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ABSTRACT: Self-assembled molecules (SAMs) have been
widely employed as hole transport layers (HTLs) that can
improve the power conversion efficiency (PCE) of perovskite
solar cells (PSCs). However, few SAMs are effective for wide
band gap (WBG; Eg = 1.77 eV) PSCs. We found that [3-[4-
(diphenylamino)phenyl]-9H-carbazol-9-yl]propylphosphonic
acid (4dp3PACz) working as a monomolecular HTL is effective
for WPG (FA0.8Cs0.2PbI1.8Br1.2) PSCs. The 4dp3PACz im-
proved the quality of the perovskite film and reduced the defect
density of the film, which reduced the nonradiative recombi-
nation and enhanced the carrier transport. 17.17% efficiency is
reported. In addition, all-perovskite tandem solar cells
consisting of the WBG PSC as the top cell gave 26.47%
efficiency.

Perovskite solar cells (PSCs) have recently progressed
due to their long carrier lifetime, tunable bandgap, and
matched optical absorption.1,2 As reported, the power

conversion efficiency (PCE) of the single-junction PSCs has
achieved 25.7%, comparable with that of silicon solar cells (Si-
PSCs).3−6 In order to pursue further high efficiency, perovskite
tandem solar cells have attracted interest. The all-perovskite
tandem solar cell is one type of perovskite tandem solar cells
and has the potential to be fabricated on flexible plastic films.7,8

All-perovskite tandem solar cells consist of narrow band gap
PSCs (NBG PSCs) and wide band gap PSCs (WBG PSCs).
Many works have been performed to explore the NBG PSCs
consisting of a Sn/Pb alloyed perovskite layer, and an
efficiency of 23−24% has been reported.9 The efficiency
enhancement of the WBG PSCs is another important item.
Since the band gap of the Sn/Pb perovskite solar cells is about
1.2 eV, the band gap of the top PSC layer must be about 1.7−
1.8 eV.10 We selected FA0.8Cs0.2PbI1.8Br1.2 as the top
layer.10−14 It is well-known that poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) is a representative hole
transport layer (HTL).15−17 However, the perovskite cannot

be well contacted on its surface because of its hydrophobicity.
Because of this, a poor perovskite film forms. Tan and co-
workers used nickel oxide nanoparticles (NiOx) as the HTL
for FA0.8Cs0.2PbI1.8Br1.2 (WBG) solar cells, and they achieved a
16.4% efficiency.18 At the same time, they used cross-linked
materials as the HTL and reported a PCE of 16.7% on
FA0.8Cs0.2PbI1.8Br1.2 solar cells.

10

Self-assembled monomolecular (SAMs) layers are useful as
the HTL for high-efficiency PSCs, such as CH3NH3PbI3-,
Cs0.05MA0.15FA0.80PbI3-, or FA0.8Cs0.2PbI1.8Br1.2-based PSCs,
organic solar cells, and so on.19−22 These molecules have p-
type molecular groups, linker groups, and anchor groups.
Phosphoryl groups are widely used as anchor groups.20 For
example, Janssen’s group utilized (3-(9H-carbazol-9-yl)-
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propyl)phosphonic acid (3PACz) as the hole transport layer
(HTL) for organic solar cells, achieving a reported PCE of
17.4%. This PCE is higher than the 16.2% achieved by solar
cells with PEDOT: PSS as the HTL.23 They argued that all
PACz monolayer HTLs demonstrate superior optical trans-
mittance and lower electrical resistance compared to those of
PEDOT:PSS. These characteristics are beneficial for improving
photovoltaic parameters. Moreover, the 3PACz-based device
exhibited a lower film defect density, higher carrier transport
efficiency, and lower interfacial recombination, further
contributing to its enhanced performance. Our previous
work also demonstrated that 3PACz-based molecules can
effectively improve the performance of devices.24 On the other
hand, triarylamine-based conjugated polymers have been
widely used as HTLs for inverted PSCs, with various molecular
designs based on triarylamine being extensively reported.25−27

Sonar et al. designed and synthesized a series of triphenyl-
amine-functionalized molecules as HTLs, achieving an
efficiency of 15.9% and demonstrating excellent stability.28 In
conclusion, 3PACz has been shown to have good application
prospects compared to 2PACz or 4PACz, and meanwhile, the
triarylamine is also regarded as a functional group that can
effectively improve the performance of materials. In this work,
the solar cell performance of solar cells with newly developed
3-[3-[4-(diphenylamino)phenyl]-9H-carbazol-9-yl]-
propylphosphonic acid (4dp3PACz) as the HTL is discussed.
We report 17.17% and 26.47% efficiency for the WBG-PSCs

and the all-perovskite tandem solar cells by employing the
newly developed HTL.
The synthesis of substituted carbazole-based SAM materials

was carried out by a synthetic route, as shown in Figure 1a. A
procedure Tucker first obtained was 3-Iodo-9H-carbazole
(2).29 Then, the 2 was alkylated under basic conditions using
an excess of 1,3-bromopropane to produce 9-(3-bromoprop-
yl)-3-iodo-9H-carbazole (3).30 In the third step, through the
Arbuzov reaction, the aliphatic bromide was transformed into
key starting material, phosphonic acid ethyl ester (4).
Intermediate materials (5) were then prepared by the Ullmann
coupling reaction of the iodo-compound (4) with an excess of
4-(diphenylamino)phenylboronic acid. The mentioned reac-
tion was carried out in tetrahydrofuran (THF) using
PdCl2(PPh3)2 as a catalytic system. The objective compounds
as phosphonic acids 4dp3PACz were finally prepared by ester
hydrolysis of the phosphonates (5) by using bromotrimethyl-
silane. 1H-NMR and 13C-NMR spectroscopy were used to
confirm the structure of the intermediate 4dp3PACz and are
shown in Figures S1 and S2. Differential scanning calorimetry
(DSC, Figure S3) reveals that the 4dp3PACz has good thermal
stability.
The device structure used in this work is ITO/HTL/

perovskite/C60/BCP/Ag, as shown in Figure 1b. X-ray
photoelectron spectroscopy (XPS) was measured to prove
the existence of SAMs on ITO. After the 4dp3PACz was spin-
coated, the substrate was washed with DMF solution.

Figure 1. (a) Synthetic route of 4dp3PACz. (b) Structure of the PSCs and the molecular structure used for ITO surface modification. (c) P
2p XPS signal of the ITO with or without the monomolecular layer. (d) The defect density of the perovskite film deposited on 2PACz or
4dp3PACz with a hole-only device (ITO/4dp3PACz/perovskite/Spiro-OMeTAD/Ag or ITO/2PACz/perovskite/Spiro-OMeTAD/Ag,
calculated from the SCLC result).
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Therefore, only the molecules bonded on the ITO should
remain on the substrate, and others are removed from the ITO
surface.22 As shown in Figure 1c, a P 2p signal was observed on
the ITO treated with 4dp3PACz, while not on the bare ITO.
This result shows that the 4dp3PACz is on the ITO. As
presented in Figure S4, the XPS peak of In 3d of the ITO
shifted after 4dp3PACz and 2PACz were deposited. The shift
of the 4dp3PACz treatment was larger than that of the 2PACz
treatment. According to previous work, this shift proves the
chemical bonding between ITO and the adsorbed mole-
cules.9,31

UV−vis absorption was used to determine the perovskite
bandgap. As shown in Figure S5, the calculated bandgap using
the Tauc plot was 1.77 eV, which was wider than that of the
FASnI3 (1.4 eV).

14,18 It has been reported that the perovskite
film quality is affected by the hydrophilic properties of the
substrate surface. The water contact angle on the substrate was
used to study the hydrophilicity.32−34 Figure S6 shows that
ITO/4dp3PACz (55°) shows a smaller contact angle than
ITO/2PACz (64°). It is expected that the former gives better
perovskite film than the latter. Scanning electron microscopy
(SEM) measurement was carried out to study the morphology
of perovskite films. As shown in Figure S7, the perovskite thin
film deposited on 4dp3PACz has fewer pinholes than the film
deposited on 2PACz. The improved film morphology of the
former may be due to the better hydrophilicity of the
4dp3PACz film.2,35 XRD patterns were further employed to
study the effect of the perovskite film crystal structure (Figure
S8). As shown in Figure S8a, the diffraction peak position of
the perovskite film on 4dp3PACz was the same as that on
2PACz. The crystal size of the perovskite film on ITO/
4dp3PACz calculated from the fwhm was 47.91 nm, which was
larger than that on the ITO/2PACz (41.47 nm).
Space charge limited current (SCLC) measurements were

performed to calculate the defect densities of the perovskite

films. The hole-only device with the structure of ITO/
monomolecular layer/perovskite/Spiro-OMeTAD/Ag was
prepared, and the dark current−voltage (I−V) curve is
shown in Figure 1d and Figure S9. The defect density was
calculated by the equation nt = (2εε0VTFL)/(eL2),36 where ε is
the dielectric constant of the perovskite, e is the elementary
charge, L is the thickness film of the perovskite, and ε0 is the
vacuum dielectric constant. The perovskite film defect density
of the ITO/2PACz/perovskite/Spiro-OMeTAD/Ag structure
was estimated to be 3.37 × 1016 cm−3, which was higher than
the defect density of 1.10 × 1016 cm−3 observed in the ITO/
4dp3PACz/perovskite/Spiro-OMeTAD/Ag structure. Further-
more, to assess the impact of excess aromatic rings on film
defects, we fabricated hole-only devices using 3PACz as the
HTL. Figure S10 shows that the 3PACz-based film had a
defect density of 1.48 × 1016 cm−3, which is higher than the
defect density of the 4dp3PACz-based film (1.10 × 1016 cm−3).
Previous reports have indicated that benzene rings can
effectively passivate defects in the perovskite film, leading to
an improvement in the film’s quality.37−40

Besides perovskite film quality, efficient charge transfer, and
less nonradiative recombination are also beneficial for
improving the device’s performance. Transient photovoltage
(TPV) was performed to study the nonradiative recombination
in the device structure of ITO/2PACz or 4dp3PACz/
perovskite/C60/BCP/Ag.41,42 As shown in Figure 2a, the
carrier lifetimes of the device increased from 21.95 μs (the
solar cell with 2PACz) to 36.87 μs (the solar cell with
4dp3PACz), which proves that the nonradiative recombination
of the device with 4dp3PACz was suppressed, compared with
the device with 2PACz. The ideality factor (n) is a tool to
evaluate the recombination in PSCs.43 As exhibited in Figure
S11, the device with 4dp3PACz exhibited a lower n of 1.43,
compared with the device with 2PACz(1.93), which indicates
mitigated nonradiative recombination in the device with

Figure 2. (a) TPV curves for the device with 2PACz or 4dp3PACz as HTL. (b) TRPL curves of the perovskite films deposited on glass, ITO,
ITO/2PACz, and ITO/4dp3PACz. (c) Nyquist plots of the control device and target device measured at the frequency ranging from 1 MHz
to 10 Hz with a bias VOC. Band bending of (d) ITO/2PACz/PVK and (e) ITO/4dp3PACz/PVK.
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4dp3PACz. The device structure’s time-resolved photo-
luminescence (TRPL) with ITO/SAMs/perovskite was
measured to uncover carrier transfer from the perovskite
layer to HTLs. As shown in Figure 2b, TRPL spectra were
fitted by the double-exponential function equation of I(t) = I0
+ A1exp(−t/τ1) + A2exp(−t/τ2), where A1 and A2 represent
the decay amplitude of fast and slow decay process,
respectively. τ1 and τ2 are the fast and slow decay time
constants, respectively.44 The average carrier lifetime (τave) was
calculated using the equation τave = (A1τ12 + A2τ22)/(A1τ1 +
A2τ2). The perovskite film deposited on the glass shows a τave
value of 143.19 ns. The perovskite film deposited on 2PACz
gave a τave of 10.87 ns, while the one deposited on 4dp3PACz
showed a τave of 4.88 ns. The results show that the hole
collection from the perovskite layer to 4dp3PACz is faster than
2PACz. In order to remove the influence of the substrate, we
evaluated the carrier lifetime with the structure of ITO/PVK,
and the results showed that the perovskite film deposited on
ITO gave a τave of 26.21 ns. Figure 2c shows the Nyquist plots
of the devices with 2PACz or 4dp3PACz as HTL. ITO/2PACz
or 4dp3PACz/perovskite/C60/BCP/Ag impedance was meas-
ured at an open-circuit voltage (VOC) in the frequency range of
1 MHz to 10 Hz. The fitting circuit is shown in the inset. As
shown in Table S1, the semicircle at the high-frequency region
was ascribed to charge transfer resistance (Rct), and the
semicircle at the low-frequency region was attributed to
recombination resistance (Rrec).

45 The Rct decreased when
4dp3PACz was used as HTL, while the Rrec increased,
concluding that 4dp3PACz is conducive to transporting
carriers while inhibiting the recombination of carriers.
The energy level diagrams of the ITO/2PACz or ITO/

4dp3PACz and the perovskite are shown in Figure 2d,e. The
Fermi level was determined using Kelvin probe measurements
(Table S2), while the energy levels were detected through
photoelectron yield spectroscopy (PYS) as shown in Figure
S12. After the contact, the Fermi level (Ef) of ITO/2PACz/

perovskite and ITO/4dp3PACz/perovskite became −5.54 and
−5.60 eV, respectively. The band bending of the conduction
band (CB) and the balance band (VB) for the latter was bigger
than that of the former, suggesting that the charge
recombination of the latter is suppressed while the charge
transport is facilitated, compared to that of the former.46

Figure 3a shows the best J−V curves of the solar cell with
2PACz and 4dp3PACz, respectively. The corresponding
photovoltaic parameters are summarized in Table S3. Figure
S13 summarizes the statistics of the photovoltaic performance
of the solar cells with 2PACz and 4pd3PACz as the HTL. In
Figure 3a and Table S3, the device with PTAA, a widely
employed material for the HTL,47,48 is also added as the
reference. Compared with PTAA and 2PACz, 4dp3PACz
exhibited higher photovoltaic performance. WBG PSCs with
4dp3PACz have an average PCE of 17.17%, a short-circuit
current density (JSC) of 17.8 mA cm−2, a VOC of 1.214 V, and a
fill factor (FF) of 79.44%. The PSCs with 2PACz showed a
PCE of 11.68% with a JSC of 15.9 mA cm−2, a VOC of 1.132 V,
and an FF of 60.89%. Additionally, we investigated the use of
3APCz as the HTL to understand the impact of extra benzene
rings on device performance. Figure S14 illustrates that
compared to 4dp3PACz, PSCs based on 3PACz exhibit a
lower PCE. The improved PCE can be attributed to the
enhanced quality of the perovskite film (as shown in Figure
S10). To further elucidate the differences between 3PACz and
4dp3PACz, density functional theory (DFT) calculations were
conducted. Figure S15 reveals that both the 3PACz/perovskite
and 4dp3PACz/perovskite structures exhibit obvious charge
transfer. However, 4dp3PACz demonstrates a lower binding
energy, indicating a more stable binding between 4dp3PACz
and the perovskite. This stability is attributed to the presence
of an excess of benzene rings in 4dp3PACz.37−40

The improved performance is attributed to improved film
quality, reduced nonradiative recombination, and enhanced
carrier transfer.49 Incident photon-to-current conversion

Figure 3. (a) Champion forward- and reverse-scanned J−V characteristics of the PV with PTAA-, 2PACz-, and 4dp3PACz. (b) Champion
IPCE of the device with 2PACz and 4dp3PACz. (c) MPPT test results and (d) long-term stability test of the device with 2APCz and
4dp3PACz as HTL.
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efficiency (IPCE) spectra of the device with 2PACz or
4dp3PACz as the HTL are shown in Figure 3b. The integrated
current agrees well with JSC. Another reason is the high hole
mobility of the 4dp3PACz (Figure S16).45,50,51 By using
maximum power point tracking (MPPT) under one sun
illumination, we recorded the efficiency, as shown in Figure 3c.
The stability of the device with 4dp3PACz was better than that
with 2PACz. As shown in Figure 3d, the efficiency of the
encapsulated device with 2PACz decreased to 30% of its initial
PCE after 3000 h. In contrast, the device with 4dp3PACz as
the HTL retained 70% of its original PCE after the same aging
period.
The perovskite/perovskite tandem solar cell was fabricated

to show the potential of the 4dp3PACz. Figure 4a shows the
structure ITO/SAMs/WBG perovskite(FA0.8Cs0.2PbI1.8Br1.2)/
C60/ALD SnO2/IZO/PEDOT:PSS/NBG perovskite-
(Cs0.025FA0.475MA0.5Sn0.5Pb0.5I2.925Br0.075)/C60/BCP/Ag. The
typical J−V curves of the best-performing tandem solar cells
with 4dp3PACz are shown in Figure 4b. After using
4dp3PACz, we observed a PCE of 26.47% with a JSC of
17.53 mA cm−2, a VOC of 1.77 V, and an FF of 85.3%. Figure
4c shows the IPCE curves of the tandem solar cell. The
integrated current corresponded to the J−V curves. Figure S17
presents the J−V curves and IPCE test results for the narrow-
band gap perovskite used in this study. Additionally, the
stability of the unpackaged device was assessed. Figure S18
displays the MPPT results of the tandem solar cells with
4dp3PACz as the HTL. Even after 7000 s, the device maintains
a stable output efficiency. Furthermore, Figure 4d demon-
strates that after 2000 h of aging, the device still retains 95% of
its initial efficiency, indicating the excellent potential of
4dp3PACz as a commercially viable HTL.
We have proved that the monomolecular layer of 4dp3PACz

works as the hole transport layer better than the previously
reported 2PACz and PTAA. The perovskite layer fabricated on
4dp3PACz had better quality, such as less carrier trap density,
longer carrier lifetime, and large charge recombination

resistance, probably because of the hydrophilic properties of
the 4dp3PACz. Meanwhile, −4dp also can effectively passivate
defects in thin films. The WBG PSCs (1.77 eV bandgap) with
17.17% yield were prepared. In addition, all-perovskite/
perovskite tandem solar cells with 26.47% were reported by
coupling the WBG device with 1.77 eV bandgap and 1.25 eV
NBG device.
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