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Abstract This work explores the use of poly(3-
hexylthiophene) (P3HT) modified carbon nanotubes
(CNTs@P3HT) for the cathodes of hole transporter free,
mesoscopic perovskite (CH3NH3PbI3) solar cells (PSCs),
simultaneously achieving high-performance, high stability
and low-cost PSCs. Here the thin P3HT modifier acts as an
electron blocker to inhibit electron transfer into CNTs and
a hydrophobic polymer binder to tightly cross-link the
CNTs together to compact the carbon electrode film and
greatly stabilize the solar cell. On the other hand, the
presence of CNTs greatly improve the conductivity of
P3HT. By optimizing the concentration of the P3HT
modifier (2 mg/mL), we have improved the power
conversion efficiencies (PCEs) of CNTs@P3HT based
PSCs up to 13.43% with an average efficiency of 12.54%,
which is much higher than the pure CNTs based PSCs (best
PCE 10.59%) and the sandwich-type P3HT/CNTs based
PSCs (best PCE 9.50%). In addition, the hysteresis of the
CNTs@P3HT based PSCs is remarkably reduced due to
the intimate interface between the perovskite and
CNTs@P3HT electrodes. Degradation of the CNTs@
P3HT based PSCs is also strongly retarded as compared
to cells employing the pure CNTs electrode when exposed
to the ambient condition of 20% – 40% humidity.

Keywords poly(3-hexylthiophene) (P3HT), carbon nano-
tube, CH3NH3PbI3, mesoscopic perovskite solar cell (PSC),
carbon cathode

1 Introduction

Mesoscopic perovskite solar cells (PSCs) have raised great

interest for their simple fabrication process and relatively
high power conversion efficiency (PCE) [1–9]. The most
commonly reported structure of the mesoscopic PSCs is
mainly composed of transparent conductive substrates
(fluorine-doped tin oxide (FTO) or indium-doped tin oxide
(ITO) glass), hole blocking layer (compact TiO2 film),
mesoscopic metal oxide scaffold layer (mostly used
mesoporous TiO2), light harvesting perovskite layer
(such as CH3NH3PbI3), hole-transporting material
(HTM) layer and metal electrode, and has achieved the
certified champion 20.1% PCE [10,11]. However, two
current challenges may hinder the possible commercializa-
tion of the PSCs: 1) expensive organic HTM such as
2,2′,7,7′-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-
spirobifluorene (spiro-MeOTAD) with poor stability and 2)
complicated vacuum evaporation process involves in the
noble metal electrode deposition [12–15]. Consequently,
replacing the high cost HTM and precious metal electrode
with low cost and abundant materials has become an
urgent issue.
Indeed, carbonaceous nanomaterials based PSCs (C-

PSCs) have opened up a new direction for low-cost and
high-efficiency PSCs, thanks to the high work function,
high conductivity, high chemical stability, abundant supply
and simple fabrication process of carbon materials [16–
19]. These unique properties have allowed to use the
carbonaceous materials to replace the precious metal
cathode without even using the high-cost HTM [14]. Till
present, tremendous efforts have been made to utilize
various carbon nanomaterials including carbon nanoparti-
cles, carbon nanotubes (CNTs), graphene and their
mixtures as the counter electrodes of C-PSCs [20–26].
However, there are also several challenges with the C-
PSCs: 1) poor film-formability of pure carbon materials,
which may induce discontinuous conductive channels and
thus lower the short-circuit photocurrent density (Jsc), 2)
large sizes of carbon materials lead to poor interface with
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perovskite layer, increasing the recombination rate and
thus lowing the open-circuit voltage (Voc) and fill factor
(FF), and 3) macro-/mesopores formed in a loosely packed
carbon electrode may be susceptible to moisture penetra-
tion into the perovskite layer, decreasing the cell stability
[27]. Recently, great efforts have been devoted to develop a
variety of approaches for optimizing the efficiency and
stability of the C-PSCs [28]. Han et al. have first developed
a screen-printing technique to prepare fully printable
HTM-free mesoscopic C-PSCs and adjusted compositions,
sizes and thicknesses of mesoporous carbon electrodes to
optimize the efficiency and stability of the C-PSCs, but
high temperature calcination was needed for the carbon
films [29–32]. We have developed an embedment method
for the perovskite conversion resulting in high FF due to
the excellent interface contact between perovskite and
carbon electrode, but the cell efficiency remains to be
improved owing to the loosely packed carbon materials
[33]. Direct deposition of carbon materials onto pre-
formed perovskite layers has also been explored at low
temperature, but the FF is limited because of the non-ideal
interface between the carbon electrode and perovskite [34–
36]. To tackle the film-formation and stability problems,
some additives such as cellulose, epoxy and polymer were
mixed into carbon materials, but the existence of the
solvents and the insulating additives were found to limit
the carrier transport and negatively affect the perovskite/
carbon interface [37,38].
In this work, we develop a high performance,

stable and low-cost mesoscopic C-PSCs using a
thin poly(3-hexylthiophene) (P3HT) layer modified-
CNTs (CNTs@P3HT) as the counter electrode. Unlike the
commonly used organic HTM, the surface-functionalized
CNTs with an extremely low concentration of P3HT (2
mg/mL) can play multiple roles in the C-PSCs: 1) the thin
P3HT layer serves as polymer binder to tightly bind the
CNTs together through the strong π-π interaction to form a
three-dimensional cross-linked structure so as to improve
the compactness, conductivity and perovskite interface
contact of the carbon electrode film, 2) the thin P3HT
modifier acts as an electron blocker to inhibit electron
transfer into CNT due to its higher lowest unoccupied
molecular orbital (LUMO) energy level than the conduc-
tion band edge of the perovskite, and 3) the hydrophobic
property of P3HTand CNTs together with the compactness
of the film greatly enhance the moisture resistance and thus
the overall cell stability. By carefully comparing the
performance of the PSCs based on the CNTs@P3HT, the
pure CNTs and the conventional sandwiched P3HT/CNTs,
we find that the synergistic effect of the P3HT and CNTs
greatly improves the performance of the CNTs@P3HT
based C-PSCs. By tuning the concentration of the P3HT
modifier, the PCEs of the CNTs@P3HT based PSCs have

been raised to 13.43% with an average efficiency of
12.54%, which is much higher than the pure CNTs based
C-PSCs (best PCE 10.59%) and the sandwich-type P3HT/
CNTs based C-PSCs (best PCE 9.50%). What is more,
with the CNTs@P3HT electrodes, the cell hysteresis has
been significantly reduced and the cell stability has been
considerably increased.

2 Experimental

2.1 Materials

Titanium diisopropoxide bis(acetylacetonate) (Tiaca, 75 wt
% in isopropanol), ethanol (absolute), lead (II) nitrate
(Pb(NO3)2), potassium iodide (KI), methylamine (MA,
40% in methanol), hydroiodic acid (HI, 57 wt% in water),
N,N-dimethylformamide (DMF, 99%), Dimethyl sulfoxide
(DMSO, 99.9%), cyclohexane (99.7%), 2-isopropanol
(IPA, 99.9%), chlorobenzene (99.8%), P3HT (445703
Aldrich regioregularity≥90%) and multi-wall carbon
nanotube (773840 Aldrich, ≥98% carbon basis) were
purchased from Sigma-Aldrich and directly used without
treatment or purification. TiO2 paste was purchased from
Dyesol Australia Pty Ltd.

2.2 C-PSCs fabrication

The PbI2 and CH3NH3I were synthesized using a
previously described method [33]. Transparent conducting
substrate FTO was first cleaned in ultrasonic bath by
detergent solution, water, ethanol, and acetone for 15 min,
respectively. Then the washed FTO was dried with clean
dry air. For the TiO2 compact layer (c-TiO2), a 50 nm thick
TiO2 compact layer was deposited on FTO by a home-
made ultrasonic spray deposition system at 500°C using
0.05 M1) of Tiaca solution in ethanol (1 mL of Tiaca
solution and 39 mL of ethanol) as precursor and dry N2 as
carrier gas [39]. For the mesoporous TiO2 layer (m-TiO2),
the TiO2 paste was diluted with 2.5 times of ethanol by
weight and was stirred 30 min. Then the diluted TiO2 paste
was spin-coated on the compact TiO2 layer at 5000
r/min for 30 s. After spinning, the film was dried at 120°C
for 5 min and calcination at 500°C for 2 h. CH3NH3PbI3
was formed using a modified two-step procedure. First, 1.4
M of PbI2 solution was prepared by dissolving 461 mg
PbI2 in 0.07 mL of DMSO and 0.63 mL of DMF at 70°C.
The FTO/c-TiO2/m-TiO2 substrate was heated at 70°C for
10 min before the deposition of PbI2. 40 μL of PbI2
solution was spin-coated on the TiO2 film at 2000 r/min for
20 s (with loading time of 20 s). After spinning, the film
was dried at room temperature (Rm). The CH3NH3I
solution was prepared by adding 40 mg of CH3NH3I

1) 1 M = 1 mol/L
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(1 mg/mL) in 40 mL of 2-isopropanol/cyclohexene
(1/9 v/v) mixture solution. Then the PbI2-coated substrate
was immersed in the CH3NH3I solution for 12 h at Rm.
Then the dark-brown substrate was picked out and dried at
100°C for 10 min in dry air atmosphere (humidity ~ 10% –
20%). After cooling to Rm, the devices were completed by
depositing CNTs@P3HT solutions on the perovskite films
by the drop-casting method, followed by heating at 50°C
for 10 min and 100°C for 20 min in N2. For the
CNTs@P3HT solutions, different concentrations (1, 2
and 5 mg/mL) of P3HT and 10 mg/mL CNTs were
dispersed in chlorobenzene by sonification for 20 min and
stir for 5 min. For the sandwiched P3HT/CNTs based C-
PSCs, 2 mg/mL of P3HT in chlorobenzene was spin-
coated on the perovskite film at 2000 r/min for 20 s, and
then 10 mg/mL CNTs in chlorobenzene was drop-casting
on the film, followed by heating at 50°C for 10 min and
100°C for 20 min in N2. Devices were measured under
simulated AM 1.5 G, 100 mW/cm2 sunlight with an active
area of 0.08 cm2.

2.3 Characterization

X-Ray diffraction (XRD) data was collected on an X’pert
Pro (PANalytical) with Cu Ka radiation. Morphologies of
films were examined by JEOL6700F scanning electron
microscope (SEM) at an accelerating voltage of 5 kV.
Raman spectra were recorded on LabRAM HR Raman
microscope with a laser excitation wavelength of 514.5
nm. Current density-voltage (J-V) characteristic curves
were recorded using an IM6x electrochemical workstation
(ZAHNER-Elektrik GmbH & Co., KG, Germany).
Incident-photon-to current conversion efficiency (IPCE)
spectra were recorded using IPCE kit developed by
ZAHNER-Elektrik in AC mode with frequency of 1 Hz.

3 Results and discussion

The fabrication procedures of the mesoscopic C-PSCs are
shown in Fig. 1. The CH3NH3PbI3 perovskite film is
deposited by a modified two-step sequential method
(Experimental section, Section 2), and the SEM images
and XRD pattern of the CH3NH3PbI3 films are shown in
Fig. 2. The high quality, uniform and closely packed
perovskite crystalline films are prerequisite for high
photovoltaic performance [40]. Here three types of
structures based on different CNTs cathodes are studied.
The CNTs@P3HT based C-PSCs is shown in Fig. 1(a),
and for comparison, the pure CNTs and sandwiched P3HT/
CNTs based C-PSCs are shown in Figs. 1(b) and 1(c),
respectively. To form the structure of CNTs@P3HT based
C-PSCs, a low concentration of P3HT is dissolved in the
CNTs chlorobenzene suspension, which is then drop-cast
onto the pre-formed perovskite surface resulting in a thin
P3HT layer modified CNTs electrode (see the close-ups on
the right side of Fig. 1), while in the sandwiched P3HT/
CNTs based C-PSCs, the P3HT film and CNTs film are
deposited on the perovskite layer successively.
The comparison of the SEM images of three different

types of CNTs cathodes based C-PSCs is shown in Fig. 3.
It should be note that the thin P3HT layer cannot be easily
distinguished from the SEM images. As regards the
CNTs@P3HT cathode based C-PSCs shown in Fig. 3(a),
a seamless and continuous CNTs film is formed on the
perovskite surface. The corresponding cross-sectional
SEM image in Fig. 3(b) show that the CNTs tend to
pack compactly and connect with each other forming a
continuous layered film, and the CNTs film strongly attach
on the perovskite surface. The total thickness of the
compact CNTs@P3HT cathode is ~40 mm. Nevertheless,
for the pure CNTs and sandwiched P3HT/CNTs based

Fig. 1 Schematic showing the fabrication processes of (a) CNTs@P3HT based C-PSCs, (b) CNTs based C-PSCs, and (c) sandwiched
P3HT/CNTs based C-PSCs
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structures, relatively rough CNTs films are formed on the
perovskite surface (the SEM images shown in Figs. 3(c) –
3(f)), and the CNTs are loosely packed and obvious gaps
and large aggregates can be seen. It indicates that the
presence of thin P3HT layer can significantly improve the
film-formation ability of CNTs and the P3HT can serve as
polymer binder to tightly bind the CNTs together to form a

three-dimensional cross-linked structure, which can work
as charge transport highway for holes and should be
beneficial to the solar cell performance. While for the pure
CNTs film, there is no binder between the CNTs and the
van der Waals force is not strong enough to make the CNTs
pack closely. The CNTs tend to aggregate severely after the
evaporation of solvent, leaving behind many gaps between
the perovskite and CNTs films. In this case, the hole
extraction from the perovskite to the CNTs electrode can
be encumbered and the transport of the holes through the
CNTs film is expected to be slow.
To investigate the interaction between the P3HT and

CNTs of the CNTs@P3HT, Raman spectra and XRD
patterns of pure P3HT, pure CNTs, and CNTs@P3HT
films were collected (Figs. 4(a) and 4(b)). As shown in Fig.
4(a), to the pure P3HT, the predominant two peaks at 1379
and 1450 cm–1 are assigned to the C-C and C = C stretching
vibration, respectively [41,42]. The pure CNTs yield a
Raman spectrum containing a G band (1578 cm–1) of sp2

carbon, along with a D band (1342 cm–1) of sp3 carbon and
a G′ band (2683 cm–1) of graphite [43]. In the case of the
CNTs@P3HT film, the D band peak and G band peak of
CNTs are shifted to higher frequency (1345 cm–1) and
lower frequency (1575 cm–1), respectively, compared with
the pure CNTs. Meanwhile, the G′ band peak is shifted to
low frequency (2679 cm–1). According to previous studies,
the shift of the G band and G′ band can be derived from the
strong π-π interaction and charge transfer between P3HT
and CNTs [44–46]. Moreover, the Raman peak of P3HT in
the CNTs@P3HT film is also shifted from 1450 to 1443
cm–1, further indicating the strong interaction between the
thin P3HT layer and CNTs [47]. Figure 4(b) shows the
XRD patterns for the pure P3HT film, pure CNTs and
CNTs@P3HT films. The peak at 25.6o in the CNTs and

Fig. 2 (a) Top view and (b) cross sectional view SEM images of
CH3NH3PbI3 film on FTO glass/c-TiO2/m-TiO2, showing that the
size of the crystals is in the range of ~250 –400 nm, the thickness
of the m-TiO2/perovskite is ~400 nm, and the thickness of the
perovskite capping layer is ~900 nm. (c) XRD pattern of the
CH3NH3PbI3 film on FTO glass/c-TiO2/m-TiO2

Fig. 3 SEM images of (a, b) CNTs@P3HT based C-PSCs, (c, d) CNTs based C-PSCs, and (e, f) sandwiched P3HT/CNTs based C-
PSCs. The concentration of P3HT is 2 mg/mL and the concentration of CNTs is 10 mg/mL in chlorobenzene

74 Front. Optoelectron. 2016, 9(1): 71–80

Special issue: Mesoscopic Solar Cells (Guest editor: Michael Grätzel) 



CNTs@P3HT samples is attributed to the characteristic
peak of the CNTs [48]. In the case of the pristine P3HT thin
film, the strong Bragg peak at 5.2° is assigned to (100) of
P3HT derived from lamellar layer structure. However, as
the CNTs@P3HT film, the intensity of the (100) peak is
significantly reduced (inset in Fig. 4(b)), indicating the
presence of the CNTs influence the molecular ordering of
the P3HT [49]. It is thus conceivable that the thin P3HT
layer cannot only act as polymer binder to tightly bound
the CNTs together to improve the compactness of the
carbon electrode film as well as the interface with
perovskite layer, but also the relatively strong p-p
interaction between the P3HT and CNTs endow rapid
carrier transport. Besides, the thin P3HT modifier can also
act as an electron blocker inhibiting electron transfer into
CNT due to favorable energy level alignment. Figure 4(c)
present the energy-level diagram of CNTs@P3HT based
C-PSC [25,33,50,51]. Thanks to the ambipolar property of
CH3NH3PbI3 perovskite, electrons can inject effectively
into the conductive band of m-TiO2, and the holes can be
collected by the CNTs@P3HT electrode [12,16]. Due to
the hole-transporting property of P3HT and the suitable
energy-level alignment, the thin P3HT layer can efficiently
extract the holes, facilitate the carrier separation and
restrain photogenerated carrier recombination [52]. More-
over, the holes can be efficiently transported from P3HT to

CNTs due to the strong π-π interaction and the three-
dimensional cross-linked network of CNTs.
To evaluate the photovoltaic performance of the

different CNTs cathodes based C-PSCs, the photocur-
rent-voltage (J-V) curves of the PSCs under AM 1.5
illumination of 100 mW/cm2 are recorded and presented in
Fig. 5(a). It is well established that the interfacial contact
between perovskite and CNTs cathode and the conductiv-
ity of the cathode are vital for charge separation and
transfer in PSCs. The PSCs based on the sandwiched
P3HT/CNTs cathode exhibits the lowest performance with
an Voc of 0.85 V, Jsc of 18.62 mA/cm2, FF of 0.60, and
PCE of 9.50%, which is mainly attributed to extremely low
hole mobility (~1 � 10–4 cm2/(V$S)) without doping [52–
54]. When using the pure CNTs as the cathode, the
performance is increased (Voc of 0.82 V, Jsc of 20.49
mA/cm2, FF of 0.63, and PCE of 10.59%), demonstrating
that the CNTs can replace both HTM and metal due to their
outstanding conductivity and suitable energy level. How-
ever, due to the loosely packed CNTs film together with the
poor interface with perovskite, the Voc is relatively low.
When the thin P3HT layer is introduced onto the CNTs
surface, the cell performances are dramatically enhanced.
For the CNTs@P3HT based cells, the Voc is improved to
0.91 V, the Jsc is increased to 22.71 mA/cm2 and the FF is
improved to 0.65, yielding 13.43% of PCE. This points to

Fig. 4 (a) Raman spectra and (b) XRD patterns of pure P3HT, pure CNTs, and CNTs@P3HT films (2 mg/mL of P3HT). The inset in (b)
shows magnified XRD patterns in the 5° –10° region. (c) Device configuration (left) and energy band diagram (right) of CNTs@P3HT
based C-PSCs
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the synergistic effects of the P3HT and the CNTs wherein
the thin P3HT layer serves as polymer binder and electron
blocker and the CNTs network provides the conductive
pathways. Moreover, the concentration of the P3HT also
has a significant influence on the PSCs performance. For
this experiment, we use the same amount of CNTs but
three different concentrations of P3HT are added, which
are 1, 2 and 5 mg/mL, respectively. J-V curves of the
CNTs@P3HT based PSCs with different concentrations of
P3HT are presented in Fig. 5(b). Obviously, the perfor-
mances of all the CNTs@P3HT based PSCs are improved
compared with the pure CNTs-PSCs, especially for the Voc

and Jsc mainly due to the increased compactness of the
CNTs film and good interface with perovskite thanks to the
thin P3HT layer. However, the Voc and Jsc of the 1-
CNTs@P3HT-PSCs (Voc of 0.87 V, Jsc of 21.75 mA/cm2,
FF of 0.65, and PCE of 12.30%) are lower than that of the
2-CNTs@P3HT-PSCs, suggesting that extremely low
concentration of P3HT is not enough to connect the
CNTs together to form three-dimensional cross-linked
CNTs network. When further increasing the P3HT content
(5 mg/mL), lower cell performance is obtained (Voc of 0.87
V, Jsc of 20.72 mA/cm2, FF of 0.61, and PCE of 11.00%),
which mainly owing to too much P3HT will block the
conductive pathway and thus strong recombination.
Therefore, 2 mg/mL of P3HT has been regarded as the
optimal concentration in the CNTs@P3HT cathode based
PSCs. To check the reproducibility of the PSCs, the data of
a batch of 20 devices for each sample are collected and

summarized in Table 1.
To examine the possible hysteresis in the devices, the J-

V curves of the champion PSC based on the CNTs@P3HT
cathode (2 mg/mL P3HT) are further measured via the
forward and backward scans with a san rate of 10 mV/s
(Fig. 6(a)). Obviously, the CNTs@P3HT cathode based
PSCs show negligible hysteresis, with the forward scan
PCE of 13.01% and reverse scan PCE of 13.43%, further
proving the favorable charge transport and intimate
interface with perovskite provided by the novel
CNTs@P3HT cathode. Figure 6(b) shows the IPCE
spectrum for the CNTs@P3HT-PSC. Integrating the over-
lap of the IPCE spectrum yield a photocurrent density of
20.76 mA/cm2, which is in agreement with the measured
photocurrent density (Fig. 5(a)). Beyond the efficiency, the
stability is also the key for the commercialization of the
PSCs. We record the photocurrent density of the
CNTs@P3HT-PSC at a function of time held at a
maximum output power point (Fig. 6(c)), which is a
useful parameter to present the cell performance and
stability [55]. As shown in Fig. 6(c), the device exhibit a
fast photo-response to light on and off and the photocurrent
density stabilizes quickly at around 19.10 mA/cm2,
indicating fast charge transfer in the C-PSC. Moreover,
the stability of the CNTs@P3HT-PSC at ambient condition
is also recorded and the stability of the CNTs-PSC is also
present for comparison (Fig. 6(d)). It should be note that
some increase in the PCEs occur at the first few days,
which might be resulted from the improved interface and

Fig. 5 (a) J-V curves of the C-PSCs with pure CNTs, CNTs@P3HT and sandwiched P3HT/CNTs cathodes (2 mg/mL of P3HT and 10
mg/mL CNTs); (b) J-V curves of the CNTs@P3HT based C-PSCs with different concentrations of P3HT (1, 2 and 5 mg/mL)

Table 1 Photovoltaic performance summarization of C-PSCs based on different cathodes and different concentrations of P3HT. The data and

statistics are based on 20 devices for each type

samples Voc/V Jsc/(mA$cm–2) FF PCE/% best PCE/%

CNTs-PSCs 0.82�0.01 20.14�1.85 0.60�0.04 9.91�0.53 10.59

P3HT/CNTs-PSCs 0.83�0.02 18.66�1.26 0.55�0.02 8.47�0.64 9.50

1-CNTs@P3HT-PSCs 0.86�0.02 21.12�0.83 0.62�0.03 11.25�0.63 12.30

2-CNTs@P3HT-PSCs 0.90�0.02 22.21�0.77 0.63�0.02 12.54�0.51 13.43

5-CNTs@P3HT-PSCs 0.86�0.02 20.25�1.06 0.59�0.03 10.27�0.52 11.00
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stress release during the storage [19]. In the whole testing
process, a slight PCE decrease is observed and the PCE of
the CNTs@P3HT-PSC change from 13.43% to 13.04%
with a 3% drop during 40 days’ storage. However, the
CNTs-PSC exhibit inferior stability and the PCE drops
from 10.59% to 5.52%with a 48% drop at the same storage
condition. Thus, the remarkable stability of the
CNTs@P3HT-PSC is attributed to the thin P3HT layer
on the CNTs surface, which serves as polymer binder to
tightly bind the CNTs together to improve the compactness
of the carbon electrode film (Figs. 3(a) and 3(b)) as well as
the hydrophobic property of P3HT and CNTs greatly
ameliorate the stability of the solar cell [56,57]. Therefore,
we believe that the CNTs@P3HT-PSCs provide a stable
and low cost strategy for high efficiency PSCs.

4 Conclusions

In conclusion, a high performance, low cost and stable
CNTs@P3HT cathode based mesoscopic C-PSC has been
fabricated by a simple process. By comparison with the
pure CNTs based C-PSCs and conventional sandwiched
P3HT/CNTs based C-PSCs, it is revealed that the thin
P3HT modifier on CNTs has significant beneficial
influence on the CNTs cathode and the overall cell

performance of the CNTs@P3HT based C-PSCs. The
CNTs film is found to be packed densely in the presence of
the P3HT modifier, forming three-dimensional cross-
linked conductive pathways and intimate interfaces with
the perovskite layer. Fast hole transport and reduced
recombination have been achieved due to the strong p-p
interaction between the P3HT layer and CNTs as well as
the high LUMO energy level of P3HT for blocking the
conduction band electrons. What’s more, the compact
CNTs@P3HT cathode together with the hydrophobic
property of P3HT and CNTs greatly improve the stability
of the solar cell. Through careful optimizations of the
surface modified CNTs cathodes by varying the concen-
trations of the P3HT modifier, we found that the PSCs
based on the CNTs@P3HT cathode with 2 mg/mL of
P3HT present the best cell performance with a PCE of up
to 13.43% and an average efficiency of 12.54%.
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