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ABSTRACT: This report is on the efficiency enhancement of
wide bandgap lead halide perovskite solar cells (WBG Pb-PVK
PSCs) consisting of FA0.8Cs0.2PbI1.8Br1.2 as the light-harvesting
layer. WGB Pb-PVK PSCs have attracted attention as the top layer
of all perovskite-tandem solar cells. Poly[bis(4-phenyl) (2,4,6-
trimethylphenyl) amine] (PTAA), a conductive polymer, is always
used as the hole transporting layer (HTL) for Pb-PVK PSCs.
Nevertheless, the hydrophobic surface of the PTAA sometimes
destroys the growth of the FA0.8Cs0.2PbI1.8Br1.2 film. On the other
hand, the Fermi level of PTAA is not well matched with that of
perovskite film. Thus, the PCE of the WBG Pb-based PSCs with
PTAA as the HTL was not very high. In this report, the efficiency
of the FA0.8Cs0.2PbI1.8Br1.2 is improved by passivating the surface of the PTAA with a monomolecular layer, where the surface
becomes hydrophilic, and the band bending of the PTAA layer is improved to cause swift hole collection. Finally, WBG Pb-PVK
PSCs (1.77 eV) with 16.52% efficiency are reported.
KEYWORDS: wide-bandgap perovskite solar cells, phosphonic acid-based molecules, band bending, interface modification, monomolecular

■ INTRODUCTION
The certified efficiency of single-junction halide perovskite
solar cells (PSCs) is now 25.7%,1 and further research to
fabricate Pb-perovskite (PVK) PSCs with large areas or large
modules is progressing. To further enhance the efficiency,
perovskite tandem cells have attracted interest. Generally, the
tandem PSCs comprise the top cell (a wide bandgap (WBG)
solar cell) and the bottom cell (a narrow bandgap (NBG) solar
cell). Now, the efficiency of Pb-PVK PSCs(top)/Si solar cells
(bottom), Pb-PVK PSCs(top)/CIGS solar cells(bottom), and
all perovskite tandem solar cells (Pb PSCs(top)/Sn/Pb alloyed
PVK PSCs (bottom)) is now 32.5, 24.2, and 29.0%,1−4

respectively. The top Pb-PVK PSCs with a bandgap of 1.5−
1.65 eV have been coupled with the bottom cell of Si solar cells
with a bandgap of 1.1−1.2 eV. According to the results of
simulation and experiment, the top Pb-PVK PSCs with a WBG
of 1.7−1.8 eV are needed for the all-perovskite tandem solar
cells because the bottom cell of Sn/Pb alloyed PVK PSCs has a
bandgap of 1.25−1.30 eV.5−7 FA0.8Cs0.2PbI1.8Br1.2 is commonly
employed as the light-harvesting layer of WBG Pb PSCs with
inverted structures. The highest efficiency reported so far is
17.72%.8 The top Pb-PVK PSCs have the structure of a

transparent conductive layer/hole transport layer (HTL)/Pb
PVK (light harvesting layer)/electron transfer layer (ETL)/
electrode. Poly[bis(4-phenyl) (2,4,6-trimethylphenyl) amine]
(PTAA) have been employed as the HTL in the inversed Pb-
PVK PSCs. However, the poor wettability (hydrophobic
surface property) is not favorable for the growth of the Pb-
PVK PSCs with high quality.9,10 Pan et al. modified the surface
of PTAA with toluene during the high-speed spin-coating
process of dimethylformamide and improved the wettability.
S ince the morphology of the Pb-PVK ((FAP-
bI3)0.85(MAPbBr3)0.15) fabricated on the PTAA layer and the
contact between the PTAA and Pb-PVK layer was improved,
they have reported 19.13% efficiency.11 As a similar approach,
Huang et al. improved the wettability of PTAA by pre-spin-
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coating a mixed solution of DMF and DMSO on the PTAA.12

Chen and his group inserted poly[(9,9-bis(3′-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluor-
ene)] (PFN) thin layer between the PTAA layer and Pb-PVK
layer. The quality of the Pb-PVK films grown on the PFN layer
was improved due to the improved surface wettability. They
reported 12.78% efficiency of PEA2MA3.5FA0.5Pb5I16 PVK
PSCs.13

In addition, the energy matching of the conduction band,
the valence band, and the Fermi level among HTL and Pb-
PVK is necessary for enhancing the efficiency of the Pb-PVK
PSCs. So far, many strategies have been proposed to improve
the energy level alignment in devices, such as additive
engineering and interface engineering.14−17 Wu et al.
introduced potassium fluoride (KF) at the PTAA and Pb-
PVK layers interface. They have reported that the KF
treatment improved the energy level arrangement, and the
hole extraction efficiency was significantly improved. They
reported 21.51% efficiency of Cs0.05(FA0.88MA0.12)0.95PbI3
PSCs.18 Wang et al. inserted poly(methyl methacrylate)
(PMMA) between the PTAA and MAPbI3. The results
showed that the PMMA thin layer adjusted the interface
energy level and facilitated charge carrier transfer. The
efficiency of the MAPbI3 PSCs was improved from 17.39 to
19.51%.19 In these surface modifications, thin-layer polymer
films have been used. Fabrication of thin polymer films is
complex, and the film thickness drastically affects solar cell
performances.20

Self-assembled monomolecular layers have proven useful as
the HTL for high-efficiency Pb-PVK PSCs.21−23 The
monolayer molecules used for the HTL contain p-type, linker,

and anchor groups. Among them, molecules with phosphonic
acids as the anchor group, such as (x-(9H-carbazol-9-
yl)propyl)phosphonic acid (xPACz, where x stands the alkyl
chain length ), are commonly employed in PSCs. For example,
Tan and his coauthor used the carbazole group as the p-type
group and phosphonic acid as HTL to improve the PCE of the
tandem solar cell and have reported 24.7% in tandem solar
cells.24 Our groups have reported an efficiency of over 23% of
Sn/Pb alloyed PSCs consisting of 2-(9H-carbazol-9-yl) ethyl]
phosphonic acid (2PACz) as the HTL.25 The advantage of the
monomolecular layer of HTL over the thin polymer layer is
that thickness control is easy. Since the surface of the treated
substrate was washed away with solvents, unreacted molecules
were removed, and molecules bonding to the substrate by the
anchor group remained. This result prompted us to passivate
the surface of PTAA with a monomolecular layer. Since the
PTAA has an N atom showing basic properties and
phosphonic acid in the PACz is acid, the surface of the
PTAA is passivated with only mono molecular layers after the
treated surface is washed with solvents.26−28 We now report
the PTAA layer surface-passivated with 3PACz with various p-
type groups. The energy level change (balance band and Fermi
level) of PTAA and the surface energy change of the PTAA by
the mono-molecular layer passivation are discussed.

■ RESULTS AND DISCUSSION
In order to improve the surface properties of PTAA, the
surface was passivated with a monomolecular layer of 3PACz
consisting of carbazole groups working as p-type properties.
The following x-3PACz (x = I, 9p and 2M3P) were
synthesized: [3-(3-iodocarbazol-9-yl) propyl]phosphonic acid

Figure 1. (a) Preparation of PTAA/monomolecular layer/WBG PVK layer. (b) Schematically illustrated PTAA/monomolecular layer/WBG PVK
layer, (c) full width at half maximum (fwhm) of X-ray diffraction (XRD) peak at 14.75° assigned to (100) of perovskite layer prepared on the
PTAA with and without monolayer. (d) Trap density of PVK layer fabricated on PTTA with and without monomolecular layer, estimated by SCLC
method with the hole-only device with the structure of ITO/PTAA/x-3PACz(monolayer)/PVK/Spiro-OMeTAD/Ag.
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(I-3PACz), (3-(3-[4-(carbazol-9-yl)phenyl]carbazol-9-yl)-
propyl) phosphonic acid (9p-3PACz), and (3-[3-(2-methox-
ypyridin-3-yl)carbazol-9-yl]propyl) phosphonic acid (2M3P-
3PACz). Figure 1a shows the process of this work. After the
PTAA layer was prepared on the indium tin oxide (ITO)
substrate, the x-3PACz solution was coated. Then, the surface
was washed with DMF to remove the x-3PACz molecules not
bonded to the PTAA, followed by spin-coating the perovskite
solution.25,29 Figure 1b shows the expected layered structure of
the PTAA/x-3PACz/PVK layer, where the x-3PACz mono-
layer is inserted between the PTAA and the PVK layer. The
synthetic route of x-3PACz is shown in the experimental
section and Scheme S1. Fourier-transform infrared (FTIR) and
X-ray photoelectron spectroscopy (XPS) were used to uncover
the chemical interaction between PTAA and monolayer
molecules. As shown in Figure S1a−c, the peak located on
803 cm−1 is attributed to the vibrations of the P−O bond.30

After being deposited on PTAA, the peak position was shifted
to a high wavenumber compared with the bare monolayer
molecules. FTIR results suggest a strong chemical interaction
exists between PTAA and monolayer. In addition, the N 1s and
P 2p XPS peaks of PTAA and PTAA/9p-3PACz were detected
by XPS in order further to reveal the chemical interaction
between PTAA and 9p-3PACz. As shown in Figure S1d,e, for
N 1s, compared with the PTAA film, the PTAA/9p-3PACz has
a lower binding energy. While for the P 2p, the PTAA/9p-
3PACz shows a higher binding energy compared with the bare
PTAA, which indicated that the molecular clouds of N and P
were transferred after 9p-3PACz was deposited on PTAA, and
this indicated a strong chemical interaction between N
(PTAA) and P (9p-3PACz), also consistent with previous
reports.30

As shown in Figure S2, the contact angle of the perovskite
solution on the substrate was decreased from 79° (PTAA) to
60° (PTAA/I-3PACz), 48° (PTAA/9p-3PACz), and 61°
(PTAA/2M3P-3PACz), respectively. The smaller contact
angle indicates that the precursor solution is easier to spread
on the substrate, which helps to improve the quality of the
perovskite film.31 Scanning electron microscopy (SEM) images
show that the perovskite film morphology was improved
(Figure S3). After perovskite film is deposited on PTAA/
monolayer, the perovskite film morphology is improved. Figure
S4a, b shows the grazing incidence X-ray diffraction (GIXRD)
pattern of the perovskite deposited on the different substrates.
By changing the X-ray incident angle from small to large, the
crystal structure information of the perovskite film from the
shallow layer to the deep layer is obtained (Figure S4 a and b).
The perovskite thin film on PTAA and that prepared on
monolayer passivated PTAA had similar diffraction peak
positions at around 14.75, 20.73, and 32.74°, corresponding
to (100), (101), and (211) crystal planes of WBG perovskite
phase, respectively, suggesting that the surface passivation
monolayer on PTAA did not change the perovskite crystal
phase and facet from the top to the deeper portion.32−34 As
shown in Figure S4c, the perovskite film deposited on PTAA/
9p-3PACz had narrower FWHM, indicating that the
monolayer on PTAA is beneficial to make the crystal size of
the perovskite larger. As shown in Figure 1c, the value of full
width at half maxima (FWHM) of the perovskite layer
deposited on PTAA/9p-3PACz (0.119°) is narrower com-
pared with the one deposited on PTAA (0.143°), indicating
that the perovskite film crystal size increased slightly.25,29

Finally, we noticed that the diffraction peak intensity of the

perovskite film prepared on PTAA/9p-3PACz was larger than
that of the perovskite film on the PTTA only, suggesting that
the crystallinity was enhanced on the PTAA/9p-3PACz.
The bandgaps of these perovskite layers were calculated

from these UV−vis spectra, as shown in Figure S5. The
perovskite prepared on the PTAA layer and surface passivated
PTAA gave the same bandgap (Eg = 1.77 eV). Meanwhile, as
shown in Figure S6, the Urbach energy of the perovskite layer
decreased from 60.7 meV (PTAA) to 47.9 meV (PTAA/I-
3PAC), 42.2 meV(PTAA/9p-3PACz), and 50.2 meV (PTAA/
2M3P-3PACz), respectively, after the surface of PTAA layer
was passivated with the monomolecular layer. The small
Urbach energy corresponds to the low defect density near the
conduction and valence band levels.25 Space charge limited
current (SCLC) was measured to evaluate the defect densities
of the perovskite films. Figure 1d shows the dark current−
voltage (I−V) curves of the hole-only devices with the
structure of ITO/PTAA/without or with monomolecular layer
(x-3PACz)/perovskite/Spiro-OMeTAD/Ag. The defect den-
sity was obtained from the following equation35,36

=n
V

eL
2

t
0 TFL

2 (1)

where ε0 is the vacuum dielectric constant, ε is the dielectric
constant of the perovskite, e is the elementary charge, and L is
the film thickness of the perovskite. The defect density of the
perovskite film deposited on PTAA was 8.58 × 1015 cm−3,
while that of the perovskite film deposited on PTAA/I-3PACz,
PTAA/9p-3PACz, and PTAA/2M3P-3PACz was 4.84×1015
cm−3, 4.59 × 1015 cm−3, and 6.24 × 1015 cm−3, respectively.
Figure S8 and Figure S9 show the photoluminescence (PL)
and time-resolved PL (TRPL) results of the perovskite layer
fabricated on the glass/monomolecular/PVK layer. On the
monomolecular layer, the PL intensity of the perovskite was
enhanced in the following order: 2M3P-3PACz < I-
3PACz<9p-3PACz. The results indicate that the defect of
the perovskite decreased in the following order of 9p-3PACz <
I-3PACz < 2M3P-3PACz. In addition, TRPL curves were well
fitted by the following equation

= +I t A e A e( ) t t
1

( / )
2

( / )1 2 (2)

where τ1 represents the fast decay time, and τ2 stands for the
slow decay time. Additionally, A1 and A2 denote the amplitudes
of the fast and slow decay processes. The average carrier
lifetime (τave) was obtained by the equation of37,38

= +
+

A A
A Aave
1 1

2
2 2

2

1 1 2 2 (3)

these corresponding fitting parameters are presented in
Table S1. The carrier lifetime of the perovskite film increased
in the following order: 2M3P-3PACz/PVK: 99.13 ns, I-
3PACz/PVK: 119.50 ns, 9p-3PACz/PVK: 128.62 ns), which is
the order of low defect density and be consistent to the results
of SCLC and Urbach energy measurements.
Photoelectron yield spectroscopy (PYS) and Kelvin probe

measurement were conducted to investigate the change in the
valence band and Fermi energy levels of the device before and
after monomolecular passivation. Figure S10 shows the
HOMO energy level, the LUMO energy level, and the Fermi
energy level of the PTAA with and without monomolecular
passivation. The Fermi and valence band energy levels of the
PTAA became deeper after the PTAA surface was passivated
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with the monomolecular layer. According to previous reports,
the direction and strength of the surface dipole affect the
vacuum level.39,40 These changes in the energy level may be
explained by the vacuum level change after the surface
passivation, as shown in Figure S11.
Figure 2a shows the band bending in the PTAA layer with or

without monolayer modification, calculated from the difference

of the Fermi level of the PTAA layer after the perovskite layer
was contacted with the PVK. First, we analyzed the band
bending of the PTAA and perovskite after contacting each
other. The Fermi level of the PTAA was −4.98 eV (Figure
2a(1)). The Fermi level of the PTAA was shifted to −5.4 eV
after the PVK was contacted with PTAA (Figure 2a(2)). The
Fermi level of the PTAA layer in Figure 2a(2) is the same as
that of the PTAA/PVK layer (Figure 2a(2)). The difference
between the Fermi level of PTAA before and after the PVK
contact was 0.42 eV (5.4−4.98 eV = 0.42 eV), as shown in
Figure 2a(2). Since the HOMO of the PTAA is pinned at
−5.17 eV, 0.42 eV band bending is expected, as shown in
Figure 2a(3). The band bending becomes a barrier for the hole
injection. In the same way, the band bending in the PVK layer
was estimated as follows. The Fermi level of the PVK was
−5.63 eV(Figure 2b(1)). The Fermi level was changed to −5.4
eV when the PVK contacted the PTAA layer (Figure 2b(2)).
The difference in the Fermi level of the PVK before and after
the PTAA layer was 0.23 eV (5.63−5.4 eV = 0.23 eV; Figure
2b(2)). Since the valence band has been pinned at −6.00 eV at
the interface, 0.23 eV band bending is expected (Figure
2b(3)). The 0.23 eV becomes a barrier for the hole injection
from the PVK layer to the PTAA. It has been reported that the

0.23 eV barrier is not so serious in the previous paper, where
the structure is called the spike band structure.29,41−43

The conduction band and the valence band of PTAA were
varied after the surface of the PTAA was passivated with
various monomolecular layers (Table 1). The band bending of

the PVK layer was not varied, depending on the interface
passivation (Table 2). The band bending of the PTAA layer

became smaller in the following order: I-3PACz > 9p-3PACz >
2M3P-3PACz. According to the band bending shown in Figure
2, Tables 1 and 2, holes should be accumulated at the interface.
Therefore, small-band bending should give higher efficiency,
which will be discussed later. In addition, this kind of band
change is known to be due to the vacuum level change caused
by the dipole moment of the passivation molecules, as shown
in Figure S11. Fermi level of the PTAA layer passivated with I-
3PACz, 9p-3PACz, 2M3P-3PACz was as follows: EF, I‑3PACz =
−5.07 eV; EF,9p‑3PACz = −5.15 eV; EF,2M3P‑3PACz = −5.09 eV,
respectively. The effect of the dipole seems to become larger in
the following order: 9p-3PACz > 2M3P-3PACz > I-3PACz.
Calculating the dipole using the model structure of PTAA and
the monomolecular layer seems consistent with the above
order, as shown in Figure S12.
The photovoltaic performance of the devices with the

structure of ITO/PTAA/(with or without monomolecular
layer)/WBG-perovskite/guanidine bromide (GuBr)/C60/
BCP/Ag is summarized in Figure 3, where these solar cells
with PTAA surface -passivated with I-3PACz, 9p-3PACz,
2M3P-3PACz, and without passivation are abbreviated as I-
3PACz-based PSCs, 9p-3PACz-based PSCs, 2M3P-3PACz-
based PSCs, and PTTA-based PSCs, respectively. The
efficiency of the device is shown in Figure 3a and Figure
S13. Figure 3b and Table S2 show these PSCs’ typical J−V
curves and photovoltaic parameters. The efficiency of the
PTTA-based PSCs was 14.43%, with an open-circuit voltage
(VOC) of 1.127 V, a short circuit current (JSC) of 17.07 mA
cm−2, and a fill factor (FF) of 75.04% under standard AM 1.5G
illumination. The efficiency of I-3PACz-based PSCs, 9p-
3PACz-based PSCs, and 2M3P-3PACz-based PSCs was
15.81% (JSC of 17.96 mA cm−2, a VOC of 1.158 V, and a FF
of 76.20%, 16.52% (JSC of 17.88 mA cm−2, a VOC of 1.177 V,
and a FF of 78.54%), and 15.84% (JSC of 17.96 mA cm−2, a
VOC of 1.163 V, and a FF of 75.87%), respectively. The
enhanced efficiency can be attributed to the decrease in the
defect density (SCLC, PL), improved morphology (SEM), and
matchable energy level (band bending) after 9p-3PACz surface
passivation. In addition, the efficiency of the 9p-3PACz-based
PSCs was better than the solar cell consisting of the PTAA/
2PACz monomolecular layer, where the 2PACz is frequently
employed (Table S2). The incident photon to current

Figure 2. (a) (a-1)Fermi level of PTAA or PTAA/x-PACz, (a-2)
Fermi level change after contact with WBG-PVK and (a-3) band
bending after PTAA or PTAA/x-PACz contact with WBG-PVK
(ΔEF,1), (b) (b-1) Fermi level of WBG-PVK only, (b-2) Fermi level
change after contact with PTAA or PTAA/x-PACz and (b-3) band
bending after WBG-PVK contact with PTAA or PTAA/x-PACz
(ΔEF,2). Circles represent x-PACz monolayer molecules.

Table 1. Band Bending (ΔEF,1) of PTAA/x-PACz after
Contact with WBG-PVK

passivation only PTAA I-3PACz 9p-3PACz 2M3P-3PACz

ΔEF,1 (eV) 0.42 0.33 0.25 0.31

Table 2. Band Bending (ΔEF,2) of WBG-PVK after Contact
with PTAA/x-PACz

passivation only PTAA I-3PACz 9p-3PACz 2M3P-3PACz

ΔEF,2 (eV) 0.23 0.23 0.23 0.23
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conversion efficiency (IPCE) spectra of the PTAA-based PSCs,
I-3PACz-based PSCs, 9p-3PACz-based PSCs, and 2M3P-
3PACz-based PSCs are presented in Figure 3c. The integrated
current density calculated was 16.93 mA/cm2 (PTAA-based
PSCs), 17.75 mA cm−2 (I-3PACz-based PSCs), 17.63 mA
cm−2 (9p-3PACz-based PSCs), and 17.71 mA cm−2 (2M3P-
3PACz-based PSCs), respectively, which well matched with
those obtained from J−V curves. The maximum power point
tracking method measured the relationship between PCE and

irradiation time (Figure 3d). The output was stable during the
illumination, and the efficiency after 500 s was 15.75% (I-
3PACz-based PSCs), 16.36% (9p-3PACz-based PSCs), and
15.76% (2M3P-3PACz-based PSCs), respectively.
The ideality factor (n) was measured to evaluate the

nonradiative recombination of the device. The n closer to 1
shows less nonradiative recombination.44 The n can be
calculated by the equation of VOC = (nkBT/q)ln(I) + B,44

where kB, T, and q are the Boltzmann’s constant, Kelvin

Figure 3. a) Statistical distribution diagram of PCE for the devices (I-3PACz-based PSCs, 9p-3PACz-based PSCs, 2M3P-3PACz-based PSCs, and
PTTA-based PSCs). (b) Typical champion J−V curves. (c) IPCE curves of the device. (d) Steady-state current density as a function of time at the
maximum power point.

Figure 4. a) VOC versus light intensity of PTAA-based and 9p-3PACz-based PSCs. (b) Transient photovoltage (TPV). (c) TPC curves of PTAA-
based PSCs and 9p-3PACz-based PSCs. (d) Diffusion length of PTAA-based PSCs and 9p-3PACz-based PSCs.
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temperature, and element charge, respectively. As shown in
Figure 4a, the ideality factor was n = 1.84 (PTAA-based PSCs)
and n = 1.27(9p-3PACz-based PSCs). This result suggests that
the nonradiative recombination of the latter was reduced. The
voltage decay time measured by the TPV method was 20.16 ns
(PTAA-based PSCs) and 62.59 ns (9p-3PAC-based PSCs).45

The carrier recombination resistance (Rrec) measured by
electrochemical impedance spectroscopy (EIS) at 0 V in the
dark is summarized in Figures S14 and S15. A typical
semicircular curve was observed. The curve obtains the carrier
recombination resistance (Rrec). As presented in Figure S15,
the Rrec of 9p-3PACz-based PSCs was higher than that of
PTAA-based PSCs. These results support the explanation that
the charge recombination of 9p-3PACz PV is more retarded,
compared to that of PTAA PV, which gives higher Voc and
FF.46,47 Figure S16 shows the PL and TRPL test with ITO/
PTAA/(9p-3PACz)/PVK structure. Lower PL peak intensity
can be evident for the PL test after 9p-3PACz is introduced. In
addition, the TRPL test (Figure S15b and Table S3) shows the
less carrier lifetime of the PVK deposited on ITO/PTAA/9p-
3PACz (8.91 ns) than perovskite deposited on ITO/PTAA
(15.69 ns), which suggested that the 9p-3PACz is suitable for
carrier transport. Furthermore, we evaluated the effect of 9p-
3PACz on the conductivity of PTAA films. As shown in Figure
S17, the conductivity of the PTAA was increased after
conductivity 9p-3PACz was deposited on PTAA, which also
facilitates the transport of charge carriers.48 Transient photo-
current (TPC) was also carried out to uncover the carrier
transport with the structure of ITO/PTAA/(9p-3PACz)/
perovskite/GuBr/C60/BCP/Ag ((9p-3PACz-based PSCs)
and ITO/PTAA/perovskite/GuBr/C60/BCP/Ag ((PTAA-
based PSCs). As shown in Figure 4c, the photocurrent decay
times reduced from 1.13 μs (the former) to 1.02 μs (the
latter). TPV and TRPL result shows that carrier extraction was
promoted after the PTAA was passivated with 9p-3PACz. As
shown in Figure S18, the built-in potential (Vbi) of 9p-3PACz-
based PSCs and PTAA-based PSCs obtained by Mott−
Schottky curves was 1110 mV and 940 mV, respectively. The
enhanced Vbi helps to promote charge transfer and trans-
port.49,50 The following equation also calculated carrier
diffusion length: =L DD rec ,51 where D is the diffusion
constant of the carriers and rec is the electron recombination
lifetime.52 As shown in Figure 4d, 9p-3PACz-based PSCs had
longer carrier diffusion lengths than PTAA-based PSCs. These
results strongly support that improved carrier transport and
extraction contribute significantly to efficiency improvement.

Unsealed 9p-3PACz-based PSCs and PTAA-based PSCs
were stored in the glove box filled with N2, and their stability
results are summarized in Figure 5. The 9p-3PACz-based PSCs
kept 88.2% of the initial efficiency after 1300 h of aging, while
the PCE of the PTAA-based PSCs was 75.1% (Figure 5a). In
addition, we investigated the thermal stability by holding the
device on the hot stage at the temperature of 85 °C in the
grove box. As exhibited in Figure 5b, after aging 500 h, the
PTAA-based PSCs retained 77.1% of their original efficiency,
while the 9p-3PACz-based PSCs kept 89.2% of their original
PCE. It is well known that light can accelerate the phase
separation of perovskite films, so to evaluate the effect of 9p-
3PACz on the phase separation of perovskite films,53−55 we
tested the photostability of the devices and the unencapsulated
device was placed under continuous sunlight. As shown in
Figure 5c, the results show that for the control device, after 87
h, the PCE of the PSCs retained 51% of their original
efficiency, while the 9p-3PACz-based PSCs kept 93% of their
original PCE after 100 h.

■ CONCLUSIONS
We have synthesized a series of 3PACz-based molecules with
different functional groups (I-3PACz, 9p-3PACz, and 2M3P-
3PACz) to modify the interface between PTAA and the
perovskite film. The PVK with surface passivated PTAA gave
improved efficiency. Among them, 9p-3PACz gave the best
results. The results were explained by improved PVK layer
morphology, less defective PVK film, longer carrier lifetime,
longer carrier diffusion length, and swift carrier collection,
which were determined by PL, PL decay, Voc decay curve, Jsc
decay curve, Mott−Schottky plot, and built-in potential. The
improved band bending at the surface of PTAA/PVK after the
interface was passivated with a monomolecular layer explained
the swift charge collection. Finally, 9p-3PACz PSCs achieved a
high PCE of 16.52% with a bandgap of 1.77 eV. This work
provides valuable guidance for designing more effective HTL
modification materials.

■ EXPERIMENTAL SECTION
Materials. All the chemical reagents (powder and solution) were

used as obtained and no further processing. Xi’an Polymer Light
Technology Corp. provided the HTL (PTAA). Advanced Election
Technology CO. supplied the PbBr2, FAI, PbI2, and CsI. Tokyo
Chemical Industry Co., Ltd. provided the Guanidine bromide
(GuBr). CsBr, BCP, C60, Carbazole, 1,3-dibromo propane, triethyl
phosphite, 9-[4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-
pheny l ] ca rbazo l e , me thoxypy r id iny lbo ron i c ac id , b i s -
(triphenylphosphine)palladium(II) dichloride, 1,4-ioxacyclohexane,

Figure 5. Unencapsulated PSCs stability of the ITO/PTAA/(9p-3PACz)/WBG PVK/C60/BCP/Ag in (a) N2 atmosphere, (b) hot plate (85 °C),
and (c) 1 sun illumination.
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acetone, tetrahydrofuran, KOH, and all solutions purchased from
Sigma-Aldrich. [3-(3-iodocarbazol-9-yl)propyl]phosphonic acid (I-
3PACz), (3-(3-[4-(carbazol-9-yl)phenyl]carbazol-9-yl)propyl)-
phosphonic acid (9p-3PACz), and (3-[3-(2-methoxypyridin-3-yl)-
carbazol-9-yl]propyl)phosphonic acid (2M3P-3PACz) synthesized as
new derivatives according to the description presented in Supporting
Information (Scheme S1).

Experimental Details of the Synthesis.

3-Indolocarbazole (2) was prepared from carbazole using the Tucker
iodination with KI/KIO3 in CH3COOH.56

The alkylation reaction obtained 9-(3-bromopropyl)-3-iodo-9H-
carbazole (3). Specifically, 1,3-dibromo propane was chosen as the
alkylation agent, and KOH was the source of the base.57 MS (APCI+,
20 V): 413.53 ([M + H], 100%). 1H NMR (400 MHz, CDCl3-d6, δ):
8.42 (s, 1H, Ar), 8.05 (d, 1H, JJ = 7.6 Hz, Ar), 7.74 (d, 1H, JJ = 8.8
Hz, Ar), 7.54−7.48 (m, 2H, Ar), 7.32−7.27 (m, 2H, Ar), 4.49 (t, 2H,
J = 6.8, CH2), 3.38 (t, 2H, JJ = 6 Hz, CH2), 2.51−2.36 (m, 2H, CH2).

Diethyl [3-(3-iodocarbazol-9-yl)propyl]phosphonate (4). First, 2 g
(4.84 mmol) of 9-(3-bromopropyl)-3-iodo-9H-carbazole (3) was
dissolved in 2.48 mL of phosphorous acid triethyl. Then, the reaction
mixture was heated to reflux for 24 h. With the control of TLC, the
crude product was purified and washed by silica gel column
chromatography. Meanwhile, the mixture of tetrahydrofuran and
hexane has a volume ratio of 2:1 as the eluent. Finally, the product
yield is 75% (1.5 g of colorless resin). MS (APCI+, 20 V): 472.27
([M + H], 100%). 1H NMR (400 MHz, DMSO-d6, δ): 8.56 (s, 1H,
Ar), 8.20 (d, 1H, JJ = 7.6 Hz, Ar), 7.72 (d, 1H, JJ = 8.4 Hz, Ar), 7.66
(d, 1H, JJ = 8 Hz, Ar), 7.55−7.43 (m, 2H, Ar), 7.22 (t, 1H, JJ = 7.2
Hz, Ar), 4.47 (t, 2H, JJ = 7.8 Hz, NCH2), 4.02−3.91 (m, 4H, 2x
CH2), 1.99−1.89 (m, 2H, CH2), 1.78−1.70 (m, 2H, CH2), 1.22−1.14
(m, 6H, 2x CH3).

Diethyl (3-[3-[4-(carbazol-9-yl)phenyl]carbazol-9-yl]propyl)-
phosphonate (5). Diethyl [3-(3-iodocarbazol-9-yl)propyl]-
phosphonate (4) (0.50 g, 1.06 mmol), 9-[4-(4,4,5,5-Tetramethyl-
1,3,2-dioxaborolan-2-yl)phenyl]carbazole (0.58 g, 1.57 mmol), bis-
(triphenylphosphine)palladium(II) chloride (PdCl2(PPh3)2) (0.03 g,
0.07 mmol) and the powdered of potassium hydroxide (0.29 g, 5.16
mmol) were stirred in 7 mL of tetrahydrofuran containing 0.7 mL of
degassed water and reflux in a filled nitrogen atmosphere for 3 h. With
the control of TLC, we used chlorobenzene as an extractant to obtain
the product by mixing the reactants and pouring them into ice water.
Anhydrous Na2SO4 was used to dry the organic fraction. Tcrude
product was purified and washed by silica gel column chromatog-
raphy. Meanwhile, the eluent is a mixture of tetrahydrofuran and
hexane with a volume ratio of 4:1. Finally, the product yield is 80%
(0.4 g of colorless resin). MS (APCI+, 20 V): 587.24 ([M + H],
100%). 1H NMR (400 MHz, DMSO-d6, δ): 8.31 (s, 1H, Ar), 8.09−
8.06 (m, 3H, Ar), 7.82 (d, 2H, JJ = 8 Hz, Ar), 7.69 (d, 1H, J = 8,4 Hz,
Ar), 7.55 (d, 2H, JJ = 8 Hz, Ar), 7.45−7.32 (m, 7H, Ar), 7.21 (m, 3H,
Ar), 4.35 (t, 2H, JJ = 7.8 Hz, NCH2), 4.00−3.96 (m, 4H, 2x OCH2),
2.20−2.11 (m, 2H, CH2), 1.77−1.63 (m, 2H, CH2), 1.21−1.18 (m,
6H, 2x CH3).

Diethyl (3-[3-(2-methoxypyridin-3-yl)-9H-carbazol-9-yl]propyl]-
phosphonate (6). Diethyl [3-(3-iodocarbazol-9-yl)propyl]-
phosphonate (4) (0.48 g,1.02 mmol), methoxypyridinylboronicacid
(0.23 g,1.50 mmol), bis(triphenylphosphine)palladium(II) chloride
(PdCl2(PPh3)2) (0.03 g, 0.07 mmol) and the powdered of potassium
hydroxide (0.29 g, 5.16 mmol) were stirred in 7 mL of
tetrahydrofuran containing 0.7 mL of degassed water and reflux in a
filled nitrogen atmosphere for 3 h. With the control of TLC, we used
chlorobenzene as an extractant to obtain the product by mixing the
reactants and pouring them into ice water. Anhydrous Na2SO4 was
used to dry the organic fraction. Tcrude product was purified and
washed by silica gel column chromatography. Meanwhile, the eluent is
a mixture of tetrahydrofuran and hexane with a volume ratio of 4:1.
Finally, the product yield is 7% (0.35 g of colorless resin). MS (APCI
+, 20 V): 453.32 ([M + H], 100%). 1H NMR (400 MHz, DMSO-d6,
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δ): 8.45 (s, 1H, Ar), 8.25−8.14 (m, 2H, Ar), 7.77−7.61 (m, 3H, Ar),
7.49−7.42 (m, 1H, Ar), 7.28−7.16 (m, 1H, Ar), 7.2 (t, 1H, J = 7,6
Hz, Ar), 6.41 (t, 1H, J = 6,8 Hz, Ar), 4.56−4.48 (m, 3H, OCH3),
4.06−3.94 (m, 4H, 2x OCH2), 3.92−3.90 (m, 2H, CH2), 2.07−1.95
(m, 2H, CH2), 1.63−1.49 (m, 2H, CH2), 1.22−1.10 (m, 6H, 2x
CH3).

[3-(3-iodocarbazol-9-yl)propyl]phosphonic acid (I-3PACz). Com-
pound 4 (0.50 g,1.21 mmol) was dissolved in 15 mL of 1,4-
ioxacyclohexane. Then, the trimethylsilyl bromide (TMBS) (2.96 g,
19.37 mmol) was added to the above solution. Then, the mixture was
stirred at room temperature for 24 h and poured into the mixture of
methanol and water. The resulting precipitate was filtered. Finally, the
product yield is 70% (0.35 g of blue product). MS (APCI+, 20 V):
416.17 ([M + H], 100%). 1H NMR (400 MHz, DMSO-d6, δ): 8.52
(s, 1H, Ar), 8.22−8.11 (m, 1H, Ar), 7.75−7.58 (m, 2H, Ar), 7.55−
7.42 (m, 2H, Ar), 7.26−7.15 (m, 1H, Ar), 5.04−4.72 (m, 2H, 2 ×
OH), 4.43 (t, 2H, J = 7.6 Hz, NCH2), 1.95 (m, 2H, J = 7.8 Hz,
PCH2), 1.61−1.47 (m, 2H, CH2). 13C NMR (400 MHz, DMSO-d6,
δ): 140.44, 140.40, 139.59, 134.04, 129.20, 127.03, 126.24, 125.19,
122.46, 121.24, 120.74, 119.81, 119.27, 112.36, 109.97, 109.73, 82.15,
43.08, 25.94, 22.96.

(3-(3-[4-(carbazol-9-yl)phenyl]carbazol-9-yl)propyl)phosphonic
acid (9p-3PACz). Compound 5 (0.43 g, 0.73 mmol) was dissolved in
anhydrous 1,4-ioxacyclohexane (10 mL) under the argon-filled
atmosphere, followed by dropwise addition of trimethylsilyl bromide
(TMBS) (1.54 mL, 11.64 mmol). The reaction was stirred for 24 h at
25 °C. Afterward, 10 mL of methanol was added, and stirring
continued for 3 h. Finally, distilled water was added dropwise (20
mL) until the solution became opaque and stirred overnight. The
precipitated product was filtered off and washed with water to give
0.32 g (75%) dark powder. MS (APCI+, 20 V): 531.18 ([M + H],
100%). 1H NMR (400 MHz, DMSO-d6, δ): 8.69 (s, 1H, Ar), 8.36−
8.32 (m, 3H, Ar), 8.14 (d, 2H, JJ = 8 Hz, Ar), 7.96 (d, 1H, JJ = 8.4
Hz, Ar), 7.86−7.74 (m, 5H, Ar), 7.60−7.50 (m, 6H, Ar), 7.38−7.29
(m, 3H, Ar), 4.60 (t, 2H, NCH2), 2.18−2.01 (m, 2H, CH2), 1.69−
1.61 (m, 2H, CH2). 13C NMR (100 MHz, DMSO-d6, δ): 141.03,
140.83, 140.66, 140.23, 139.68, 135.68, 130.76, 128.75, 127.53,
126.77, 126.55, 125.39, 125.28, 123.23, 122.76, 121.15, 121.05,
120.53, 119.52, 119.17, 110.38, 110.19, 110.03, 67.49, 30.89, 23.20.

(3-[3-(2-methoxypyridin-3-yl)carbazol-9-yl]propyl)phosphonic
acid (2M3P-3PACz). Diethyl (3-(3-(2-methoxypyridin-9-yl)-9H-
carbazol-9-yl)propyl)phosphonate 6 (0.35 g, 0.77 mmol) was
dissolved in anhydrous 1,4-ioxacyclohexane (10 mL) under argon
atmosphere followed by dropwise addition of trimethylsilyl bromide
(TMBS) (1.62 mL, 12.34 mmol). The reaction was stirred for 24 h at
25 °C. Afterward, 10 mL of methanol was added to the above system,
stirring for 3 h. Finally, distilled water was added dropwise (20 mL)
until the solution became opaque and stirred overnight. The
precipitated product was filtered off and washed with water to give
0.25 g (71%) of bright powder. MS (APCI+, 20 V): 397.12 ([M +
H], 100%). 1H NMR (400 MHz, DMSO-d6, δ): 8.51 (s, 1H, Ar),
8.21−8.11 (m, 2H, Ar), 7.89−7.62 (m, 5H, Ar), 7.52−7.42 (m, 1H,
Ar), 7.39−7.37 (m, 1H, Ar), 7.2 (t, 1H, J = 7,6 Hz, Ar), 6.34 (t, 1H, J
= 6,8 Hz, Ar), 4.56−4.48 (m, 3H, OCH3), 3.92−3.90 (m, 2H, CH2),
2.07−1.95 (m, 2H, CH2), 1.63−1.49 (m, 2H, CH2). 13C NMR (100
MHz, DMSO-d6, δ): 162.12, 140.79, 139.87, 138.62, 134.15, 131.41,
127.50, 126.88, 126.21, 122.73, 120.77, 120.49, 119.37, 118.01,
109.89, 109.13, 106.13, 53.79, 30.89, 26.13, 23.13.

Device Fabrication. Perovskite Precursor Solution.
FA0.8Cs0.2PbI1.8Br1.2 was prepared by dissolving FAI (0.576 mol),
CsI (0.144 mol), FABr (0.384 mol), PbI2 (0.720 mol), PbBr2 (0.480
mol), and CsBr (0.096 mol) in the 1 mL of DMSO/DMF (1/4, v/v)
mixture. Before use, the solution was filtered by a 0.22 μm PTFE
membrane.

Wide Bandgap Perovskite Solar Cell Fabrication. The ITO was
cleaned with water and isopropanol, followed by drying. The clean
ITO was treated by plasma for 5 min (Low-Pressure Plasma System
Diener electronic: FEMTO, Soft Pressure Plasma Etching: SEDE-
GE). After cooling to room temperature, the ITO was transferred to
the glove box. PTAA (1.5 mg dissolved in 1 mL toluene) was spin-
coated on the ITO in 2000 r.p.m. for 30 s. Then, the ITO was
annealed on the hotplate at 100 °C for 10 min. For monomolecular
layer passivation, the molecule (dissolved in DMF) was spin-coated
on the PTAA layer at 5000 r.p.m. for 30 s and annealed at 100 °C for
5 min. The surface was washed with DMF to remove unbonded
sample molecules and to leave only the monomolecular layer on the
PTAA surface. Then, the perovskite was deposited on the substrate
with the speed of (1) 2000 r.p.m. for the 10 s and (2) 6000 r.p.m. for
the 40 s. 150 μL CB was dropped at 30 s. Then, the film was placed
on the hotplate and baked at 100 °C for 15 min. After cooling down
to room temperature, GuBr (0.5 mg/mL in IPA, 5000 r.p.m. for the
30 s) was spin-coated for the surface passivation of the PVK layer.
Then, C60 (20 nm), BCP (7 nm), and Ag (100 nm) were deposited
on the substrate by thermal evaporation (ALS Technology Co., Ltd.
E−200) under a vacuum of 10−5 Pa using a shadow mask.

Characterization. X-ray diffraction patterns were performed using
the XRD (Rigaku, Japan, SmartLab). PSCs photovoltaic parameters
were measured by the Keithley 2611A source meter and a solar
simulator under 100 mWcm−2 AM 1.5G illumination in ambient air
conditions (Bunkouki CEP-2000SRR). IPCE spectra were obtained
using a monochromatic Xenon lamp (Bunkouki CEP-2000SRR). MS
curves, EIS, TPC, and TPV results were all performed using PAIOS
equipment. The valence band was estimated from a photoelectron
yield measurement system (PYS, BUNKOKEIKI, KV-205 HK). SEM
(FE-SEM, JEOL JSM-6340) was used to check the surface
morphology of the perovskite film. The PL and TRPL were measured
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using a Hamamatsu photonics K.K. Co., Japan, Quantaurus-Tau.
Fermi level measurements were performed using FAC-2 (RIKEN
KEIKI Co. Ltd.).

Geometrical parameters of PTAA in the DFT framework were
obtained from the QUANTUM ESPRESSO software.58,59 The
polymers were considered a monomer unit in the calculation. The
atoms and ions were placed in the free cell with parameters long
enough to ignore the interaction between the monomer units. In
addition, Gaussian software carried out geometrical parameters of I-
3PACz, 9p-3PACz, and 2M3P-3PACz.60 PBE1PBE/def2-TZVP level
of theory using the Gaussian program to evaluate the properties of
molecules in specific conformations. Multiwfn 3.8(dev) is used to
generate and analyze calculation results.61
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