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Abstract
The planar triple‐layer hole transport layer (HTL)‐free carbon‐based perovskite
solar cells have the advantages of low cost and high stability, but their low
efficiency hinders the commercialization process. Here, a dual regulation
strategy for bulk defects and interface defects has been developed. After
selecting dimethylamine (DMA) as the fixed cation and selecting the anion site
(I−, Br−, Cl−, HCOO−), an ionic liquid additive, DMAFo, was synthesized,
achieving multiple functions such as energy level regulation, removal of re-
sidual PbI2 at the buried interface, retarding crystallization through the in-
termediate phase DMAPbI(3−x)HCOOx, filling halide vacancy defects, and
releasing residual stress. This effectively reduces energy loss during carrier
transport and obtains higher‐quality perovskite films. Under the synergistic
effect of DMA+ and HCOO−, both bulk defects and interface defects in the
perovskite film were simultaneously addressed. The device prepared using
DMAFo as an additive achieved the best device efficiency of 20.77%, and after
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continuous maximum power point tracking for 1200 h, the device efficiency
remained almost unchanged, demonstrating excellent operational stability.
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1 | INTRODUCTION

The three critical factors for solar cells are efficiency, cost,
and stability. Recently, the certified efficiency of perov-
skite solar cells (PSCs) has surpassed 27%,1 which is
comparable to that of crystalline silicon solar cells. Future
efforts will focus on further reducing the cost of the de-
vice and improving its long‐term stability. PSCs often
employ organic hole‐transport layers (Spiro‐OMeTAD,
PTAA) and noble metal electrodes (gold, silver). How-
ever, spiro‐OMeTAD's lithium salts cause hygroscopicity.
Silver is corroded by ion migration. PTAA and gold are
stable but costly. Cheaper, stable options are needed.2–5

Carbon electrodes offer high electrical conductivity,
excellent hydrophobicity, and superb chemical stability.
Moreover, they are cost‐effective and inherently capable
of efficient hole extraction.6–8 This makes them a suitable
alternative to expensive metal electrodes. As a result,
hole‐transport‐layer (HTL)‐free carbon‐based perovskite
solar cells (C‐PSCs) demonstrate strong potential for
large‐scale commercialization.9,10 However, the highest
certified efficiency of HTL‐free C‐PSCs with planar
structure is currently only 20.1%,11 while the highest
certified efficiency of HTL‐free C‐PSCs with mesoporous
structure is 22%,12,13 which is lower than that of tradi-
tional metal electrode structure PSCs. This is primarily
due to the lack of an HTL, which results in poor energy
level matching between the perovskite layer and the
carbon electrode, as well as significant energy loss caused
by interface defects. In PSCs, the halide anions at the X
site have lower migration barriers than the cations at the
A and B sites, and their migration rates at the interface
are significantly faster than within perovskite.14 This
characteristic leads to the easy accumulation of halide
vacancy defects at the interface. Additionally, eliminating
residual lead iodide (PbI2) at the perovskite/electron
transport layer (buried) interface is crucial for achieving
efficient and stable devices. The reason is that excess PbI2

readily decomposes into metallic lead (Pb0) and iodine
(I2) under light exposure, and this decomposition reac-
tion occurs particularly easily at the buried interface.15

The photodecomposition of PbI2 exhibits wavelength
dependence, with a threshold of approximately 520 nm
(i.e., only photons with wavelengths shorter than 520 nm

can trigger decomposition).16 Since short‐wavelength
light (e.g., 520 nm) has a low penetration depth
(approximately 80 nm), light‐driven PbI2 decomposition
primarily occurs in regions near the buried interface.17

Additionally, residual PbI2 at this interface impedes
effective contact between the electron transport layer and
the perovskite layer, thereby degrading device perfor-
mance. For C‐PSCs, thicker perovskite films are typically
required to compensate for the insufficient light reflec-
tion of carbon electrodes (unlike metal electrodes, which
enhance light absorption through high reflection). How-
ever, excessive perovskite film thickness complicates the
crystallization process, increases defect density, and ex-
tends the carrier transport distance, thereby elevating the
probability of non‐radiative recombination.18–23 Further-
more, the intrinsic vacancy defects in the perovskite film
and the lattice strain caused by ion size mismatch exac-
erbate the issues introduced by increased thickness.24–28

Therefore, for HTL‐free C‐PSCs, the regulation of defect
states is even more critical compared to regular PSCs.
Developing a strategy to improve the quality of perovskite
films and reduce their internal defects is essential.

Here, a dual regulation strategy for perovskite bulk
defects and interface defects has been developed. We chose
dimethylamine as the cationic site additive and selected
the anionic sites (I−, Br−, Cl−, HCOO−). Experimental and
theoretical calculations showed that among different an-
ions, HCOO− was more effective in passivating defects and
improving the energy level matching between the perov-
skite and carbon electrode. After introducing DMAFo,
residual lead iodide at the buried interface was eliminated,
and the crystallization sequence was regulated by forming
the intermediate phase DMAPbI(3‐x)HCOOx, thereby
slowing down the crystallization rate of the perovskite and
achieving larger grain sizes. The pseudohalide anion
HCOO− in DMAFo effectively occupies vacancies and
forms chemical bonds with uncoordinated Pb2+. Mean-
while, DMA+ balances the residual stress caused by the
mismatch in ionic radii after Cs+ doping. Under the syn-
ergistic effect of DMA+ and HCOO−, both bulk defects and
interface defects in the perovskite film were simulta-
neously addressed. The device prepared using DMAFo as
an additive achieved the best device efficiency of 20.77%,
and after continuous maximum power point (MPP)
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tracking for 1200 h, the device efficiency remained almost
unchanged, demonstrating excellent operational stability.
This work provides a simple and effective technical
pathway for achieving efficient and stable PSCs.

2 | RESULTS AND DISCUSSION

To minimize the influence of experimental variables and
ensure the validity of our findings, we employed a
simplified sandwich‐type device structure comprising
only the electron transport layer, perovskite layer, and
carbon electrode (as illustrated in Figure 1A). The
perovskite layer was treated with various additives while
maintaining consistent preparation conditions for the
other components. To select suitable cationic additives,
we systematically evaluated volatile ammonium ions as
well as large‐sized and non‐volatile dimethylamine ions.
Device performance tests (Figure S1) revealed that devices

based on dimethylamine exhibited significantly superior
performance. Therefore, we selected the dimethylamine
cation and further selected its corresponding anions.
Specifically, we incorporated DMAI, DMABr, DMACl,
and DMAFo as additives to the perovskite layer and sub-
sequently fabricated devices for photovoltaic performance
evaluation. Figure 1B,C present the photovoltaic perfor-
mance statistics for five distinct devices. The average ef-
ficiency of the control group device without additive
treatment was measured at 16.19%, whereas those treated
with DMAI, DMABr, DMACl, and DMAFo exhibited
average efficiencies of 16.81%, 16.62%, 17.12%, and
17.72%, respectively. Notably, the highest efficiency of the
device treated with DMAFo increased from 16.70%
(Jsc = 24.35 mA/cm2, Voc = 1.061 V, and FF = 0.647) to
18.28% (Jsc = 24.34 mA/cm2, Voc = 1.091 V, and
FF = 0.689). In comparison, the best efficiencies of the
devices treated with DMAI, DMABr, and DMACl were
17.33% (Jsc = 24.21 mA/cm2, Voc = 1.084 V, and

F I GURE 1 (A) Device structure diagram. Photovoltaic parameters of the device of (B) PCE and JSC. (C) VOC and FF. (D) J‐V curves.
(E) PL spectra. (F) UPS spectra for perovskite. (G) Relative energy level diagram. (H) Schematic diagram of HCOO− filling vacancies.
(I) The relative interaction strengths of different anions with the I− vacancy at the surface. FF, fill factor; UPS, ultraviolet photoelectron
spectroscopy.
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FF = 0.661), 16.99% (Jsc = 24.15 mA/cm2, Voc = 1.070 V,
and FF = 0.658), and 17.58% (Jsc = 24.20 mA/cm2,
Voc = 1.086 V, and FF = 0.669), respectively (Figure 1D).
A comparative analysis of these photovoltaic parameters
clearly indicates an enhancement in efficiency primarily
reflected by increases in both fill factor (FF) and open‐
circuit voltage (VOC). This improvement typically sug-
gests a reduction in device leakage current, which implies
decreased recombination rates of photogenerated carriers
within the device. Clearly, dimethylamine‐based additives
have a significant positive effect on efficiency; however,
the varying impacts associated with different anions on
enhancing device performance warrant further
investigation.

We conducted steady‐state photoluminescence (PL)
spectra tests on perovskite films treated with different
additives (Figure 1E). The results indicated that all
samples treated with additives demonstrated an
enhancement in peak intensity, suggesting a decrease in
film defect states and a suppression of non‐radiative
recombination. Among them, the DMAFo sample had
the most significant peak intensity, while the DMABr
sample showed the largest shift angle. Subsequent ul-
traviolet absorption test results revealed that DMABr
induced a slight broadening of the perovskite band gap
(Figure 1F). In contrast, the effects of DMAI, DMACl,
and DMAFo on the perovskite band gap were negligible,
as their absorbance did not show significant changes. To
facilitate a more comprehensive investigation into the
effects of various additives on perovskite films, ultraviolet
photoelectron spectroscopy (UPS) tests were conducted,
and a relative energy level diagram was plotted based on
the test results, as shown in Figure 1G and Figure S2. The
perovskite films modified with DMAFo exhibited a more
significant upward shift of the valence band maximum
compared to those with DMAI, DMABr, DMACl addi-
tives, or the control group. This improvement is partic-
ularly crucial in devices without a hole transport layer. It
effectively reduces the large energy level difference be-
tween the carbon electrode and the perovskite due to the
absence of HTL, thereby significantly improving hole
extraction and transport efficiency while reducing asso-
ciated energy losses.

Figure 1H shows the scenario where the HCOO−

anion passivates an iodine vacancie (VI) defect on the
surface of FAPbI3. The presence of VI is the primary
cause of the formation of non‐radiative recombination
centers.29–31 Therefore, to achieve high‐performance C‐
PSCs, eliminating vacancy defects is indispensable. We
calculated the binding energies of various anions with
surface VI (Figure 1I and Figure S3). The results from our
calculations indicate that the binding energy of HCOO−

with VI is the highest, suggesting that HCOO− can more
effectively passivate vacancy defects. The above charac-
terization results indicate that in the dimethylamine‐
based additive system, compared with I−, Br−, and Cl−,
the selection of HCOO− can more effectively suppress the
non‐radiative recombination of perovskite films, fill the
vacancy defects in the films, and at the same time
minimize the energy loss caused by the energy level
mismatch between the perovskite layer and the carbon
electrode. Thereby, the synergistic optimization of the
interfacial properties and bulk properties of the perov-
skite film is achieved.

To conduct a more comprehensive investigation of the
anions, we employed time‐of‐flight secondary ion mass
spectrometry (TOF‐SIMS) to analyze their distribution
(Figure 2A and Figure S4). The results indicated that the
intensity of I− remained relatively constant from the sur-
face to the bottom of the perovskite. Similarly, the in-
tensities of Cl− and Br− showed no significant variation
from the surface to the interior, though an upward trend
emerged as one moved toward the bottom. In contrast,
HCOO− displayed scattered signals throughout the
perovskite and demonstrated a significant increase at its
bottom interface. This is primarily because HCOO− ions
have a comparable size to iodide ions and exhibit a strong
coordination ability with lead ions, enabling them to fill
halogen vacancies.32 Meanwhile, they can also coordinate
with metal ions in the electron transport layer.33,34 Driven
by these dual mechanisms, the HCOO− ions ultimately
accumulate at the bottom interface. Subsequently, we
prepared the samples using a non‐destructive peeling
method and employed scanning electron microscopy to
conduct a visualization study on the bottom interface of the
perovskite (Figure 2B,C and Figure S5). The results showed
that there were a large number of lead iodide clusters at the
bottom interface of the control group film, which might
cause poor contact between the electron transport layer
and the perovskite layer, blocking the carrier transport
path, intensifying non‐radiative recombination loss, and
ultimately leading to a decline in device performance.35,36

In contrast, after modification with DMAI, DMABr, and
DMACl additives, the residual lead iodide at the bottom
interface of the perovskite was reduced, while the residual
lead iodide at the bottom interface of the film modified
with DMAFo almost disappeared. This indicates that
DMAFo can more effectively eliminate the presence of
residual lead iodide at the bottom interface, improving the
contact performance between the perovskite layer and the
electron transport layer. This improvement may be one of
the key reasons why DMAFo exhibits superior enhance-
ment in device performance compared to additives such as
DMAI, DMABr, and DMACl.
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To investigate the role of DMAFo in enhancing device
performance in greater detail, we conducted a series of
characterization tests (the perovskite films that incorpo-
rate DMAFo, as mentioned in the subsequent text, will
collectively be referred to as the target group). The results
from the Fourier Transform Infrared (FTIR) spectroscopy
tests indicate that the peak positions of pure DMF and
DMF + PbI2 show no changes, while the introduction of
DMAFo to DMF + PbI2 resulted in new peaks appearing
at 1186 cm−2 and 1720 cm−2, respectively (Figure 2D).
The changes in peak positions correspond exactly to the
C‐O and C=O bonds, indicating that the C‐O and C=O
bonds in DMAFo can donate lone pairs of electrons to the
uncoordinated Pb atoms to form C‐O‐Pb and C=O‐Pb
chelate bonds.37 Subsequently, to further investigate the
binding energies of elements in the control group films
and the target group, X‐ray photoelectron spectroscopy
(XPS) measurements were conducted. This clarifies the
chemical interactions between DMAFo and the perov-
skite components.37 As illustrated in Figure 2E, the Pb 4f
peaks of the control group and the perovskite film with
added DMAFo are 143.19, 138.30 eV, and 143.00,
138.11 eV, respectively. After adding DMAFo, the bind-
ing energy of Pb 4f shifted to a lower energy level by
0.19 eV. This phenomenon may be attributed to the lone
pair electrons in the C‐O and C=O bonds of HCOO−

combining with Pb2+, resulting in an increased electron
cloud density near the Pb atom, thereby reducing the

binding energy. Furthermore, we found the same phe-
nomenon in I 3d (Figure 2F), where the I 3d peaks of
630.69 and 619.19 eV for the control group perovskite
films were shifted to 630.50 and 619.00 eV after DMAFo
addition, indicating a shift to a lower energy level by
0.19 eV. This indicates that there is a powerful coordi-
nation interaction between DMAFo molecules and Pb2+,
suggesting that there is a strong interaction between
DMAFo and the perovskite octahedron. Based on previ-
ous theoretical calculations, it can be demonstrated that
HCOO− in DMAFo can effectively fill halogen vacancies.

During the preparation of perovskite films, we found
that after adding DMACl, DMABr and DMAFo, the
unannealed films were lighter in color compared to the
control group. To investigate this phenomenon, we con-
ducted X‐ray diffraction (XRD) tests (Figure S6).
Compared to the control group, new diffraction peaks were
observed at approximately 11.8° and 11.9° in the unan-
nealed perovskite films following the addition of DMACl,
DMABr, and DMAFo. Snaith previously incorporated
DMAI into the precursor solution and noted a new
peak at 11.8°, which he designated as DMAPbI3.38 So we
attribute the peak at 11.8° observed with DMACl and
DMABr additives to the formation of DMAPbI3−xBrx and
DMAPbI3−xClx, respectively. The radius of the HCOO−

anion is smaller than that of the I− anion, leading to a
decrease in interplanar spacing and consequently shifting
the XRD peak to higher angles. Therefore, we

F I GURE 2 (A) Time‐of‐flight secondary ion mass spectrometry of anions. SEM images of the bottom surfaces of perovskite films in
(B) the control group and (C) the target group. (D) FTIR spectra. The XPS spectra of the perovskite films of the control group and the target
group for (E) I 3d and (F) Pb 4f. XPS, X‐ray photoelectron spectroscopy.
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hypothesize that the new peak at 11.9° corresponds to
DMAPbI(3−x)HCOOx. Based on this finding, we attribute
the formation of these intermediate phases fundamentally
to the DMA+ cation. Furthermore, after annealing at
150°C for 10 min, some of the intermediate phases formed
with DMABr and DMACl additives remained, thus they
were not completely converted into the 3D perovskite
structure. In contrast, the intermediate phase formed with
the DMAFo additive vanished completely (Figure S7). To
further investigate the influence of the intermediate phase
relative to the perovskite film, in situ XRD analysis was
conducted under annealing conditions (Figure 3A,B). We
observed that after annealing, the α‐FAPbI3 phase
appeared significantly later in the DMAFo‐modified
perovskite films than in the control group. This indicates
that the incorporation of DMAFo slowed the crystalliza-
tion rate, which is beneficial for improving the film
morphology.39 Furthermore, we calculated the two groups
of perovskite films that were annealed at 150°C for 10 min
and calculated the full width at half maximum (FWHM) of
the (001) crystal plane (Table S1). The value of the control
group was 0.121, and that of the target group was 0.117. The
observed decrease in FWHM for the perovskite film upon
incorporating DMAFo indicates an increase in grain size, a
reduction in grain boundaries, enhanced crystallinity, and
an overall improvement in film quality.

We used a scanning electron microscope to take top‐
view images of the perovskite films in the control group
and the target group to further evaluate the impact of
DMAFo on the film morphology (Figure 3C,D). It can be
observed that the film of the control group exhibits

smaller grain sizes, accompanied by numerous small
white particles and clusters on its surface, which can be
interpreted as unreacted PbI2.40 After the addition of
DMAFo, a comparison with the control group reveals an
increase in grain size while simultaneously showing a
decrease in grain boundaries. The film's surface became
smoother, and there was a significant reduction in the
presence of white particles and clusters, indicating that
DMAFo effectively inhibits the formation of surface PbI2.
This phenomenon can also be observed from XRD
(Figure S8). Additionally, we examined SEM images of
films with varying amounts of DMAFo (0%, 0.5%, 1%, 2%,
and 4%) (Figure S9). It is evident that as the amount of
DMAFo increases, there is a marked decrease in PbI2

clusters at the grain boundaries. To further evaluate the
effect of DMAFo on the surface morphology of the
perovskite films, we performed atomic force microscopy
(AFM) tests on both the control group and the target
group, as shown in Figure 3E,F and Figure S10. After the
addition of DMAFo, the surface roughness of the film
decreased from 38.53 ± 0.71 to 36.52 ± 0.79 nm, while a
significant increase in grain size was observed. Reducing
the roughness of perovskite films is advantageous for
enhancing interface contact. In the absence of a hole
transport layer, the carbon electrode comes into direct
contact with the perovskite layer. To achieve optimal
interfacial contact, it is essential that the perovskite film
exhibit smoothness, density, and high crystallinity.18,41

Meanwhile, the increase in grain size following the
addition of DMAFo also results in a reduction of grain
boundaries, which frequently serve as centers for carrier

F I GURE 3 The 2D contour plots of in situ XRD spectra of (A) the control group and (B) the target group. The surface SEM image of
(C) control and (D) the target group. AFM images of (E) the control group and (F) the target group. AFM, Atomic force microscopy; XRD,
X‐ray diffraction.
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recombination. By minimizing the number of grain
boundaries, it is possible to decrease non‐radiative
recombination and enhance carrier lifetime.

Grazing incidence X‐ray diffraction tests were con-
ducted to research the influence of the residual stress
in the perovskite after adding DMAFo (Figure 4A,B).
According to the references, we use the classic sin2φ
measurement method to reflect the residual stress in
the perovskite layer, with an inclination angle range of
0°–50°. The crystal plane selected is the (210) plane, with
a peak value near 31.5°, the information obtained at this
angle is more reliable.42 The diffraction angle of the
control group film increases with the increase in tilt
angle, while the diffraction angle of the film after adding
DMAFo remains almost unchanged with the increase in
tilt angle. To observe the change in stress more intui-
tively, we plotted the relationship between 2θ and sin2φ
(Figure S11). After adding DMAFo, a 64% decrease in the
absolute slope of the DMAFo‐added perovskite film is
observed compared to the control film, primarily indi-
cating that DMAFo could release ≈64% of the compres-
sive stress within the perovskite film. This release of
residual stress might be the main reason for better
interfacial contact. And according to Braggs' law, Hooke's

law, and the equilibrium equation, the classical sin2φ
equation for stress σ versus 2θ can be obtained, formu-
lated as follows.43

σ = −
E

2(1 + v)
π

180
cot θ0

∂(2θ)
∂sin2 φ

. (1)

where E is the Young's modulus of the perovskite
(17.8 GPa), v is the Poisson's ratio, and θ0 is half the
diffraction angle 2θ under stress‐free conditions.44,45 By
calculation, the residual compressive stress of the control
group of perovskite films is 4.68 MPa, and the residual
stress of the target group of perovskite films is 1.71 MPa.

The mismatch in ionic radii is a primary contributor
to residual stress. In the TOF‐SIMS analysis of the target
perovskite film, it was observed that DMA+, Cs+, and
FA+ ions were uniformly distributed throughout the film
(Figure 4C and Figure S12). This uniformity likely facil-
itated the release of residual stress, and the mechanism
lies in that the larger‐sized DMA+ ions effectively
balanced the lattice distortion caused by the doping of
smaller‐sized Cs+ ions. Based on the above discussion, we
have drawn a schematic diagram to illustrate the mech-
anism of action of DMAFo (Figure 4D).

F I GURE 4 The GIXRD patterns of (A) the control perovskite film and (B) the target perovskite film. (C) Time‐of‐flight secondary ion
mass spectrometry of cations. (D) Schematic diagram of the function of DMAFo. GIXRD, grazing incidence X‐ray diffraction.
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To investigate the defect states, photoluminescence
(PL) spectra tests were performed (see Figure 5A).
Following the addition of DMAFo, a significant increase
in PL intensity was observed. This suggests that the
incorporation of DMAFo contributes to a reduction in
defect states within the perovskite material, thereby
enhancing film quality.17,42,43,46 Furthermore, to gain
deeper insights into the effects of DMAFo on perovskite
films, we conducted PL spectrum analyses at varying
concentrations of DMAFo (Figure S13). As the amount of
DMAFo added increased, a gradual enhancement in PL
intensity was observed, peaking at a 1% addition level.
However, with further increases in concentration beyond
this point, a decline in PL intensity was noted. Addi-
tionally, as the quantity of DMAFo added increased, the
PL peak progressively shifted to the left. We speculate
that an appropriate addition of DMAFo can help alleviate
residual stress and enhance the stability of the perovskite
structure. Conversely, excessive addition of DMAFo may
lead to overexpansion of the perovskite framework,

resulting in structural distortion. For the analysis of
carrier lifetime in perovskite films, time‐resolved photo-
luminescence (TRPL) spectra were conducted. The decay
curves of the control group and the film after adding
DMAFo are shown in Figure 5B and Table S2. After
adding DMAFo, the average decay lifetime of the perov-
skite film increased from 3.36 to 5.05 μs. This indicates
that the addition of DMAFo to the perovskite film can
effectively increase carrier lifetime and reduce non‐
radiative recombination caused by defects.44,45 We
adopted the classical space charge limited current (SCLC)
method to analyze the defect state density of the device. A
device structure of FTO/TiO2/PVSK (with or without
DMAFo)/PCBM/Carbon was tested in the dark state, and
the test results are shown in Figure 5C,D. According to
the SCLC theory, the defect state concentration of the
device is closely related to the trap‐filled limit voltage
(VTFL), and the defect density Ntrap can be calculated
based on the trap‐filled limit voltage. The formula is as
follows:

F I GURE 5 (A) Steady‐state and (B) time‐resolved PL spectra of the Al2O3/perovskite (control) and Al2O3/perovskite with DMAFo.
SCLC spectra for electron‐only devices (C) without and (D) with the modification of DMAFo. (E) AS results and (F) interface capacitance
response. (G) Mott–Schottky plots for PSCs. (H) EIS testing under dark conditions applies a 0.85 V bias. (I) TPV decay curves. EIS,
electrochemical impedance spectroscopy; PSCs, perovskite solar cells; SCLC, space charge limited current.
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Ntrap =
2ε0εrVTFL

eL2 . (2)

where e is the charge number, L is the thickness of the
perovskite film, ε is the relative permittivity of the
perovskite material, and ε0 is the vacuum permit-
tivity.47,48 The control group's perovskite film measured a
VTFL of 0.497 V, with a defect density of 2.83 × 1015 cm−2.
After adding DMAFo, the VTFL decreased to 0.209 V, and
the defect density was 1.19 × 1015 cm−2. These findings
align with those observed in the PL experiment, which
suggests that adding DMAFo effectively mitigates the
defect density in the perovskite film.

Furthermore, based on the extended equivalent cir-
cuit model previously established by our earlier
work,49–51 combined with the conductance spectroscopy
analysis technique, we conducted a quantitative analysis
of the distribution of bulk and interface defects in the
devices. Subsequently, by establishing a functional
transformation relationship between the Cd value and the
bulk defect concentration, a quantitative characterization
of the defect distribution characteristics was achieved.

DOS(Eω) = −
VFBω

qdKBT
dCd(ω)
dω

. (3)

Here, q represents the elementary charge, d denotes the
depletion region width, KBT corresponds to thermal en-
ergy (where KB is the Boltzmann constant and T is the
absolute temperature), and VFB is the flat band potential.
ω represents the angular frequency. Figure 5E shows the
relationship between the bulk defect distribution and
frequency. After modification by DMAFo, the density of
states (Nb) in the perovskite film significantly decreased
from 4.23 × 1017 cm−3 eV−1 to 9.58 × 1016 cm−3 eV−1.
This reduction in the density of states is beneficial for
enhancing the open‐circuit voltage of the device, which is
consistent with our experimental results. Additionally,
based on the analysis of previous scanning electron mi-
croscopy and XRD characterization results, we believe
that the improvement in the crystallinity of the perov-
skite film might be the key factor leading to the reduction
in Nb. Another capacitance (CSS) is used to characterize
the defect states at the interface. There is a quantitative
relationship between CSS and the interface defect density
(NSS), which can be expressed as follows:

CSS = qANSS. (4)

here, q represents the electronic charge and A is the de-
vice area. Through theoretical models and formula cal-
culations, CSS can be derived, and then NSS can be
calculated. The specific formula is as follows:52,53

1
ω

(

G −
1

Rsh

)

=
ωRSSC2

SS

1 + (ωRssCSS)
2. (5)

In this formula, G represents the conductivity, ω
represents the angular frequency, Rsh represents the
charge transfer resistance, and RSS represents the resis-
tance required for the charge to be captured by the
interface defects. As shown in Figure 5F, the calculated
NSS of the device modified by the buried interface treat-
ment is 3.86 × 1013 cm−2 V−1, which is lower than that of
the control group at 1.44 × 1014 cm−2 V−1. This finding
indicates that DMAFo can effectively passivate bulk de-
fects and interface defects.

As mentioned above, adding DMAFo effectively re-
duces the defect state density, suppresses the formation of
non‐radiative recombination centers, and promotes the
extraction and transport of charge carriers. At the same
time, we speculate that adding DMAFo may also affect
the built‐in electric field of C‐PSCs, which plays an
important role in their carrier extraction. Therefore, the
Mott‐Schottky test was conducted to investigate the built‐
in potential (Vbi) of C‐PSCs (Figure 5G) and compare the
Vbi of control and DMAFo‐added C‐PSCs using the
following formula;

1
C2 =

2(Vbi − V)
A2eεε0NA

(6)

where ε0 is the vacuum permittivity, ε is the relative
permittivity of the perovskite, e is the basic charge, A is
the device area, NA represents the carrier concentration,
and V is the applied voltage. The Vbi of the DMAFo‐
added device improved to 0.93 V from 0.86 V in the
control, indicating a stronger driving force for photo-
generated carrier separation. To further conduct a
comprehensive analysis of the carrier transport and
charge recombination in the device, we performed elec-
trochemical impedance spectroscopy (EIS) the device was
placed in a dark condition, with the bias voltage set to
0.85 V and the frequency set to 10−1‐106 Hz. The Nyquist
plots, equivalent circuit diagrams, and parameters ob-
tained from the fitting of the control and target groups
are presented in Figure 5H and Table S3. Under dark
conditions, the semicircle represents the recombination
resistance (Rrec) of the device; a larger semicircle in-
dicates a greater Rrec, meaning that the difficulty of
charge recombination is higher.54 Compared to the con-
trol group, the devices with added DMAFo showed a
higher Rrec, indicating that charge recombination was
suppressed. Transient photovoltage (TPV) spectra were
conducted to further understand the recombination
properties of the devices with and without DMAFo
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added. By monitoring the photovoltage decay, the charge
recombination of the device can be directly measured. As
shown in Figure 5I, after adding DMAFo, the decay time
of the device increased from 1.09 to 2.18 ms, implying
that less recombination occurred after adding DMAFo.
In addition, we conducted transient photocurrent
(TPC) tests to further investigate the charge transport
characteristics of the device. As shown in Figure S14,
after adding DMAFo, the photocurrent decay lifetime
shortened from 5.64 to 2.78 μs. This indicates that the
electron extraction capability of the device has been
slightly improved. Furthermore, we also conducted J‐V
tests under dark conditions to analyze the leakage cur-
rent generated by carrier recombination. As shown in
Figure S15, after adding DMAFo, the device exhibited
lower leakage current, indicating a reduction in carrier
recombination and an enhancement in transport
capability.55

The photovoltaic parameters and J‐V curves were
tested based on PSCs structured as FTO/TiO2/PCBA/
PVSK/PEACl/Carbon, as shown in Figure 6A and
Figure S16. Performance tests were conducted by intro-
ducing various amounts of DMAFo (0, 0.5%, 1%, 2%, 4%),
with the highest efficiency achieved at 1% DMAFo
addition (Figure S17, Table S4). The best reverse scan J‐V
curves of the control group and the group with DMAFo
introduced are presented in Figure 6A, Figure S18 and
Table S5. The device in the control group achieved a
maximum PCE of 18.86% (Jsc = 24.02 mA/cm2,
Voc = 1.06 V, and FF = 0.74), after introducing DMAFo
the best PCE is 20.77% (Jsc = 24.25 mA/cm2,

Voc = 1.10 V and FF = 0.78). Summary of the reported
representative photovoltaic performance of HTL‐free
C‐PSCs (>20%) (Tables S6 and S7) Compared to the
control group, the increase in device efficiency after
introducing DMAFo is mainly reflected in the improve-
ment of the Voc and the FF. This is primarily attributed
to the synergistic effect of DMA+ and HCOO−, which
effectively passivates both bulk and interface defects in
the perovskite film. This process not only improves the
film quality but also eliminates residual PbI2 at the buried
interface, thereby enhancing the contact between the
perovskite layer and the electron transport layer and
significantly reducing defect‐induced non‐radiative
recombination during charge carrier transport. In addi-
tion, we also performed an external quantum efficiency
(EQE) test (see figure 6B), and the Jsc after the addition
of DMAFo was improved from 22.77 mA/cm2 to
23.16 mA/cm2. This indicates that the short‐circuit cur-
rent has been slightly increased. As shown in Figure 6C,
steady‐state output measurements were used to evaluate
the device's reliability. After testing for 300 s at the MPP,
the stabilized power outputs of the control and DMAFo‐
added devices are 17.70% and 20.06%, respectively. This
indicates that devices after adding DMAFo have good
performance stability. Meanwhile, to verify the repro-
ducibility of the performance improvement of the devices
after adding DMAFo, we prepared 20 devices with
different amounts of DMAFo (0, 0.5%, 1%, 2%, 4%). The
box plot of the reverse sweep efficiency for the 20 devices
is shown in Figure S19. It can be observed that the effi-
ciency of the devices with added DMAFo is significantly

F I GURE 6 (A) J‐V curves. (B) EQE and integrated JSC. (C) Stabilized current density and PCE at the MPP of the control and target
devices. The 2D contour plots of in situ PL tests of (D) the control group and (E) the target group under the double 85 conditions.
(F) Illumination stability check of the PSC with or without DMAFo (all stability tests were done under the MPP condition). EQE, external
quantum efficiency; MPP, maximum power point; PSC, perovskite solar cell.
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higher than that of the control group. As the amount of
DMAFo increases, the performance of the devices also
improves, reaching the highest efficiency when the
DMAFo content is at 1%. However, as the amount of
DMAFo added continues to increase, the efficiency tends
to decrease. This may be due to excessive DMAFo
delaying the crystallization process of the perovskite film,
resulting in a decrease in crystallization quality. Addi-
tionally, excess DMA+ entering the perovskite lattice
leads to lattice expansion, reducing the performance of
the device.

Stability is a crucial factor in evaluating device per-
formance. To investigate the effect of adding DMAFo on
the thermal stability of the device, in situ photo-
luminescence (PL) tests were performed on perovskite
films from both the control group and the target group
while subjecting them to continuous heating under hu-
midity conditions ranging from 70% to 90% (Figure 6D,E).
The results indicated that the intensity of the control
group's PL signal decreased with prolonged annealing
time, signifying degradation of the perovskite film. In
contrast, no significant changes were observed in the PL
intensity of the target group's perovskite film as anneal-
ing time increased, suggesting that incorporating DMAFo
substantially enhanced the thermal stability of the
perovskite film. The efficiency evolution of unencapsu-
lated devices stored in air with a relative humidity of
40%–70% and a temperature of 25–30°C for 2200 h is
shown in Figure S20. Efficiency statistics indicate that
devices incorporating DMAFo retain 94% of their original
efficiency while exhibiting greater stability compared to
the control group devices. Additionally, the light stability
test in Figure 6F shows that after continuous AM1.5 G
illumination for 1200 h, the device efficiency of the target
group remains almost unchanged, while a significant
attenuation can be observed in the control group devices.
This indicates that the operational stability of the devices
has been greatly enhanced after the addition of DMAFo.
To further verify the improvement in device stability, the
unencapsulated perovskite films were placed in a room‐
temperature environment with a relative humidity of
50%–70%, and their morphological changes were
observed to assess stability, as shown in Figure S21. By
the seventh day, certain areas of the film in the control
group exhibited signs of decomposition and had turned
yellow. In contrast, no significant changes were observed
in the film from the target group. By the 10th day, a
majority of the film in the control group had decomposed
into a yellow phase. Conversely, most of the film in the
target group remained black. The above characterization
results indicate that DMAFo can significantly enhance

the heat resistance, moisture resistance, and light resis-
tance of C‐PSCs.

3 | CONCLUSIONS

In summary, we used the additive DMAFo to achieve
dual regulation of the perovskite bulk and interface de-
fects. Experimental and theoretical calculations showed
that among different anions (I−, Br−, Cl− and HCOO−),
HCOO− was more effective in passivating defects and
improving the energy level matching between the
perovskite and carbon electrode. After introducing
DMAFo, residual lead iodide at the buried interface
was eliminated, and the crystallization sequence
was regulated by forming the intermediate phase
DMAPbI(3−x)HCOOx, thereby slowing down the crystal-
lization rate of the perovskite and achieving larger grain
sizes. The pseudohalide anion HCOO− in DMAFo effec-
tively occupies vacancies and forms chemical bonds with
uncoordinated Pb2+. Meanwhile, DMA+ balances the
residual stress caused by the mismatch in ionic radii after
Cs+ doping. Under the synergistic effect of DMA+ and
HCOO−, the device efficiency significantly increased
from 18.86% to 20.77%, and after continuous tracking at
the MPP for 1200 h, the device efficiency remained
almost unchanged, indicating excellent operational sta-
bility. Our work provides a simple and reproducible
method to enhance device efficiency and stability,
thereby offering a new approach for achieving high‐
performance C‐PSCs.

3.1 | Methods

3.1.1 | Materials

All chemical reagents were used as received without
further purification. Lead iodide (PbI2), Lead bromide
(PbBr2), Methylammonium iodide (MAI), For-
mamidinium iodide (FAI), Cesium chloride (CsCl),
2‐Phenylethylamine hydrochloride (PEACl), Dimethy-
lammonium lodide (DMAI), Dimethylammonium Bro-
mide (DMABr), Dimethylammonium hydrochloride
(DMACl) and Methylammonium chloride (MACl) were
obtained from Xi'an Polymer Light Technology Corp.
N‐Butanol, Titanium tetrachloride (TiCl4) and Tetraiso-
propyl titanate were purchased from Shanghai Aladdin
Bio‐Chem Technology Co. Ltd for the preparation of
TiO2. PCBA was obtained from the hydrolysis of the
PCBM. N, N‐Dimethylformamide (DMF), Dimethyl
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sulfoxide (DMSO) and Chlorobenzene (CB) were pur-
chased from Alfa Aesar. Carbon conductive paste was
purchased from Shanghai Materwin Chemical New Ma-
terial Technology Co.

3.1.2 | Synthesis of dimethylammonium
formate

Mix dimethylamine (DMA) and ethanol in a beaker at a
volume ratio of 1:5, and stir the mixture for 30 min while
maintaining an ice‐water bath. Subsequently, in a
nitrogen‐protected environment, add an equal molar
amount of formic acid dropwise to the diluted solution.
Finally, continue stirring for an additional 4 h, followed
by processing under vacuum rotary evaporation at 45°C
for 2 h to obtain the DMAFo ionic liquid.

3.1.3 | Preparation of carbon‐based
perovskite solar cells

FTO substrate was cleaned in the solution of deionized
water, ethanol, acetone by sonication for 15 min. Ultra-
violet ozone treatment was done for 30 min to further
clean the FTO substrate. The compact TiO2 layer was
deposited on the cleaned FTO substrate with a 0.125 M
titanium isopropoxide sol‐gel precursor solution by spin
coating at 3000 rpm for 30 s, annealed at 130°C for 10 min
in ambient atmosphere and sintered in a muffle furnace
for 2 h at 500°C. The TiO2 compact layer was then pro-
cessed with TiCl4 aqueous solution (0.025 M) for 35 min
at 70°C, and further calcined at 500°C for another 2 h.
Then 0.2 mg mL−1 PCBA in chlorobenzene was spin‐
coated on the top of the TiO2 contact film. Perovskite
solution was prepared by dissolving PbI2 (1.47 M), FAI
(1.26 M), PbBr2 (0.036 M), MAI (0.044 M), CsCl (0.07 M),
MACl (0.45 M) and different additives (DMAI、
DMABr、 DMACl and DMAFo) in a mixed solvent of
DMF (0.8 mL) and DMSO (0.2 mL). The solution was
spin‐coated at 1000 rpm for 10 s and 5000 rpm for 30 s,
and 120 μL of CB was dropped onto the film 25 s after the
start of spin‐coating. Then the as‐prepared perovskite
film was treated for 10 min at 150°C. For efficient
C‐PSCs, a 2 mg mL−1 PEACl isopropanol solution was
spin‐coated onto the perovskite at 4000 rpm for 30s.
Finally, in ambient air (with a relative humidity of
approximately 30 ± 10% and a temperature of approxi-
mately 20 ± 5°C), the carbon paste is uniformly applied
onto the perovskite via screen printing, followed by
heating on a hot plate at 100°C for 15 min in air to
complete the device fabrication.

3.2 | Film Characterizations

3.2.1 | SEM

The morphology of the perovskite film and the buried
interface was characterized by a scanning electron mi-
croscope (Hitachi SU‐8010, Japan).

3.2.2 | Photoemission spectroscopy

The XPS analysis of the perovskite films deposited on
FTO substrates was conducted using a ThermoFisher
ESCALAB 250Xi instrument. Curve fitting was per-
formed utilizing Thermo Avantage software. The cali-
bration of the curves was based on the C1s peak at
284.8 eV.

UPS measurements of samples were under He Ia
source radiation (21.22 eV) on a Thermo ESCALAB
250Xi. The Fermi levels of the samples were referred to
that of Au, which was in electrical contact with a sample
in UPS measurements.

3.2.3 | X‐ray diffraction

XRD patterns were obtained with an X‐ray diffractometer
at 40 kV under a Cu Kα radiation source.

3.2.4 | Atomic force microscopy

AFM was performed using a Bruker Multimode 8 under
ambient conditions and at room temperature. The
perovskite films used for the AFM characterizations were
prepared on FTO substrates.

3.2.5 | Fluorescence techniques

The steady‐state and time‐resolved transient PL were
measured by the PL spectrometer (Edinburgh In-
struments, FLS1000) using a pulsed diode laser as the
excitation source. Perovskite films are spin‐coated on
glass.

3.2.6 | UV‐visible

UV‐visible (UV‐vis) absorption spectroscopy was per-
formed using a UV‐vis spectrometer (Shimazu UV‐3600,
Japan). FTO glass was used as a blank control.
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3.2.7 | Fourier transform infrared

FT‐IR spectra were obtained on a Fourier transform
infrared (FT‐IR) spectrometer (TENSOR27, Bruker).

3.3 | Device characterizations

3.3.1 | Mott‐Schottky and electrochemical
impedance spectroscopy

Mott‐Schottky analysis was performed using an electro-
chemical workstation (CHI660E) in air.

EIS measurements of the solar cell devices were ob-
tained in the dark at 0.9 V using a CHI660E electro-
chemical workstation (CHI Instruments Inc.) within the
frequency range of 10−1–106 Hz.

3.3.2 | J‐V characteristics

The J‐V curves and stabilized output PCE of the devices
(voltage scanning rate 100 mV s−1) were recorded under
AM 1.5 G illumination at 100 mW cm−2 with a solar
simulator (Zolix HPS‐300XA) under an air environment
with a humidity of 30 ± 10% RH and a temperature of
25 ± 5C. J‐V curves for all devices were measured using a
metal mask with an aperture area of 0.058 cm2. The light
intensity of the solar simulator is calibrated using stan-
dard silicon solar cells certified by the National Renew-
able Energy Laboratory.

3.3.3 | External quantum efficiency

EQE was performed by using Enli Technology (Tai wan)
EQE system. The monitored wavelength was from 300 to
850 nm.

3.3.4 | Device stability

During the test, all PSCs were not encapsulated and
tested under continuous illumination and MPP
tracking. The light source consisted of an array of white
LEDs (Hecho S5000) powered by a constant current.
The solar intensity was calibrated using a calibrated Si
reference battery. During aging, the devices were
masked and placed in a holder purged with continuous
N2 flow. J‐V curves with reverse voltage scans were
recorded every 4 h during the operational test. There

were two extra tests performed whose PCE values were
obtained from the same procedures in the “J‐V char-
acteristics” part. Thermal stability test: the unpacked
devices were placed onto a 60°C hotplate in the dark.
Storage stability test: the unencapsulated cells were
placed in air with RH 50%–70% and a temperature
around 25°C.

3.3.5 | Transient photocurrent/transient
photovoltage

The transient photovoltage and photocurrent of the cell
were obtained by a pulsed double frequency Nd:YAG
laser (Brio, 20 Hz, 4 ns) at 532 nm with ultralow light
intensity of ≈10 nJ cm2, recorded by a subnanosecond‐
resolved digital oscilloscope (Tektronix DPO 7104) with
input impedances of 1 MΩ and 50 Ω.
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