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ABSTRACT: We demonstrate that single crystals of methylammonium
lead bromide (MAPbBr3) could be grown directly on vertically aligned
carbon nanotube (VACNT) forests. The fast-growing MAPbBr3 single
crystals engulfed the protogenetic inclusions in the form of individual
CNTs, thus resulting in a three-dimensionally enlarged photosensitive
interface. Photodetector devices were obtained, detecting low light
intensities (∼20 nW) from the UV range to 550 nm. Moreover, a
photocurrent was recorded at zero external bias voltage, which points to
the plausible formation of a p−n junction resulting from interpenetration of MAPbBr3 single crystals into the VACNT forest. This
reveals that vertically aligned CNTs can be used as electrodes in
operationally stable perovskite-based optoelectronic devices and can
serve as a versatile platform for future selective electrode development.

■

INTRODUCTION

Nevertheless, to make metal halide perovskite solar cells
commercially competitive, there are still several challenges to
overcome. Unlike the perovskite absorber layer itself, which is
most commonly deposited by a simple and cheap solution
process method, the metal electrodes of the state-of-the-art
perovskite solar cell are noble metal based (Au/Ag) and
deposited by high vacuum thermal evaporation, hence are
relatively expensive.17,18 This might be one of the obstacles
hindering large-scale commercialization and requires searching
for low-cost and abundant materials as replacements for noble
metal electrodes. Besides the expectable costs, at present, the
long-term device stability is one of the most critical issues, as it
is yet unclear which speciﬁc mechanisms lead to performance
loss and subsequent device failure.19 Even noble metal gold has
been reported to migrate inside the cell at working condition
temperatures (70 °C), thus severely aﬀecting the device
performance metric,20 while silver and aluminum will oxidize
in the long run.18 Similarly to the metal electrodes, the layers of
hole-transport materials (HTM) of today’s best performing
perovskite solar cells also represent cost and device stability
concerns.19

1−4

Semiconducting organic−inorganic lead halide perovskites,
such as methylammonium lead triiodide, CH 3 NH 3 PbI 3
(MAPbI 3 ), or methylammonium lead tribromide,
CH3NH3PbBr3 (MAPbBr3), hold great promise in becoming
the most potent game-changer in the photovoltaic industry
during the next decade. Recently, these materials unraveled
outstanding optoelectronic properties, such as high absorption
coeﬃcient, high carrier mobility, long and balanced carrier
electron and hole transport, and low excitation binding
energy.5−7 Small area perovskite solar cells, with the cell active
area of ∼0.1 cm2, have recently reached a certiﬁed eﬃciency of
22.1%,8 whereas the devices having larger sizes achieved
eﬃciencies of 209 and 10%,10 for 1 and 70 cm2 size devices,
respectively.
Next to the already reported eﬃcient solar cells, fast photon
sensing, even at low illumination intensities,11 electroluminescence,12 record eﬃciency in lasing,13 gas sensing,14 relatively
high thermoelectric ﬁgure of merit,6 memristive eﬀects,15 and
most recently optically switched ferromagnetic behavior in
magnetic ions doped MAPbI3 single crystals16 have also been
demonstrated. All these appealing physicochemical properties
continuously render organic−inorganic lead halide perovskites
attractive and economically viable alternatives for conventional
semiconductors.
© 2017 American Chemical Society
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contact electrodes appropriate to combine with relatively rough
surfaces.
Currently, in the perovskite-based photovoltaic devices,
semiconducting photoactive perovskite layers are mostly
deposited as thin polycrystalline ﬁlms. Such thin ﬁlms usually
contain a large density of charge traps at the grain boundaries.
Since single crystals are considered to have a reduced number
of grain boundaries, it is expected that single-crystal-based
devices will possess enhanced optoelectronic properties.
Therefore, the purpose of this study was to integrate
VACNTs into perovskite-based photodetector devices. To this
end, we combined highly eﬃcient light absorbers in the form of
single crystal MAPbBr3 (where MA = CH3NH3+) with a forest
of vertically aligned carbon nanotubes (VACNTs). In
particular, we observed an unprecedented growth of MAPbBr3
crystals interpenetrating the VACNT forest, thus leading to the
formation of large area three-dimensional (3D) perovskite−
carbon interfaces. Hence, the structure thus obtained consisted
of protogenetic inclusion in the form of vertically aligned CNTs
that were engulfed by the fast-growing MAPbBr3 single crystals.
Moreover, the observed generation of photocurrent at this
intimate MAPbBr3−CNTs interface, which occurred without
external bias, suggests an in situ formation of a p−n junction
during the crystal inclusion process.

In the search for viable alternatives, carbon materials are
considered as both potential HTM17,18,21,22 and counter
electrode materials. Fullerenes23 and graphene oxide24 were
ﬁrst introduced as substitutes for hole conductors in
heterojunction perovskite solar cells, thus facilitating the
achievement of eﬃciencies up to 12%. Following up on that,
single wall (SWCNTs) and multiwall carbon nanotubes
(MWCNTs) have been integrated in various other optoelectronic applications due to their direct band gaps (SWCNTs)21
and outstanding electronic and mechanical properties.25 The
highest eﬃciencies (18.8%) of carbon-containing perovskite
solar cells were fabricated using a double-layer structure of
polymer-wrapped SWCNTs and undoped spiro-OMeTAD as
the hole-transporting p-type layer.26
SWCNTs are especially interesting since they have been
observed to conduct electrons ballistically. Thus, there is no
carrier scattering or energy dissipation in the body of these onedimensional conductors. This unique carrier-transport regime
endows SWCNTs with very high charge-carrier mobilities,
being of ∼1000 times larger than in bulk silicone.27 Spina et al.
fabricated perovskite-based photo-ﬁeld-eﬀect transistors
(FETs) using carbon nanotube and graphene channels,
achieving ultrahigh responsivity of 6 × 106 A/W and
demonstrating charge transfer.11,28,29 According to these
ﬁndings, CNT-based electrodes show comparable performance
to today’s most widely used architectures. More importantly,
carbon nanomaterials provided additional beneﬁts such as
stability,22 reduction of the hysteretic and drift eﬀects,23,30
ﬂexibility,31 and semitransparency.17
A special set of reaction conditions allows carbon nanotubes
to self-assemble into vertically oriented cellular arrays during
growth on a substrate. It has been demonstrated that this
special architecture of CNTs, i.e. of a vertically aligned carbon
nanotube (VACNT) forest, can grow extremely fast (millimeter-scale height in a 10 min growth time) and therefore its
preparation protocol has been named the supergrowth (SG)
method.32 In fact, the SG method has recently come to the
focus of research in nanoscale sciences because it enables rapid
synthesis of high-purity CNTs with a high degree of order and
aspect ratio, thus allowing for good controllability and easy
manipulation.
The most eﬃcient way to produce VACNTs is by catalytic
chemical vapor deposition (CVD). Transition metals, such as
Fe, Co, Ni, or their alloys are commonly used as catalysts, while
Al2O3, MgO, and SiO2 are the predominant oxide supports.33−37 It has been shown that aligned CNTs have a large
number of short transfer paths for electrons and ions and
therefore exhibit a decrease in charge transfer resistance
compared to their nonaligned counterparts.38 Moreover,
electrical conductivity values registered in parallel to the
nanotubes are 50 times higher compared to those obtained in
the perpendicular direction.39 These traits may be appealing in
applications for energy conversion and storage devices. For
instance, Li et al. reported that VACNTs can be eﬃciently used
as counter electrodes in dye-sensitized solar cells, exhibiting a
superior ﬁll factor, short-circuit photocurrent density, and
open-circuit voltage when compared to tangled CNT electrodes.38
CNT forests are soft, ﬂexible, spongelike aerogel materials.
Nanoindentation studies revealed excellent mechanical properties of the CNT forest, such as high strength and stiﬀness, while
also demonstrating an elastic nature at low indentation forces.40
As a result, CNTs have the potential for application as dry

■

EXPERIMENTAL SECTION

Crystal Growth. Crystals of methylammonium lead
tribromide were synthesized by solution growth. A 3.3 mmol
sample of lead(II) acetate trihydrate (Pb(ac)2·3H2O, >99.9%)
was reacted with 6 mL of saturated HBr solution (48 wt % HBr
in H2O). The formed PbBr2 precipitate is stable in the acidic
solution. The respective amount (3.30 mmol) of methylamine
(CH3NH2) solution (40 wt % in H2O) was pipetted into the 5
°C ice-cooled solution of PbBr2. The cold solution avoids the
evaporation of methylamine during the exothermic reaction.
Orange colored microcrystallites of CH3NH3PbBr3 were
formed. The MAPbBr3 crystals were recrystallized in a
temperature gradient of 15 °C in the acidic media to get
transparent, high purity crystals.
The CH3NH3PbCl3 crystals were synthesized by solution
growth, using the same molar amounts and receipt as for the
MAPbBr3 synthesis, but using HCl (36 wt % in H2O) reagent
instead of the HBr solution.
MAPbBr3 single crystals were grown by inverse temperature
crystallization from its saturated solution in DMF. At room
temperature, 0.8 g of MAPbBr3 was dissolved per 1 cm3 of
DMF. The substrate was immersed in the solution, and a
MAPbBr3 seed crystal was placed on the top of the VACNT.
Crystal growth was initialized by increasing the temperature of
the solution from room temperature to 40 °C with a heating
rate of 5 °C/h. We observed that the fast-growing seed single
crystals gradually protruded and engulfed the individual
nanotubes. These type of inclusions, when the original form
of the included mineral is preserved in the host crystal, is
categorized as a protogenetic inclusion in mineralogy. The slow
heating rate suppresses the formation of new seed crystals in
the supersaturated solution, and our MAPbBr3 seed crystal can
grow rapidly on the substrate. When the required size of crystal
was reached, the MAPbBr3−VACNT composite was removed
from the solution, wiped, and dried.
MAPbCl3 single crystals were grown from room temperature
saturated solution of MAPbCl3 in 1:1 DMF:DMSO solvent
13550
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Figure 1. Growth process of a single crystal of MAPbBr3 on a VACNT forest. (a) Photographs of growing MAPbBr3 crystals acquired at diﬀerent
time intervals. (b) Schematic representation of the growth of MAPbBr3 single crystals on a VACNT forest. (c) Image of VACNTs grown on a silicon
substrate. (d) Image of a single crystal of MAPbBr3 grown on top of the VACNT forest. (e) Image of a detached sample showing the “crystal−
CNTs” junction. (f) Low-, (g) medium-, and (h) high-magniﬁcation scanning electron microscopy images of the junction between the VACNTs and
the MAPbBr3 single crystal.

was ﬁltered out from the emission of the microscope’s mercury
vapor 100-W lamp by implementing a dedicated set of Meiji
Techno ﬁlters, Model 11001v2 Blue.41

mixture, and were grown by inverse temperature crystallization
method.
Optoelectronic Characterization. All measurements of
performances of the devices were done in ambient conditions at
room temperature. The junction characteristics have been
determined by two point resistivity measurements, using golden
wires contacted with Dupont 4929 silver epoxy as electrical
leads. One of the contacts is positioned directly on the
perovskite single crystal, whereas the second one touches the
CNT forest only. A Keithley 2400 source meter allowed us to
measure the current with <0.1 nA resolution, while tuning the
applied bias voltage, in the dark and under visible and UV light
illumination. Photocurrent measurements at low light intensities were done by choosing a wavelength of 550 nm, within
the spectral response of our device, and with which we are able
to achieve high enough intensities of light that can be detected.
The photocurrent spectrum was acquired while measuring the
current response to the incident light at 2 V bias voltage and by
sweeping over wavelengths (2 nm/s). The wavelengths were
set thanks to a monochromator (Horiba Micro HR), while
diﬀerent intensities of light were achieved by closing and
opening slits in the light path.
Photoluminescence Measurement. The photoluminescence (PL) spectra were acquired using a custom-designed
setup, which was based on a combination of an inverted
biological epiﬂuorescent microscope (TC5500, Meiji Techno,
Japan) and a spectroﬂuorometer (USB 2000+XR, Ocean
Optics Inc., USA). The PL signals were recorded upon
excitation at λexc = 470 nm. This excitation light wavelength

■

RESULTS AND DISCUSSION
MAPbBr3 single crystals were grown by inverse temperature
crystallization from saturated N,N-dimethylformamide (DMF)
solution.42−44 The ﬁrst junctions (mechanical contacts) were
made by dry pressing the MAPbBr3 single crystal against the
surface of the CNT forests, which resulted in the formation of
numerous direct contacts of the crystal with CNT terminations.
Two point resistivity measurements were performed with
tungsten probe needles as electrical leads. The devices (Figure
S1) showed diode characteristics, typical for a metal−
semiconductor heterojunction. Importantly, higher values of
photocurrent were obtained with the use of higher CNT
forests. The reason behind this observation is that, due to the
CNT millimeter lengths, higher forests accommodate better the
actual crystal shape, thus leading to larger contact areas.
However, when trying to append a single MAPbBr3 crystal atop
the VACNT forest, higher mechanical stress was exerted on the
CNTs. Consequently, the CNTs plastically deformed and
numerous pinholes were formed within the VACNT forest.
Such pinholes made it possible for the MAPbBr3 single crystal
to get in direct contact with the silicon substrate, thus resulting
in short circuits.
Therefore, a radically diﬀerent approach had to be explored
toward designing an eﬃcient and operationally stable photo13551
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Figure 2. (a) Schematic illustration of the sample and the interface between MAPbBr3 and VACNTs, highlighting the photoinduced charge transfer
mechanism under reverse or zero bias voltage. (b) Spectral responsivity of the MAPbBr3 single-crystal-based photodetector: photoluminescence
(PL) spectrum excited with λexc = 470 nm (blue trace) and spectral evolution of the photocurrent (golden trace). (inset) Image of the PDMSembedded detector. (c) I−V measurements of the embedded device in the dark and under visible light (intensity 1.02 mW/cm2), for diﬀerent scan
rates. The voltage was swept from 0 V to +2 V/−2 V and back. When increasing the voltage, the current is lower than while decreasing it. (d) I−V
measurements from 2 V to −2 V with a scanning speed of 0.0125 V/s. (inset) Magniﬁed view of the region around zero bias voltage.

The presence of such protogenetic inclusions in the form of
vertically aligned CNTs within the MAPbBr3 crystals resulted
in a three-dimensionally enlarged photosensitive interface.
In the ﬁnal technological step, the CNTs were mechanically
detached from the silicon substrate leading to a neat MAPbBr3CNTs junction, as shown in Figure 1e. The inverse temperature
crystal growth was performed with the MAPbCl3 compound
(Figure S2). Similarly to the MAPbBr3 perovskite, the single
crystals of MAPbCl3 grew around the CNT forest engulﬁng
individual CNTs. This indicates that the protogenetic inclusion
of carbon nanotubes and other foreign objects might be feasible
for the whole family of halide perovskites, which grow by
inverse temperature crystallization.
To conﬁrm that CNTs are protogenetic inclusions in the
perovskite single crystals, scanning electron microscopy (SEM)
images of the interface were acquired. As one can see in Figure
1f,g, a thick layer of CNTs having a uniform thickness of ∼40
μm, protrudes above the surface of the MAPbBr3 single crystal.
Speciﬁcally, under higher magniﬁcation, it is clearly visible that
individual CNTs are embedded within the crystalline matrix
(Figure 1h).
Stability at atmospheric conditions is one of the major
concerns of perovskite-based devices. Due to the high fragility
of MAPbBr3 and other organic−inorganic halide perovskites to
water, they tend to hydrolyze in the presence of moisture,
which results in degradation of the perovskite.45 Furthermore,
because of the presence of the lead compound, recent studies
showed that lead based perovskite could have a negative eﬀect

detecting device based on the combination of vertically aligned
CNTs and MAPbBr3.
The most important stages of the herein proposed growth of
MAPbBr3 single crystals on the formerly prepared VACNT
forest are shown in Figure 1. In particular, in Figure 1a, in a
series of photographs taken at diﬀerent time intervals, the
progressive volumetric growth of MAPbBr3 crystals on the
vertically aligned CNTs is shown. As can be seen, the deposit of
the orange-colored material, which is characteristic for
MAPbBr3, was increasing steadily as a function of time. In
fact, since the occupation volume of the vertically aligned
CNTs represents only ∼5 vol %,36 MAPbBr3 single crystals
were grown directly on the VACNT forest. The subsequent
technological steps corresponding to a direct growth of
MAPbBr3 single crystals on the VACNT forest are schematically depicted in Figure 1b.
Prior to the process of crystallogenesis, a saturated solution
of MAPbBr3 precursors in DMF was prepared at room
temperature. Subsequently, the VACNT forest grown on a
silicon substrate33 (Figure 1c) was immersed in the solution. A
small MAPbBr3 single crystal (2 × 2 × 1 mm3) was used as a
seed crystal and was placed atop the VACNT forest.
The crystal growth was initialized by warming the solution
from room temperature to 40 °C at a slow rate (5 °C/h).
Interestingly, in addition to the crystal growth on the VACNT
canopy surface, the fast-growing crystalline fractions also
gradually protruded into the CNT forest, thus interpenetrating
and engulﬁng the individual carbon nanotubes (Figure 1d).
13552
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Figure 3. (a) Transient photoresponse on−oﬀ characteristics of the photodetector under illumination with 550 nm light at diﬀerent light intensities
(18, 74, 149, 193, 225, and 250 nW), at bias voltage of 2 V, after encapsulation and (b) at bias voltage of 0 V, before encapsulation. (c) Responsivity
of the perovskite photodetector at bias voltage of 2 V (main plot) and at bias voltage of 0 V (inset). (d) Single normalized photocurrent response
on−oﬀ cycle of the photodetector at bias voltage of 2 V, under visible light of intensity 1.02 mW/cm2. (e) Temperature evolution of the I−V plots
collected for the photodetector under visible light (intensity 0.77 mW/cm2). (inset) Magniﬁcation of the lower current region for I−V plots at higher
temperature. (f) Temperature dependence of the photocurrent at bias voltage of 2 V under illumination with visible light (0.586 mW/cm2).

on health and the environment.46 Therefore, the photodetector
designed herein was encapsulated in polydimethylsiloxane
(PDMS). PDMS is optically transparent, inert, nontoxic, and
nonﬂammable, well-known for its ﬂexibility and chemical
resistance.47
In order to characterize the photoinduced charge transfer
phenomena of the MAPbBr3−CNT junction, two point
electrical measurements (current vs voltage) were performed
under visible and UV light illumination. A schematic
presentation of the interface and its charge transfer phenomena
is illustrated in Figure 2a. The spectral responsivity, i.e. the
photocurrent and photoluminescence (PL) spectra of the
MAPbBr3 single crystal-based photodetector encapsulated in
PDMS, is shown in Figure 2b. A characteristic drop of spectral
sensitivity around 540 nm is observed, which corresponds to
the 2.3 eV band gap of MAPbBr3.42 As shown in Figure 2b, the
observed drop in the photocurrent coincides spectrally with the

peak of green PL emission, which is also centered at 540 nm.
This PL peak corresponds to the near-edge band gap emission
of MAPbBr3 and is consistent with previous literature reports.48
PDMS does not have any inﬂuence on the spectral responsivity
because the results do not diﬀer from those obtained before
encapsulation (Supporting Information, Figure S3).
I−V photocurrent characteristics were obtained under
illumination of a white ﬂuorescent light source with an intensity
of 1.02 mW/cm2. As can be seen in Figure 2c, the MAPbBr3/
VACNT composite samples reveal diode-like behavior, with a
forward onset at ∼1.0 V and an almost complete saturation of
current in the reverse bias direction. The dark current follows
the same behavior. Furthermore, sweeping the applied voltage
in a ﬁxed range but at diﬀerent rates leads to diﬀerent currents.
This is the result of electrical poling of the perovskite crystal:
when a bias voltage of 1.5−2.0 V is applied, the current
increases before saturating. The slow response suggests that
13553
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ionic migration under an applied electric ﬁeld (poling
mechanism) is likely the reason for such behavior.49 The
same mechanism can also explain the hysteresis eﬀect (Figure
2c). Besides the observed photocurrent at higher bias voltages
(>1 V), when analyzing in detail the region around 0 V bias, a
ﬁnite photocurrent was detected, even when no voltage was
applied. In the inset to Figure 2d, one can observe that this
photocurrent, Iph, is of 23 nA at zero bias, thus pointing to the
possibility of the formation of a p−n junction. Photocurrent
measurements performed before encapsulation revealed similar
results (Figure S4).
Measurements of the photocurrent at ambient conditions
were done under low light intensities to determine the
responsivity of the light sensing device. On−oﬀ measurements
were performed for light intensities ranging from 18 to 250 nW.
The corresponding on−oﬀ characteristics of the transient
photoresponse, collected at bias voltages of 2 and 0 V, are
shown in parts a and b, respectively, of Figure 3. From these
results the responsivity R of the device can be calculated
(Figure 3c). R is deﬁned as the ratio of the photocurrent Iph and
the intensity of light Plight.
R=

Ilight − Idark
Plight

=

increased at lower temperatures. Furthermore, the hysteresis of
I−V curves, depicted in Figure 3e (inset), disappears upon
lowering the temperature, supporting the presence of mobile
ions. Indeed, the kinetics of ion migration is slowed down at
lower temperatures. As shown in Figure 3f, the current was also
measured under light at a bias voltage of 2 V, while
continuously sweeping the temperature from 300 to 20 K
and back. The standard transition from the orthorhombic to
the tetragonal phase was observed around 148 K50 as well as a
residual resistivity increase at lower temperatures.
Carbon nanotube forests are a mixture of single-, double-,
and triple-wall CNTs37 that are either true metals or
semiconductors. Multiwall CNTs have been reported to reveal
metallic behavior, thus acting as ballistic conductors.51
Therefore, they can form Schottky or metal−semiconductor
junctions with semiconducting perovskite single crystals. The
Schottky barrier formed at the interface allows the ﬂow of
thermally excited electrons over the barrier under forward bias,
while preventing ﬂow under reverse bias. This explains why the
device designed herein revealed diode-like I−V behavior and
worked as a photodetector even if no voltage was applied.
Interestingly, this behavior of a photocurrent generation
without application of external voltage was not observed for the
devices prepared using the “dry contact” method. Therefore, we
speculate that, during the in situ growth, the carbon nanotubes
were functionalized, thus becoming p-type semiconductors.
Notwithstanding this, we cannot exclude the formation of
chemical bonds at the junction interface, either. Moreover,
bromide, as well as other halides, is capable of chemically
doping single-wall and multiwall CNTs.52−55 Hence, the
photodetector device could function as a p−n junction, as
shown in Figure S7. This might provide a signiﬁcant driving
force for the hole injection from the perovskite layer to the
CNT forest, thus collecting and transporting holes to the
external circuit.56 Furthermore, recently a vast number of
publications present the use of SWCNTs or MWCNTs as ptype contacts in perovskite devices without relying on
functionalization.17,18,21,22,57,58 Adding an electron-selective
contact as a back electrode could be advantageous to
eliminating the hole transfer at the back electrode, thus
improving the performance of the existing device.

Iph
Plight

The responsivity R of the device is of the order of magnitude
of 10−1 and 10−3 A/W, at 2 and 0 V bias, respectively. For both
bias voltages the responsivity increases rapidly with lower
intensities of light (Figure 3c). On−oﬀ measurements at 0 V
bias, shown in Figure 3b, were performed before encapsulation
of the detecting device. Other measurements performed for
various photodetecting structures before encapsulation revealed
the same characteristics with diﬀerent absolute values of the
photocurrent depending on the geometry and quality of the
sample. These latter results are shown in Figure S5.
Upon applying the bias voltage of 2 V, under illumination,
the photocurrent increased stepwise, thus corresponding to a
fast regime (Figure 3a,d). Moreover, the photocurrent
continued to increase for longer times of illumination until it
saturated at a ﬁnite value. In contrast, such behavior was not
observed for the bias voltage of 0 V. We infer that the ion
migration within the perovskite crystal (poling) could be
responsible for this type of the photocurrent response.
Apart from the responsivity, other important performance
benchmarks of a photodetector are the photoresponse times,
i.e. the rise time, trise, and the fall time, tfall. The former we
deﬁned as the time elapsed for the rise of the current intensity
from 10 to 90% of the peak output current amplitude (“on
state”), with respect to the initial current (“oﬀ state”), while the
latter is the time elapsed from 90 to 10% of the maximum
current (Figure 3d). Our device exhibits a rise time of 0.4 s,
while the fall time is 0.53 s. To put these numbers into
perspective, a comparison to state-of-the-art photodetectors is
shown in Table S1. The MAPbBr3/VACNT photodetectors
have achieved technological progress in terms of the operational voltage (low bias or zero-bias mode) as well as lowering
the detection limit to 18 nW light power.
Finally, we studied the I−V characteristics of the junction at
low temperatures under light (Figure 3e) and in the dark
(Figure S6). The photodetector device showed the same diode
characteristics at all temperatures down to 30 K. Moreover, we
observed that, under illumination with visible light (intensity
0.77 mW/cm2) the photocurrent at a bias voltage of 2 V

■

CONCLUSIONS
In summary we report, for the ﬁrst time, the growth of
MAPbBr3 single crystals interpenetrating VACNT forests,
engulﬁng individual nanotubes as protogenetic inclusions.
This approach resulted in the formation of a three-dimensionally enlarged photosensitive interface. Millimeter-sized photodetector devices were obtained, capable of detecting low light
intensities (20−200 nW) from the UV range to 550 nm.
Importantly, photocurrent was measured at zero external bias
voltage, which points to the formation of a p−n junction during
the single crystal inclusion into the vertically aligned carbon
nanotube forest. Therefore, pristine or functionalized VACNTs
are potential candidates for fabrication of metallic or selective
semiconducting, p- or n-type, electrodes, thus leading toward
future operationally stable perovskite-based optoelectronic
devices.
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(16) Náfrádi, B.; Szirmai, P.; Spina, M.; Lee, H.; Yazyev, O. V.;
Arakcheeva, A.; Chernyshov, D.; Gibert, M.; Forró, L.; Horváth, E.
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Endre Horváth: 0000-0001-7562-2267
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work was supported by the Swiss National Science
Foundation (No. 160169) and the ERC advanced grant
“PICOPROP” (Grant 670918). The authors are also very
grateful to the ﬁnancial support provided by the OTKA
NN114463. K.H. acknowledges the ﬁnancial support of the
GINOP-2.3.2-15-2016-00013 project.

■

REFERENCES

(1) Lee, M. M.; Teuscher, J.; Miyasaka, T.; Murakami, T. N.; Snaith,
H. J. Efficient Hybrid Solar Cells Based on Meso-Superstructured
Organometal Halide Perovskites. Science 2012, 338, 643−647.
(2) Kim, H.-S.; Lee, C.-R.; Im, J.-H.; Lee, K.-B.; Moehl, T.;
Marchioro, A.; Moon, S.-J.; Humphry-Baker, R.; Yum, J.-H.; Moser, J.
E.; et al. Lead Iodide Perovskite Sensitized All-Solid-State Submicron
Thin Film Mesoscopic Solar Cell with Efficiency Exceeding 9%. Sci.
Rep. 2012, 2, 591.
(3) Liu, M.; Johnston, M. B.; Snaith, H. J. Efficient Planar
Heterojunction Perovskite Solar Cells by Vapour Deposition. Nature
2013, 501, 395−398.
(4) Burschka, J.; Pellet, N.; Moon, S.-J.; Humphry-Baker, R.; Gao, P.;
Nazeeruddin, M. K.; Grätzel, M. Sequential Deposition as a Route to
High-Performance Perovskite-Sensitized Solar Cells. Nature 2013,
499, 316−319.
(5) Xing, G.; Mathews, N.; Lim, S. S.; Lam, Y. M.; Mhaisalkar, S.;
Sum, T. C.; Sun, S.; Gratzel, M. Long-Range Balanced Electron-and
Hole-Transport Lengths in Organic-Inorganic CH3NH3PbI3. Science
2013, 342, 344−347.
(6) Mettan, X.; Pisoni, R.; Matus, P.; Pisoni, A.; Jacimovic, J.; Náfrádi,
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