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Self-assembled monolayers (SAMs) have been commonly employed as hole-selective layers (HSLs) in 
inverted (p-i-n) perovskite solar cells (PSCs), and typically only a single-component SAM is applied, 
which plays limited role in selective hole transport. Herein, we synthesize a novel SAM, (4-(3,11-dibro 
mo-7H-dibenzo[c,g]carbazol-7-yl)butyl)phosphonic acid (Br-4PADBC), and apply it as a complementary 
component to the commonly used [2-(3,6-dimeth oxy-9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-
2PACz) SAM, accomplishing boosted hole transport in inverted PSCs. A series of characterizations and 
theoretical calculations are employed to unravel the roles of each components within the binary SAM 
(bi-SAM). The involvements of the non-planar dibenzo[c,g]carbazole unit and electron-withdrawing Br 
atoms induce larger dipole moment of Br-4PADBC than MeO-2PACz, resulting in much deeper work func-
tion of ITO and consequently improved alignment with the valence band energy level of perovskite. 
Besides, the introduced Br atoms improve the quality of perovskite crystals and help passivate defects 
of perovskite. On the other hand, the existence of the conventional MeO-2PACz SAM ensures the consid-
erable conductivity of the bi-SAM and thus efficient hole extraction from the perovskite layer. As a result, 
inverted PSC devices based on bi-SAM HSL deliver a decent power conversion efficiency (PCE) of 24.52% 
as well as dramatically improved thermal and operational stabilities.
© 2025 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 
by Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, AI 

training, and similar technologies. 
1. Introduction 

Organic-inorganic hybrid perovskite solar cells (PSCs) have 
achieved tremendous advancements during the past decade, and 
are regarded as the most promising next-generation photovoltaic 
technology [1–6]. Among the state-of-the-art PSCs, inverted (p-i-
n) PSCs have garnered considerable attention in recent years due 
to their processibility at low temperatures, exceptional stability, 
and suitability for flexible and tandem devices [7–10]. For p-i-n 
PSC devices, hole-selective layers (HSLs) capable of selectively
transporting holes from perovskite layer to anode play a critical 
role in realizing efficient and stable device [11,12]. In particular, 
self-assembled monolayers (SAMs) featuring considerable hole 
selectivity, work function regulation, and passivation of perovskite 
defects have been commonly used as HSLs in inverted PSCs, con-
tributing to high power conversion efficiency (PCE) exceeding 
25% [13–17]. Generally, SAM molecule consists of the anchoring, 
the spacer, and the terminal groups, and exhibits dipole moment 
due to the difference in the chemical structures of these three parts 
[11,18]. Among them, the terminal groups can greatly regulate not 
only the work function of the bottom substrate but also the mor-
phology and crystallinity of the atop perovskite layer [19]. Note-
worthy, for most of the reported high-efficiency inverted PSCs, 
typically only a single-component SAM is applied, which plays lim-
ited role in selective hole transport [20–22]. For instance, for the
reserved, 
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commonly used [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phos 
phonic acid (MeO-2PACz) SAM, the presence of the electron-
donating dimethoxy (MeO) groups grafted on the carbazole termi-
nal group results in a small dipole moment of 0.2 D, hindering 
effective modification of the work function of the bottom indium 
tin oxide (ITO) [14]. Consequently, an energy level mismatch 
between ITO and perovskite exists, resulting in inferior open-
circuit voltage (VOC) of the PSC device. Moreover, the planar car-
bazole terminal group of SAMs causes facile p-p stacking and 
aggregations of multiple SAM molecules in solution, resulting in 
the formation of defects during SAM growth, which in turn induces 
the recombination of charge carriers at the perovskite/HSL inter-
face [23]. Hence, designing novel SAMs bearing non-planar termi-
nal group and large dipole moment is highly desired.

Incorporating an additional component into SAM to form a bin-
ary SAM (abbreviated bi-SAM) with complementary functionalities 
has been proposed very recently to improve effectively the HSL 
performance of inverted PSC devices [17,24–30]. For instance, 
Tan et al. mixed two homologous SAM molecules, 2PACz ([2-(9H-
carbazol9-yl)ethyl]phosphonic acid) and MeO-2PACz, and depos-
ited the bi-SAM layer onto NiO nanocrystal film to construct a 
composite HSL of the flexible wide-bandgap (WBG) inverted PSCs, 
achieving a high certified efficiency of 24.4% for a flexible all-
perovskite tandem solar cell [26]. More recently, Sargent et al. 
applied a bi-SAM strategy through incorporating 3-
mercaptopropionic acid (3-MPA) into the 2PACz SAM, and found 
that the incorporated 3-MPA facilitated the decomposition of 
higher-order clusters and thereby rendered a more uniform molec-
ular distribution of SAMs [28]. Likewise, Yan et al. introduced 
phosphocholine chloride (PC) into [4-(3,6-dimethyl-9H-carbazol-
9yl)butyl]phosphonic acid (Me-4PACz) SAM, resulting in the 
enhanced monolayer coverage on NiOx layer, reduced leakage cur-
rent, and promoted growth of perovskite crystals [17]. Despite of 
the positive effect of bi-SAM strategy in performance enhancement 
of inverted PSC devices reported in these reports, the second com-
ponent incorporated into the carbazole-based SAM is limited to 
either homologous simpler-structure SAM or highly polar short-
chain molecules. None of these reports utilizes a non-planar termi-
nal group as the second component of bi-SAM. 

Herein, by involving a non-planar dibenzo[c,g]carbazole (DBC) 
unit as the core of the terminal group, we synthesize a novel 
SAM molecule named (4-(3,11-dibromo-7H-dibenzo[c,g]carbazol-
7-yl)butyl)phosphonic acid (Br-4PADBC), and apply it as a second 
component to the MeO-2PACz SAM, accomplishing complemen-
tary hole transport in inverted PSCs. The roles of the individual 
Br-4PADBC and MeO-2PACz components within the bi-SAM are 
investigated systematically. The non-planar 3,11-dibromo-7H-dib 
enzo[c,g]carbazole (Br-DBC) terminal group induces a larger dipole 
moment of Br-4PADBC than MeO-2PACz and consequently much 
deeper work function of ITO with better alignment with the 
valence band energy level of perovskite, and additionally the intro-
duced Br atoms benefit the improved crystallization of perovskite 
film. Besides, the conventional MeO-2PACz SAM ensures the con-
siderable conductivity of the bi-SAM and fulfills efficient hole 
extraction from the perovskite layer. Owing to the complementary 
roles of Br-4PADBC and MeO-2PACz SAMs, the inverted PSC 
devices based on bi-SAM HSL deliver a much higher PCE of 
24.52% than those based on the MeO-2PACz single-SAM (23.91%) 
as well as higher thermal and operational stabilities. 
2. Results and discussion 

The novel SAM molecule Br-4PADBC was synthesized via the 
synthetic route illustrated in Scheme 1. Our motivation is to substi-
tute the planar carbazole terminal group with the non-planar 
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dibenzo[c,g]carbazole (DBC) group so as to regulate the work func-
tion of the underneath ITO substrate as well as the interfacial inter-
actions between SAM and perovskite [14,31]. In addition, two Br 
atoms are grafted at the terminal sites far away from the phospho-
nic acid anchoring group aiming to reinforce the interfacial contact 
of SAM with halide perovskite and consequently promote the crys-
tallization of the atop perovskite film [32,33]. Simultaneously, the 
incorporation of electron-withdrawing Br atoms can enlarge the 
molecular dipole moment. The synthetic details are given in the 
Supporting Information. In brief, 6-bromo-2-naphthol was used 
as the raw material to prepare 3,11-dibromo-7H dibenzo[c,g]car-
bazole (Br-DBC) through hydrothermal reaction and cyclization 
reactions. In the next step, Br-DBC reacted with 1,4-
dibromobutane via nucleophilic substitution reaction and 
Michaelis-Arbuzov reaction to produce intermediates, followed 
by hydrolysis using bromotrimethylsilane, methanol, and water, 
affording the final product Br-4PADBC. 

The chemical structure of Br-4PADBC was characterized by a 
series of spectroscopies including 1 H, 13 C, and 31 P nuclear magnetic 
resonance (NMR) spectroscopies as well as time of flight mass 
spectrometer (TOF-MS) (Figs. S1–S10). According to the 1 H  NMR
spectrum of Br-4PADBC, the signals of different protons on the 
DBC core are clearly observed at 7.79–8.90 ppm, and the proton 
signals of the side chain appear at 1.55, 1.90, and 4.70 ppm 
(Fig. S7). The 13 C NMR spectrum of Br-4PADBC shows the signals 
of different carbon atoms on the core from 113.10 to 
137.06 ppm, along with those on the side chain between 20.78 
and 42.51 ppm (Fig. S8). The 31 P NMR spectrum shows a single sig-
nal at 26.11 ppm corresponding to the only phosphorus atom in Br-
4PADBC (Fig. S9). A dominant ionic peak at m/z = 560 observed at 
TOF-MS spectrum is consistent with the theoretical molecular 
weight of Br-4PADBC (Fig. S10). 

Fig. 1(a and b) compares the molecular conformations of Br-
4PADBC and MeO-2PACz optimized by density functional theory 
(DFT). Unlike the planar carbazole core within MeO-2PACz, the 
DBC core within Br-4PADBC exhibits a unique non-planar screw 
configuration with a dihedral angle of 13°󠇣. Along with the involve-
ment of two electron-withdrawing Br atoms, this leads to 
increased dipole moment from 0.2 D (MeO-2PACz) to 6.1 D (Br-
4PADBC), and this expects to increase the work function of the 
ITO substrate toward better matching with the highest occupied 
molecular orbital (HOMO) energy level of perovskite [31]. Accord-
ing to a comparison of the calculated electrostatic surface potential 
(ESP), there are obvious negative electrostatic potential surround-
ing on the Br atoms (Fig. 1a). 

Moreover, owing to the involvement of the electron-
withdrawing Br atoms, the HOMO energy level of Br-4PADBC 
( 5.72 eV) is much deeper than that of MeO-2PACz ( 5.24 eV). 
This result is consistent with the obvious positive shift of the oxi-
dation potential of Br-4PADBC relative to MeO-2PACz measured by 
cyclic voltammetry (Fig. S11). Similar tendency is observed for 
their calculated lowest unoccupied molecular orbital (LUMO) 
energy levels (Fig. S12). As a result, the HOMO-LUMO gaps of both 
Br-4PADBC and MeO-2PACz are quite large, ensuring negligible 
parasitic absorption in the visible region as confirmed by 
ultraviolet-visible (UV-vis) absorption spectroscopic study 
(Fig. S13). Besides, the decomposition temperature corresponding 
to a 5% weight loss of Br-4PADBC reaches 316 °󠇣C, which is much 
higher than that of MeO-2PACz (271 °󠇣C), confirming the excellent 
thermal stability of Br-4PADBC and thus its suitability as HSL for 
tolerable follow-up annealing treatment of the perovskite film 
(Fig. S14). 

It has been reported that the carbazole-based SAM such as 
2PACz may easily aggregate to form dimers and other oligomers, 
leading to inhomogeneity in HSL and compromised device perfor-
mance [23,28]. We used the dimer model and simulated the p-p
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Scheme 1. Synthesis route of Br-4PADBC. 

 

stacking of the Br-4PADBC and MeO-2PACz molecules by DFT. As 
shown in Fig. 1(c–e), both Br-4PADBC and MeO-2PACz exhibit 
quite large binding energy of 3.81 and 2.59 eV respectively 
along with relatively small stacking distances of 3.67 and 3.35 
Å, suggesting their high tendency for aggregation. Upon mixing 
Br-4PADBC and MeO-2PACz to form bi-SAM, the binding energy 
dramatically decreases to 0.94 eV, along with the increase of 
the stacking distance to 3.92 Å. This suggests the inhibited ten-
dency for aggregation for bi-SAM [15]. 

We then employed X-ray photoelectron spectroscopy (XPS) to 
confirm the successful anchoring of bi-SAM onto ITO substrate. 
Upon depositing either the individual Br-4PADBC/MeO-2PACz 
SAM or bi-SAM, prominent P signals are clearly detected in the 
P  2p XPS spectra (Fig. 1f), and Br signals appear in both Br-
4PADBC and bi-SAM (Fig. 1g). These results confirm that Br-
4PADBC and MeO-2PACz SAMs can be readily anchored onto 
ITO via the phosphate group [34]. Meanwhile, significant shifts 
towards higher binding energies of the In 3d and Sn 3d peaks 
of ITO with SAMs are observed (Fig. 1h  an  d Fig. S15), indicating 
the robust interactions between SAMs and ITO substrate [35]. 
The shift of XPS binding energies is related to the dehydration 
condensation reaction between the P–OH bonds of SAM mole-
cules phosphonic acid anchoring groups and In–OH or Sn–OH 
bonds on ITO surface during heating annealing, forming In–O–P 
and Sn–O–P covalent bonds. Indeed, theoretical calculations 
indicate the formation of covalent bonds between SAM with 
ITO (Fig. S16). 

The electrical conductivity of HSL has a significant impact on 
hole transport and device performance [36–38]. We utilized con-
ductive atomic force microscopy (c-AFM) to investigate the electri-
cal conductivity difference of various SAMs. Fig. 2(a–c) compares 
the c-AFM images of MeO-2PACz, Br-4PADBC, and bi-SAM films 
deposited on ITO. MeO-2PACz exhibits an average current intensity 
of 0.818 pA, which is much larger than Br-4PADBC ( 0.133 pA), 
indicating higher electrical conductivity of MeO-2PACz than Br-
4PADBC. The lower electrical conductivity of Br-4PADBC is consis-
tent with its inferior device efficiency as discussed below, and thus 
mixing it with MeO-2PACz to construct bi-SAM is necessary for 
high-efficiency device. For bi-SAM film, the average current inten-
sity is 0.564 pA, which is much larger than that of Br-4PADBC, 
revealing its considerable electrical conductivity. We then examine 
the current distribution and find that mixing Br-4PADBC and MeO-
2PACz leads to a more uniform distribution of current values 
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(Fig. S17) [39]. On the other hand, the surface morphologies of dif-
ferent SAMs on ITO substrate are measured by atomic force micro-
scopy (AFM). The root mean square (RMS) roughness values for 
MeO-2PACz, Br-4PADBC, and bi-SAM films deposited on ITO are 
determined to be 2.27, 2.52, and 2.03 nm respectively (Fig. S18). 
The bi-SAM film exhibits the smoothest surface, affording 
improved interfacial contact between SAM and perovskite layer 
[40]. 

Kelvin probe force microscopy (KPFM) was utilized to assess 
further the surface potential of SAM deposited on ITO substrate 
(Fig. 2d–f). As shown in Fig. 2(g), the contact potential difference 
(CPD) values for MeO-2PACz, Br-4PADBC, and bi-SAM film 
are 124, 208, and 156 mV respectively, indicating that both 
Br-4PADBC/ITO and bi-SAM/ITO possess higher work functions 
with deeper Fermi levels than MeO-2PACz/ITO [41]. Furthermore, 
high-resolution synchrotron radiation photoelectron spectroscopy 
(HR-SRPES) was employed to determine the energy levels of differ-
ent SAMs and perovskite (Fig. S19). As illustrated in Fig. 2(h), due 
to the introduction of Br-4PADBC, the valence band (VB) energy 
level of bi-SAM/ITO ( 5.51 eV) becomes closer to that of perovskite 
( 5.68 eV) than that of MeO-2PACz ( 5.32 eV, see Table S1). This is 
anticipated to benefit enhancing the open-circuit voltage (VOC)  of
device [42]. 

We next characterized the surface morphologies and crystallini-
ties of perovskite films deposited on different SAMs. Fig. 3(a–c) 
compares the scanning electron microscopic (SEM) images of per-
ovskite films on MeO-2PACz, Br-4PADBC, and bi-SAM. While all 
perovskite films look compact without discernible pinholes, the 
average grain sizes of perovskite on Br-4PADBC and bi-SAM are 
656 and 658 nm respectively, which are much larger than that of 
MeO-2PACz/perovskite (439 nm, Fig. S20), revealing that Br-
4PADBC helps to promote the crystallization of the atop perovskite 
film. Cross-sectional SEM analyses of perovskite films on different 
SAMs yield consistent results: perovskite films on Br-4PADBC and 
bi-SAM show much larger grains with less grain boundaries than 
that on MeO-2PACz (Fig. 3d–f). We compared the wettability of dif-
ferent SAMs through contact angle measurements (Fig. S21). The 
presence of Br-4PADBC leads to better wettability, which plays a 
significant role in reducing pinholes in perovskite films and 
improving the crystal size of perovskite films [13,43]. On the basis 
of a comparison of the AFM images of perovskite films on MeO-
2PACz, Br-4PADBC, and bi-SAM, bi-SAM/perovskite film exhibits 
the smallest RMS roughness of 19.86 nm among the three films
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Fig. 1. The chemical structures, molecular conformations with dihedral angles, dipole moment, ESPs, and the HOMO energy levels of (a) Br-4PADBC and (b) MeO-2PACz. 
Calculation model of dimer of (c) Br-4PADBC, (d) MeO-2PACz, and (e) bi-SAM Br-4PADBC and MeO-2PACz. (f) P 2p, (g) Br 3d, and (h) In 3d XPS spectra of bare ITO, MeO-
2PACz/ITO, Br-4PADBC/ITO, and bi-SAM/ITO. 
(Fig. S22). This is inherited from the smoothest bi-SAM film as dis-
cussed above. 

Grazing-incidence X-ray diffraction (GIXRD) was performed at 
an incidence angle of 0.5°󠇣 to probe the impact of SAM on the crys-
tallinity and crystal orientation of perovskite, in which the pres-
ence of a diffraction ring with a q value of 10 nm 1 corresponds 
to the (001) plane of perovskite [44]. As compared in Fig. 3(g–i), 
perovskite films on Br-4PADBC and bi-SAM both exhibit more pro-
nounced and brighter (001) diffraction rings than that on MeO-
2PACz/ITO, indicating improved crystallinity of perovskite films 
on Br-4PADBC and bi-SAM. Additionally, radial integrals derived 
from GIXRD patterns reveal stronger and sharper (001) diffraction 
139
peaks of perovskite films on Br-4PADBC and bi-SAM (Fig. S23), con-
firming improved crystallinity of perovskite films. 

The presence of uncoordinated Pb2+ ions on the surface and at 
the grain boundaries of perovskite is the primary cause for trap 
state formation, thereby deteriorating carrier transport [45,46]. 
The interfacial interactions between the Br-4PADBC/MeO-2PACz 
SAM and the uncoordinated Pb2+ ions within perovskite are inves-
tigated by 1 H NMR spectroscopic analysis based on a simplified 
solution blend of SAM and PbI2 dissolved in DMSO32-d6 
(Fig. S24). After blending with PbI2, the proton signals of the aro-
matic rings in both Br-4PADBC and MeO-2PACz shift towards 
higher field, and Br-4PADBC exhibited a more pronounced shift
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Fig. 2. C-afm images of (a) meo-2pacz/ito, (b) br-4padbc/ito, and (c) bi-sam/ito. surface potential distribution of (d) meo-2pacz, (e) br-4padbc, and (f) bi-SAM treated ITO. (g) 
Surface contact potential difference. (h) Diagram of energy-level alignments. 
in the proton peak, indicating stronger coordination interactions 
between Br atoms and Pb2+ ions [14]. This result suggests rein-
forced coordination interactions between Br atoms within Br-
4PADBC and uncoordinated Pb2+ ions, leading to improved crystal-
lization of perovskite film as discussed above. 

We then fabricated the inverted PSC devices using SAM as HSL 
with an architecture of ITO/SAM/perovskite/C60/BCP/Ag (Fig. 4a) so 
as to assess the dependence of device photovoltaic performance on 
SAM. The current-voltage (J-V) characteristics of the best-
performing devices with different SAMs measured under standard 
air mass 1.5 global (AM 1.5 G) conditions are compared in Fig. 4(b), 
and the corresponding device parameters are summarized in 
Table S2. The proportion optimization of bi-SAM can be found in 
Fig. S25 and Table S3. The control single-component MeO-2PACz 
device exhibits a PCE of 23.91%, with a VOC, a short circuit current 
(JSC), and a fill factor (FF) of 1.137 V, 25.49 mA cm 2 , and 82.52%, 
respectively. Upon using single-component Br-4PADBC SAM, the 
PCE is 20.61% calculated from VOC, JSC, and FF values of 1.164 V, 
24.87 mA cm 2 , and 71.19%, respectively. The bi-SAM-based target 
device attains a higher PCE of 24.52% than the control MeO-2PACz 
one, with the corresponding VOC, JSC, and FF values reaching 
1.163 V, 25.50 mA cm 2 , and 82.82% (Fig. 4c). Hence, bi-SAM 
affords improved PCE relative to the single-component MeO-
2PACz/Br-4PADBC SAM. The considerable reproducibility of 
devices was verified by the statistical photovoltaic parameters 
based on 30 independent devices (Fig. S26), from which clearly 
140
the PCE enhancement of the bi-SAM device is primarily attributed 
to the increase of VOC. On the other hand, JSC of the bi-SAM device 
exhibits negligible change relative to the control MeO-2PACz 
device, as verified by external quantum efficiency (EQE) measure-
ments (Fig. 4d and Fig. S27). 

The stabilized power output (SPO) of the bi-SAM device is con-
sistently monitored at the maximum power point (Vmax, 1.01 V) 
under continuous one sun illumination, exhibiting a SPO of 
24.11% within 250 s (Fig. 4e). We further investigated the influence 
of SAM HSL on the thermal and operational stabilities of devices. 
The thermal stability of unencapsulated devices was recorded at 
85 °󠇣C  in  a  N2 glovebox. After 800 h continuous heating, thanks to 
the excellent thermal stability of Br-4PADBC device, the bi-SAM 
device retains 90% of its initial PCE, which is dramatically higher 
than the control MeO-2PACz device with only 76% PCE retained 
(Fig. 4f). Moreover, the operational stability of the unencapsulated 
device was also tracked under light-emitting diode (LED) illumina-
tion (100 mW cm 2 ) for 1000 h at maximum power point (MPP) in 
a  N2 glovebox. As illustrated in Fig. 4(g), the bi-SAM device main-
tains 82% of its initial PCE after 1000 h continuous illumination. 
Such durability is comparable to that of the Br-4PADBC device 
but much higher than that of the control MeO-2PACz device 
( 63%). These results indicate that the incorporation of Br-
4PADBC in bi-SAM improves the thermal and operational stabili-
ties of devices in addition to the increased PCE. The improvement 
in stability is attributed to stronger interactions between



S. Zhang, X. Jiang, X. Wang et al. Journal of Energy Chemistry 104 (2025) 136–145

Fig. 3. Top-view SEM images of perovskite films deposited on (a) MeO-2PACz/ITO, (b) Br-4PADBC/ITO, and (c) bi-SAM/ITO substrates. Cross-section SEM image of the 
perovskite films deposited on (d) MeO-2PACz/ITO, (e) Br-4PADBC/ITO, and (f) bi-SAM/ITO. Two-dimensional GIXRD patterns of perovskite films deposited on (g) MeO-2PACz/ 
ITO, (h) Br-4PADBC/ITO, and (i) bi-SAM/ITO. 
Br-4PADBC and perovskite, as well as the enhanced wettability. As 
a result, the perovskite crystal size is significantly increased, 
enabling improved stability under prolonged high temperature or 
light exposure conditions. 

We further investigated the interfacial carrier dynamics using 
femtosecond transient absorption spectroscopy (TAS). Two-
dimensional color images of TAS spectra acquired from perovskite 
side deposited on ITO/SAM are illustrated in Fig. 5(a–c). The forma-
tion of a ground state bleaching (GSB) peak at 770 nm is observed 
for all samples, and subsequent quenching of the GSB peak is 
detected within the time ranging from 5 to 2000 ps. The quenching 
rate of the GSB peak corresponds to the hole transport efficiency 
from perovskite to HSL [47–49]. Bi-SAM/perovskite shows the lar-
gest quenching of the GSB peak within a time frame of 2000 ps, 
suggesting its highest efficiency of hole extraction at the SAM/per-
ovskite interface (Fig. S28) [50]. According to the fitting results of 
the decay kinetic curve of TAS spectra, the fitted decay lifetimes 
of perovskite films on MeO-2PACz, Br-4PADBC, and bi-SAM are 
1427, 2061, and 1273 ps respectively (Fig. S29 and Table S4). The 
smallest decay lifetime of bi-SAM/perovskite film confirms the 
facilitated hole extraction at the bi-SAM/perovskite interface. 

To understand the mechanism responsible for the increase of 
VOC, we carried out several characterizations to unveil the effect 
of SAM on the charge carrier dynamics of the device. Steady-
state photoluminescence (PL) and time-resolved photolumines-
cence (TRPL) spectra of perovskite films deposited on different 
SAMs are measured to further evaluate the nonradiative recombi-
nation. The bi-SAM exhibits the lowest PL intensity (Fig. 5d), sug-
gesting its largest hole extraction capability [31]. According to 
TRPL attenuation results, the carrier lifetime of perovskite on bi-
SAM is 608.88 ns, smaller than that of perovskite films on MeO-
2PACz (635.94 ns) and Br-4PADBC (1021.85 ns) (Fig. 5(e) and 
Table S5). This result confirms the most efficient hole extraction 
achieved by the bi-SAM [14,41]. Furthermore, the Urbach energy 
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(Eu) can be determined from UV-Vis absorption spectrum as a 
mean to assess the perovskite film quality [51]. The perovskite film 
deposited on bi-SAM exhibits a smaller Eu (40.71 meV) than that 
on MeO-2PACz (46.84 meV, Fig. 5f) due to the incorporation of 
Br-4PADBC, suggesting that Br-4PADBC induces the enhanced film 
quality of perovskite [22]. We also carried out photoluminescence 
quantum yield (PLQY) measurements to probe the nonradiative 
recombination within the perovskite films, from which the internal 
electron-hole quasi-Fermi level splitting (QFLS) can be calculated 
by the equation: QFLS = kBT ln(PLQY JG/J0,rad), where kB and T 
represent Boltzmann constant and temperature, respectively; JG 
is the current density under illumination; and J0,rad is the dark 
radiative recombination saturation current density [52,53]. The 
PLQY values of the perovskite films deposited on MeO-2PACz, Br-
4PADBC, and bi-SAM are 1.59%, 2.13%, and 2.09%, corresponding 
to QFLS values of 1.173, 1.181, and 1.180 eV, respectively 
(Fig. 5g). The increases of QFLS value for Br-4PADBC and bi-SAM 
suggests the effective passivation of perovskite defects, resulting 
in the inhibited non-radiative recombination at the SAM/per-
ovskite interface and consequently the increase of VOC. 

The transient photocurrent/photovoltage (TPC/TPV) techniques 
are employed to investigate the charge extraction lifetime and 
recombination lifetime in devices [43]. The TPC curve indicates 
that bi-SAM device exhibits the smallest charge extraction lifetime 
of 0.39 ls  (Fig. 5h), revealing the accelerated interfacial charge 
extraction. Besides, the largest charge recombination lifetime of 
5.26 ls is obtained for bi-SAM device in the TPV curve (Fig. S30), 
further confirming the reduced non-radiative recombination [54]. 
To evaluate the trap density, we implemented space charge limited 
current (SCLC) test via a configuration of ITO/SAM/Perovskite/Spir 
o-OMeTAD/Ag. The turning points at the ohmic and trap regions 
of the curves reveal the trap-filled limit voltage (VTFL) values, which 
are demonstrated to be 0.712 V for MeO-2PACz, 0.625 V for Br-
4PADBC, and 0.601 V for bi-SAM, respectively (Fig. S31). The trap
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Fig. 4. (a) Device structure of inverted PSCs based on bi-SAM HSL. (b) Current density-voltage (J-V) characteristics of devices based on different HSLs. (c) J-V curves of the best-
performing bi-SAM devices. (d) EQE spectra and corresponding integrated photocurrents of PSCs based on bi-SAM. (e) The stabilized power output at the maximum power 
point for bi-SAM based champion devices. (f) Normalized PCE of PSCs deposited on three types of HSLs in an 85 °󠇣C  N2 glove box. (g) Maximum power point tracking for 1000 h 
of three types of HSLs devices under continuous 1 sun illumination in N2 atmosphere.
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Fig. 5. TAS of perovskite films deposited on (a) MeO-2PACz/ITO, (b) Br-4PADBC/ITO, and (c) bi-SAM/ITO. (d) Steady-state PL spectra and (e) TRPL decay curves of perovskite 
films deposited on three HSLs. (f) Logarithm of absorption coefficient versus photon energy and Urbach energy (inset) calculated in perovskites consisting of ITO/HSLs/ 
perovskite. (g) PLQY and QFLS of perovskites deposited on three HSLs. (h) TPC attenuation of PSCs prepared with different HSLs. (i) Interfacial energy level diagram of contact 
between bi-SAM/ITO and perovskite. 

 

densities (Ntrap) for the Br-4PADBC and bi-SAM based devices were 
calculated to be 5.76 1015 and 5.54 1015 cm 3 , respectively, 
which are lower than that of the MeO-2PACz based device 
(6.57 1015 cm 3 ), which confirm the decrease in trap density 
[55].

Finally, the energy level alignment between SAM and per-
ovskite is examined to unveil the factor from energy level aspect 
beneficial for the increase of VOC. As discussed above, after the 
modification of MeO-2PACz, Br-4PADBC, and bi-SAM, the work 
function (WF) of ITO increases from 4.70 to 4.88, 5.06, and 
5.01 eV, respectively (Fig. 5i and Fig. S32). The contact between 
the bare ITO and perovskite induces a slight upwards band bend-
ing, resulting in a large barrier for hole extraction (DEh)  of
0.98 eV. After modification by MeO-2PACz, Br-4PADBC, and bi-
SAM, the DEh value decreases to 0.80, 0.62, and 0.67 eV respec-
tively. Hence, the incorporation of Br-4PADBC within bi-SAM leads 
to a decrease of DEh value to 0.67 eV, benefiting hole extraction at 
the ITO/perovskite interface [15,56]. 

3. Conclusions 

In summary, we synthesize a novel SAM molecule Br-
4PADBC bearing a non-planar DBC core grafting two Br atoms. 
The involvement of the non-planar Br-DBC terminal group 
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enables a much larger dipole moment of Br-4PADBC than the 
commonly used MeO-2PACz SAM, leading to much deeper work 
function of ITO with better alignment with the VB energy level 
of perovskite. Additionally, the introduction of Br atoms 
improves the quality of perovskite crystals and effectively pas-
sivates the defects in perovskite. We then develop a bi-SAM 
strategy by applying Br-4PADBC as a second component to the 
MeO-2PACz SAM, accomplishing complementary hole transport 
in inverted PSCs and consequently enhanced PCE from 23.91% 
to 24.52%. The enhanced PCE of bi-SAM device is attributed pri-
marily to the increase of VOC, which stems from effective passi-
vation of perovskite defects, inhibited non-radiative 
recombination, and increased work function of ITO rendering 
decrease of the energy level barrier between ITO and per-
ovskite. The bi-SAM strategy further enables dramatic improve-
ments of both thermal and operational stabilities of the PSC 
devices. Our bi-SAM strategy with complementary functions 
of distinct SAMs paves the way for efficiency enhancement of 
PSCs towards commercialization. 

Experimental section 

Experimental details can be found in the Supporting 
Information.
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