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Octylammonium Iodide Induced In-situ Healing at
“perovskite/Carbon” Interface to Achieve 85% RH-moisture
Stable, Hole-Conductor-Free Perovskite Solar Cells with
Power Conversion Efficiency >19%

Siyuan Lin, Zhenxing Fang, Jiao Ma, De’en Guo, Xiaohan Yu, Haipeng Xie, Mei Fang,
Dou Zhang, Kechao Zhou, Yongli Gao, and Conghua Zhou*

“Perovskite/carbon” interface is a bottle-neck for hole-conductor-free,
carbon-electrode basing perovskite solar cells due to the energy mismatch
and concentrated defects. In this article, in-situ healing strategy is proposed
by doping octylammonium iodide into carbon paste that used to prepare
carbon-electrode on perovskite layer. This strategy is found to strengthen
interfacial contact and reduce interfacial defects on one hand, and slightly
elevate the work function of the carbon-electrode on other hand. Due to this
effect, charge extraction is accelerated, while recombination is obviously
reduced. Accordingly, power conversion efficiency of the hole-conductor-free,
planar perovskite solar cells is upgraded by ≈50%, or from 11.65 (± 1.59) %
to 17.97 (± 0.32) % (AM1.5G, 100 mW cm−2). The optimized device shows
efficiency of 19.42% and open-circuit voltage of 1.11 V. Meanwhile,
moisture-stability is tested by keeping the unsealed devices in closed chamber
with relative humidity of 85%. The “in-situ healing” strategy helps to obtain
T80 time of >450 h for the carbon-electrode basing devices, which is four
times of the reference ones. Thus, a kind of “internal encapsulation effect”
has also been reached. The “in situ healing” strategy facilitates the fabrication
of efficient and stable hole-conductor-free devices basing on carbon-electrode.
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1. Introduction

The photo-to-electric power conversion
efficiency (PCE) of perovskite solar cells
(PSCs) has been improved from the
initial 3.81% to 26.1% during the past
decades.[1–5] Industrialization has be-
come a hot topic, although the stability
problems have not been thoroughly
solved.[6] Part of those problems stem
from the pristine nature of the organic–
inorganic hybrid perovskite (PVSK)
material, for example, the corrosion to
metal electrodes (such as Ag and Al),[7,8]

and the environment-sensitive nature
of some hole-transport-material (HTM,
such as spiro-OMeTAD).[9,10] Carbon-
electrodes have been used to replace
metallic ones in the early stages of PSCs
research, due to their robustness against
electrochemical corrosion and excellent
conductivity.[11] Carbon-electrode was
suggested to own relatively higher work
function (4.6–5.0 eV) than Ag (4.35 eV)
or Al (4.31 eV),[12] making it possible to

achieve power conversion for PSCs, even without the assistance
of HTM. This has led to the development of carbon-electrode
basing, hole-conductor-free PSCs (or CPSCs for short). Be-
sides, carbon-electrode is cost-effective, and somehow hydropho-
bic, which could lower down production cost, and improve de-
vice stability. During the past 10 years, several types of CPSCs
have been designed, including mesoscopic,[13] embedment,[14]

planar[15]/quasi-planar structured devices.[16] Through device
structure optimization and crystallizationmanipulation, the PCE
has risen from 6.64% to 18.82% for mesoscopic CPSCs,[11,13,17]

and from 8.31% to 18.9% for planar ones.[18–20] Giving a relatively
large gap of PCE, device stability has become a major merit for
the CPSCs due to the inert and hydrophobic nature of carbon-
electrodes. For example, Han’s group observed over 9000 h oper-
ational stability in mesoscopic CPSCs,[21] and our group has also
observed storage stability up to 5 months in planar CPSCs.[15]

Planar CPSCs have a similar architecture to metal-electrode
basing devices. The main difference comes from the lack of one
more layer of HTM. This means that the PVSK layer must face
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directly to carbon-electrode. This unique structure brings several
challenges to the power conversion process, such as loose inter-
face contact, energy level mismatch, and concentrated defects.
To solve these problems, several methods have been attempted.
For example, Yan et al. in 2019 treated the whole device of planar
CPSC by a moisture-assisted post-annealing technique, and ob-
served that the treatment could trigger a secondary round growth
of PVSK, which then reduced the gap between the interface of
“PVSK/Carbon”.[15] Ma et al. in 2020 reported that acetylene black
could also reduce the interfacial gap, and improved the efficiency
to 16.41%.[22] Besides, hot-pressing has also been practiced.[23]

To reduce the energy level mismatch, adding HTM has proven
to be an efficient strategy for CPSCs. For example, Meng et al.
in 2018 developed a kind of self-adhesive macroporous carbon-
electrode, and imported spiro-OMeTAD as the HTM, after which
they obtained a PCE of 19.2% for CPSCs.[24] In 2021, they fur-
ther improved the PCE up to 20.04% through component en-
gineering on PVSK.[25] Besides, Yang et al. introduced Poly(3-
hexylthiophene-2,5-diyl) (P3HT) between PVSK and carbon-
electrode to improve charge transport process, and achieved cer-
tified PCE of 17.8%.[26] Grätzel et al. applied CuSCN as HTM
between carbon-electrode and PVSK, and achieved a PCE of
18.1%.[27] Tan et al. designed NiOx/P3HT as HTM between
carbon-electrode and PVSK, which realized a PCE of 20.14%.[28]

Recently and impressively, Shi et al. promoted the PCE to 22.07%
by introducing defective carbon-nanotube (CNT)-doped spiro-
OMeTAD as HTM.[29]

To reduce interface defects between “PVSK/ carbon” inter-
face, several approaches have been proposed. For example and
recently, Kim et al. coated thin layer of 2D molecule of octy-
lammonium iodide (OAI) on PVSK, which helped to form 2D
phase PVSK on the surface, and achieve a PCE of 18.5% for
planar CPSCs.[30] Han et al. observed that 𝛿‑FAPbI3 formed at
“PVSK/carbon” interface could suppress charge recombination,
and help to obtain a PCE of 17.11% for mesoscopic CPSCs.[31]

Priya et al. observed that perfluorotetradecanoic acid could help
to reduce defects in PVSK, and obtain PCE of 18.9% for pla-
nar CPSCs.[20] Besides, increasing work function (WF) of carbon-
electrode is also efficient to upgrade device efficiency. For exam-
ple, Yang et al. in 2017 regulated the WF of carbon-electrode by
doping boron in multi-walled carbon nanotubes, and improved
PCE from10.70% to 15.23% for embedment CPSCs.[32] Han et al.
in 2018 increased the WF of carbon-electrode from 5.0 to 5.2 eV
through oxygen management, and improved device efficiency of
mesoscopic CPSCs.[33] However, one should be aware of that the
PCE of CPSCs is still lower than metal electrode devices,[34] es-
pecially for the HTM-free ones, thus more works are needed.
Recently, 2D PVSK has emerged as an efficient passivation

layer for 3D PVSK.[35–37] Here in this work, a kind of in-situ
healing strategy is proposed to modify “PVSK/carbon” interface.
OAI is doped in carbon paste that is used to prepare carbon-
electrode on PVSK. As will be shown later, the strategy efficiently
reduces the interfacial trap states, strengthens interface con-
tact, and also slightly increases the work function of the carbon-
electrode, which then improves the efficiency from 11.65 (± 1.59)
% to 17.97 (± 0.32) % (optimized at 19.42%). Moreover, OAI
treatment strengthens moisture resistance of CPSCs, even when
being treated in heavy humidity environment (relative humidity
of 85%).

2. Results and Discussion

2.1. OAI induced “In-situ Healing” Behavior at
“Perovskite/Carbon” Interface

Fabrication process of planar CPSCs is shown in Figure 1a–d.
Typically, it adopts a kind of “bottom-up” process, or carbon paste
is coated on top of PVSK, to make direct contact with the active
layer. As such, solvent of carbon paste should be inert to PVSK.[26]

Previously, Terpineol and Tetron [the main components are 2-(2-
Ethoxyethoxy) ethyl acetate] have been used as solvents for exper-
imental or commercial carbon pastes. As is shown in Figure S1
(Supporting Information), both of the two solvents could dis-
solve PVSK in 1.5 h, while terpineol acts more quickly. In con-
trast, IPA shows the weakest solubility to PVSK. Besides, IPA is
wettable to both OAI and organic binders of hydroxypropyl cel-
lulose (Figure S2, Supporting Information). As a result, IPA is
used as the solvent in carbon paste. To perform the in-situ heal-
ing strategy, OAI is doped in carbon paste during the ball milling
process. To make meaningful comparison, different amounts of
OAI are added to certain volume (25 mL) carbon paste, for ex-
ample, 0, 40, 80, 160, and 320 mg, respectively. Planar CPSCs
with structure of “FTO/SnO2/PVSK/Carbon-electrode” are fabri-
cated, following the procedure described in Figure 1a–d. Details
are referred to Experimental Section. The carbon-electrode is fab-
ricated in open air and thewhole fabrication process is performed
at a relative low temperature (≤150 °C). Figure 1e shows a cross-
sectional image of one typical CPSC.
The PVSK materials are known by the rigid and sensitive na-

ture to moisture. To improve the moisture stability, “sealing”
technique is usually adopted for PSCs. However, as for CPSCs,
the requirement might not be so urgent. For example, in current
study, the hydrophobicity of carbon-electrode could be improved
by OAI doping. This could be reflected by testing the contact an-
gle (water is used as the test reagent). As shown in Figure 2a,
contact angle is 36.2° for pristine carbon-electrode, it increases
to 55.8o after 160 mg OAI is doped, and the contact angle in-
creases with the concentration of OAI. The increased hydropho-
bicity is induced by hydrophobic carbon chains ofOAImolecules.
Conductivity of the carbon-electrode is also tested. As is shown
in Figure S3 (Supporting Information), OAI affects little to the
conductivity. To study the effect of OAI on chemical and elec-
tronic properties of carbon-electrode, Fourier transform infrared
(FTIR) is adopted, the results are shown in Figure 2b. The absorp-
tion peak at 1110.12 cm−1 is due to the stretch mode of “C─O”
group at carbon particles. According to literature, such group
usually comes from the surface hydroxyl of “C─OH”.[38] It shifts
to 1113.02 cm−1 after OAI doping, indicating possible interac-
tion between OAI and carbon particles. X-ray photoelectron spec-
tra (XPS) are also performed. The full XPS spectrum of carbon-
electrode is shown in Figure S4 (Supporting Information). As
shown in Figure 2c, the I3d peak of pristine OAI molecule is
located at binding energy of 619.82 eV, it moves to 619.15 eV
after mixing with carbon powder, leading to a negative shift of
0.67 eV. Similar behavior is observed for N1s. It is 402.83 eV for
pristine OAI, then shifting to 402.06 eV after mixing with car-
bon (Figure 2d). The negative shift is due to the interaction be-
tween OAI and carbon particles. XPS study is also performed on
pure graphite and carbon black. As shown in Figure 2e,f, for the
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Figure 1. Schematic diagram for the fabrication of planar CPSCs: a) SnO2, b) PbI2, c) organic salt layer, and d) carbon electrode. e) Cross-sectional
scanning electron microscope (SEM) image of a typical CPSC. Note that OAI is doped in the carbon paste.

C1s, the binding energy of 284, 285, and 286 eV is due to car-
bon atoms from groups of C─C, C─O, and C═O, respectively.[39]

For O1s, peaks of binding energy at ≈532 and 533 eV are due
to the oxygen atoms from group of C═O/C─O─C, and C─OH,
respectively.[40,41] In more, from Figure 2f, one can find that,
there are more surface hydroxyl groups (─OH) on carbon black
nanoparticles. Thus, hydrogen bond is easy to form between
these groups and [R-NH3

+] end of OAI. As is shown by the
schematic diagram in Figure 2h, surface group of C─OH could
also interact with I & N atoms from OAI molecules, increas-
ing the electron density around them. The increased density
strengthens the “shielding effect”, which decreases the binding
energy of atomic nucleus to core level electrons (or leads to a neg-
ative shift on the binding energy).[42]

Work function (WF) of carbon-electrode is tested by ultraviolet
photoelectron spectrum (UPS). The second cut-off edge is pre-
sented in Figure 2g. WF is calculated according to Equation (1):

WF = hv − Ecut−off (1)

It is 4.45 eV for pristine carbon-electrode, 4.5 eV after 160 mg
OAI doping (as reference, Au with WF of 4.81 eV is also shown).
Thus, a slight increment of 0.05 eV is observed. The slightly in-
creased WF is due to the interaction between OAI and carbon
particles. First, I atom is highly electronegative, thus is favor-
able for the WF elevation. Secondary, it is well-known that N-
containing groups could interact with surface carbon atoms (or
edge, as shown in Figure 2h), and reduce the dangling bonds
or defects brought by these under-coordination carbon atoms.[43]

The reduced defect could also improve the WF. The elevated WF
could reduce the mismatch in interfacial energy levels, and fa-
vor the interfacial charge transfer while retard charge recombi-
nation. The merits will be clearly reflected by the following sec-
tions. Besides, the increased WF also coincides with the negative

shift observed in XPS study, like that discussed before.[44] It is
also noting that, more works are needed to examine the effect of
halogen atom/ions on the WF of carbon-electrode.
Cross-sectional SEM images of the CPSCs are shown in

Figure 3a. Film thickness of the carbon-electrodes is from 8.52
to 13.29 μm as revealed by Figure S3 (Supporting Information).
During the drying process of carbon paste, OAImolecules-doped
in carbon paste could react with the PVSK lying beneath, and
form 2D phase PVSK at the interface between 3D PVSK and
carbon-electrode. To make the reaction visible, and also to elimi-
nate the influence of the thick carbon-electrode itself, OAI/IPA
solution with the same concentration in carbon paste is spin-
coated on surface of PVSK, and then dried and characterized
by XRD. The resultant patterns are shown in Figure 3b. It is
observed that, with OAI concentration increasing, the intensity
of the peak at 12.7o (corresponding to PbI2) decreases, in con-
trast, another small diffraction angle lying at ˜4.7o (correspond-
ing to 2D PVSK) increases.[45] Such phenomenon shows that,
2D phase PVSK are formed after OAI doping. Due to the forma-
tion of 2D PVSK, residual PbI2 is reduced. The formation of 2D
PVSK is also monitored by XPS. As shown in Figure 3c,d, N1s
at low binding energy of ≈401.6 eV (401.54 and 401.64 eV) is
assigned to ─NH2 of FA in PVSK; additional peak lying at bind-
ing energy of 403.04 eV is from the ─NH3 of octylammonium
(from OAI) in the 2D PVSK.[30] As for Pb4f spectra, the 3D per-
ovskite film exhibited main peaks at 139.54 and 144.49 eV. After
OAI doping, the peaks shift to 139.90 and 144.77 eV, respectively
(Figure 3d).[46] The formation of 2D PVSK at “PVSK/carbon” in-
terface is further checked by high-resolution transmission elec-
tron microscope (HRTEM). As is shown in Figure 3e, focused
ion beam (FIB) technology is used to pick the interface region
between “PVSK/carbon”. From the HRTEM image shown in
Figure 3f, one can distinguish three nano-structures: carbon,
2D PVSK particles with interplanar spacing of 0.78 nm, and
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Figure 2. a) Contact angle test of carbon-electrode. b) Fourier transform infrared spectroscopy (FTIR) study on OAI, and carbon-powder doped with OAI
or not. X-ray photoelectron spectrum (XPS) of carbon-electrode-doped with OAI or not: c) N1s, d) I3d. XPS of pure graphite and carbon black powder:
e) C1s, f) O1s. g) Ultraviolet photoelectron spectrum (UPS) of carbon-electrode-doped with OAI or not. h) Schematic diagram to show the interaction
between carbon-electrode and OAI molecule.

3D PVSK with interplanar spacing of 0.32 nm.[47] As a result, a
thin layer of 2D PVSK has been formed between 3D PVSK and
carbon-electrode, making closely packed “PVSK/carbon” inter-
face. Similar to previous studies, the formation of 2D phase layer
could reduce surface defects of 3D PVSK, thus suppressing in-
terfacial charge recombination, and favor the power conversion
processes.[48,49]

From the above presentation, one can see that, OAI doping
could bring three main merits: i) Interfacial contact between
PVSK and carbon-electrode is strengthened by the formation of
2D PVSK, and defects of PVSK are reduced; ii) Defects on car-
bon particles are reduced due to the interaction between OAI
molecules and carbon, andWF of the carbon-electrode is slightly
elevated; iii) Hydrophobicity of carbon-electrode is increased due
to the long carbon chains of OAI molecules. Merits of i) and ii)
help to define the “in situ healing” behavior for “PVSK/carbon”
interface.

We have further examined the OAI induced in-situ healing ef-
fect by performing “penetration-reaction test”. As is shown in
Figure 4a–c, a thin layer of mesoporous ZrO2 (meso-ZrO2) is
coated on 3D PVSK layer (ZrO2 is chosen since it is insulating
according to studies in meso CPSCs[50]). Then carbon-electrode
is deposited on top. As such, the OAI/IPA from carbon paste
could penetrate through the mesoporous layer, then react with
the bottom PVSK layer. After the reaction, the carbon-electrode
is peeled off, and the remaining PVSK matrix is characterized by
XRD and Photoluminescence (PL). As is shown in Figure 4d, a
weak peak appears at ˜4.5o for the reacted sample, which is due
to the formation of 2D PVSK. Besides, diffraction peak (12.7o)
of PbI2 also decreases. The observation coincides well with that
shown in Figure 3, clearly reflects the success of in situ healing
effect. As shown in Figure 4e,f, two emission regions are mon-
itored for PL test. One is the short-wavelength region of 540–
600 nm (excited by 410 nm), and the other is long-wavelength
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Figure 3. a) Cross-sectional scanning electron microscope (SEM) image of planar CPSCs, from bottom to top the concentration of OAI is 0, 40, 80, 160,
and 320 mg, respectively. The scale bar is 1 μm. b) X-ray diffraction (XRD) patterns of PVSK with surface modification basing on OAI. XPS study on PVSK
before and after OAI modification: c) N 1s and d) Pb 4f. e) Cross-sectional transmission electron microscope (TEM) image of a typical CPSC with OAI
doping, and f) high resolution TEM image of an enlarged region between “PVSK/carbon” interface.

region of 750–850 nm (excited by 600 nm). Clearly, a peak ap-
pears at 573.4 nm for the reacted sample, which is ascribed to
the characteristic emission peak of 2D PVSK.[51] For the long
wavelength region, the peak at ≈808 nm is due to FA basing 3D
PVSK.[52] After reaction, the peak intensity rises by more than
five times, showing efficient reduction on the nonradioactive re-
combination, which is due to the defect passivation.

2.2. Strengthen the Moisture Stability Against RH of 85% by
“In-situ Healing” Strategy

It is well-known that the PVSK is quite sensitive to moisture.
Though carbon-electrode could provide certain protection effect
to PVSK, it is still a challenge when faced with heavy moisture.
One of the main merits drawn by “in-situ healing” strategy is to

Figure 4. “Penetration-reaction test” to better illustrate the in situ healing effect: a–c) shows the schematic process for the test. d) XRD patterns of PVSK
film before and after the reaction, for comparison, XRD of pure OAI powder is also listed. Photoluminance (PL) emission spectra of the PVSK film before
and after the reaction: e) 2D PVSK region; and f) 3D PVSK region.
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Figure 5. a) Moisture stability test at relative humidity (RH) of 85% (dark,
room temperature, un-encapsulated), insets are photo-images of devices
peaked after 120 h test. b) Schematic diagram to show the effect of OAI
doping on the improved device efficiency and moisture stability.

strengthen the moisture stability of CPSCs against heavy humid-
ity, for example, relative humidity (RH) of 85%. To examine the
moisture stability, we treated the CPSCs (without encapsulation)
in a closed chamber where the RH was adjusted to 85% (room
temperature 25 °C), and then monitor the PCE periodically. As is
shown in Figure 5a, without doping, PCE of reference devices de-
creases quickly, even shrinks to 39% of the initial efficiency after
120 h treatment, thus breakdown behavior appears for these ref-
erence devices. In contrast, much better stability is harvested for
the modified devices. PCE changes quite slightly during the test.
For example, even after treating in 85% (RH) environment for
403 h, 93% of initial efficiencies remain. Meanwhile, if T80 is de-
fined as the time for the PCE decays to 80% of the original value,
one can find that, devices with such “in-situ healing” effect show
much longer T80 time than reference devices. For example, it is
>450 h, more than 4 times to that of reference devices (≈109 h).
The improved stability could be also reflected from XRD study,
as well as the photo images. Typical devices are picked after be-
ing aged for 120 h. As shown in Figure 5a, without OAI doping,
the active layer turns bright yellow, showing that the device has
degraded. XRD study shows that the active layer mainly consists
of PbI2, with small portion of PVSK (Figure S5, Supporting In-
formation). However, for doped devices (160mg case), it remains
black, and PVSK remains in the active layer, with only a slight por-
tion of PbI2. As a result, OAI-induced “in-situ healing” has obvi-
ously improved the moisture resistance of CPSCs. The improved
moisture resistance is due to two facts. First, OAI doping has im-
proved the hydrophobicity of carbon-electrode, which provides a
strong barrier for moisture to penetrate. Second, 2D phase PVSK
has been formed due to OAI induced “in-situ healing”. Owing
to the long-chain feature of OAI, it could provide another bar-
rier against the moisture corrosion. Besides, storage-stability has
also been recorded by keeping devices in the dark. As shown in
Figure S6 (Supporting Information), better stability is observed
for OAI-doped devices.
To better understand the observed effect, a schematic diagram

is presented in Figure 5b. Clearly, two merits have contributed to

the improved moisture stability. One is the increased hydropho-
bicity of carbon-electrode, the other is the formed 2D phase PVSK
at the interface. As such, a kind of “internal encapsulation effect”
has been provided along with the “in-situ healing” strategy, ren-
dering it even comparable to sealing techniques. It is well-known
that sealing holds an important part in the production cost of elec-
tronic devices. Thus the “internal encapsulation effect” brought
by OAI could further lower the production cost of CPSCs.

2.3. Improve the Charge Transfer/Recombination Dynamics by
“In-situ Healing” Strategy

Charge transfer and recombination dynamics are also stud-
ied, with a combination of transient photocurrent/photovoltage
(TPC/TPV) decay curves recording. Typical TPC/TPV curves are
shown in Figure 6a,b, respectively. Charge extraction time (td) is
collected from the TPC curves. As shown in Figure 6c, td starts
from 3.05 (± 0.19)μs for pristine CPSCs (without OAI doping),
then decreases to 2.79 (± 0.35), 2.25 (± 0.13), and 2.08 (± 0.07)
μs at doping of 40, 80, and 160 mg, respectively, though rises to
2.27 (± 0.14) μs at 320 mg. Lifetime of charge carriers in device
(𝜏cell) is fitted from the TPV curves, the results are depicted in
Figure 6c. It is 4.05 (± 0.66) μs for reference devices, then in-
creasing to 6.64 (± 0.64), 9.39 (± 1.49), and 11.75 (± 1.07) μs
at doping of 40, 80, and 160 mg, respectively, though decreas-
ing to 9.33 (± 1.14) μs at 320 mg. Consequently, charge trans-
fer process is accelerated and recombination is retarded by the
“in-situ healing” strategy, while 160 mg doping comes out the
fastest transfer and slowest recombination. The improved charge
transfer and reduced recombination are due to the in-situ heal-
ing effect brought by OAI, or concretely, the improved interfacial
contact, reduced defect across the interface between PVSK and
carbon-electrode. Dark current–voltage curves of the devices are
also tested. As is shown in Figure 6d, relatively higher dark cur-
rent is observed when there is no OAI-doped; after OAI doping,
it decreases obviously. Usually, shunt behavior is relatively easier
to observe for the HTM-free devices (also shown in Figure 7a),
which contributes to the dark current. The reduced dark cur-
rent is ascribed to the “in-situ healing” behavior, which makes
a tightly packed interface. On the other hand, the reduced de-
fects at PVSK (according to formation of 2D phase PVSK), and
carbon-electrode (due to the passivation of OAI on carbon) also
make contribution to the reduced dark current. Open-circuit volt-
age (VOC)–light intensity (IP) curve is also tested, and shown
in Figure 6e. The so-called ideal factor (n) is fitted according to
Equation (2):

Voc ∝
nKBT
q

ln IP (2)

where KB, T, and q are Boltzmann’s constant, absolute temper-
ature, and elementary charge, respectively. n of 1.91 is obtained
for reference device (without OAI doping in carbon paste), while
that of 1.24 is achieved for target device (160 mg OAI doping).
The reduced n again shows that recombination is retarded in
the device. Mott−Schottky study is performed and capacitance-
voltage curves are recorded for planar CPSCs. The result is shown
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Figure 6. a) Transient photocurrent (TPC) and b) photovoltage (TPV) curve, c) statistics of td and 𝜏cell picked from TPC and TPV studies. d) Dark
current-voltage curve of planar CPSCs. e) Plotting between VOC and light intensity. f) C

−2–V curves recorded from Mott−Schottky study.

in Figure 6f. Built-in potential (Vbi) is fitted according to Equa-
tion (3)[53]:

C−2= 2
A2NDe𝜀𝜀0

(Vbi − V) (3)

whereC,A,ND, e, and V are capacitance of the device, active area,
the number of donors, elementary charge, and applied bias, re-

spectively. It is 0.73 V for reference cell, while 0.89 V for target
device. The higher Vbi is contributed by “in situ healing” strategy.
One is the reduced defects at “perovskite/carbon” interface, and
the other is the slightly increased WF of carbon-electrode. Above
results show that “in-situ healing” strategy is favorable to device
physics of the CPSCs. Similar effects will be seen in the power
conversion processes.

Figure 7. a) Typical current density-voltage curves of planar CPSCs (Reverse scans, AM 1.5 G, 100 mW cm−2). b) Statistics on the HI of planar CPSCs.
Statistics on performance parameters with respect to the amount of OAI: c) VOC, d) JSC, e) FF, and f) PCE. All these parameters are picked from reverse
scans.
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Table 1. Photovoltaic parameters (measured under AM 1.5G) picked from
Figure 7a,c–f.

OAI
[mg]

VOC [mV] JSC [mA cm−2] FF [%] PCE [%]
(champion ones)

0 1000 (± 11) 22.97 (± 0.77) 50.50 (± 5.27) 11.65 (± 1.59) (13.12)

40 1050 (± 18) 23.82 (± 0.66) 60.78 (± 2.37) 15.20 (± 0.71) (16.24)

80 1064 (± 10) 23.86 (± 0.53) 63.27 (± 1.66) 16.07 (± 0.53) (16.70)

160 1086 (± 4) 24.16 (± 0.35) 68.48 (± 1.35) 17.97 (± 0.32) (18.95)

320 1067 (± 10) 23.41 (± 0.34) 64.45 (± 2.65) 16.10 (± 0.74) (16.93)

2.4. Upgrade the Power Conversion Efficiency of CPSCs by “In
Situ Healing” Strategy

Another functionality brought by the “in-situ healing” strategy
is the largely boosted PCE for the hole-conductor-free, planar-
structured CPSCs. Typical current density–voltage (JV) curves
are shown in Figure 7a. Without OAI doping, shunt behavior ap-
pears; after doping, normal JV curves come back. Statistics are
carried out for the performance parameters VOC, JSC, FF, and
PCE, which are shown in Figure 7c–f, respectively. Clearly, after
OAI doping, all of the four performance parameters have been
improved. As OAI from 0 to 160 mg, VOC increases from 1000
(± 11) to 1086 (± 4) mV; JSC rises from 22.97 (± 0.77) to 24.16 (±
0.35)mA cm−2; FF promotes from 50.50 (± 5.27) to 68.48 (± 1.35)
%; finally, PCE improves from 11.65 (± 1.59) to 17.97 (± 0.32)
%. The photovoltaic parameters of typical cells at different dop-
ing levels are collected in Table 1. For example, performance pa-
rameters of 1.01 V (VOC), 23.10 mA cm−2 (JSC), 56.30% (FF), and
13.12% (PCE) are obtained for reference devices. Then formoder-
ate doping devices (160mg), VOC of 1.07 V, JSC of 24.56mA cm−2,
FF of 72.22%, and PCE of 18.95% are harvested. One can see
that the main improvements come from VOC and FF. For exam-
ple, an increment of 10% has been obtained for VOC, and that
of 40% has been achieved for FF. The improvement is due to
the “in-situ healing” at “PVSK/carbon” interface, or the reduced
defect to both PVSK and carbon-electrode, giving elevated WF
of carbon-electrode in addition. According to device physics, an
increase in WF would downshift the Fermi level, which then re-
duces the energy gap between the carbon-electrode and PVSK.
As a result, the charge transfer process is favored, and recombi-
nation is retarded, by which VOC and FF are upgraded. Besides,
the strengthened interfacial contact between PVSK and carbon-
electrode could also accelerate the charge transfer process, which
is favorable for FF. It is noted that OAI doping could also reduce
the hysteresis behavior. For comparison, Hysteresis index (HI) is
estimated according to Equation (4):

HI = PCE+ − PCE−

PCE+ + PCE− × 100% (4)

Then statistics is performed on HI, which is shown in
Figure 7b. One can see that smaller HI is achieved after OAI
doping, while 160 mg doping comes out with the smallest HI.
Indeed, hysteresis is a common behavior seen in PSCs, it relates
to ionmigration, which is sensitive to defects.[54] The reducedHI
is due to the reduced defect by OAI doping, which helps to form
2D phase structure on PVSK surface.

Figure 8. a) Typical JV curve (reverse scan) of the hole-conductor-free, pla-
nar CPSCs with PbI2-doped by SiO2 nanoparticles. b) Quasi-maximum
power point tracking (Q-MPPT) curve. Note carbon paste is doped by
160 mg OAI.

Previously, Meng and Shi groups found that adding
spiro-OMeTAD basing HTM was helpful to improve device
efficiencies.[24,29] Here, we also check the availability of the
“in-situ healing” effect when HTM is incorporated. Typically,
spiro-OMeTAD basing HTM is deposited on PVSK, after that
carbon-electrode is coated . Typical JV curves and related
performance parameters are listed in Figure S7 (Supporting
Information). CPSCs involving spiro-OMeTAD basing HTM
produces PCE of 15.14 (±0.33) %, compared to 11.65 (±1.59) %
of the control devices. Such behavior implies that, OAImolecules
could penetrate through the Spiro-OMeTAD layer, and also trig-
gered the in-situ healing behavior. However, it seems that the
healing behavior is more efficient when Spiro-OMeTAD is not
used. Such phenomenon is quite interesting, butmore works are
worthy to be done by considering the interaction between mate-
rials at the complex interface of “PVSK/HTM/Carbon-electrode”.
In more, other kinds of HTM could also be considered, so as to
examine the compatibility of the in situ healing strategy.
The PCE could be further upgraded by doping SiO2 nanopar-

ticle in PVSK layer, like that done in our previous report.[55] As
is shown in Figure 8a, a PCE of 19.42% is obtained, with VOC of
1.11 V, and FF of 74.30%.The VOC is comparable to CPSCs us-
ing spiro-OMeTAD as HTM,[25,29] and even close to that of metal
electrode-basing devices whereas HTM (like spiro-OMeTAD) is
adopted.[56] The efficiency is comparable to that recently reported
for planar CPSCs.[57] Note that such VOC is obtained in a hole-
conductor-free device. Again, it shows that, by suitably tuning
the interfacial structure between “PVSK/carbon”, it is possible to
achieve high open-circuit voltage. As such, the “in-situ healing”
strategy is quite appealing for the optimization on this interface.
In addition, quasi-maximum power point tracking (Q-MPPT) is
performed (Figure 8b), which observes a stabilized efficiency at
18.7% after ≈400s test, ≈96.3% of the JV-recorded value. Exter-
nal quantum efficiency (EQE) spectra is also tested, the results
is shown in Figure S8 (Supporting Information), as well as the
related JV curves. The integrated JSC is 22.51 mA cm−2, which
matches 95% to the JV-recorded value.

3. Conclusion

In summary, “in-situ healing” effect is observed at the “per-
ovskite/carbon” interface, through doping OAI in carbon paste.
Due to this effect, defects are reduced for both carbon-electrode
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and PVSK layer, interfacial contact between PVSK and carbon-
electrode is strengthened, and the work function of carbon-
electrode is slightly elevated. Accordingly, charge recombination
is retarded, and charge transfer is accelerated, which helps to up-
grade the PCE to 19.42% (stabilized at 18.7%). Moreover, OAI
doping helps to increase themoisture resistance of devices at RH
of 85%, rendering a kind of “internal encapsulation effect”, which
is helpful to reduce the production cost.

4. Experimental Section
Materials: Graphite powder (99.85%), tin (II) chloride dehydrate

(98%) were purchased from Sinopharm (Shanghai). Carbon black (Ket-
jen Black, ECP600JD, Japan LION) was purchased from Suzhou Yilong-
sheng Energy Technology Co., Ltd. Hydroxypropyl cellulose was purchased
from Aladdin. Dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
isopropyl alcohol (IPA) was purchased from Sigma–Aldrich. Lead (II) io-
dide (PbI2) and conductive glass (FTO) were purchased from Advanced
Election Technology Co., Ltd. Octylammonium iodide (OAI), Formami-
dinium iodide (FAI), methylammonium bromide (MABr), methylammo-
nium chloride (MACl) were purchased from Xi’an Polymer Light Technol-
ogy Corp. All reagents were used as received.

Material Synthesis: Carbon paste: Carbon paste was prepared by ball
milling 6 g graphite, 0.75 g carbon black, 1 g hydroxypropyl cellulose in
25 mL IPA for 24 h. Certain amount of OAI was added to the carbon paste,
for example, 0, 40, 80, 160, and 320 mg, respectively.

Perovskite precursor: PbI2 precursor was prepared by dissolving 553 mg
PbI2 in 1 mL solvent mixture between DMF and DMSO (volume ratio =
9.5:0.5), being stirred at 70 °C for overnight. Organic salt solution was
prepared by dissolving 60 mg FAI, 6 mg MABr and 8.2 mg MACl in 1 mL
IPA.

Device fabrication: CPSCs were prepared using FTO as substrates. Treat-
ment on FTO, and then the deposition of SnO2, PbI2, and hence the PVSK
layer are all the same to like described before.[58] Carbon-electrode was de-
posited on top of PVSK layer by doctoral blading using carbon paste and
then annealed at 100 °C for 10 min in atmospheric environment.

SiO2 nanoparticle doping in PVSK: SiO2 nanoparticles was dispersed in
DMF by ultrasonic treatment (Scientz-IID, 380 W) for 10 min to prepare
stock precursor. Then certain amount of SiO2 stock precursor was added
to PbI2 solution, with molar ratio of 8% of PbI2.

[55]

Materials characterization and device performance evaluation: Morpho-
logical properties were performed on scanning electron microscopy
(SEM, TESCAN MIRA3 LMU). Chemical interaction of materials was
conducted by Fourier transform infrared (FTIR, Nicolet 6700). The crys-
tallographic structure of PVSK was detected by X-ray diffraction (XRD,
D8 Advance, Bruker). High-resolution transmission electron microscope
(HRTEM) was characterized on arm200f. X-ray photoemission spectrum
(XPS) is recorded by SPECS XR-MF, with monochromatized Al source
(h𝜈 = 1486.6 eV). Work function of carbon electrode was characterized
by Ultraviolet photoemission spectroscopy (UPS, thermofisher escalab
250xi) on equipped with monochromatized He I source (h𝜈 = 21.22 eV).
Transient photovoltage/photocurrent (TPV/TPC) decay curves were mea-
sured by a home-made system including a digital oscilloscope (DSO-X
3104A, Keysight) and N2 laser (NL100, 337 nm, Stanford), like that de-
scribed before.[59] Current density-voltage curves were recorded by a digi-
tal sourcemeter (model 2400, Keithley Inc.) under simulated illumination
(Enlitech SS-F7-3A, AM1.5G). Moisture stability was tested in damp oven
(PL-80, Hongzhan Technology).
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the author.
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