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Highlights

What are the main findings?

• This work firstly confirms that ambient humidity remarkably affects the inhomoge-
neous aggregation of self-assembled monolayers (SAMs).

• Protic polar solvents cause severe aggregation of SAMs under ambient conditions,
while aprotic polar solvents alleviate this defect.

• The ethanol (EtOH)/N,N-dimethylformamide (DMF) mixed-solvent system enables
the fabrication of uniform SAM films and improves interfacial properties.

What are the implications of the main findings?

• Uniform SAM films can be fabricated under humid ambient conditions, which simpli-
fies device preparation conditions.

• This work provides a feasible ambient fabrication strategy for the industrialization of
perovskite solar cells.

• The solvent engineering offers references for preparing similar self-assembled mono-
layer systems in ambient air.

Abstract

Benefiting from the booming development of self-assembled monolayer (SAM) based
hole-transporting materials, inverted perovskite solar cells (PSCs) have attained a certified
power conversion efficiency (PCE) beyond 27.0%, exhibiting great potential for commercial-
ization. However, conventional SAM molecules are prone to self-aggregation owing to their
inherent molecular configurations, which readily induced defective and inhomogeneous
deposition. In addition, state-of-the-art SAM-based hole-transporting layers are gener-
ally deposited in inert environments, while the ambient moisture is expected to further
deteriorate the homogeneity of the SAM layers. In this work, a mixed-solvent system of
ethanol/N,N-dimethylformamide (DMF) was adopted for the deposition of Me-4PACz
SAMs in ambient conditions, which enables significant suppression of intermolecular ag-
gregation in precursor solution and moisture-induced inhomogeneity. The high-quality
homogeneous SAM-based hole-transporting layers, along with subsequently optimized
perovskite buried interface properties, further empower a prominent increase in the PCE of
inverted PSC devices up to 25.0%.

Keywords: perovskite solar cells; self-assembled monolayer; ambient humidity; solvent
engineering
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1. Introduction
Inverted p-i-n perovskite solar cells (PSCs) have attracted extensive research atten-

tion owing to their outstanding stability, low fabrication cost and superior compatibility
with tandem devices [1–3]. This device architecture was first reported by Jeng et al. in
2013 with a modest power conversion efficiency (PCE) of only 3.9% [4]. Ever since the
establishment of the inverted PSC architecture, conductive polymers such as poly(3,4-
ethylenedioxythiophene)-poly-(styrenesulfonate) (PEDOT:PSS) and poly-(triarylamine)
(PTAA) have been successfully employed as viable materials for the hole-transporting
layer (HTL) [5]. In 2018, the report on V1036-type self-assembled monolayer (SAM) based
HTL opened up an alternative route toward high-performance inverted PSCs [6,7]. The
rapid progress in the development of new SAM molecules such as [4-(2,7-dibromo-9,9-
dimethylacridin-10(9H)-yl)butyl]phosphonic acid (DMAcPA) has led to a boost in the
photovoltaic performance of inverted PSCs [8]. To date, inverted PSCs adopting SAM-
based HTLs have surpassed the efficiency threshold of 27%, highlighting the great appli-
cation potential of SAM materials [9]. Compared with the conventional polymeric and
inorganic oxide hole transporting materials, SAM molecules can anchor onto the surfaces
of the transparent conducting oxide (TCO) substrates via the dissociative chemisorption
between the anchoring groups and the surface O-H bond, and form π–π stacking inter-
actions between carbazole moieties of adjacent molecules, thereby forming a vertically
aligned and structurally robust monolayer [10]. Benefiting from the unique self-assembly
feature and favorable energy-level alignment, SAMs exhibited excellent hole-extraction
capability [11,12].

Scalable and repeatable fabrication of SAM-based HTLs remains a critical bottleneck
for the industrialization of inverted PSCs. The interfacial properties of SAM layers directly
govern hole extraction and transportation, while also modulating the morphology, crys-
tallization and optoelectronic properties of the overlying perovskite layers [13–15]. The
overlapping of delocalized π-electron clouds among aromatic rings can generate weak
noncovalent attraction, driving SAM molecules to stack in parallel, slipped or face-to-face
configurations and thus form ordered or disordered aggregates [16,17]. Due to inherent
molecular structures, SAM molecules tend to spontaneously aggregate in precursor solu-
tions, resulting in inhomogeneous SAM deposition. Such undesired self-aggregation and
the consequently inhomogeneous SAM deposition would potentially deteriorate device
performance [18,19]. Several strategies have been reported to tackle this pivotal challenge
limiting further advances of inverted PSCs. Liu et al. proposed an IPA/DMF cosolvent
system to dissociate carbazole-based molecular micelles [20], activate phosphonic acid
anchoring groups and facilitate the formation of compact and uniform SAM layers on
substrates; devices fabricated via this strategy achieved a PCE of 25.0% [21].

Nevertheless, in addition to the spontaneous intermolecular aggregation, scalability
of SAM-based HTLs is significantly limited by the stringent environmental requirement for
deposition processes. In most published works on highly efficient inverted PSCs, the depo-
sition of SAM-based HTLs was generally carried out in an inert environment, for instance,
nitrogen-filled gloveboxes, with rigorous moisture exclusion during precursor solutions
and film preparation [22,23]. Moreover, nearly all reported modulation approaches were
confined to inert atmospheres [24]. Such strict demand for an inert fabrication environment
has inevitably hindered upscaling and large-area manufacturing of SAM-based HTLs for
commercialization of inverted PSCs. To expand the fabrication in ambient conditions,
moisture becomes a significant factor affecting the quality of SAM layers. Nevertheless,
systematic investigations focusing on the influence of moisture on SAM deposition and the
corresponding optimization strategies remain insufficient.
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Against this backdrop, this work is targeted to achieve homogeneous deposition
of SAM layers in ambient conditions via solvent engineering. Common solvents, based
on their polarity and protic/aprotic properties, were systematically evaluated for their
capability of dissolving the SAM molecules while suppressing intermolecular aggregation.
A mixed-solvent system was introduced to achieve an optimized SAM solution, where the
intermolecular aggregation and the detrimental effect of ambient moisture are effectively
alleviated. Accordingly, a homogeneous SAM-based HTL with an optimized surface
energy landscape was successfully achieved in ambient conditions at 55% relative humidity
(RH). As a proof of concept, inverted PSC devices with the optimized SAM-based HTL
were fabricated, demonstrating a considerably increased PCE up to 25.0%. This work
offers a feasible approach toward scalable fabrication of high-efficiency inverted PSCs in
ambient conditions.

2. Materials and Methods
2.1. Materials

Formamidinium iodide (FAI, 99.90%) and lead iodide (PbI2, 99.99%) were purchased
from Advanced Electronic Technology Co., Ltd. (Dalian, China). Methylammonium
chloride (MACl, 99.9%), 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP, 99.50%),
piperazine dihydroiodide (PipDI, 99.5%), 2-[3-(trifluoromethyl)phenyl]ethan-1-aminium
(CF3-PEABr, 99.00%) and n-Hexane (n-Hex, 99.00%) were purchased from Yuri Solar Co.,
Ltd. (Xi’an, China). [4-(3,6-dimethyl-9H-carbazol-9-yl) butyl] phosphonic acid (Me-4PACz,
99.00%) was purchased from TCI (Tokyo, Japan). Sodium 4-chlorobenzenesulfonate (4Cl-
BZS, 98.00%) was purchased from Macklin (Shanghai, China). [6,6]-Phenyl C61 butyric acid
methyl ester (PC61BM, 99.80%) was purchased from Lumtec (New Taipei, Taiwan). Ethanol
(EtOH, 99.80%) and ethyl acetate (EA, 99.80%) were purchased from Aladdin (Shanghai,
China). N,N-dimethylformamide (DMF, 99.80%), N-methylpyrrolidone (NMP, 99.50%),
methanol (MeOH, 99.90%) and isopropanol (IPA, 99.90%) were purchased from InnoChem
(Beijing, China). Chlorobenzene (CB, 99.90%) and dimethyl sulfoxide (DMSO, 99.90%) were
purchased from Thermo Scientific (Waltham, MA, USA). All the chemicals were used as
received without further purification.

2.2. Experimental Methods

ITO substrates (2 × 2 cm2) were cleaned by sequential ultrasonication in detergent
solution, deionized water and ethanol for 30 min, respectively. The cleaned ITO-coated
glass substrates were then dried with nitrogen. Before use, the substrates were subjected
to UV-ozone treatment for 20 min. For the preparation of SAM solutions, Me-4PACz
was dissolved in selected solvents at a concentration of 0.5 mg/mL. SAM-based hole
transport layer (HTL) was deposited under ambient conditions (25 ± 5 ◦C, 55% RH) by
spin-coating the Me-4PACz solution at 4000 rpm for 30 s, followed by annealing at 115 ◦C
for 10 min. For the Me-4PACz solutions adopting a mixed solvent system, Me-4PACz
was dissolved in ethanol/DMF (volume ratio = 3:1) at a concentration of 0.5 mg/mL.
The corresponding SAM-based HTLs were fabricated following the identical processing
conditions described above.

The perovskite layer was deposited via a low-pressure-assisted (LPA) method. A
1.4 M FAPbI3 perovskite precursor solution was prepared by dissolving stoichiometric FAI
and PbI2 in a mixed solvent of DMF/NMP (volume ratio = 9:1) with the addition of MACl
(15 mol%) and 4Cl-BZS (1 mg/mL). The perovskite precursor solution was stirred for 2 h,
and then spin-coated on the SAM-based HTLs at 4000 rpm for 8 s. The obtained wet film
was immediately transferred into a vacuum chamber within 3 s and held in a low-pressure
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environment (20 Pa) for 60 s to remove excess residual solvents. Afterwards, the film was
annealed at 130 ◦C for 20 min in ambient.

For the surface passivation layer, CF3-PEABr solution (0.3 mg/mL) and PipDI so-
lution (0.3 mg/mL) dissolved in isopropyl alcohol were sequentially spin-coated on the
as-prepared perovskite film at 5000 rpm for 30 s, followed by annealing at 100 ◦C for 5 min.
For the deposition of the electron transport layer (ETL), a PC61BM solution (20 mg/mL
in chlorobenzene) was spin-coated onto the perovskite film at 1200 rpm for 30 s. After
that, a BCP solution (0.5 mg/mL in isopropanol) was spin-coated at 5000 rpm for 30 s.
Finally, an 85 nm thick silver electrode was thermally evaporated through a shadow mask.
The completed PSC devices have a p-i-n configuration of ITO/Me-4PACz/FAPbI3/CF3-
PEABr/PipDI/PC61BM/BCP/Ag with an active area of 0.038 cm2.

2.3. Characterizations

Scanning electron microscopy (SEM) images were acquired with a Thermo Apreo
2S microscope (Thermo Scientific, Waltham, MA, USA) at an accelerating voltage of 3 kV.
Atomic force microscopy (AFM) and Kelvin probe force microscopy (KPFM) analyses were
performed using an Asylum MFP-3D Bio atomic force microscope (Oxford Instruments,
High Wycombe, UK). Photoluminescence (PL) spectra were recorded on a NanoLog FL3-
2Ihr fluorescence spectrometer (HORIBA Scientific, Kyoto, Japan) under 450 nm excitation.
Time-resolved photoluminescence (TRPL) measurements were carried out using a Delta
Flex ultrafast lifetime spectrometer (HORIBA Scientific, Kyoto, Japan). PL lifetime mapping
was completed with an ISS Q2 laser confocal scanning multi-functional imaging system
(ISS, Champaign, IL, USA). X-ray photoelectron spectroscopy (XPS) analyses of the as-
prepared films were conducted on a PHI 5000 VersaProbe III system (ULVAC-PHI, Inc.,
Chigasaki, Japan).

Current density-voltage (J-V) curves of perovskite solar cell (PSC) devices were mea-
sured under simulated AM 1.5G solar irradiation (100 mW/cm2) using an EASISOLAP-
50-3A xenon lamp solar simulator (CROWNTECH, Inc., Macungie, PA, USA). A certified
reference cell was used for light intensity calibration. Voltage scans were executed in the
reverse direction (1.2 V to −0.1 V) and forward direction (−0.1 V to 1.2 V) with a Keith-
ley 2400 SourceMeter (Tektronix, Inc., Beaverton, OR, USA). External quantum efficiency
(EQE) spectra were obtained using a QE-R quantum efficiency measurement system (Enli
Technology, Kaohsiung, Taiwan). All characterizations were carried out on unencapsulated
devices under ambient conditions at room temperature.

3. Results
3.1. Effect of Solvent Modulation on SAM Deposition

In this work, [4-(3,6-dimethyl-9H-carbazol-9-yl) butyl] phosphonic acid (Me-4PACz)
was employed as the target SAM molecules to study the effect of intermolecular aggregation
and ambient moisture on SAM deposition in ambient conditions. When SAM-based HTLs
are deposited in ambient conditions with the presence of moisture, the combined effects of
intermolecular aggregation and ambient moisture can induce obvious micron-scale aggre-
gates and inhomogeneous film morphology. Solvent modulation was therefore adopted as
an effective approach to suppress the spontaneous aggregation of SAM molecules. First,
common solvents are categorized based on their polarity and protic/aprotic properties, and
three representative solvents from each category are selected to investigate their feasibility
for dissolving SAM molecules (Figure 1). The molecular structures of the selected sol-
vents, namely protic polar solvents (EtOH, MeOH, IPA), aprotic polar solvents (DMF, NMP,
DMSO), and nonpolar solvents (CB, EA, n-Hex), are presented, and their key physicochem-
ical properties, such as polarity and boiling point, are summarized in Table 1 [25,26]. These
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key factors are expected to largely determine the dissolution, dispersion and deposition
behaviors of the target SAM molecules.

Figure 1. Molecular structures of common solvents selected for investigation based on their polarity
and protic/aprotic properties. (a) protic polar solvents EtOH, MeOH and IPA; (b) aprotic polar
solvents DMF, NMP and DMSO; (c) nonpolar solvents CB, EA and n-Hex.

Table 1. Key physicochemical parameters of the solvents selected for investigation in this work.

Solvents Viscosity (mPa·s) Permittivity Dipole Moment (D) Boiling Point (◦C)

EtOH 1.074 24.50 1.69 78.4
MeOH 0.544 32.60 1.70 64.7

IPA 2.050 18.30 4.66 82.4
DMF 0.920 38.30 3.86 153.0
NMP 1.650 32.00 4.09 202.0

DMSO 2.000 46.70 3.96 189.0
CB 0.564 5.69 1.69 131.7
EA 0.450 6.02 1.78 77.1

n-Hex 0.307 1.88 0.07 68.7

Me-4PACz solutions with selected solvents were prepared and deposited on the ITO
surface in ambient conditions (55% RH). The SEM images of the obtained SAM layers
are shown in Figure 2, where sharp distinctions in the film morphology and aggregation
behaviors can be observed among different samples. The morphological modulation of
SAM films by different solvents has been reported to stem from the synergistic effects of
solvation capacity, evaporation rate and interfacial interactions [27,28]. Protic polar solvents
(EtOH, MeOH, IPA) exhibit weak coordination with SAM molecules and therefore cannot
disassemble intermolecular aggregation in precursor solutions. During the spin-coating
and the subsequent annealing process for rapid removal of solvent, moisture adsorbed on
ITO substrates may compete with SAM molecules for available anchoring sites, which likely
exacerbates the inhomogeneity of the obtained SAM layer. Among the selected protic sol-
vents, EtOH and MeOH have low boiling points, and the corresponding SAM films exhibit
micrometer-scale aggregated domains (Figure 2a,b). In contrast, IPA exhibits lower polarity
and a higher boiling point, which may lead to the formation of smaller but densely dis-
tributed aggregates in the corresponding SAM layer (Figure 2c). In general, all SAM layers
deposited with the selected protic solvents exhibit severe morphology inhomogeneity.
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Figure 2. SEM images of SAM-based HTL deposited in ambient conditions with different sol-
vents: (a) EtOH; (b) MeOH; (c) IPA; (d) DMF, (e) NMP; (f) DMSO; (g) CB; (h) EA; (i) n-Hex;
(j) EtOH:DMF = 9:1; (k) EtOH:DMF = 3:1; (l) EtOH:DMF = 1:1.

On the other hand, aprotic polar solvents (DMF, NMP, DMSO) can enhance the disper-
sion of Me-4PACz through strong dipole–dipole interactions and coordination effects [29].
Their relatively high boiling points enable slow and controllable solvent evaporation while
inhibiting the adsorption of moisture on the ITO surface, thus relieving moisture-triggered
aggregation and precipitation during spin-coating. The gradual volatilization of the solvent
during annealing can also facilitate ordered rearrangement of SAM molecules. Among the
selected aprotic polar solvents, DMSO shows strong coordination capability, while NMP
has the highest boiling point, which is favorable to stabilizing Me-4PACz dispersion in the
precursor solutions. All three aprotic solvents generally lead to the formation of smooth
and homogeneous SAM coatings except for a few discernible morphological flaws (areas in
dotted circle, Figure 2d–f).

Finally, nonpolar solvents (CB, EA, n-Hex) exhibit low solubility of Me-4PACz, which
results in rapid precipitation and anchoring of SAM molecules on the ITO surface during
spin-coating and annealing. Owing to their weak polarity, these solvents barely compete
for anchoring sites with SAM molecules. In addition, the residual solvent can be completely
removed after annealing at 115 ◦C without disrupting the ordered rearrangement of SAM
molecules. Among the selected nonpolar solvents, CB has a moderate boiling point and
polarity but is inherently toxic. EA has slightly higher polarity and better solubility for
Me-4PACz, while n-Hex exhibits the weakest polarity and poorest solubility. In general, the
selected nonpolar solvents can reduce competitive molecular adsorption on the ITO surface,
thereby yielding relatively uniform SAM layers except for some nanoscale, discernible
morphological flaws (areas in dotted circles, Figure 2g–i).
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Among all the solvents investigated, N,N-dimethylformamide (DMF), featuring strong
polarity and a low boiling point, was first considered as a suitable solvent since it can consid-
erably optimize the dispersion of SAM molecules in the precursor solutions. Nevertheless,
this aprotic polar solvent may also compete with SAM molecules for the available adsorp-
tion sites, which substantially hinders the adsorption and anchoring of SAM molecules
on the ITO surface [28]. To address this issue, a mixed solvent system of EtOH/DMF was
further adopted for the Me-4PACz solutions. As shown in Figure 2j,k, the SAM layers
deposited with the EtOH/DMF solvent system retain a homogeneous morphology across a
wide range of EtOH/DMF volume ratios, and the morphology is further improved with
increased DMF proportion in the mixed solvent. To further study the profound influence of
solvent engineering on the SAM layer properties, a representative EtOH/DMF volume ratio
of 3:1 was used for the Me-4PACz samples prepared employing the mixed EtOH/DMF
solvent system for the subsequent characterizations. For clarity, the SAM layers deposited
with the mixed solvent system are denoted as EtOH/DMF samples, while the SAM layers
deposited with conventional ethanol solvent are used as the reference group and referred
to as EtOH samples in the later discussion.

The surface potential of the SAM layers adopting different solvents is characterized
using Kelvin probe force microscopy (KPFM), as shown in Figure 3a,b. The surface potential
of the EtOH sample exhibits a bimodal distribution within the range from −400 mV to
−340 mV, manifesting remarkably inhomogeneous SAM deposition. On the contrary, the
EtOH/DMF mixed solvent system can effectively ameliorate the film uniformity, evidenced
by a unimodal distribution of surface potential centered around −370 mV (Figure 3d,e).
XPS analysis was employed to evaluate the chemical environment of the SAM layers. The
O 1s XPS core spectra of EtOH and EtOH/DMF samples are shown in Figures 3c and 3f,
respectively [30]. The relative area of the signal corresponding to -OH peaks derived from
the bonding between phosphonic acid moieties of SAM molecules and the ITO surface
(532.2 eV) has increased from 16.07% to 18.97% upon adopting the mixed solvent system.
Such observation verifies the considerably enhanced anchoring of the SAM molecules on
the ITO surface.

Figure 3. (a) KPFM surface potential mapping and (b) the corresponding histogram of the EtOH
sample; (c) Fitted O 1s XPS spectra of the EtOH sample; (d) KPFM surface potential mapping
and (e) the corresponding histogram of the EtOH/DMF sample; (f) Fitted O 1s XPS spectra of the
EtOH/DMF sample.
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3.2. Effect of Solvent Engineering on Perovskite Buried Interface

FAPbI3 perovskite films were deposited on the SAM layers adopting different solvent
systems, and the obtained perovskite samples are denoted accordingly as EtOH and
EtOH/DMF samples. To investigate the subtle influence of SAM layer quality on the
overlying perovskite layer and the carrier dynamics at the perovskite/HTL interface, the
perovskite films were delaminated from the substrate using a UV-curable epoxy following
a previously reported work [31], so that the buried interface properties can be directly
assessed. SEM images of the perovskite buried interfaces are shown in Figure 4a,d, where
the EtOH/DMF sample exhibits remarkably reduced pinholes and relatively larger grain
sizes compared to the EtOH sample. KPFM characterization was performed to probe the
surface potential of the buried interface within a scanning area of 5 × 5 µm2 [32]. The
EtOH/DMF sample exhibits a more homogeneous surface potential distribution from
60 mV to 160 mV (Figure 4e,f), in marked contrast to the multipeak distribution from 40 mV
to 160 mV for the EtOH sample (Figure 4b,c). These results demonstrate that the SAM
layer quality has a prominent influence on the morphology and surface potential of the
perovskite buried interface. A high-quality, homogeneous SAM layer can ultimately lead
to reduced structural defects and more uniform surface potential distribution at the buried
interface, which is beneficial to the interfacial charge extraction and transport.

Figure 4. (a) SEM image of the buried interface of EtOH sample; (b) KPFM surface potential
mapping and (c) the corresponding histogram of the buried interface of EtOH sample; (d) SEM
image of the buried interface of EtOH/DMF sample; (e) KPFM surface potential mapping and (f) the
corresponding histogram of the buried interface of EtOH/DMF sample.

PL intensity and lifetime characterization are conducted at the perovskite buried
interface to evaluate the interface optoelectronic properties, as shown in Figure 5 [33].
In general, the EtOH/DMF sample exhibits enhanced PL intensity and extended carrier
lifetime compared to the EtOH sample. The time-resolved PL (TRPL) spectra in Figure 5f
are further fitted using a bi-exponential model:

ITRPL(t) = A1e−t/τ1 + A2e−t/τ2 , (1)

where the two exponential decay components in the equation are generally assigned to the
trap-related recombination featuring a shorter lifetime and the radiative recombination
with a longer lifetime, respectively [34]. Table 2 summarizes the amplitude (A1, A2) and
lifetime (τ1, τ2) of each component retrieved from the fitting. The EtOH/DMF sample
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exhibits an extended average carrier lifetime of 1665.33 ns compared with 1174.39 ns for the
EtOH sample, demonstrating significantly reduced defects and enhanced carrier dynamics
at the perovskite/HTL interface [35].

Table 2. Fitting results of TRPL spectra of the EtOH and the EtOH/DMF samples obtained from
a bi-exponential model. A1 and τ1 denote the relative amplitude and lifetime of the exponential
decay component corresponding to the trap-related recombination, while A2 and τ2 denote the
relative amplitude and lifetime of the exponential decay component attributed to the radiative
recombination, respectively.

Sample A1 (%) τ1 (ns) A2 (%) τ2 (ns) τave (ns)

EtOH 1.18 176.58 ± 12.40 98.82 1176.18 ± 1.12 1174.39
EtOH/DMF 0.13 845.60 ± 13.16 99.87 1665.87 ± 2.86 1665.33

Figure 5. (a) PL intensity and (b) lifetime mapping at the perovskite buried interface of the EtOH
sample; (c) steady-state PL spectra of the EtOH and the EtOH/DMF samples; (d) PL intensity and
(e) lifetime mapping at the perovskite buried interface of the EtOH/DMF sample; (f) TRPL spectra of
the EtOH and the EtOH/DMF samples.

3.3. Effect of Solvent Engineering on the PSC Device Performance

To probe the optimum volume ratio of the mixed solvent system for Me-4PACz solu-
tion, SAM layers adopting an EtOH/DMF mixed solvent system with different EtOH:DMF
volume ratios are deposited in ambient conditions (55% RH). Subsequently, the cor-
responding inverted PSC devices were fabricated with the configuration of ITO/Me-
4PACz/FAPbI3/CF3-PEABr/PipDI/PCBM/BCP/Ag. The J-V curves of the champion
devices corresponding to different solvent conditions are plotted in Figure 6a, while their
primary photovoltaic parameters are summarized in Table 3. The measurement results
indicate that the PSC devices achieved an optimal PCE of 24.6% with an EtOH/DMF
volume ratio of 3:1. By further optimizing the fabrication processes, the champion device
delivers a PCE of 25.0% with a short-circuit current density (JSC) of 25.52 mA/cm2 and a fill
factor (FF) of 82.90% (Figure 6b), which is remarkably improved compared with the device
fabricated with conventional ethanol solution of Me-4PACz. The champion device also
demonstrates a steady-state power output efficiency of 24.5% at 1.02 V bias voltage, while
the device based on EtOH SAM layer showed a steady-state efficiency of 24.0% at 1.01 V
(Figure 6c). External quantum efficiency (EQE) measurements were also performed for the
EtOH and EtOH/DMF devices, as shown in Figure 6d. The integrated current density of
the EtOH/DMF device was 24.50 mA/cm2, which exceeded the value of 24.13 mA/cm2 for
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the EtOH device. In addition, the integrated current density of both EtOH and EtOH/DMF
devices agrees well with the JSC values obtained from J-V characteristics (4.62% and 3.99%
mismatch, respectively) as summarized in Table 4.

Table 3. Primary photovoltaic parameters including the short-circuit current density (JSC), open-
circuit voltage (VOC), fill factor (FF), and power conversion efficiency (PCE) of devices fabricated
with SAM solutions at different EtOH/DMF volume ratios.

Sample JSC (mA/cm2) VOC (V) FF (%) PCE (%)

EtOH 25.45 1.170 80.49 24.0
EtOH:DMF = 50:1 25.44 1.166 81.94 24.3
EtOH:DMF = 30:1 25.57 1.163 81.94 24.4
EtOH:DMF = 9:1 25.54 1.160 81.32 24.1
EtOH:DMF = 3:1 25.80 1.161 81.95 24.6
EtOH:DMF = 1:1 25.40 1.161 82.58 24.4
EtOH:DMF = 1:3 25.71 1.154 81.77 24.3

Table 4. Primary photovoltaic parameters including the short-circuit current density (JSC), open-
circuit voltage (VOC), fill factor (FF), and power conversion efficiency (PCE) of the champion EtOH
and EtOH/DMF devices.

Sample JSC (mA/cm2) VOC (V) FF (%) PCE (%)

EtOH-Reverse 25.47 1.174 79.09 23.7
EtOH-Forward 25.30 1.183 80.90 24.2

EtOH/DMF-Reverse 25.42 1.172 83.00 24.7
EtOH/DMF-Forward 25.52 1.181 82.90 25.0

Figure 6. (a) J-V curves of devices fabricated with SAM solutions at different EtOH/DMF vol-
ume ratios; (b) Forward and reverse scan J-V curves of champion EtOH and EtOH/DMF devices;
(c) Steady-state power output curves of EtOH and EtOH/DMF devices; (d) EQE spectra of EtOH and
EtOH/DMF devices. Box plots of the primary photovoltaic parameters of the EtOH and EtOH/DMF
devices (e) JSC; (f) VOC; (g) FF; (h) PCE.

To demonstrate the enhanced reproducibility of the inverted PSC devices upon adopt-
ing the solvent engineering strategy, box plots of the primary photovoltaic parameters of
the EtOH and EtOH/DMF devices based on 15 devices for each condition are presented
in Figure 6e–h, and the average photovoltaic parameters of the corresponding devices are
shown in Table 5. In comparison with the EtOH-only devices, the EtOH/DMF devices
exhibit a general enhancement in the device performance with reduced deviation among
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individual devices. Such contrast clearly demonstrates that a homogeneous SAM layer
via a solvent engineering strategy can efficiently facilitate reproducible fabrication of high-
efficiency inverted PSC devices. It is noteworthy that the EtOH/DMF devices generally
exhibit lower VOC compared to the EtOH devices, which is likely attributed to the intro-
duction of DMF in the solvent system. The DMF molecule can compete with Me-4PACz for
available adsorption and anchoring sites on the ITO surface, which may lead to slightly
decreased Me-4PACz bonded onto the ITO surface [28]. Nevertheless, the fill factor is
significantly increased due to the optimized SAM layer and perovskite buried interface,
which contributes to the improvement of the overall device performance. Finally, the
shelf stability of EtOH and EtOH/DMF devices was tested by storing the unencapsulated
devices in ambient conditions (25 ± 5 ◦C, 30% RH) without exposure to light illumination.
As shown in Figure 7, the EtOH/DMF device can still retain 90% of its initial PCE after
1152 h of storage in the ambient dark condition, exhibiting superior stability compared
with the EtOH device.

Table 5. Average photovoltaic parameters including the short-circuit current density (JSC), open-
circuit voltage (VOC), fill factor (FF), and power conversion efficiency (PCE) of 15 devices for EtOH
and EtOH/DMF conditions, respectively.

Sample JSC (mA/cm2) VOC (V) FF (%) PCE (%)

EtOH 25.33 ± 0.19 1.179 ± 0.005 80.51 ± 1.06 24.0 ± 0.2
EtOH/DMF 25.46 ± 0.06 1.175 ± 0.004 82.78 ± 0.36 24.8 ± 0.1

Figure 7. Shelf stability of EtOH and EtOH/DMF devices tested under ambient dark conditions.

4. Discussion
Aiming to achieve deposition of high-quality, homogeneous SAM layers in ambi-

ent conditions, this study systematically investigated the feasibility of various common
solvents for Me-4PACz solution. The experimental results demonstrate that protic polar
solvents readily lead to moisture-driven micron-size aggregation in the resultant SAM
layer, whereas aprotic polar solvents with strong dipole characteristics can effectively
suppress intermolecular aggregation in the Me-4PACz solution. Inspired by these findings,
a mixed-solvent system of EtOH:DMF = 3:1 (volume ratio) is adopted for the Me-4PACz
solution. The solvent engineering strategy simultaneously addressed the intermolecular
aggregation and the detrimental effect of ambient moisture, leading to a homogeneous
SAM-based HTL with subsequently optimized perovskite buried interface. Inverted PSC
devices with the optimized SAM-based HTL deliver a considerably increased PCE up to
25.0%. This work provides a feasible strategy for ambient fabrication of SAM-based HTLs,
promoting the scalable fabrication of high-efficiency inverted PSCs.
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