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Organolead trihalide perovskites have drawn substantial interest for applications in
photovoltaic and optoelectronic devices due to their low processing cost and remarkable
physical properties. However, perovskite thin films still suffer from low carrier mobility,
limiting their device performance and application potential. Here we report that embedding
single-walled carbon nanotubes into halide perovskite films can significantly enhance the
hole and electron mobilities to record-high values of 595.3 and 108.7 em’Vvis?, respectively.
In the ambipolar phototransistors with such hybrid channels, photo-carriers generated in the
light-absorbing perovskite matrix are transported by the carbon nanotubes, leading to
ultrahigh detectivity of 6 x 10'* Jones and responsivity of 1 x 10* A W™. We find that the
perovskite precursor in dimethylformamide solution serve as an excellent stabilizer for the
dispersion of carbon nanotubes, which potentially extend the scope of applications of
perovskites in solution-processed functional composites. The unprecedented high
performances underscore the perovskite/carbon nanotubes hybrids as an emerging class of

functional materials in optoelectronic and other applications.

Methylammonium lead trihalide perovskites (MAPbX3, where X is CI, Br or 1) have recently
attracted considerable attention as potential next-generation photovoltaic thin-film materials
because of their extraordinary physical properties such as adjustable bandgap, large light
absorption throughout the UV-Vis region, long carrier diffusion length, as well as cost
effectiveness and ease of processing®™. Owing to their superb properties, this class of materials
has also been intensively exploited for applications in light-emitting diodes/transistors,
photodetectors, lasers, and phototransistors*®. So far, most of these applications are based on
polycrystalline perovskite thin films; however, they still suffer from limited carrier mobility due

to grain boundaries and structural defects*®*!

, Which severely circumvent the performance of
perovskite-based optoelectronic devices. Perovskite single crystals were demonstrated to exhibit
much higher carrier mobilities in the range of 40 — 60 cm? V* s™ (ref. 12, 13), but their bulk

form impedes practical device applications.

In advancing optoelectronics, hybrid composites hold great promises in achieving optimal

performance because of the synergistic effect of individual building blocks***®. Recently, light-

17,18

harvesting perovskites have been combined with graphene in hybrid photodetectors ", where



high responsivities have been achieved. Similar to widely studied graphene, single-walled carbon
nanotubes (SWNTSs) have also been considered as a promising candidate in multifunctional
photoelectric devices due to their unique chemical, electrical, optical, thermal, and mechanical
properties'®?. Particularly, the intrinsic charge carrier mobility in semiconducting SWNTs was
estimated to be as high as 10° cm? Vs (ref. 19) and SWNTs are effective light absorbers in a
wide spectral range?, which potentially can help enhance the performance of optoelectronic
devices employing SWNTs-based hybrid composites. However, SWNTSs tend to aggregate into
bundles due to strong van der Waals attraction, which is a severe obstacle for its integration with
other materials in solution processing®.

Here, we demonstrate that the perovskite precursor in N, N-dimethylformamide (DMF)
solution is an excellent stabilizer for the homogeneous dispersion of SWNTs, enabling the
formation of a new type of hybrid composites, which combine the synergetic properties of light-
absorbing perovskites with high-mobility SWNTs. Remarkably, introducing SWNTSs into the
perovskite films leads to an ultrahigh hole mobility of 595.3 cm? V! s, which is approximately
an order of magnitude higher than those recently reported on perovskite single crystals.
Furthermore, the hybrid phototransistors exhibit an excellent photoresponsivity of ~10° W A™
and detectivity of ~6.27 x 10 Jones, which are among the highest values ever reported for
organic and inorganic photodetectors. Importantly, the low-cost processing of our hybrid
phototransistors potentially facilitates the large-scale developments of practical perovskite-based
optoelectronic technologies.

Our design principle of the CH3NH3Pbl;_Cl,/SWNTs composites is shown schematically in
Fig. 1a. Upon light illumination, the photo-excited holes are expected to effectively transfer from
the perovskite matrix to the SWNTSs, significantly reducing the charge recombination and
enhancing the transport. The SWNTSs were characterized using transmission electron microscopy
(TEM, Supplementary Fig. 1), and they are approximately 0.5-2 um in length and 1.4 nm in
diameter. The Raman measurement (see Supplementary Fig. 2) further demonstrated the purity
of SWNTs. A homogeneous, dark dispersion of SWNTSs in DMF solution of CH3NHj3l and PbCl,
was prepared, and remarkably, it remained stable for more than 24 h without precipitation; in
contrast, the pristine SWNTs quickly precipitated out in DMF solution (see Supplementary Fig.
3). This excellent dispersion is of significant importance for fabricating SWNTs-based devices

because SWNTs are known to tend to agglomerate into bundles during preparation due to



hydrophobic interactions, which often causes severe inhomogeneity in solution-processed
devices and strong performance fluctuation. The excellent dispersion of SWNTs in the precursor

of CH,NH,Pbl,_ CI /DMF solution could be attributed to the strong electrostatic interactions

among ionic species. The CH3NH3+ units in perovskite are preferentially attached to the SWNTs

surfaces, endowing the SWNTs with positive charges. As a result, the electrostatic repulsion
between SWNTs makes them stably dispersed in the DMF solution.
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Figure 1 | Design and characterizations of the perovskite/SWNTSs hybrids. a, Schematic illustrating the
mechanism of fast carrier transport in the perovskite/SWNTs composites. Photo-generated holes are injected
into the SWNTSs, while electrons are mainly transported by the hybrid perovskite. b, Energy-level alignment
between perovskite and SWNTs. LUMO, lowest unoccupied molecular orbital; HOMO, highest occupied
molecular orbital; CB, conduction band; VB, valence band. ¢, Schematic of the perovskite/SWNTs hybrid
phototransistor. d, Absorption spectra of the hybrid perovskite/SWNTs, the CH3NH3PbI3_XCIX and the SWNTs

samples. e, Transient absorption spectra of the hybrid film measured with light excitation at 480 nm. f,
Normalized kinetic traces for ground-state bleach of the perovskite and the hybrid films probed at 760 nm
and 755 nm, respectively.

The TEM image of the perovskite/SWNTs hybrid film (see Supplementary Fig. 4) further
revealed that the crystalline CH3NHsPbl;—Clx acted as “glue” for SWNTs, while SWNTs
formed a network. The diffraction spots and rings in the selected area electron diffraction (SAED)
pattern (inset of Supplementary Fig. 4) belong to the crystalline perovskite and the SWNTSs,
respectively. Furthermore, the hybrid layer composed of interpenetrating networks of SWNTSs in



CH3NH3Pbl;—Cly, matrix exhibited a uniform and continuous surface, as observed in the
scanning electron microscopy (SEM, Supplementary Fig. 5a) experiment. In contrast, the
reference  CH3NHsPbl;—Clx film suffered from poor surface coverage and pinholes
(Supplementary Fig. 5b). The improved morphology of the hybrid films can be ascribed to the
excellent compatibility of CH3NH3Pbl;—Clyx and SWNTs. Finally, the X-ray diffraction (XRD)
pattern of the perovskite/SWNTs hybrid film in Supplementary Fig. 6 revealed that
CH3NH3Pbls Cly in the channel layer is highly crystalline®, indicating that the beneficial
physical properties of the halide perovskite were largely retained.

It is known that SWNTs might serve as either hole or electron acceptors, which mainly
depends on their energy-level alignment with the particular photosensitive materials. In our
composites, as shown in Fig. 1b, the valence band (VB) of SWNTs (-5.1 eV)? aligns well with
the highest occupied molecular orbital (HOMO) level of CH3NHsPbls Cly (-5.3 eV)*, which
facilitates the injection of photo-excited holes from perovskite into SWNTs. Based on this
energy level alignment, Fig. 1b also illuminated the operation mechanism of the composites.
Owing to the excellent light absorption property of the perovskite, hole-electron pairs are
generated in the hybrid film, and then the holes are injected into SWNTSs and transport along the
SWNTs under the applied electric field, while the electrons predominantly remain and transport

in the perovskite matrix.

As a prototypical demonstration of optoelectronic devices, phototransistors, which have a
versatile range of applications in communication, security, lighting, imaging, and data storage
technologies®®, were fabricated using the perovskite/SWNTSs hybrid as the active channel. The
schematic diagram of our phototransistors is illustrated in Fig. 1c. A heavily n-doped Si wafer
with a 300-nm SiO, surface layer (capacitance Ci: 15 nF cm™) was employed as the substrate.
The perovskites are employed as the light absorber, while SWNTSs are expected to facilitate the
transportation of photo-excited carriers because of their ultrahigh mobility. In our devices, the
thickness of active films is optimized as 400 nm. On one hand, it is known that perovskite films
thicker than 300 nm are capable to absorb most of the incident photons. On the other hand, if the
film is too thick, gate bias will be screened, degrading the device performance®.

The wavelength-dependent absorbance of the hybrid perovskite/SWNTs thin film is shown in

Fig. 1d. For this measurement, the hybrid film was prepared on a glass substrate using the same



processing parameters as those used in fabricating the phototransistors. The optical absorbance
of the pure perovskite and pure SWNTs layers was also characterized as references. The
absorption of light in the hybrid film was substantially enhanced in the long-wavelength region
as compared to the reference CH3NH3Pbls«Clx film. The observed enhancement could be
attributed to the strong light absorption of SWNTs?°. The improvement of light absorption in the
hybrid active layer is benefitial to enhance the photosensitivity and detectivity of the hybrid
phototransistor. Overall, the strong and broadband light absorption in the ultraviolet and visible-
light regimes underscored the hybrid perovskite/SWNTs films as an excellent light absorber,

promising for high-performance light-harvesting and optoelectronic applications.

It is well known that the transient absorption spectroscopy can provide direct information
regarding the carrier dynamics and excited-state deactivation pathways®. As shown in Fig. le,f,
sharp negative absorption peaks at around 760 nm and broad positive absorption peaks at 600-
700 nm in both perovskite and hybrid films are observed. More importantly, the hybrid film
exhibits a remarkably strong positive peak in the wide wavelength region from 600 to 700 nm,
suggesting intense absorption of the perovskite/SWNTSs interfacial excited states. Moreover, the
ground-state bleach recovery which mainly reflects the charge recombination is slower in that
case of hybrid composites compared to the free CH3NH3Pbl;_Cly, in line with the scenario of
hole transfer from the perovskite matrix to the SWNTs. This observation indicates that the
charge recombination time constant (zjire)** increases in the phototransistor channel, which will
enhance the performance of such hybrid perovskite/SWNTSs phototransistors. The steady-state
photoluminescence (PL) was also performed to corroborate the scenario of charge transfer at the
perovskite/SWNTSs interface. A strong quenching of the perovskite PL peak at ~760 nm was
observed upon the addition of SWNTSs (see Supplementary Fig. 7), further evidencing the excited

state interaction at the perovskite/SWNTSs interface.

We now turn to the electrical properties of the hybrid phototransistor and propose an operating
mechanism. To obtain the transfer characteristics (Ips-Vgs) of the hybrid phototransistor in dark
(Fig. 2a) and under light illumination (Fig. 2b), we swept the backgate voltage Vs while keeping
the source—drain bias Vps across the hybrid channel at fixed values. It should be noted that our
device, no matter in the dark or under light, shows clear ambipolar behaviors, i.e., Ips increases
with Vgs on both polarities. In the absence of light (Fig. 2a), the source-drain current was found

to remain below 10 pA in the measurement range of Vgs. In contrast, when the device was



illuminated with a white light-emitting diode (LED) at a photoexcitation intensity (Eiighy) of 10
mW cm™, the channel current reached the level of 10 mA (Fig. 2b), indicating a very high

photosensitivity.

The field-effect mobility («) and threshold voltage (Vry) can be extracted from the linear

regimes of the transfer curves according t0°:

los = VTVCi,U(VGs —Vr )VDS 1)
where W and L are are the width and length of the channel, respectively, and C; is the gate
dielectric capacitance per unit area. By fitting the experimental data to equation (1), the field-
effect hole and electron mobilities in the dark were estimated as 0.175 and 0.058 cm® V' s™,
respectively (Fig. 2a). More importantly, in the presence of light illumination, the obtained
mobilities of photo-generated holes and electrons are as high as 595.3 and 108.7 cm? V! s?,
respectively (Fig. 2b). The significant increases of hole/electron mobilities on illumination with
respect to the dark measurements imply that the photo-induced carriers dominate the channel
transport. Furthermore, the ultrahigh room-temperature carrier mobility obtained here is
comparable to the values of high-quality crystalline silicon®’, which unambiguously suggest the

high potential of the hybrid perovskite/SWNTSs films in high-mobility optoelectronic applications.

In line with our previous report’, for the control devices of perovskite phototransistor without
SWNTSs, the field-effect hole/electron mobilites are just 1.62 x 10%/1.17 x 10* cm?V™* s in the
dark condition and 1.37/0.87 cm?V* s under light illumination (Supplementary Fig. 8). It is
obvious that the addition of SWNTs significantly improved the transport property of the
phototransistor channel. Even in dark, adding SWNTSs increased the channel current from the nA
to the pA level. This also indicates that the channel/electrode interfaces are quite transparent in
the hybrid devices, allowing high current to flow through. In such devices, the high-mobility
SWNTSs played a crucial role in enhancing the performance in the hybrid phototransistors. These
SWNTs embedded in the perovskite matrix provide fast tracks for carriers to transport with less
scattering, which benefits from the good interface and effective charge transfer between
perovskites and SWNTSs.

As shown in Fig. 2c,d, the typical output characteristics (that is, the dependence of Ips on Vps

at different Vgs) of the hybrid phototransistor indicate ambipolar behavior, which are consistent



with the transfer characteristics. As expected, both the incident light illumination and the gate
voltages can substantially modulate the channel transport. Without the gate voltages, the output
curves of the hybrid channel, in both absence and presence of light, appear almost symmetric.
However, with a high negative Vgs, the channel transport exhibits the characteristics of a diode
with good rectification ratios, while a high positive Vgs reverses the rectification of the diode.

Furthermore, these data indicate that p-type conduction is slightly favored, i.e., higher current is

consistently achieved with negative gate bias.
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Figure 2 | Ambipolar transport of the hybrid perovskite/SWNTs phototransistor. a,b, Transfer
characteristics (/ps-Vgs) of the hybrid perovskite/SWNTs phototransistor operating in the absence and
presence of light, respectively. c,d, Output characteristics (/ps-Vps) of the hybrid phototransistor operating in
dark and under light illumination, respectively. e,f, Simulation of the electric field distribution in the hybrid

channel at two typical bias configurations. The accumulated ions in the hybrids near the electrodes induced
strongly localized p- and n- doped areas.

It is a consensus that there are high-density charged defects in perovskite due to their low

formation energies, including both positively charged defects (such as | vacancies) and



negatively charged ones (such as Pb and CHsNHj; vacancies)?. It was also recently reported that
an electric field could cause the drift of these charged ions toward the electrodes®. Indeed, both
the transfer curves and the output curves exhibit small but notable hysteresis effects (Fig. 2a-d),
consisting with the screening effects arising from the field-induced drift of charged defects®®%.
Accordingly, we propose that in the phototransistor operation, the distribution of the ionic
defects and the perovskite/electrode interfaces could be significantly modulated by the
distribution of electric field in the channel. The simulation results of the potential distributions in
the hybrid channel are illustrated in Fig. 2e,f and Supplementary Fig. 9. At Vps = +5 V and Vgs =
-5V (Fig. 2e), the largest potential difference occurs between the gate and source electrodes, and
negative ions drift toward the source electrode, forming a strongly localized n-doped area, which
significantly enhances the Schottkey barrier at the channel/electrode interface and reduces the
channel current. When Vpg scans to -5 V, less ionic drift occurs, which explain the rectifying
channel transport. On the other hand, when the gate bias is reversed, i.e., Ves = +5 V, as shown
in Fig. 2f, the most significant drift of ions should occur mainly at Vps = -5 V, which leads to
reversed rectification of the channel in reference to the case of negative Vgs. As expected,
without any gate bias, the channel transport showed symmetric behavior without any current
rectification (Supplementary Fig. 10).

Photoresponsivity (R), indicating how efficiently the optoelectronic device responds to an
optical signal, is an important figure-of-merit for evaluating the performance of phototransistors.
It is given by R = (liight-ldark)/Eiignt, Where liigne and lga are the channel currents under light
illumination and in dark, respectively. R as a function of Vgs measured on our phototransistors is
shown in Fig. 3a, and the maximum R is approximately 1.17 x 10* AW™. Note that this R value
is among the largest values reported for phototransistors’®%. In contrast, the maximum R of a
CHsNH3Pbls_Cly-based phototransistor is about 13 A W™ (see Supplementary Fig. 11a). The
much-enhanced R of our hybrid phototransistor indicates the synergy between the halide
perovskite and the SWNTSs in the hybrid channel.

In addition to photoresponsivity, specific detectivity D* (measured in units of Jones, Jones =

Y2 W) is another critical parameter for evaluating the performance of photodetectors,

cm Hz
which characterizes the capability of the devices to detect the incident light signal. The noise
current is the main factor to limit the specific detectivity of a photodetector, and the total noise

current of our phototransistor was directly measured with a lock-in amplifier at various



frequencies. As shown in Fig. 3b, the measured noise current was dominated by the shot noise,

and accordingly, the specific detectivity of a photodetector is given by’

*

B (Af )1/2

“ G /R) @

where A, f and i, are the effective area of the device, the electrical bandwidth and the noise
current, respectively. In our case, since the shot noise from the dark current is the major

contribution to the noise limiting the detectivity, the detectivity can be simplified as

R
D¥= — 3
(2q|dark / A)llz ( )

where q is the absolute value of electron charge (1.602 x 10 Coulombs) and lgari/A is the dark
current density. The detectivity, together with the photoresponsivity, of our hybrid
phototransistor as a function of wavelength is plotted in Fig. 3c. At an illumination light intensity
of 10 mW cm, the maximum D* of 6.27 x 10 Jones at about 400 nm was obtained from the
hybrid device, whereas the phototransistor based on the pristine perovskite showed a much lower
D* of 4.0 x 10" Jones (see Supplementary Fig. 11b). We note here that the obtained D* value is
comparable to the highest values ever reported for both organic and inorganic
photodetectors®*®*"*°  Such high D* of the hybrid phototransistor in combination with the
simple device architecture enables the detection of very weak light signal, promising for high-

sensitivity photodetector applications.

As the most significant finding, ultrahigh mobility was achieved by adding the SWNTSs into
the perovskite films. In order to examine the role of SWNTS, we investigated the performance of
phototransistors using hybrid films with varied SWNTSs concentrations. As shown in Fig. 3d, the
highest mobility and the optimal device performance were obtained at the SWNT concentration
of 1 wt. %. We should note that the hole mobility of nearly 600 cm?V™* s is the highest among
the values reported for perovskite-based materials, even much higher than that of the perovskite
single crystals*®®. In our hybrid films, SWNTSs play the important roles of interacting with the
perovskite and transporting charges, significantly improving the overall mobility. However, at
the highest SWNT concentration (3 wt. %), the hybrid phototransistor showed high conductance
but weak p-type field effect (Supplementary Fig. 12), indicating that the SWNTSs started to form

a percolation network which dominated the charge transport. Since photocurrent is proportional

10



to mobility, the optimal photoresponsivity and detectivity of the phototransistors were also
achieved at the SWNTSs concentration of 1 wt.% (Fig. 3d).
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Figure 3 | Performance of the hybrid perovskite/SWNTs phototransistor. a, Responsivity (R) of the
phototransistor as a function of back-gate voltage. The maximum responsivity reaches approximately 1.17 x

104 AW 1. b, Noise current of the hybrid phototransistor. Measured noise current of the hybrid perovskite-
SWNTs phototransistor at different frequencies. The calculated shot noise limit is also plotted for comparison.
¢, Responsivity (R) and Detectivity (D*) of the hybrid phototransistor measured at different wavelengths with
the light intensity of 10 mW cm. d, Effect of the SWNTs concentration on the performance of the hybrid
perovskite-SWNTs phototransistor. K M R and D* denote hole mobility, electron mobility, responsivity and

detectivity, respectively.

Another important parameter of optoelectronic devices is their response speed. The temporal
response of our hybrid phototransistor was characterized using chopper-generated light pulses.
The optical pulses had the time interval of 1.0 s and an intensity of 10 mW cm™, and the device
was measured under the biases of Vps = -3 V and Vgs = -3 V. As shown in Fig. 4a, the dynamic
photoresponse of the hybrid phototransistor is stable and reproducible, indicating that the device
can function as a good light switch. The temporal photocurrent response of the hybrid
phototransistor is presented in Fig. 4b. The switching times for the rise (output signal changing
from 0 to 90% of the peak output value) and the decay (Ips decreasing from peak value to 10%)

of the photocurrent are about 738 s and 912 ps, respectively, which can also be taken as the

11



carrier lifetime zjir. It is noted that the response speed of our hybrid phototransistor is faster than

most of the organic, quantum dot and hybrid photodetectors (typically on the order of

14-18,30,31

milliseconds) , Which arise from the good carrier transport in the hybrid films. The

photoconductive gain (G) is the ratio between 7t and the transit time (zyan, Which is the time

during which holes sweep through the SWNTSs to the electrodes), and given by®*#1622

G T _ T @

Based on the measured carrier recombination time and the carrier mobility, the gain of our
hybrid devices was estimated as approximately 8000, which further underscores the hybrid

perovskite/SWNTSs films as a promising material candidate for photoelectronic applications.
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Figure 4 | Photocurrent response of the hybrid perovskite/SWNTs phototransistor. a, Temporal
Photocurrent responsive characteristic of the hybrid perovskite/SWCNTs phototransistor measured at V="

3Vand Vi =-3V, respectively. b, Temporal photocurrent response, indicating a rise time of 738 us and a
decay time of 912 ps.

In summary, we demonstrated a novel type of hybrid thin film materials combining light-
absorbing perovskite and carrier-transporting SWNTs. Owing to the excellent compatibility of
the perovskite and the SWNTSs, high-quality hybrid films were achieved from the stable mixtures,
and the physical properties of both constituents were synergistically retained. As a prototypical
device, high-performance ambipolar phototransistors based on the solution-processed
perovskite/SWNTs hybrid films were fabricated. In the hybrid phototransistor channels, SWNTs
provide fast tracks for carrier transport, significantly improving the field effect mobility of
photo-carriers. By varying the SWNTs weight concentration, we found that the field effect

mobility of photo-generated holes could reach as high as 595.3 cm? V! s™. The phototransistors

12



combining perovskite and SWNTs resulted in ultrahigh specific detectivity of 6.27 x 10 Jones
and responsivity of 1.17 x 10* A W™, From a general perspective, these perovskite/SWNTs
composite films open up a new door towards developing novel optoelectronic devices, and the
strategy may help advance other hybrid-based technologies.

Methods

Perovskite/SWNTs hybrid solution preparation. Semiconducting SWNTSs (Sigma-Aldrich, > 90 wt %)
were purified and partially oxidized via refluxing in 3M HNO; for 12 h. Then, the SWNTSs were separated by
ultracentrifugation, washed with excess of water several times and freeze-dried. Methylammonium iodide
(MAI) and lead(ll) chloride (PbCl,, Sigma-Aldrich, 98%) were dissolved in DMF (Sigma-Aldrich, 99.8%)
with a molar ratio 3:1 to form the perovskite precursor solution. To form the hybrid solution, the purified
SWNTs was mixed into the perovskite solution upon sonication for 2 h., with the SWNTs/perovskite weight
concentration ranging from 0 and 3%. We note that the precursor solution must be stored in glove box and

used quickly after mixing to avoid degradation.

Device fabrication. Si/SiO; (300 nm) substrates were cleaned by sonication in acetone, ethanol and deionized
water, respectively. After drying in flowing nitrogen, we treated the substrates with oxygen plasma. The hybrid
solution was spin-coated on substrates at 2000 rpm for 20 seconds and annealed at 100 °C for 60 minutes in a
glove box. For comparison, pristine perovskite films were prepared in the same way without SWCTs. Ti/Au (5
nm/80 nm) source (S) and drain (D) electrodes were deposited via thermal evaporation through a shadow mask,
defining phototransistor channels with length of 50 um and width of 1000 um. Finally, the fabricated devices
were annealed to reduce the charge traps and to improve the contacts between the active layer and the S/D

electrodes.

Measurements. XRD was performed on a Bruker D8-Advance diffractometer using Cu Ka radiation (A =
1.5406 A). The surface morphology of the films was measured using SEM (FEI Nova Nano 630). TEM
experiments were carried out using a Titan ST instrument operated at 300 kV. The absorption and steady-state
PL were recorded using Cary 6000i spectrophotometer with an Edinburgh Instrument spectrofluorometer.
Ultrafast Systems Helios UV-NIR femtosecond transient absorption spectroscopy system was also used to
characterize the samples. Transport measurements were conducted using a Signotone Micromanipulator S-
1160 probe station equipped with a LED and Keithley 4200 SCS. Noise current was measured with a lock-in
amplifier SR830.
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Supplementary Figure 1 | HRTEM image of a SWNT. High-resolution transmission electron
microscopy (HRTEM) image of a SWNT used to fabricate the perovskite/SWNTs hybrids. The
diameter of SWNT is about 1.4 nm.
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Supplementary Figure 2 | Raman spectrum of SWNTSs. The Raman spectrum of SWNTs used
to fabricate perovskite/SWNTSs hybrids.
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Supplementary Figure 3 | Digital photographs of samples. Digital photographs of (I) the
CH3NH3Pbl;ClLL/SWNTs precursor and (II) SWNTs in N, N-dimethylformamide (DMF)
solutions taken 24 h after preparation. A homogeneous, dark dispersion of SWNTs in DMF
solution of CH3NHj3l and PbCl, was prepared, and remarkably, it remained stable for more than

24 h without precipitation, while the pristine SWNTs quickly precipitated out in DMF solution.
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Supplementary Figure 4 | TEM image of the hybrid film. Transmission electron microscopy
(TEM) image of the hybrid perovskite/SWNTs film, inset shows the selected area electron
diffraction (SAED) pattern. Red and white arrows indicate the crystalline CH,NH,Pbl,_ CI,_and

SWNTs, respectively. Symmetric diffraction spots and continuous diffraction rings displayed in

the SAED pattern belong to crystalline perovskite and SWNTSs, respectively.
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Hybrid film Perovskite film

Supplementary Figure 5 | SEM images of the films. a, Scanning electron microscopy (SEM)
image of the perovskite/SWNTSs film on Si/SiO, substrate. The hybrid thin film appears smooth

and uniform surface morphology. Some SWNTSs replace perovskites in the hybrid thin film, and
the superior tracks are used to achieve carrier transport with less scatter. b, SEM image of a

pristine perovskite film on Si/SiO, substrate. The pristine perovskite film suffers from poor

surface coverage and pinholes.
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Supplementary Figure 6 | XRD pattern of the films. X-ray diffraction (XRD) spectra of the
hybrid perovskite/SWNTs film on Si/SiO, substrate (black line) and the sole Si/SiO, substrate
(red line), respectively. The peaks marked with * belong to the Si/SiO, substrate. The main
diffraction peaks at 14.02°, 28.35°, 37.74°, 43.16° and 58.78° can be assigned to <110>, <220>,
<310>, <330>, <440> planes of the perovskite, respectively, which the perovskite
CH3NH3Pbl;Cly composited to hybrid thin film possess the expected orthorhombic crystal

structure with high crystallinity.
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Supplementary Figure 7 | PL spectra. Steady-state photoluminescence (PL) spectra of the
hybrid perovskite/SWNTs and the pristine perovskite films. A strong quenching of the perovskite
PL peak at ~760 nm was observed upon the addition of SWNTSs.
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Supplementary Figure 8 | Performance of a control device employed the pure perovskites
in the phototransistor channel. a,b, Transfer characteristics of the perovskite-based
phototransistor in the dark and under light illumination, respectively. The field-effect

hole/electron mobilites, calculated from the transconductance using I :VTVCi £ (Vs =V Vos

in the linear regime, are just 1.62 x 10%/1.17 x 10* cm? V! s in the dark condition and
1.37/0.87 cm® V! s under light illumination, respectively. c,d, Output characteristic of the
perovskite phototransistor in dark and under light illumination, respectively.
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Supplementary Figure 9 | Simulation of the electric field distribution in the hybrid channel
at other two typical bias configurations. a, Simulation of the electric field distribution in the
hybrid channel when using positive source voltage of +5 V and positive gate voltage of +5 V. b,
Simulation of the electric field distribution in the hybrid channel when using negative source
voltage of -5 V and negative gate voltage of -5 V. The accumulated ions in the hybrids near the

electrodes induced strongly localized p- and n- doped areas.

a T T T T T b
1.5' 1 12_
; In the dark Under light
1.2 o
94
= 0.9 =
< T,
;% 0.6- X
0.3 31
0.0 0-
4 2 0 2 4 4 2 0 2 4
VDS (V) IVDS (V)

Supplementary Figure 10 | I-V curves for the device without the gate bias. The dependence
of Ips on Vps for the hybrid phototransistor at Vgs = 0 V, measured in the dark and under light

illumination, showing symmetric behavior without any current rectification.
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Supplementary Figure 11 | Performance of the perovskite phototransistor. a, Responsivity
(R) of the perovskite-based phototransistor operating at V. = -5V and V. = 5V, respectively. b,
Responsivity (R) and specific detectivity (D*) of the perovskite phototransistor at different

wavelengths with the light intensity of 10 mW cm™.
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Supplementary Figure 12 | Transfer characteristics of a hybrid phototransistor with the
SWNTs concentration of 3 wt. %. Transfer characteristics of a hybrid device with the higher
SWNTSs concentration (3 wt. %) were measured, the hybrid film presents high conductance but a
weak p-type field effect, indicating the SWNTSs are starting to make a fully percolation network

to dominate the charge transport.
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