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Abstract

Perovskite solar cells offer a promising future for next-generation photovoltaics

owing to numerous advantages such as high efficiency and ease of processing.

However, two significant challenges, air stability, and manufacturing costs,

hamper their commercialization. This study proposes a solution to these issues

by introducing a floating catalyst-based carbon nanotube (CNT) electrode into

all-inorganic perovskite solar cells for the first time. The use of CNT eliminates

the need for metal electrodes, which are primarily responsible for high fabrica-

tion costs and device instability. The nanohybrid film formed by combining

hydrophobic CNT with polymeric hole-transporting materials acted as an effi-

cient charge collector and provided moisture protection. Remarkably, the

metal-electrode-free CNT-based all-inorganic perovskite solar cells demon-

strated outstanding stability, maintaining their efficiency for over 4000 h with-

out encapsulation in air. These cells achieved a retention efficiency of 13.8%,

which is notable for all-inorganic perovskites, and they also exhibit high trans-

parency in both the visible and infrared regions. The obtained efficiency was

the highest for semi-transparent all-inorganic perovskite solar cells. Building

on this, a four-terminal tandem device using a low-band perovskite solar cell

achieved a power conversion efficiency of 21.1%. These CNT electrodes set new
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benchmarks for the potential of perovskite solar cells with groundbreaking

device stability and tandem applicability, demonstrating a step toward indus-

trial applications.
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free electrode

1 | INTRODUCTION

Since their advent in 2009, organic–inorganic lead-halide
perovskite solar cells (PSCs) have attracted significant
scholarly attention as a promising class of next-
generation thin-film photovoltaic devices.1–3 These solar
cells exhibit high power conversion efficiency (PCE), rel-
atively low material costs, and lend themselves to facile
solution processing methods.4–7 Nevertheless, several key
hurdles, such as the issues of device stability and
manufacturing costs, must be overcome before they can
be commercially viable.8–10 The issue of PSC stability pre-
dominantly arises from the use of organic components in
the perovskite active layer and the susceptibility of perov-
skite crystals to moisture and ion migration.11 Perovskite
crystals in PSCs are represented by the chemical formula
ABX3, where A and B represent organic and metal cat-
ions, respectively, and X represents a halide anion.12–15

The organic cation A within the perovskite structure
readily absorbs water from the environment,16–18 result-
ing in water molecules penetrating the perovskite crystal
lattice upon exposure to air. This disrupts the orderly
arrangement of ions and triggers hydrolysis reactions,
thus compromising the integrity of the crystal. Simulta-
neously, perovskite materials exhibit a predisposition
toward ion migration.19,20 This phenomenon involves
ions moving within the crystal lattice.21,22 Typical PSCs
incorporate metal electrodes that are deposited using thermal
evaporation under vacuum conditions, a process that inad-
vertently encourages metal ion migration into the perovskite
layer.23–25 This migration induces localized alterations in the
material composition, defect formation, and expedited degra-
dation of the perovskite material. In addition, the employ-
ment of metal electrodes via thermal evaporation in vacuum
substantially increases the overall manufacturing costs. In
addition to the cost of the deposition process, inert metal
sources, such as gold and silver, are costly, which hinders the
commercialization of PSCs. Given these considerations,
replacing the organic components of the perovskite active
material and metal electrodes used in PSCs is crucial.26,27

Such advancements would address the pivotal challenge of
device stability while simultaneously leveraging the low-cost
benefits intrinsic to PSCs.28

Researchers have pioneered the development of all-
inorganic PSCs to substitute organic A-site cations.29 All-
inorganic perovskites using Cs+ as the A-site cation
(CsPbIxBr3-x, where x ranges from 0 to 3) exhibit remark-
able thermal and ambient stabilities when integrated into
PSCs. While CsPbI3 possesses an appropriate band gap of
�1.73 eV, the active α-CsPbI3 black inorganic perovskite
phase is susceptible to a phase transition to the unwanted
yellow δ-phase.30,31 In the case of CsPbBr3, it exhibits
remarkable phase stability despite an unnecessarily wide
bandgap of 2.36 eV.32 Therefore, mixed-halide-based all-
inorganic perovskite compositions, CsPbI2Br (CPIB),
were used in this study, showing high photovoltaic per-
formance and stability. In addition, it holds promise for
the development of efficient single-junction PSCs and
tandem solar cells (TSCs) owing to its appropriate band
gap (1.91 eV).33–38 Although initially constrained by a
low PCE, concerted international research endeavors suc-
cessfully increased the PCE to 18.05%.39 Recently
reported CPIB PSCs demonstrated device stability times
exceeding 1000 h under ambient conditions, even with-
out encapsulation.40–43 This is a significant advancement
compared to organic–inorganic PSCs, which typically
demonstrate stability between 100 and 300 h.44–48 Fur-
ther enhancement of all-inorganic PSCs can be achieved
by replacing the top metal electrode with hydrophobic
carbon electrodes, which inhibit moisture penetration
and metal ion migration.49–52 Moreover, because carbon
electrodes are composed exclusively of carbon atoms,
they can significantly reduce fabrication costs and offer a
solution for raw material shortages.53–55 Furthermore,
the introduction of semi-transparent carbon electrodes
enables the tandem application of CPIB PSCs, further
augmenting their PCE.

To date, two mainstream carbon electrodes have been
used as top electrodes in PSCs: paste-type and film-type
carbon nanotube (CNT) electrodes.56–60 The first paste-
type carbon electrode in PSCs was reported by Han
et al.61 This type of carbon electrode exhibits high PCE,
and the highest PCEs recorded are 18.1% for organic–
inorganic PSCs and 15.56% for all-inorganic PSCs.62,63

However, the paste-type carbon electrodes necessitate
high-temperature thermal curing above 500�C, which
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limits the feasibility of flexible device applications. In
addition, the electrodes are nontransparent, and tandem
applications are not possible. Additionally, the microscale
thickness of such electrodes results in a large, and hence
inefficient, pitch distance when fabricating solar mod-
ules. Importantly, these carbon electrodes demonstrate
lower PCEs than traditional metal electrode-based PSCs
due to their inferior hole extraction efficiency and electri-
cal conductivity. Conversely, film-type CNT electrodes
fabricated using the floating-catalyst chemical vapor
deposition (FCCVD) method exhibit higher PCEs when
used as top electrodes in PSCs while possessing the
advantages of being semi-transparent and nanometer-
scale thin and facile processability at room temperature.64

Since their initial report, organic–inorganic PSCs incor-
porating FCCVD-synthesized CNT top electrodes have
shown high PCEs, with the current highest recorded
value of 20.25%.65–71 This remarkable performance is
attributed to the nanoporous CNT network, which allows
the nanohybrid formation of CNT with hole-transporting
materials (HTM), thereby significantly improving the
hole extraction efficiency. In addition to their high PCE,
the semi-transparent nature of the FCCVD-synthesized
film-type CNTs extends their potential applications to
TSCs and building-integrated photovoltaics (BIPV).72–77

Moreover, dry and direct transferability offers a distinct
advantage over other carbon electrodes, particularly roll-
to-roll processability. The application of CNT electrodes
in metal-electrode-free PSCs has only been reported in
organic–inorganic perovskite systems. Therefore, all-
inorganic PSCs remain unexplored, demanding an urgent
investigation of their compatibility and performance.

In this study, all-inorganic PSCs were fabricated using
FCCVD-synthesized CNT electrodes. These CNT-
laminated, metal electrode-free, all-inorganic PSCs were
semi-transparent, with a transmittance of ca. 80% at a
wavelength of 550 nm. Fabricated using this method, the
devices showed a PCE of 13.8% and unprecedented
device stability exceeding 4000 h under ambient condi-
tions (25�C, relative humidity of 15%), even without
encapsulation. Notably, the efficiency attained was the
highest among all reported semi-transparent carbon-
based all-inorganic PSCs. This extraordinary performance
in terms of efficiency and stability is attributed to the
increased concentration of the hole-transporting poly-
mer, poly(3-hexylthiophene-2,5-diyl) (P3HT). A distinc-
tive advantage of FCCVD-synthesized CNT-based PSCs is
that the HTM was deposited after the lamination of the
CNT electrode. This unorthodox sequence of operations
enables the use of a higher HTM concentration. This, in
turn, leads to an elevated hole extraction coefficient and
provides an improved moisture barrier. Capitalizing on
the semitransparent trait, a remarkable 21.1% efficiency

was achieved through its tandem application with Sn–Pb
PSCs, which absorb light at wavelengths longer than
660 nm.

2 | RESULTS AND DISCUSSION

CNT electrodes were synthesized using the FCCVD
method, as depicted in Figure S1. The resulting CNT
films exhibited a high transmittance across the visible
and near-infrared regions, suggesting their potential for
tandem applications and BIPV when employed as top
electrodes in PSCs (Figure S2). In terms of conductivity,
FCCVD-synthesized CNT electrodes have a distinct
advantage over other carbon-based electrodes such as
graphite, graphene, and conventional CNTs.64,67,68 This is
because of their high electrical conductivities in all direc-
tions, as opposed to the direction-specific conductivities
observed in most carbon electrodes (Figure 1A). Rela-
tively long tube lengths, uniform diameters, and minimal
bundles resulted in high conductivity. Furthermore, the
nanoporous CNT network enabled the formation of a
nanohybrid film via intercalation with HTMs, which was
subsequently applied to the lamination of the CNT elec-
trode. This configuration ensures a significantly enhanced
hole-extraction coefficient and provides superior protection
against moisture and oxygen compared to other carbon
electrode-based PSCs.78 Another notable feature of the
FCCVD-synthesized CNT electrodes is their nanometer-
scale thinness, which ensures a higher PCE for large-sized
modules owing to a reduced pitch (dead zone) compared
with several hundred micrometer-thick carbon-paste-based
PSCs (Figure S3).79 The electrode thickness is directly corre-
lated with the device fabrication costs because both the raw
material expenses and thickness must be considered collec-
tively to determine the overall cost (Figures S4 and S5).

The FCCVD-synthesized CNT electrode-laminated
metal-free all-inorganic PSCs were fabricated with a
structural configuration of indium tin oxide (ITO)/SnO2/
ZnO/CPIB/CNT/P3HT. A control device with a structural
configuration of ITO/SnO2/ZnO/CPIB/P3HT/Au was
fabricated for comparison. The fabrication process for the
metal-free all-inorganic PSCs is shown in Figure S6.
The lamination of the CNT electrode is facile and direct
and does not involve using chemicals. Furthermore,
P3HT HTM was applied after the lamination of the CNT
electrode by directly drop-casting P3HT on top of the
CNT. This is unique to FCCVD-synthesized film-type
CNT electrode-based PSCs and is distinct from conven-
tional deposition methods, such as metal electrodes or
paste-type carbon electrodes. The cross-sectional scan-
ning electron microscopy (SEM) image shows that P3HT
thoroughly infiltrated the CNT electrode and formed a

YOON ET AL. 3 of 14

 25673173, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12440 by C
hung-A

ng U
niversity, W

iley O
nline L

ibrary on [22/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



moisture barrier over the perovskite active layer, provid-
ing robust protection against water and oxygen molecules
(Figures S7 and S8). The CNT-based all-inorganic PSCs
demonstrated a PCE of approximately 14%, which

maintained more than 4000 h without encapsulation
under ambient conditions (Figure 1B,C, and Table 1). In
addition, open-circuit voltage (VOC) of the CNT device
gradually increased over aging in ambiance, which is

FIGURE 1 (A) Schematic

illustration of the fabrication process

of FCCVD-synthesized CNT. (B) J–V
characteristics of PSCs with Au

electrodes and CNT electrodes after

aging for 4000 h. (C) Normalized

PCE stability characteristics of

unencapsulated PSCs with Au

electrodes and CNT electrodes.

(D) Transmission spectra of

electrodes and (E) Full device

structure.

TABLE 1 Solar cell parameters of

the devices for each condition in Au

electrodes and CNT electrode.

Electrode Condition JSC (mA/cm2) VOC (V) FF (%) PCE (%)

Au Initial 16.40 1.17 83.4 16.07

Aged 15.95 0.68 31.3 3.40

CNT Initial 16.04 1.08 79.1 13.64

Aged 15.82 1.15 75.4 13.76

4 of 14 YOON ET AL.
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attributed to the π-π interactions between CNT and P3HT
intensifying over time.62,80 However, the Au metal-
deposited control devices showed an initial PCE of 16.1%,
which decreased rapidly over time. After 4000 h, the PCE
decreased to 3.4%. This decrease is attributable to metal-
ion migration-driven degradation and the inadequate
moisture-blocking capability of the metal electrode. In
addition to their excellent device stability, the fabricated
CNT-based all-inorganic PSCs were semi-transparent,
contrary to conventional metal electrode- and carbon
paste-based PSCs. The FCCVD-based CNT electrodes dis-
played �82% transparency at 700 nm wavelength of the
visible light, whereas the Au electrode with a thickness of
ca. 40 nm showed <5% transparency. The carbon-paste
electrodes were not transparent (Figure 1D). The trans-
mittance of the entire device with a CNT top electrode
was also investigated (Figure 1E). While laminating the
CNT electrode decreased the transmittance of the device
at 600 and 850 nm, the transmittance in the near-infrared
region increased significantly. This is attributed to the
optical effects of the P3HT and CNT nanohybrid
films.81,82 This implies that stacking another solar cell
that absorbs near-infrared (NIR) light can boost the over-
all PCE by exploiting the high NIR transmittance of
CNT-based PSCs, which we tested and discussed later in
this manuscript.

The role of P3HT in CNT-based, metal-free,
all-inorganic PSCs is crucial for achieving remarkable
stability. The nanohybrid composite film of the CNT and
P3HT HTM on top of the perovskite layer functioned as

an effective barrier against oxygen and moisture. This
implies that the device stability can be further improved
by increasing the thickness of the nanocomposite film.
Given that the concentration of P3HT determines the
film thickness, two different concentrations of P3HT—
10 mg (P10) and 50 mg (P50)—were used in the test. P10
is a widely used concentration of P3HT in conventional
Au electrode-based devices. P50 is the maximum concen-
tration that can be used, considering the solubility of
P3HT in chlorobenzene. The ultraviolet–visible (UV–vis)
absorption spectra of CPIB were used for stability evalua-
tion. The CPIB film exhibited absorbance up to a wave-
length of �660 nm, corresponding to a bandgap of
ca. 1.9 eV. The film rapidly degraded when the CPIB
films were left under ambient conditions for 10 d without
CNT (Figures 2A and S9). The stability of the CPIB with
CNT and P3HT nanocomposite films on top was studied.
The CPIB with P50 on top showed much greater stability
than that with P10, confirming that thicker CNT and
P3HT nanocomposite films function as a better barrier.
X-ray diffraction (XRD) was performed to confirm the
CPIB stability from the chemical perspective (Figure 2B).
The main diffraction peaks corresponding to the (100)
and (200) planes of CPIB at 14.8 and 29.6�, respectively,
exhibited no significant alterations for the CPIB with P50
on top. However, a noticeable shift in the CPIB peak near
10.1� was observed for the CPIB with P10, corresponding
to the formation of δ-phase CPIB, which indicates degra-
dation to CsI-PbX2 and other impurities.83,84 Figure S10
shows the photographic images of the CPIB films with

FIGURE 2 (A) Variation of the

UV–vis absorption spectra and

(B) XRD patterns of CPIB film with/

without P10 and P50 HTM. (C) Box

plot of resistance parameters of

PSCs with Au electrodes and CNT

electrodes. (D) Three-dimensional

illustration of the difference in RS

based on the electrodes.
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and without CNTs + P10 or P50, visually confirming the
level of degradation. Overall, a higher P3HT concentra-
tion provides better protection against moisture penetra-
tion in the CPIB layer.

While we confirmed that the thicker nanocomposite
film of CNT and P3HT was better from the device stabil-
ity point of view, its effect on the photovoltaic perfor-
mance had to be investigated. It is generally accepted
that a thicker HTM leads to higher series resistance (RS).
This was evident in the case of Au electrode deposited
devices where the P50-based device afforded RS above
300 Ω when the P10-based device afforded RS below 80 Ω
(Figures 2C and S11). By contrast, the CNT electrode
devices using P50 exhibited a much lower RS of <100 Ω,
and the devices with P10 afforded a similar low RS of
ca. 100 Ω. This phenomenon is attributed to the unique
device structure of CNT-laminated solar cells, where the
CNT electrode is in direct contact with the perovskite
layer, ensuring efficient hole extraction regardless of the
HTM concentration (Figure 2D). At the same time, a

high concentration of the P3HT HTM within the CNT
network effectively blocks electron recombination, as
indicated by the approximately three-fold greater shunt
resistance (RSH) of the CNT-based devices compared with
the Au electrode.

Photoluminescence (PL) and time-resolved photolu-
minescence (TRPL) measurements were conducted to
verify the charge transport characteristics of the CNT-
based devices. The CPIB exhibited a prominent PL peak
at �660 nm, indicating excellent radiative recombina-
tion, which was significantly quenched upon P3HT depo-
sition (Figure 3A). Interestingly, the nanohybrid
composite of P3HT and CNT quenched the holes more
effectively. TRPL data shown in Figure 3B also confirms
this trend; the biexponential lifetime of CPIB was
126.2 ns (Table S1). When P50 was applied to the CPIB to
induce hole quenching, the lifetime decreased to 11.9 ns.
The lifetime quenching further intensified to 9.7 ns when
P50 was applied along with the CNTs, confirming the
remarkable hole extraction characteristics of the CNT

FIGURE 3 (A) PL spectra and

(B) TRPL decay of the CPIB film

with/without P10 and P50 HTM.

(C) EQE spectra and the integrated

current density of the three types of

PSCs. (D) Light intensity dependent

VOC evaluation and (E) Dark J–V
measurement and (F) SCLC

measurement of different electrodes.
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+ HTM nanocomposite. Electrochemical impedance
spectroscopy (EIS) was used to further investigate the
charge dynamics of the CNT + HTM nanocomposite, as
well as its change upon exposure to ambient conditions,
in comparison to Au electrode-based conventional
devices (Figures 3C and S12). Initially, the Au-based
devices exhibited lower charge transport resistance (RCT)
and recombination resistance (Rrec) than the CNT-based
devices, which aligns well with the Rs and RSH trends
found from the current density–voltage (J–V) curves.
After 4000 h (aged) under ambient conditions, the Au-
electrode-based devices exhibited a more than 5-fold
increase in RCT compared with the initial state, while the
CNT-electrode-based devices showed a negligible change.
The conspicuous increase in RCT in the Au-based devices
was owing to the traps formed by the migrated Au ions at
the CPIB/P3HT interface. Similarly, Rrec under the VOC

bias conditions of the Au-based devices decreased by
�54% after 4000 h, while the CNT-based devices showed
only a slight reduction of �10%. Similarly, this significant
reduction in Rrec in Au-based devices was due to the
migration of Au ions.

We verified our hypothesis and investigated the
nature of charge recombination by analyzing the light-
intensity-dependent VOC, which is commonly used to
assess Shockley–Read–Hall (SRH) recombination.
Equation (1) describes this relationship:

V ¼ nkT=qð Þ ln Jphoto=J0
� � ð1Þ

where n is the ideality factor, k the Boltzmann constant,
q the elementary charge, T the absolute temperature,
Jphoto the photocurrent, and J0 the dark current. To
extract the n and alpha values, we used a neutral density
(ND) filter to vary the light intensity (Figure 3D). The
value of n is typically between 1 and 2. An n value close
to 1 corresponds to bimolecular charge carrier recombi-
nation, whereas a value close to 2 corresponds to SRH
trap-assisted recombination.85 The Au- and CNT-based
devices showed relatively reasonable values of n (1.31
and 1.36, respectively). However, the aged Au-based
devices showed a significantly increased n value of >2,
indicating dominant SRH recombination, unlike the
CNT-based devices, which exhibited only a slight
increase in n. These results demonstrate that the
FCCVD-synthesized free-standing CNT electrodes are
highly effective in suppressing charge recombination aris-
ing from ion migration at the interface. In addition, the
short-circuit current density (JSC) was measured as a
function of the incident light power density (I), as shown
in Figure S13. JSC follows a power-law relationship with
light intensity, JSC / Iα, where α = .75 suggests that the

solar cell is influenced by space-charge limitations,
whereas α approaching 1 implies minimal space-charge
effects.86,87 The initial α values for the Au-based and
CNT-based devices were reasonably consistent at .825
and .830, respectively. Notably, as the Au-based devices
aged, their α values showed a substantial decline, reach-
ing nearly .75, indicating a clear prevalence of space-
charge limitations. However, the CNT-based devices
exhibited only a little reduction in α. These results high-
light the impressive performance of the CNT electrodes
in mitigating the impact of space-charge limitations dur-
ing device degradation. In addition, we analyzed the dark
current density–voltage (J–V) curves to compare the leak-
age currents occurring in the devices (Figure 3E). When
a positive bias was applied to the Au electrode devices,
we observed an increase in the current compared with
the initial and aged states. This suggests that the increase
in the leakage current was due to the degradation of the
Au electrode. An increase in leakage current is associated
with a decrease in shunt resistance. Furthermore, in the
case of Au electrode devices, aging reduced the threshold
voltage from �1.3 to <1 V. This indicates that the exci-
tons generated by the absorption of light in the perovskite
were separated by the internal electric field, decreasing
the built-in potential. By contrast, the CNT-electrode
devices remained unchanged, and no significant voltage
loss occurred.

Finally, we performed space-charge-limited current
(SCLC) measurements on hole-only devices (ITO/NiOx/
CPIB/CNT/P3HT and ITO/NiOx/CPIB/P3HT/Au) to
compare their hole transport capabilities and existing
defect concentrations. As shown in Figure 3F, the initial
and aged curves of each electrode exhibit different gradi-
ents from low voltage to the ohmic, SCLC, and trap-filled
limiting (TFL) regions. Using Equation (2), various con-
stants can be simplified to enable a relative comparison
of hole mobility, which serves as a measure of the
charge-transport capability. Similarly, using Equation (3),
the defect concentration can be determined.

J ¼ 9=8� ε0εrμ V 2=L3
� �! μ/ k J=V2

� � ð2Þ

ntrap ¼ 2εrVTFL=qL
2 !ntrap / kVTFL ð3Þ

The initial hole mobility of the Au electrode was �1.5
times superior to that of the CNT electrode, demonstrat-
ing the clear advantage of the expensive metal electrode
arising from the superior electrical conductivity of
Au. However, in the aged stage, the reverse phenomenon
was observed. The CNT electrode exhibited a remarkable
80-fold increase in hole mobility compared to the Au
electrode, indicating that the migration of Au ions and
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degradation of perovskites by moisture in air significantly
lowered the hole mobility of the entire device and the con-
ductivity of Au. From the defect concentration revealed by
the VTFL values, the Au-based devices show lower VTFL

values than the CNT-based devices, revealing that not the
passivation effect of CNTs but no metal-ion migration and
the moisture barrier capability are responsible for the
excellent stability and performance of the FCCVD-
synthesized CNT electrode-based metal-free PSCs. Expect-
edly, the VTFL of the Au-based device increased by �110%
after aging, while the CNT-based device showed only a
�20% increase. This confirms the remarkable stability of
FCCVD-synthesized CNT electrode-based devices.

Conventional carbon-based PSCs have limited appli-
cations in tandem configurations owing to the opacity of
carbon paste. However, the semi-transparent CNT CPIB

PSCs demonstrated high transmittance in the NIR region
(Figure 1E), making them suitable for integration into 4T
perovskite–perovskite TSCs. The narrow-bandgap PSC
showed a PCE of 19.7%, whereas the semitransparent
CNT-based CPIB PSCs, used as filters in the 4T tandem
configuration, achieved a PCE of 7.4%. Consequently, the
overall PCE of the 4T TSCs reached an impressive value
of 21.1% (Figure 4A, Table 2). In addition, the external
quantum efficiency (EQE) spectra shown in Figure 4B
indicate that the narrow-bandgap PSCs successfully
absorbed the light transmitted through the top CNT CPIB
PSCs. Figure 4C illustrates a schematic representation of
the TSCs, while Figure 4D provides a photographic image
of the experimental setup for tandem measurements. The
obtained a PCE of 13.8% for the top all-inorganic PSC
using FCCVD-synthesized CNTs, which was the highest

FIGURE 4 (A) J–V curves and

(B) EQE spectra of the PSCs.

(C) Schematic illustration of the 4T-

PSCs. (D) Photographic images of

the single PSCs (left) and operation

4T-PSCs (right). (E) Plot of PCE as a

function of year for comparison

other carbon-based PSCs.

8 of 14 YOON ET AL.

 25673173, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12440 by C
hung-A

ng U
niversity, W

iley O
nline L

ibrary on [22/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



among the carbon electrode-based semi-transparent all-
inorganic PSCs. Furthermore, the PCE of 21.1% exhibited
by the 4T TSCs configuration demonstrates the potential
that no other carbon top electrode-based PSCs could
achieve within the scope of all-inorganic PSCs
(Figure 4E, Table S2). The CNT-based CPIB PSCs devel-
oped in this study not only exhibit remarkable potential
for long-term stability but also offer enhanced transpar-
ency compared to Au electrodes, enabling the possibility
of semi-transparent BIPV applications. Furthermore,
their compatibility with tandem solar cell configurations
further strengthens their significance in PSCs.

3 | CONCLUSION

This study presents the first application of FCCVD-
synthesized CNT electrodes in all-inorganic PSCs. Com-
bining CNT and all-inorganic perovskite technologies,
which boost the device stability of perovskite systems,
achieved a remarkable device stability of more than
4000 h in air without encapsulation. By contrast, conven-
tional metal electrode devices deteriorate within 1000 h,
even if they are inorganic. This enhanced stability is
attributed to the robust nanohybrid film formed by CNT
and HTM. This film not only serves as an effective protec-
tive layer but also acts as a charge collector and electrode,
circumventing the need for traditional costly metal top
electrodes. Furthermore, the recorded PCE of 13.8% for
the CNT-based devices was the highest among the semi-
transparent metal-free all-inorganic PSCs. The obtained
value is high considering that all-inorganic PSCs intrinsi-
cally exhibit much lower efficiency than their organic–
inorganic hybrid counterparts at the expense of greater
thermal and air stability. In addition, owing to their
semi-transparent nature, the CNT-based devices show a
critical advantage for BIPV and tandem applications,
evidenced by the impressive 21.1% PCE of our tested
four-terminal tandem devices. This innovative study
emphasizes the potential of all-inorganic PSCs with CNT
electrodes in setting new standards for stability, transpar-
ency, and efficiency. Our findings pave the way for a
transformative strategy to advancing perovskite solar
cells toward real-world applications, showing a promise
for renewable energy.

4 | EXPERIMENTAL SECTION

4.1 | Materials

ITO substrates were purchased from AMGlass. Dimethyl-
formamide (DMF 99.5%), 2-methoxyethanol (2-ME, 99%),
dimethyl sulfoxide (DMSO, 99.8%), and ethanolamine
(99%) were purchased from Samchun Chemicals. Diiodo-
methane (99%), tin oxide (SnO2) colloidal solution (15% in
H2O), cesium iodide (CsI, 99.99%), and tin(II) iodide (SnI2,
99.999%) were purchased from Alfa Aesar. In addition,
nickel(II) nitrate hexahydrate (Ni(NO3)2�6H2O, 99.999%),
tin(II) fluoride (SnF2, 99%), lead bromide (PbBr2, 99.99%),
and zinc acetate dihydrate (Zn(CH3CO)2�2H2O, 99.99%)
were obtained from Sigma Aldrich. Lead iodide (PbI2,
99.99%) and phenethylammonium iodide (PEAI, >98.0%)
were purchased from Tokyo Chemical Industry (TCI che-
micals). Chlorobenzene (CB 99%, GR grade) was pur-
chased from Wako Chemicals. The formamidinium iodide
(FAI) was purchased from GreatCell Solar. PC61BM and
BCP were purchased from OSM. Poly(3-hexylthiophene-2,-
5-diyl) (P3HT) was purchased from RIEKE Metals. Poly(3,-
4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:
PSS, PVP AI 4083) was purchased from Clevios.

4.2 | FCCVD-based CNT synthesis

The CNTs were synthesized using an aerosol FCCVD
method involving ferrocene vapor decomposition
under a CO atmosphere. First, the catalyst precursor
was vaporized by passing CO (under ambient temper-
ature) through a cartridge filled with ferrocene pow-
der at ambient temperature. The generated ferrocene
vapor was introduced into the high-temperature zone
of the ceramic tube reactor using a water-cooled
probe and mixed with additional CO. To establish a
stable growth of CNTs, a controlled amount of CO2

was mixed with the CO carbon source. Finally, the
CNTs were directly collected downstream of the reac-
tor by filtering the flow through a nitrocellulose
membrane filter (Millipore Corp., USA; HAWP,
0.45 μm pore diameter). The collection time deter-
mined both the transparency and conductivity of the
CNT films.

TABLE 2 Solar cell parameters of

the component cells and the four-

terminal perovskite/perovskite tandem

solar cells efficiency.

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

Low-Eg Pb/Sn PSCs 31.26 0.85 73.9 19.70

CNT based CPIB PSCs 15.82 1.15 75.4 13.76

Filtered Pb/Sn PSCs 12.43 0.82 72.1 7.35

4T TSCs 21.11

YOON ET AL. 9 of 14

 25673173, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12440 by C
hung-A

ng U
niversity, W

iley O
nline L

ibrary on [22/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4.3 | CPIB PSC fabrication

The ITO-coated glass substrates were successively
cleaned with acetone and IPA for 20 min in each solution
using an ultrasonic bath and were dried in an oven at
95�C for 30 min. Subsequently, the substrates were
cooled to room temperature and subjected to ultraviolet-
ozone (UV-O3) treatment to increase the surface energy
and remove organic contaminants, if any, on the sub-
strate surface. Next, a SnO2 precursor solution (1.5% in
H2O) was deposited on top of the UV-O3 treated sub-
strates at a continuous spinning speed of 1000 and
3000 rpm for 0.5 and 30 s, respectively. The SnO2-coated
ITO substrates were annealed at 150�C for 30 min. For
the zinc oxide (ZnO) precursor solution, 2 mL of 2-ME
and 61.7 μL of ethanolamine were added to 0.2195 g of
dehydrated zinc acetate and stirred at 60�C for 2 h. The
bilayer of the ZnO electron transport material was spin-
coated on SnO2/ITO substrates with successive spinning
speeds of 1000 and 5000 rpm for 0.5 and 30 s, respec-
tively. The ZnO-deposited SnO2/ITO substrates were
heated at 170�C for 30 min. 1.2 M CPIB perovskite solu-
tion, 0.3118 g of CsI, 0.2766 g of PbI2, 0.8 mg of PEAI,
and 0.2202 g PbBr2 were dissolved in a mixture of DMSO
and DMF (7:3 v/v). The prepared solution was stirred for
12 h in a nitrogen (N2) filled glovebox at room tempera-
ture. Then, the prepared CPIB perovskite solutions were
coated on the ZnO/SnO2/ITO substrates at 3000 rpm for
40 s. Dynamic hot air (230�C) using a hot air gun (Bosch,
GHG 630 DCE hot air gun – 0601 94C 740) was blown on
top of substrates for 8 to 22 s during spin coating to pro-
mote perovskite nucleation. The hot air-treated substrates
were sintered at 240�C for 10 min to complete the crystal-
lization process. After cooling the samples, CNTs were
laminated onto the crystallized perovskite layer. Subse-
quently, solutions of P3HT (10 and 50 mg mL�1 in CB)
were spin-coated onto the samples at 3000 rpm for 30 s
and annealed at 100�C for 5 min. For hole-only devices,
the NiOx as bottom HTM was deposited at 5000 rpm for
50 s and annealed at 300�C for 60 min. For reference
samples, a 120 nm Au layer was deposited as a metal
electrode using a thermal evaporator (<1 � 10�6 Torr) to
complete the cell structure (Au/P3HT/perovskite/ZnO/
SnO2/ITO). The active cell area was 8.03 mm2, defined
using a shadow mask.

4.4 | Narrow Eg Pb/Sn PSCs fabrication

To prepare the narrow band gap perovskite precursor solu-
tion with a composition of 1.2 M FA0.83Cs0.17Sn0.5Pb0.5I3,
we dissolved FAI (0.83 m), CsI (0.17 m), PbI2 (0.5 m), and
SnI2 (0.5 m) in a mixed solvent of DMF:DMSO (4:1) along

with an additive of SnF2 (0.05 m). The ITO substrates were
coated with PEDOT:PSS by spin coating at 5000 rpm for
50 s under ambient conditions. The PEDOT:PSS-coated
ITO substrates were subsequently annealed at 150�C for
20 min on a hotplate to serve as HTM. Subsequently, the
PEDOT:PSS-coated ITO substrates were transferred to a
N2-filled glove box to deposit the narrow-band-gap perov-
skite layer. The perovskite precursor solution was spin-
coated onto the substrate at 5000 rpm for 30 s. During the
spin coating process, 0.3 mL of a PC61BM solution dis-
solved in toluene (1 mg mL�1) was added dropwise to the
sample. The perovskite-coated substrates were annealed
first at 65�C for 1 min and then at 100�C for 30 min. As
for the electron-transporting layer (ETL), a solution of
PC61BM (20 mg mL�1 in CB) was spin-coated onto the
perovskite film at 1500 rpm for 35 s and subsequently
annealed at 80�C for 10 min. For the final step, a solution
of BCP (0.5 mg mL�1 in IPA) was spin-coated at 4000 rpm
for 20 s without any post-annealing. The top electrode,
made of Ag, was deposited using thermal evaporation
under high vacuum conditions (<1 � 10�6 Torr) with a
shadow mask. Each solar-cell device was 4 mm2.

4.5 | Device characterization

J–V curves of the PSCs under light were constructed
using a source meter (Keithley 2400, Tektronix) at a step
voltage of 20 mV and delay time of 50 ms in both the for-
ward and reverse scan directions. A metal aperture mask
with an area of 0.0780 cm2 was used during J–V measure-
ments. AM 1.5G illumination was simulated using a solar
simulator (Solar 3A Class, Oriel) with a KG-5-filtered sili-
con standard cell. J–V curves were obtained under dark
conditions using a probe station built inside a dark-shield
box. Cross-sectional SEM measurements were conducted
using field-emission SEM (Carl Zeiss). The external quan-
tum efficiency (EQE) spectra were characterized using a
monochromator (MonoRa500i, DongWoo Optron) and
a CompactStat instrument (Ivium Technologies). Electro-
chemical impedance spectroscopy (EIS) measurements
for the Nyquist plots were also conducted on Compact-
Stat equipment under various bias and dark conditions in
the frequency range of 2 MHz to 10 Hz. Perovskite phase
degradation was analyzed using XRD (D8-Advance, Bru-
ker). Transmittance and absorbance (Tauc plot) spectra
were acquired using a UV–Vis spectrometer (UV-2700,
Shimadzu).
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