HTL to achieve an efficiency
of 18.5%." The non-encapsulated solar cells retained 94% of
their peak PCE after 1000 hours of continuous operation at
ambient condition, demonstrating a promising application of
EH44 against moisture. Schloemer et al. modulated the diphe-
nylamine pendant substituents of EH44 with fluorene and
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Fig. 1 Chemical structures of spiro-OMeTAD, EH44, and SC-2.
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carbazole, and doped them with EH44-0x, respectively.>* The
devices demonstrated better stability than the state-of-the-art
EH44 as well as the conventional spiro-OMeTAD system.
Although advantages in terms of stability have been demon-
strated with this doping strategy, i.e., doping an organic HTM
with its pre-oxidized salt, the efficiency of solar cells is lower
than 20%.

Unlike the previous change of contralateral chain groups,
herein we design and synthesize a new HTM, 9-(4-((2-ethyl-
hexyl)oxy)phenyl)-N>,N* N’ ,N”-tetrakis(4-methoxyphenyl)-9H-
carbazole-2,7-diamine (SC-2), by introducing a phenoxy group at
the nitrogen atom of carbazole core in EH44 to improve the
charge transport capacity and molecular rigidity. The morphology,
spectral, and electrical properties of HTL films are characterized
by using a series of characterizations, such as scanning electronic
microscopy (SEM), optical microscopy, photoluminescence (PL)
spectroscopy, time-resolved PL (TRPL) spectroscopy, and fluores-
cence lifetime imaging microscopy (FLIM) techniques. The mole-
cules were applied as a HTM in n-i-p structured PSCs to compare
with the traditional spiro-OMeTAD and EH44. The stability of this
new HTM was studied by aging the devices at ambient without
encapsulation. Moreover, larger area (5 cm x 5 cm) modules were
fabricated to study the feasibility of this new material in future
commercialization applications.

2. Results and discussion
2.1 Synthesis of HTMs

The structures of spiro-OMeTAD, EH44, and SC-2 are depicted
in Fig. 1. The carbazole-based core and diphenylamine groups
in SC-2 allow n-n conjugations, while the hydrophobic alkyl
chain is to enhance the hydrophobicity of the film, laying a
foundation for good stability of the HTL films.>® The synthesis
routes to SC-2 are illustrated in Fig. Sla (ESIt), and the syn-
thetic procedure and full chemical characterization are provided
in the ESI.t Briefly, the target compound SC-2 was obtained by the
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Buchwald-Hartwig coupling reaction of 2,7-dibromo-9-(4-((2-ethyl-
hexyl)oxy)phenyl)-9H-carbazole with bis(4-methoxyphenyl)amine
catalyzed by palladium. As a contrast, EH44 was synthesized
according to the literature report.>® The target products are fully
confirmed by nuclear magnetic resonance (NMR) and high reso-
lution mass spectrometry (HRMS). SC-2 is well soluble in com-
monly used organic solvents, such as chloroform, chlorobenzene,
and ethyl acetate. We list the cost for the synthesis of SC-2, which
is much lower than that of spiro-OMeTAD (Table S1, ESIY).
The SC-2 powder and AgTFSI are dissolved in dichloromethane
for the oxidation reaction to obtain its oxidized TFSI™ salt
analogue (SC-2-0x), as shown in Fig. S1b (ESIt), and the product
is purified by recrystallization as we describe in the Experimental
Section.

2.2 Spectroscopy and electrical properties

Fig. 2a shows the UV-Vis absorption spectra of EH44, EH44-ox
and SC-2, SC-2-ox in chloroform solution. SC-2 has the most
intensive absorption peak at 393 nm, while it is 389 nm for
EH44. The oxidized salts of SC-2 and EH44 show strong
absorption in the near IR. The absorption and fluorescence
emission of SC-2 and EH44 thin films are displayed in Fig. S2a
(ESIT). In the PL spectra, SC-2 demonstrates the maximum
emission peak at 428 nm, whereas EH44 has a strong peak at
422 nm. Both the absorption and emission of SC-2 are red-
shifted in comparison with EH44, which is due to the expanded
conjugation effect of the extra benzene ring.>” The absorption
onsets of SC-2 and EH44 are 424 and 421 nm, which indicate the
estimated optical bandgaps (E,) of 2.98 and 2.99 eV, respectively.
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The spiro-OMeTAD film has an absorption peak at 382 nm and a
fluorescence emission peak at 428 nm as shown in Fig. S2b (ESIf),
which are consistent with previous reports.**

Cyclic voltammetry (CV) was performed to determine the
oxidation potentials and energy levels of the HTMs.*® This is
crucial to determine the possible applicability in PSCs. CV was
performed in chlorobenzene at room temperature and tetra-
butylammonium hexafluorophosphate (0.1 mol L™') was
used as the supporting electrolyte. All potentials are internally
referenced to the ferrocene/ferricenium (Fc/Fc') redox pair.
Half-wave potentials (E,,,) were calculated from the cathodic
and anodic peak potentials. Highest occupied molecular orbital
(HOMO) energy levels are determined by the onset values of the
oxidation potential (E, ), + Enomo = —4.8 eV), whereby the lowest
unoccupied molecular orbital (LUMO) energy levels are calcu-
lated from the HOMO energy and the optical gap.>® The data
are summarized in Table 1 and Fig. 2b. The HOMO energy
levels of pristine spiro-OMeTAD, EH44, and SC-2 are —5.07,
—4.76, and —4.78 eV, respectively.

The thermal behaviors of HTMs were determined by thermo-
gravimetric analysis (TGA) and differential scanning calori-
metry (DSC) measurements (Fig. 2c and Fig. S3, ESIf). Both
molecules display good thermal stability, showing 5% weight
loss at 400 and 416 °C for EH44 and SC-2, respectively. DSC
scans demonstrate that EH44 and SC-2 are naturally in amor-
phous phases, showing a higher glass transition temperature
(Tg) of the latter (EH44: 44 °C vs. SC-2: 49 °C) but much lower
than the state of the art of spiro-OMeTAD (154 °C for pristine
form and 91 °C after doped by LiTFSI/tBP/cobalt complex).*
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Fig. 2 (a) UV-Vis absorption spectra of EH44, EH44-ox and SC-2, SC-ox in chloroform. (b) CV of pristine spiro-OMeTAD, EH44, and pristine SC-2.
(c) TGA curves of spiro-OMeTAD, EH44, and SC-2. (d) I-V curves of doped spiro-OMeTAD, doped EH44, and doped SC-2 films.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023  Mater. Chem. Front., 2023, 7, 2241-2250 | 2243


https://doi.org/10.1039/d2qm01330d

Published on 11 March 2023. Downloaded on 12/28/2025 5:09:14 AM.

Research Article

View Article Online

Materials Chemistry Frontiers

Table 1 Detailed optoelectronic properties of spiro-OMeTAD, SC-2, and EH44

}“abs,max (nm) ;Labs,max (nm)

lemi,max (nm)

Conductivity (S cm ™)

HTMs Solution Film Film Eq (eV) Enomo (eV) Pristine Doped

spiro-OMeTAD 380 382 428 2.97 -5.07 2.86 x 1077 6.08 x 10°
EH44 389 393 422 2.99 —4.76 6.71 x 10°° 6.80 x 107°
SC-2 393 397 428 2.98 —4.78 1.23 x 10°° 1.09 x 107*

The T, values of SC-2-ox and SC-2-ox doped SC-2 (doping level:
15.5 mol%) are 53 and 50 °C. It is interesting to note that the T,
remains almost constant after p-doping, which is different from
the behavior of spiro-OMeTAD. These results indicate that SC-2
possesses better thermal stability than the EH44 counterpart.®

The conductivity of different HTL films was measured using
interdigitated gold microelectrode arrays (IDAs, Fig. S4a,
ESIt).>* The conductivity of the doped HTL films is shown in
Fig. 2d and the pristine HTL films is shown in Fig. S4b (ESIT).
We plotted the I-V curves of SC-2 with different doping levels in
Fig. S4c (ESIt), and the calculated electrical conductivity values
are plotted in Fig. S4d (ESIt). The conductivity of the pristine
SC-2 film is 1.23 x 107> S em™ !, and reaches the maximum of
1.09 x 10°* S ecm " when doped with 15.5 mol% SC-2-ox.
Further increasing the content of SC-2-ox leads to a decrease
in the conductivity, showing 7.67 x 10> S cm™ " when the doping
level is 25.5 mol%. The conductivity of the pristine spiro-OMeTAD
film is 2.86 x 1077 S cm™ ', and a doped spiro-OMeTAD (LiTFSI/
tBP/cobalt complex) is 6.08 x 10~> S cm™ !, which is consistent
with previous results.'* The conductivity of the pristine EH44 film
is 6.71 x 107 Sem™, and 6.80 x 107° S cm ™' for the EH44-0x
doped film. Overall, the conductivity of doped SC-2 is higher than
that of doped spiro-OMeTAD and doped EH44.

The morphology of the HTL film is important to the perfor-
mance of solar cells due to its significant influence on hole

(b)
with doped spiro-OMeTAD

berovz_‘skite :

Work Function=21.22-E .

extraction and charge recombination processes." XRD analysis
confirmed the formation of the target crystal structure of
FAg.0:MA, 0sPbl, 76Brg 4 (FA = formamidinium, MA = methyl-
ammonium) perovskites and no negative effect on the perovs-
kite crystal with the HTL deposition (Fig. S5, ESIT). The top view
SEM images of the perovskite films are shown in Fig. 3a,
showing a uniform and compact morphology as expected. After
deposition of HTLs, i.e. doped spiro-OMeTAD, doped EH44,
and doped SC-2, all samples exhibit uniform and complete
coverage on the perovskite layer (Fig. 3b-d). It is noticed that
the films based on SC-2 and EH44 show a more uniform and
less aggregations in optical microscopy images (Fig. S6a-d,
ESIt), which is possibly due to the absence of LiTFSI in the
film.>

Ultraviolet photoelectron spectroscopy (UPS) was performed
to estimate the band alignment of the doped SC-2 film.
As shown in Fig. 3e, the photoemission onset and cut-off are
1.54 and 17.59 eV, corresponding to a valence band maximum
(VBM) of —5.17 eV calculated by the formula shown in Fig. 3f,
which demonstrates the successful p-doping of SC-2 after the
addition of SC-2-ox. This value is more positive than the valence
band edge of the FAgg,MAqsPbl, 6B, .4 perovskite (5.95 eV).*?
The energy diagrams of doped SC-2, perovskite, and SnO, are
shown in Fig. 3g. The figure shows that the valence band of the
doped SC-2 film matches well with the perovskite.

@
with doped SC-2

Evac

(e)

:3 ——doped SC-2

E Ecu/tofle.s‘tev

£ (14 16 18 2.0 22 24

=

] Band | ¥open
Eonset=17.59%ev Gap ) -
- VB

Energy (eV)

172 174 17.6 17.8 18.0
Binding energy (ev)

Fig. 3 SEM images of the (a) FAo.92MAq.08Pbl276Bro 24 perovskite, and perovskite covered with (b) doped spiro-OMeTAD, (c) doped EH44, and (d) doped
SC-2. (e) UPS of the doped SC-2 film. (f) Energy band diagram of the doped SC-2 film in UPS measurement. (g) Schematic illustration of the energy level
diagram of each layer in PSCs. The sample structure in SEM and UPS measurement is FTO|SNO,|FAg 92MAp 0gPbl2 76Bro 24| HTL.
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2.3 Photovoltaic performance

To evaluate the potential of SC-2 in solar cell application,
typical n-i-p PSCs with an architecture of FTO|SnO,|FAg.o,-
MAy 0sPbI, ;6B 24| HTL|M0O,|Ag were fabricated (Fig. 4a). The
SnO, film is deposited by chemical bath deposition with a
thickness of ~20 nm.** The perovskite is deposited according
to a previous report with a thickness of 600 nm (see cross-
sectional SEM images in Fig. 4b and Fig. S7, ESI{).*® The
thickness of the doped SC-2 layer is ~110 nm, while it is
~220 nm for the doped spiro-OMeTAD. Ag is used as the counter
electrode to reduce the production cost. A thin layer of MoO,
(ca. 5 nm) is inserted between the HTL and Ag to prevent the
penetration of Ag into the perovskite layer, which has been
demonstrated to be detrimental to the stability of PSCs.”” We
first studied the performance of the solar cells with HTLs based
on different doping levels. The efficiency reaches the highest value
when the doping level is 15.5 mol%, which is consistent with the
trend of conductivity. A further increase of the doping level results in
a decrease of the solar cell performance, showing a best efficiency of
18.0% when it is 25.5 mol% (Fig. S8 and Table S2, ESIY).

Current density-voltage (J-V) curves of the champion solar
cells based on three HTLs are shown in Fig. 4c. The devices
based on doped spiro-OMeTAD show the best PCE of 21.8%,
with an open-circuit voltage (Voc) of 1.15 V, a short-circuit
current density (Jsc) of 24.5 mA cm ™2, and a fill factor (FF) of
0.79, which demonstrate good quality of solar cells in this
study.*® The devices based on doped EH44 shows the highest
PCE of 18.9%, with a Voc of 1.04 V, a Jsc of 24.5 mA cm >
and a FF of 0.74, which is consistent with previous reports.'*
Under similar conditions, the best-performing device based on
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doped SC-2 shows a Vo¢ of 1.12 V, a Jsc of 25.1 mA em ™2 and a
FF of 0.75, yielding a PCE of 21.3%. To the best of our knowl-
edge, this is one of the best efficiencies when the HTL is doped
with its pre-oxidized salt. As shown in Fig. 4d, the Quasi-
stabilized power output (q-SPO) values are 21.4, 17.8, and
20.0% for the champion PSCs based on doped spiro-
OMeTAD, doped EH44, and doped SC-2, respectively, which
are consistent with the values obtained from the j-V charac-
teristics. External quantum efficiency (EQE) spectra and the
corresponding integrated Jsc values are shown in Fig. 4e. The
integrated Jgc values are 22.5, 22.7, and 22.9 mA cm > for the
champion PSCs, which agree well with the values obtained
from J-V characteristics.

The efficiency histograms of the cells based on different
HTMs are depicted in Fig. 4f, while the other photovoltaic
parameters (Voc, Jsc, and FF) are presented in Fig. S9a-c, ESIT
and Table 2. The average PCEs for PSCs based on doped spiro-
OMeTAD, doped EH44, and doped SC-2 were 21.3 £+ 0.5, 18.4 +
0.5, and 20.5 £ 0.8%, respectively. The average efficiencies
follow a similar trend of the best-performing cells, which
demonstrates good reproducibility. The doped SC-2 devices
exhibit a slightly higher Jsc and FF, and a significantly higher
Voc as compared to the devices based on doped EH44. Since the
additional benzene ring in SC-2 increases the conjugation
effect and thus the conductivity of the film,*” this superior
performance can be explained by the chemical nature of SC-2.
In addition, the isooctyloxy group in SC-2 can act as the Lewis
site, which is reported to be able to interact with adjacent
perovskites and improve the contact between the active layer
and HTL.*®
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Fig. 4 (a) Schematic diagram of a typical n—i—p PSC with an architecture of FTO|SnO,|perovskite|HTL|MoO,|Ag. (b) SEM images of the best-performing
PSCs based on doped SC-2. (c) J-V curves of (d) g-SPO at a fixed bias around the maximum power point. (e) EQE spectra and corresponding integrated
current densities. (f) The efficiency histograms of 15 independent cells based on different HTLs. All photovoltaic parameters are obtained under AM 1.5G 1

sun irradiation with a mask area of 0.16 cm?.
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Table 2 Photovoltaic parameters? of PSCs based on different HTLs under AM 1.5G 1 sun simulated irradiation (mask area: 0.16 cm?)

HTL Voc (V) Jsc (mA cm™?) FF PCE (%)
Doped spiro-OMeTAD Averageb 1.13 £ 0.02 24.3 £ 0.2 0.78 £ 0.01 21.3 £ 0.5
Best® FB to SC 1.15 24.5 0.77 21.8
SC to FB 1.13 24.5 0.76 21.1
Doped EH44 Average 1.03 £ 0.01 24.2 £0.3 0.74 £ 0.01 18.4 £ 0.5
Best FB to SC 1.04 24.5 0.74 18.9
SC to FB 1.04 24.4 0.74 18.8
Doped SC-2 Best Average 1.10 £ 0.02 24.8 £ 0.4 0.75 £ 0.01 20.5 £ 0.8
FB to SC 1.12 25.1 0.75 21.3
SC to FB 1.10 25.2 0.71 19.7

% Voc, Jsc, FF and PCE data are derived from the J-V curves. ® The average parameters are extracted from recording 15 independent devices of each
type in the scan direction of forward-bias (FB) to short-circuit (SC). © The best-performing devices recorded in both directions.

To study the charge transfer between the perovskite layer and
HTL, FLIM was performed (Fig. 5a-c and Fig. S10, ESIt).*
A significantly decreased PL lifetime and smaller signal range were
observed after coating the doped EH44, and these effects were even
further enhanced for doped spiro-OMeTAD (Fig. S10, ESIt) and
doped SC-2. To further study the charge transfer dynamics, steady-
state PL spectra of perovskite covered with different HTLs were
recorded. All examined samples display similar PL spectral profiles
with a maximum at 780 nm (Fig. 5d), while the intensity of the
perovskite film is significantly quenched with approximately 98%,
92%, and 95% of its initial value by doped spiro-OMeTAD, doped
EH44, and doped SC-2 films, respectively. The large quenched
values suggest an efficient charge transfer from the perovskite to all
HTLs. The TRPL spectra (Fig. 5e) were quantitatively fitted by a bi-
exponential function following eqn (3):*°

I(t) = I + A; exp(—t/t1) + Ay exp(—t/15) (3)

where 7, and 7, represent the fast and slow attenuation compo-
nent, respectively. The average carrier lifetime (t,.) of the per-
ovskite film is 1773.9 ns, indicating the good quality of the film.
When coated with doped spiro-OMeTAD, doped EH44, and doped
SC-2 HTLs, the lifetime sharply reduced to 94.1, 166.8, and
140.8 ns, which is consistent with the steady state PL study. The
shorter TRPL lifetime of samples based on doped SC-2 in com-
parison with the EH44 indicates a faster charge transfer from the
perovskite to HTL (Table S3, ESIT). On the other hand, the TRPL
lifetime of the perovskite covered with doped spiro-OMeTAD is
shorter that with doped SC-2, which indicates a slower charge
transfer from the perovskite to the latter. This should be the reason
for the lower device performance in Table 2. Overall, PL character-
izations consistently attest the improved charge-extraction capacity
of the doped SC-2 in comparison with doped EH44.

The built in potential (V};) is important for maximizing the
performance of a solar cell, offering the beneficial properties of
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perovskite 2 with doped EH44 i with doped SC-2
&
(d)2.5x105 = © ® 7
perovskite —o— doped spiro-OMeTAD
perovskite/doped spiro-OMeTAD 6 —o— doped EH44
_ 2.0x10% perovskite/doped EH44 _ g —o— doped SC-2
z perovskite/doped SC-2 :g 1000 . =N
2. 1.5x10° ; = 4 3
% £ 1= 5 N9
2 J
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3 = 100 21
=~ &~ 2
5.0x10% 1 14
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Fig. 5 FLIM images of the (a) perovskite and perovskite covered with (b) doped EH44, and (c) doped SC-2. (d) Steady-state PL spectra, and (e) TRPL
spectra of the perovskite w/o HTL covering. The sample structure is glass|perovskite|HTL. (f) Mott—Schottky plots of solar cells.
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charge selectivity and reducing recombination. By plotting the
capacitance-voltage (C-V) curve with Mott-Schottky analysis,
the V},; can be extracted by eqn (4):

1L 2(Mi—V)
== 7 4
C2 A2€80NA ( )

where C is the capacitance under applied voltage, and 4, e, &, ¢
and N, are the device area, elementary charge, vacuum dielec-
tric constant, relative dielectric constant of the perovskite and
carrier concentration, respectively. As shown in Fig. 5f, the V};
values are 1.17, 1.08 and 1.15 V for the devices based on doped
spiro-OMeTAD, doped EH44, and doped SC-2, respectively.
According to Ravishankar’s report,*' a higher Vo value always
results in a larger V},; due to a fundamental dependence of the
recombination resistance of the perovskite layer on its Vo¢ in
combination with charge injection or multilayer-capacitance
transitions. In consideration of an identical device architecture
and functional layers except for HTL, the higher Voc and Vy;
values of doped SC-2 devices in comparison with that of doped
EH44 is due to an enhanced charge selectivity and reduced
recombination.

2.4 Stability studies

The stability of solar cells was first evaluated by aging them at
25 £ 5 °C with a relative humidity (RH) of 35 + 5% without
encapsulation (Fig. 6a). The devices based on doped SC-2
maintained 95% of their initial PCEs after 1450 h, while it is

View Article Online
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77% and 76% for the PSCs based on doped spiro-OMeTAD and
doped EH44, respectively. The corresponding photovoltaic
parameters (Voc, Jsc, and FF) are presented in Fig. Slla-c
(ESIY). This result suggests that the doped SC-2-based devices
are more tolerant to moisture and oxygen than the conventional
doped spiro-OMeTAD at room temperature. The moisture
stability of the HTLs has been investigated by aging them in
a high humidity (75 + 5%) environment. Fig. S12 (ESIY)
demonstrates a more robust morphology of doped SC-2 at
higher humidity in comparison with doped spiro-OMeTAD.
The water contact angles for HTLs based on doped spiro-
OMeTAD, doped EH44, and doped SC-2 are 94.5, 98.0, and
102.5°, respectively (Fig. 6b). The larger contact angle of doped
SC-2 suggests that it is more hydrophobic than the other two,
which is one of the reasons for the better stability of the
corresponding solar cells. After aging under the atmosphere,
the contact angles are reduced to 88.7, 92.5, and 102.2° for the
doped spiro-OMeTAD, doped EH44, and doped SC-2 films,
respectively (Fig. 6b). It is noticed that the contact angle of
doped SC-2 decreases less than the other two in comparison
with that after aging. In addition, the absorption spectra of
non-encapsulated FTO|SnO,|perovskite covered with the doped
SC-2 film remain almost unchanged after aging for 21 days,
whereas a continuous reduction in the absorption intensity
is observed for the doped spiro-OMeTAD and doped EH44
samples (Fig. 6¢ and 6d). These results explain the enhanced
stability of the solar cells based on doped SC-2. Previous reports

(a) © 35
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Fig. 6 (a) Evolution of normalized PCE for non-encapsulated solar cells aged at a temperature of 25 + 5 °C and RH of 25 + 5% in the dark. (b) Water
contact angle images of HTLs. The sample structure is FTO|SnO,|perovskite|HTLs. UV-Vis spectra of non-encapsulated FTO|SnO,|perovskite covered
with (c) doped spiro-OMeTAD, (d) doped EH44, and (e) doped SC-2 films under ambient conditions with a relative humidity of 25 4+ 5% and temperature

of 25+ 5 °C.
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(a) Schematic diagram of a FTO|SnO,|perovskite|HTL|Au perovskite solar module (full size: 5 cm x 5 cm, with 6 series-connected sub-cells). (b)

J-V curve of the best-performing module under AM 1.5G 1 sun irradiation based on spin-coated perovskite and doped SC-2 HTL with a mask area of 10.0

sz.

have demonstrated that long alkyl chains can effectively resist
moisture invasion.*? Therefore, the enhanced moisture resis-
tance is referred to the additional alkyl chain in SC-2 and
elimination of LiTFSL.** In addition, the performance of solar
cells aged at a higher temperature (55 + 5 °C) has been studied.
As seen in Fig. S13 (ESIY), after aging at 55 &+ 5 °C in air without
encapsulation for 7 hours, the PCE of the cell based on doped
SC-2 decreased more compared to the doped spiro-OMeTAD
cell, which is due to lower T, as illustrated in Fig. S3 (ESIT).
Several studies have been reported to improve the thermal
stability of small molecules based HTLs.**™® For example,
Wang et al. reported that mixing spiro-OMeTAD with thermally
stable polymer poly(9-vinylcarbazole) can substantially improve
its thermal stability."® Therefore, we assume that this could be
a method to improve the thermal stability of SC-2.

2.5 Large area perovskite solar modules

Moreover, we fabricated larger area (substrate size: 5 cm X
5 cm, active area: 10.0 cm?) perovskite solar modules (Fig. 7a,
six series-connected sub-cells) with doped SC-2 to demonstrate
the scalability of this new system. The doped SC-2 is deposited
on large area perovskite film with a size of 5 cm x 5 cm
following the procedures developed by our group.*® As shown
in Fig. 7b, a champion PCE of 14.6% (with a mask area of
10.0 cm?) was achieved, which demonstrates a promising step
forward in the development of large-scale perovskite photo-
voltaics with stable and low-cost HTM.

3. Conclusion

We conclude by emphasizing that the oxidized form of organic
HTMs can be synthesized and used as the p-dopant to enhance
the thin film conductivity through judicious molecular design.
This advantage means that this method can be used to replace
the commonly used hygroscopic LiTFSI, thus guaranteeing
both high efficiency and stability when applied in solar cells.
As a promising example, we have shown that a diphenylamine-
substituted molecule, SC-2, can be used as an efficient and

stable HTL in PSCs. With this HTL, a solar cell with an
efficiency of 21.3% has been achieved, which is comparable
to that of the conventionally doped spiro-OMeTAD and much
higher than the devices based on the state of the art EH44.
A series of physical and chemical characterization methods
demonstrate that the HTLs based on SC-2 have better charge
extraction from the light absorber perovskite layer. Moreover,
solar cells based on SC-2 show improved stability against
moisture and oxygen, which is primarily due to the enhanced
moisture resistance.
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