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Organolead trihalide perovskite is an emerging low-cost, solution-processable material with a tunable bandgap from the
violet to near-infrared, which has attracted a great deal of interest for applications in high-performance optoelectronic
devices. Here, we present hybrid perovskite single-crystal photodetectors that have a very narrow spectral response with a
full-width at half-maximum of <20 nm. The response spectra are continuously tuned from blue to red by changing the
halide composition and thus the bandgap of the single crystals synthesized by solution processes. The narrowband
photodetection can be explained by the strong surface-charge recombination of the excess carriers close to the crystal
surfaces generated by short-wavelength light. The excess carriers generated by below-bandgap excitation locate away
from the surfaces and can be much more efficiently collected by the electrodes, assisted by the applied electric field. This
provides a new design paradigm for a narrowband photodetector with broad applications where background noise
emission needs to be suppressed.

Spectrally selective photodetection is widely required in bio-
medical sensing, imaging, defence and surveillance when
only a small spectral range of light is to be detected while the

remainder, usually background or environmental radiation, needs
to be suppressed. Narrowband photodetection is usually realized
by one of three approaches: (1) by combining broadband
photodetectors with bandpass filters1,2, (2) by using photoactive
materials with narrowband absorption3 or (3) by intentionally
enhancing absorption in a particular wavelength range via the
plasmonic effect4. However, all have drawbacks. The first of these
detection systems suffers from the requirement for high-cost
filters as well as complicated optical system design and integration.
Moreover, current commercial optical filters cannot meet the
needs of many applications due to their inherent limitations. For
instance, interference optical filters are susceptible to side peaks
and are very sensitive to surface contamination or scratches. For
commercial fluorescence band-pass filters, there are still many
wavelength ranges that are not covered, and the full-width at half-
maximums (FWHMs) in many wavelength ranges are limited to
only 40–84 nm. In addition, the low linear dynamic range and
cooling required by low-bandgap broadband photodetectors, such
as InGaAs photodetectors, limits the application of narrowband
photodetection. With narrowband absorption materials (the
second approach mentioned above), despite their successful use in
short-wavelength photodetectors using wide-bandgap semi-
conductors as active materials (for example in visible-blind or
solar-blind ultraviolet photodetectors3), it remains challenging to
realize narrowband visible or infrared detection5–7. Plasmonic
enhanced absorption (the third approach) is also limited in its
operational spectral range and by non-suppressed absorption in
other non-plasmonic wavelength ranges. Accordingly, intrinsically
narrowband photodetection with a widely tunable response range
is urgently needed.

During recent years, methylammonium lead trihalide perovs-
kites (MAPbX3, where X is Cl, Br or I) have emerged as a new
generation of solution-processable optoelectronic materials for

photovoltaic, light-emitting diode (LED), laser and photodetector
applications8–25, which have benefited from excellent optoelectro-
nic properties such as a high and balanced carrier mobility26,27,
long carrier diffusion length28 and large light absorption coeffi-
cient in the UV–vis range29. Most of these applications are
based on perovskite thin films, which usually contain a large
density of charge traps at the grain boundaries30,31. Because
single crystals have no grain boundaries, it is anticipated that per-
ovskite single-crystal-based devices will have much better optoelec-
tronic performances. Recently, we have demonstrated that the
carrier diffusion length in MAPbI3 single crystals is larger than
175 μm, more than two orders of magnitude longer than their
thin-film counterpart, resulting in a nearly 100% internal
quantum efficiency (IQE) in the thick perovskite single-crystal
solar cells32. Shi and colleagues have also demonstrated a large
carrier diffusion length in excess of 10 μm in MAPbBr3 single
crystals33. The long carrier diffusion length allows the photogener-
ated charge carriers to be completely extracted from perovskite
single crystals with an active layer thickness much larger than
thin-film analogues, which is also very desirable for photodetec-
tion applications. Furthermore, because the absorption edges of
MAPbCl3, MAPbBr3 and MAPbI3 are located in the violet,
green and near-infrared (NIR) ranges, respectively, it is expected
that the bandgap of perovskite single crystals may be continuously
tuned over a large range of wavelengths by synthesizing mixed-
halide perovskite single crystals. In this way, the response spec-
trum of photodetectors can be readily controlled by changing
the single-crystal composition.

In this Article, we report the growth of single-halide perovskite
single crystals, and MAPbBr3−xClx and MAPbI3−xBrx mixed-
halide perovskite single crystals with the absorption edge continu-
ously tuned from blue to red. Using these single crystals as the
photoactive materials in photodetectors, narrowband photo-
detection with a tunable spectral response from blue to red was
realized. Based on charge collection efficiency modelling and experi-
mentally measured photoresponse spectra, it is demonstrated that
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surface-charge recombination is responsible for the observed
narrowband photodetection phenomenon.

Growth and properties of hybrid perovskite single crystals
The single-halide and mixed-halide perovskite single crystals were
grown by the method proposed by Knop and colleagues, with
some modification34. The precursor solution was prepared by
mixing methylamine, single or mixed haloid acid with different
halide ratios, and lead(II) acetate to form a super-saturated
aqueous solution at 100 °C. The single crystals were precipitated
from the precursor solution by gradually lowering the temperature.
Single crystals with a thickness of 0.5–5 mm can be readily syn-
thesized. Photographs of typical single-halide and mixed-halide
perovskite single crystals with different Cl/Br and Br/I precursor
ratios are presented in Fig. 1a. With the MAPbBr3−xClx single crys-
tals, the colour gradually changed from transparent to yellow and
finally to orange with increasing Br/(Cl + Br) molar ratio from 0
to 1 in the precursor solution. With the MAPbI3−xBrx single crystals,
the colour gradually changed from orange to red with increasing
I/(I + Br) molar ratio. The corresponding absorption spectra of
these single crystals are presented in Fig. 1b, which show a gradually
redshifted absorption edge with increasing Br/Cl or I/Br ratios,
matching their colour change well. The photoluminescence
spectra of the single crystals at room temperature displayed in
Fig. 1b show a redshifted peak with the same trend as the absorption
edge shift. Note that each photoluminescence spectrum has
two peaks. The shorter-wavelength photoluminescence peak can
be ascribed to bandgap emission, while the shoulder peak at
the longer wavelength may be from surface contamination or
decomposition-related product-induced trap state emission, which
is supported by suppression of this peak after crystal washing

(see discussion in ‘Mechanism of narrowband photodetection’
section). To identify the actual halide composition in the crystals,
powder X-ray diffraction (XRD) measurements were carried out
on the MAPbBr3−xClx crystals. The XRD spectra are shown in
Fig. 1c. The diffraction peaks shift to a lower angle with increasing
Br precursor ratio, indicating an increased lattice constant after
incorporating Br, with its larger atomic radius. By calculating the
(002) peak shift using Vegard’s law, the actual Cl/(Cl + Br)
molar ratios in the MAPbBr3−xClx single crystals with nominal
Cl/(Cl + Br) ratios of 50.0 and 80.0% in the precursor solution
were calculated to be 17.7 and 61.7%, respectively. The actual
Br/Cl ratio in the MAPbBr3−xClx single crystals is thus higher
than that in the precursor, suggesting the preferential incorporation
of Br over Cl in the MAPbBr3−xClx. The bandgap of the mixed-
halide single crystals obtained from the shorter-wavelength photo-
luminescence emission peak and the Cl/(Cl + Br) ratio can be
fitted with the empirical expression35
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where Eg is the bandgap and b is the bowing parameter. This yields a
bowing parameter of 0.088 eV (Fig. 1d). For the MAPbI3−xBrx single
crystals, however, the actual Br/I ratio cannot be directly obtained
from the XRD peak shift or the bandgap change, because
Vegard’s law becomes invalid for a solid solution with two com-
ponents of different crystal structures. Nevertheless, the redshifted
absorption edge and the photoluminescence peak position definitely
indicate the increased I molar ratio in the MAPbI3−xBrx single
crystals with increasing I/Br ratio in the precursor.

0.00 0.25 0.50 0.75 1.00
2.2

2.4

2.6

2.8

3.0

3.2

Ba
nd

ga
p 

(e
V

)

Cl/(Br + Cl) molar ratio

10 15 20 25 30 35 40 45 50 55 60

In
te

ns
ity

 (a
.u

.)

2θ (deg)

Cl

Cl/Br 4:1

Cl/Br 1:1

Br

Br/I 15:1

Br/I 6:1

400 500 600 700
Wavelength (nm)

N
or

m
al

iz
ed

 a
bs

or
pt

io
n 

an
d

ph
ot

ol
um

in
es

ce
nc

e 
in

te
ns

iti
es

 (a
.u

.)

Br

Br/I 6:1

Br/I 15:1

Cl/Br 4:1

Cl/Br 1:1

Cl

a

b c

d

Br/I 6:1Br/I 15:1BrCl/Br 1:1Cl/Br 4:1Cl

Figure 1 | Properties of hybrid perovskite single crystals. a, Photographs of single-halide and mixed-halide perovskite single crystals with different halide
compositions. b,c, Absorption (squares) and photoluminescence (solid lines) spectra (b) and powder XRD spectra (c) of the single-halide and mixed-halide
perovskite single crystals. d, Crystal bandgap obtained from the photoluminescence spectra with the change of Cl/(Cl + Br) molar ratio in the crystal derived
from XRD measurements. The solid line is a fit to the data following equation (1).
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Perovskite single-crystal narrowband photodetectors
Singe-crystal photodetectors were fabricated using the as-grown
single-halide and mixed-halide perovskite single crystals. A sche-
matic of the device structure is shown in Fig. 2a. A thin layer of
Au (25 nm) was thermally evaporated on top of the single crystals
as the semi-transparent anode, and the Ga on the glass substrate
was contacted to the bottom of the crystals as the cathode. The
thickness of the single crystals in these devices is ∼1 mm and the
devices worked under reverse bias. When light illuminates the Au
electrode, photogenerated electrons and holes in the region close
to the Au will drift across the single crystals under the applied elec-
tric field, with the electrons drifting towards the Ga and the holes to
the Au, which are finally collected by both electrodes to generate the
output photocurrent. Figure 2b presents the normalized external
quantum efficiency (EQE) spectra of devices with single crystals
of different halide compositions under a bias of −1 V.
Interestingly, it is found that the EQE spectra of all the devices
only exhibit a single narrow peak close to the absorption edge of
each kind of single crystal, in strong contrast to the wide spectra
observed in the thin-film perovskite photodetectors8,36. The
FWHMs of all these photodetectors are less than 20 nm, enabling
narrowband photodetection. The maximum EQE values are
between 0.2 and 1.6%, limited by the low transparency (∼20%) of
the 25 nm Au electrode used as well as the low bias applied. The
response spectra were tuned to cover the whole visible spectral
range by simply changing the bandgap of the organolead trihalide
perovskite (OTP) single crystals. Compared with the narrow EQE
peak of organic photodiodes with a thick junction37, the EQE
peak of the OTP single-crystal photodetectors are more than five
times narrower. The narrow spectral response is promising for
many unique applications where a specific wavelength needs to be
detected while the background emission is suppressed, such as a
flame detection application to detect the existence of a specific
kind of chemical element, the detection of emission from
fluorescent dyes (biomarker) of different colours in biomedical
applications, selected-wavelength imaging and so on.

Mechanism of narrowband photodetection
The many surface-related phenomena observed in the single crystals
lead to a hypothesis that surface-charge recombination causes the
narrow spectral photoresponse, including the shifted photolumines-
cence emission and quick charge recombination allocated to the
crystal surface33, and different EQE spectra shapes with different
surface treatments. The high densities of surface charge traps have
been observed in OTP thin films, which explains the photocurrent
hysteresis in perovskite solar cells and large photoconductive gain
in perovskite photodetectors8,38. The single crystals synthesized
from super-saturated solution are unlikely to be free of surface
defects, because taking the crystals out of the precursor solution

may cause partial decomposition of the surface or contamination
through attachment of the non-stoichiometric precursors32. We
propose a surface-charge recombination-enabled narrowband
photodetection mechanism, which is illustrated by the schematic
in Fig. 3a. With above-bandgap excitation, the light penetration
depth is very small (<300 nm) due to the very large absorption
coefficient of the hybrid perovskite materials, so the charge carriers
are generated mostly in a narrow region near the Au electrode. Due
to the severe surface-charge recombination, the charges generated
by above-bandgap photoexcitation can be quenched easily. In
addition, photogenerated charges not far from the crystal surface
can diffuse quickly to these surface-charge sinks due to the large
carrier mobility in these single crystals. The short-wavelength EQE
is therefore suppressed due to the surface-charge recombination.
With below-bandgap photoexcitation (absorption), however, light
penetrates much deeper into the crystal due to the much smaller
absorption coefficient. These photogenerated charges are less
susceptible to surface recombination, because the applied field
drives them toward the Ga electrode before they can diffuse to the
Au/perovskite interface, which results in a higher charge collection
efficiency. Therefore, the EQE at a longer wavelength range is
much larger than that at the shorter wavelength range, resulting in
the narrowband EQE spectra.

To verify this proposed mechanism, we chose MAPbBr3 single-
crystal devices to study the crystal thickness and field-dependent
EQE spectra. The field-dependent EQE spectra of a 0.3-mm-thick
MAPbBr3 single-crystal device are shown in Fig. 3b. The EQE
curve at zero bias shows a nice narrow peak. The EQE increases
with applied bias due to the enhanced charge extraction efficiency,
but the EQEs for the short wavelength range increase much more
rapidly than those in the long wavelength range. This device lost
its narrowband detection capability under values of reverse bias
larger than −4 V. This can be explained by the fact that a larger
applied electric field quickly pushes the photogenerated charges
away from the surface so that even charges photogenerated
by short-wavelength light could contribute to the photocurrent.
We also decreased the MAPbBr3 single-crystal thickness from
1.5 mm to 0.5 and 0.1 mm, and studied the EQE spectra under a
fixed bias of −4 V. The thinner MAPbBr3 single crystals were
obtained by carefully cleaving the same 1.5-mm-thick single
crystal so that the same crystal was studied to avoid any variation
of electronic properties among different single crystals. As
shown in Fig. 3c, with decreased single crystal thickness, the
photoresponse in the short wavelength range began to appear,
and finally approached the peak value near the bandgap.
This variation trend can again be explained by the presence of a
larger electric field in the thinner devices for the fixed bias
applied. The applied electric field thus should not be too large for
narrowband photodetection.
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Figure 2 | Device structure and narrowband photodetection. a, Schematic of device structure. b, Normalized EQE spectra of the single-halide and
mixed-halide perovskite single-crystal photodetectors with different halide compositions, showing the ultra-narrow EQE peak and tunable spectral response.
The EQE spectra were measured under −1 V bias.
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To quantitatively explain the change in the shape of the EQE
spectra under different levels of bias, we modelled the charge collec-
tion efficiency in the single-crystal devices to simulate the field- and
crystal-thickness-dependent EQE at different excitation light
wavelengths. As shown in Fig. 3d, the charge collection ratio Q(x)
of the charges photogenerated at position x can be described by the
Hecht equation, which has been broadly applied in semiconductor
radiation detectors39:

Q(x) =
Ld

d − x
(1 − e−(d−x)/Ld )

Ld =

��������
kBT
q

μτ

√
+ μτ

V
d

where Ld is the sum of the charge diffusion length and drift length,
kB is the Boltzmann constant, T is the temperature, q is the elemen-
tary charge, μ is the carrier mobility, τ is the carrier bulk recombi-
nation lifetime, d is the crystal thickness, and V is the applied bias.
The total charge collection ratio, or the device internal quantum
efficiency (IQE), is derived by integrating Q(x):

Q = ∫d0 f (x)Q(x) dx

where f(x) is the ratio of the carriers generated at position x to the
incident photon number (Supplementary Section 1). The calculated
charge collection efficiency is shown in Supplementary Fig. 1 for
crystals with thicknesses of 1.5, 0.5, 0.3 and 0.1 mm for above-
bandgap (470 nm) and below-bandgap absorption (∼552–572 nm,
depending on the peak EQE wavelength of each device). The
carrier diffusion length of the MAPbBr3 single crystal measured
using the steady photocurrent method is ∼7 μm, giving a μτ
product of 1.9 × 10−9 m2 V–1 (Y. Fang et al., unpublished). The
EQE was derived by multiplying the transparency of Au
(Supplementary Fig. 2) with the calculated IQE at each wavelength.
The calculated EQEs are shown in Fig. 3e,f and Supplementary
Fig. 3 for different crystal thicknesses and applied biases. In both
cases, the simulated EQEs agree well with the experiment data for
below-bandgap photoexcitation, but there is a large discrepancy
for above-bandgap photoexcitation. This indicates that the
accurate simulation of above-bandgap EQE must take into
account surface-charge recombination because of the much
shorter light penetration length.

The surface recombination velocity of the MAPbBr3 single
crystal was derived from the photoconductivity with the modified
Hecht equation40:

I(V) =
I0μτ(V/d)

d
(1 − e−d/(μτ(V/d)))
(1 + (ds/μV))

where I0 is the saturation value of the photocurrent, and s is the
surface recombination velocity. In the photoconductivity
measurement, short-wavelength (470 nm) light was used to
ensure that the carriers were generated close to the surface of the
crystal. The photoconductivity curve can be well fitted by the
modified Hecht equation, yielding s/μ = 2.5 × 105 V m–1 and a μτ
product of 1.4 × 10−9 m2 V–1 (Y. Fang et al., in preparation),
which is very close to that derived from the steady photocurrent
method. Based on the carrier drift mobility derived from the
time-of-flight method (Supplementary Fig. 4), s was calculated to be
5,800 cm s–1, which is very high compared to that of passivated
Si wafers (<100 cm s–1) for high-efficiency solar cells41. This con-
firms the severe recombination at the surface of MAPbBr3 single
crystals. The simulated EQE for above-bandgap excitation was
then corrected (EQEc) by considering the competition between

the surface recombination velocity and carrier escaping velocity
from the surface:

EQEc = EQE ×
ve

s + ve

where ve includes both the drift velocity (μE) and the diffusion vel-
ocity (Ldiff/τ, where Ldiff is the carrier diffusion length), because both
contribute to excess carriers leaving the surface. After applying the
correction to the above-bandgap-excitation EQE, the simulated
EQEc values show excellent agreement with the experimental data
for devices at different biases and with different crystal thicknesses
(Fig. 3e,f ). This quantitative agreement confirms that surface-charge
recombination is the origin of the narrowband response of the
perovskite single-crystal photodetectors.

To demonstrate the effect of surface-charge recombination on
the narrowband photoresponse, we tested the influence of crystal
surface cleaning on the EQE spectra of the devices. Two
MAPbBr3 single crystals of comparable thickness were used, with
one crystal ultrasonically washed in diethyl ether three times and
the other not washed after being taken out of the precursor
solution. Many contaminants may adhere to the surface of the
crystals when they are taken out of the solution, and these non-
stoichiometric contaminants will behave as surface-charge recombi-
nation centres and quench the photogenerated charge carriers near
the crystal surface. After thorough washing of the crystals, these
contaminants can be partially removed, leading to much less
severe surface-charge recombination. As expected, the short-
wavelength EQEs of the washed crystal were much higher than
those of the unwashed crystal at high bias (Supplementary Fig. 5),
confirming that the suppression of the EQE at short wavelengths
is highly dependent on the crystal surface properties. To further
confirm the effect of surface cleaning by washing, photolumines-
cence measurements were performed on the same MAPbIxBr3−x
single crystal (synthesized with a Br:I ratio of 15:1), before and
after washing. As shown in Supplementary Fig. 6, the photo-
luminescence shoulder peak at the longer wavelength, which was
assigned to emission from surface contamination or decompo-
sition-related product, was suppressed after washing the crystal.
This verifies the reduction of the defect density on the crystal
surfaces after washing, and that the surface defects are
responsible for surface-charge recombination and hence the
narrowband photoresponse.

Device performance of narrowband photodetectors
To evaluate the photodetection capability of the narrowband photo-
detectors, a MAPbBr3 single crystal with a thickness of 1.2 mm was
used to measure device performance. Figure 4a shows the device
dark current and photocurrent under white-light illumination of
0.4 mW cm–2. The device can repeatedly produce a stable photocur-
rent and dark current output. The absence of obvious ion migration
can be explained by the absence of grain boundaries in the single crys-
tals and the very small applied electric field. EQE spectra under differ-
ent voltage biases are shown in Fig. 4b, which show a single narrow
peak at 570 nm with the EQE peak approaching 3% under −4 V
bias. The EQE can be increased by a factor of four to five using a
much more transparent electrode than the currently used opaque
thin gold. The off-resonance rejection ratio is >200, limited by the
noise level of our incident photon-to-current efficiency (IPCE)
system. The noise of the devices was measured by a fast Fourier trans-
form (FFT) analyser. It is observed in the inset of Fig. 4c that the noise
is ∼0.1 pA Hz–1/2 under −4 V and is frequency-independent. This
value is very close to the shot noise limit (is) calculated from the
dark current using the equation42

is =
�������
2qIdB

√
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where Id is the dark current and B is the bandwidth. White noise,
instead of 1/f noise, dominates the total noise. This indicates the
low bulk trap density of the perovskite single crystals36, in accord-
ance with previous reports32,33. Based on the measured EQE and

noise, the specific detectivity (D*) of the device was calculated43.
As shown in Fig. 4c, the peak specific detectivity is above 2 × 1010

Jones at 570 nm under −4 V bias. To verify this calculated specific
detectivity, we used the noise measurement equipment to directly
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measure the noise equivalent power (NEP) of the device, which is
similar to the process used to measure the noise of the device but
under modulated illumination with tuned light intensities36.
Figure 4d shows that the photocurrent signal peak in the current spec-
trum measured by the FFT analyser gradually decreases with light
intensity, and the lowest detectable light intensity is ∼80 pW cm–2.
The NEP is comparable to that of commercial InGaAs photodetec-
tors, despite the much lower D*, which can be ascribed to the
much better linear response of these perovskite photodetectors
than InGaAs photodetectors because of the much lower bulk
charge trap density in the hybrid perovskite materials. Finally,
the response speed of the device was measured by recording
the current response at −4 V bias to frequency-modulated light

(570 nm) illumination with an oscilloscope. The typical response
waveform at 150 Hz is shown in Fig. 4e. By recording the ampli-
tude change of the waveform at different frequencies, the 3 dB
cutoff frequency ( f3 dB) of the device was calculated to be ∼700 Hz
(Fig. 4f). The response speed of the present device was determined
from the charge transit time across the single crystal, and the band-
width was increased to 1,600 Hz by reducing the crystal thickness
to 0.9 mm (Supplementary Section 6). This result suggests that it is
possible to further increase the device response speed, even above
the megahertz level, by using crystals with larger carrier mobility
and smaller thickness.

The low air stability of the hybrid perovskite materials has been a
major concern for their practical application. Here, we monitored
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the change in the EQE spectra for non-encapsulated MAPbBr3
and MAPbBrxCl3−x (Cl/Br precursor ratio = 1:1) single-crystal
devices after storage in air for one month and three days,
respectively. The EQE spectra remained almost unchanged after
prolonged exposure to air for both single-halide and mixed-
halide perovskite single crystals (Supplementary Fig. 8), demon-
strating their good air stability compared to their polycrystalline
thin-film counterparts.

Conclusion
In summary, we have demonstrated narrowband photodetection
using hybrid perovskite single-crystal-based photodetectors. The
response spectrum can be continuously modulated in the visible
range by changing the halide composition in the single crystals.
Based on a comparison of the device modelling results and the
measured EQE spectra, it is concluded that the surface-charge
recombination-induced suppression of charge collection for short-
wavelength excitation causes the narrowband photodetection. The
device shows an ultra-narrow EQE peak with an FWHM of <20 nm,
a high sensitivity with a detection limit down to 80 pW cm–2, and
a high off-resonance rejection ratio of >200. Although the device
rejection ratio is still not as good as that of a state-of-the-art
broad spectral photodetector plus an optical filter, this would be
compensated by the simplicity of fabrication and lower cost of the
hybrid perovskite material for applications such as single-
wavelength imaging. Furthermore, we speculate that device
performance could be improved further by introducing a gain
mechanism to increase the device responsivity, and by suppressing
the noise by buffer layer engineering, both of which have been
demonstrated by us to remarkably increase the sensitivity of
perovskite thin-film photodetectors8,36. In addition, the resolution
of the device or the FWHM of the response spectrum, which are
already very good, can be further narrowed by optimizing the
quality of the single crystals to reduce the Urbach tail width. A
higher off-resonance rejection ratio would be achieved if more
trap states (such as Pb2+ clusters) could be introduced on the
single-crystal surface to increase the surface recombination rate so
as to further quench the short-wavelength response. Overall, the
new design paradigm presented in this work provides an alternative
approach to realize optical-filter-free ultraviolet, visible or infrared
narrowband photodetection that is not limited to any specific
material system.

Methods
Methods and any associated references are available in the online
version of the paper.

Received 16 April 2015; accepted 27 July 2015;
published online 31 August 2015

References
1. Dandin, M., Abshire, P. & Smela, E. Optical filtering technologies for integrated

fluorescence sensors. Lab Chip 7, 955–977 (2007).
2. Higashi, Y., Kim, K.-S., Jeon, H.-G. & Ichikawa, M. Enhancing spectral contrast

in organic red-light photodetectors based on a light-absorbing and exciton-
blocking layered system. J. Appl. Phys. 108, 034502 (2010).

3. Cicek, E., McClintock, R., Cho, C. Y., Rahnema, B. & Razeghi, M. AlxGa1–xN-
based back-illuminated solar-blind photodetectors with external quantum
efficiency of 89%. Appl. Phys. Lett. 103, 191108 (2013).

4. Sobhani, A. et al. Narrowband photodetection in the near-infrared with a
plasmon-induced hot electron device. Nature Commun. 4, 1643 (2013).

5. Konstantatos, G. et al. Hybrid graphene–quantum dot phototransistors with
ultrahigh gain. Nature Nanotech. 7, 363–368 (2012).

6. Kim, D.-H. et al. A high performance semitransparent organic photodetector
with green color selectivity. Appl. Phys. Lett. 105, 213301 (2014).

7. Ren, P. et al. Band-selective infrared photodetectors with complete-
composition-range InAsxP1–x alloy nanowires. Adv. Mater. 26,
7444–7449 (2014).

8. Dong, R. et al. High-gain and low-driving-voltage photodetectors based on
organolead triiodide perovskites. Adv. Mater. 27, 1912–1918 (2015).

9. Xiao, Z. et al. Efficient, high yield perovskite photovoltaic devices grown by
interdiffusion of solution-processed precursor stacking layers. Energy Environ.
Sci. 7, 2619–2623 (2014).

10. Burschka, J. et al. Sequential deposition as a route to high-performance
perovskite-sensitized solar cells. Nature 499, 316–319 (2013).

11. Liu, M., Johnston, M. B. & Snaith, H. J. Efficient planar heterojunction
perovskite solar cells by vapour deposition. Nature 501, 395–398 (2013).

12. Zhou, H. et al. Interface engineering of highly efficient perovskite solar cells.
Science 345, 542–546 (2014).

13. Tan, Z.-K. et al. Bright light-emitting diodes based on organometal halide
perovskite. Nature Nanotech. 9, 687–692 (2014).

14. Mei, A. et al. A hole-conductor-free, fully printable mesoscopic perovskite solar
cell with high stability. Science 345, 295–298 (2014).

15. Jeon, N. J. et al. Compositional engineering of perovskite materials for high-
performance solar cells. Nature 517, 476–480 (2015).

16. Luo, J. et al. Water photolysis at 12.3% efficiency via perovskite photovoltaics
and earth-abundant catalysts. Science 345, 1593–1596 (2014).

17. Im, J.-H., Jang, I.-H., Pellet, N., Grätzel, M. & Park, N.-G. Growth of
CH3NH3PbI3 cuboids with controlled size for high-efficiency perovskite solar
cells. Nature Nanotech. 9, 927–932 (2014).

18. Xing, G. et al. Low-temperature solution-processed wavelength-tunable
perovskites for lasing. Nature Mater. 13, 476–480 (2014).

19. Jeon, N. J. et al. Solvent engineering for high-performance inorganic–organic
hybrid perovskite solar cells. Nature Mater. 13, 897–903 (2014).

20. Zhu, H. et al. Lead halide perovskite nanowire lasers with low lasing thresholds
and high quality factors. Nature Mater. 14, 636–642 (2015).

21. Heo, J. H. et al. Efficient inorganic–organic hybrid heterojunction solar cells
containing perovskite compound and polymeric hole conductors. Nature
Photon. 7, 486–491 (2013).

22. Liu, D. & Kelly, T. L. Perovskite solar cells with a planar heterojunction structure
prepared using room-temperature solution processing techniques. Nature
Photon. 8, 133–138 (2014).

23. Malinkiewicz, O. et al. Perovskite solar cells employing organic charge-transport
layers. Nature Photon. 8, 128–132 (2014).

24. Marchioro, A. et al. Unravelling the mechanism of photoinduced charge
transfer processes in lead iodide perovskite solar cells. Nature Photon. 8,
250–255 (2014).

25. Lin, Q., Armin, A., Nagiri, R. C. R., Burn, P. L. & Meredith, P. Electro-optics of
perovskite solar cells. Nature Photon. 9, 106–112 (2015).

26. Stoumpos, C. C., Malliakas, C. D. & Kanatzidis, M. G. Semiconducting tin and
lead iodide perovskites with organic cations: phase transitions, high mobilities,
and near-infrared photoluminescent properties. Inorg. Chem. 52,
9019–9038 (2013).

27. Xing, G. et al. Long-range balanced electron- and hole-transport lengths in
organic–inorganic CH3NH3PbI3. Science 342, 344–347 (2013).

28. Stranks, S. D. et al. Electron–hole diffusion lengths exceeding 1 micrometer
in an organometal trihalide perovskite absorber. Science 342,
341–344 (2013).

29. Green, M. A., Ho-Baillie, A. & Snaith, H. J. The emergence of perovskite solar
cells. Nature Photon. 8, 506–514 (2014).

30. Shao, Y., Xiao, Z., Bi, C., Yuan, Y. & Huang, J. Origin and elimination of
photocurrent hysteresis by fullerene passivation in CH3NH3PbI3 planar
heterojunction solar cells. Nature Commun. 5, 5784 (2014).

31. Wang, Q. et al. Large fill-factor bilayer iodine perovskite solar cells
fabricated by a low-temperature solution-process. Energy Environ. Sci. 7,
2359–2365 (2014).

32. Dong, Q. et al. Electron–hole diffusion lengths >175 μm in solution-grown
CH3NH3PbI3 single crystals. Science 347, 967–970 (2015).

33. Shi, D. et al. Low trap-state density and long carrier diffusion in organolead
trihalide perovskite single crystals. Science 347, 519–522 (2015).

34. Knop, O., Wasylishen, R. E., White, M. A., Cameron, T. S. & Oort, M. J. M. V.
Alkylammonium lead halides. Part 2. CH3NH3PbX3 (X=Cl, Br, I) perovskites:
cuboctahedral halide cages with isotropic cation reorientation. Can. J. Chem. 68,
412–422 (1990).

35. Noh, J. H., Im, S. H., Heo, J. H., Mandal, T. N. & Seok, S. I. Chemical
management for colorful, efficient, and stable inorganic–organic hybrid
nanostructured solar cells. Nano Lett. 13, 1764–1769 (2013).

36. Fang, Y. & Huang, J. Resolving weak light of sub-picowatt per square centimeter
by hybrid perovskite photodetectors enabled by noise reduction. Adv. Mater. 27,
2804–2810 (2015).

37. Armin, A., Jansen-van Vuuren, R. D., Kopidakis, N., Burn, P. L. & Meredith, P.
Narrowband light detection via internal quantum efficiency manipulation of
organic photodiodes. Nature Commun. 6, 6343 (2015).

38. Xiao, Z. et al. Giant switchable photovoltaic effect in organometal trihalide
perovskite devices. Nature Mater. 14, 193–198 (2014).

39. Olschner, F., Toledo-Quinones, M., Shah, K. S. & Lund, J. C. Charge carrier
transport properties in thallium bromide crystals used as radiation detectors.
IEEE. Trans. Nucl. Sci. 37, 1162–1164 (1990).

NATURE PHOTONICS DOI: 10.1038/NPHOTON.2015.156 ARTICLES

NATURE PHOTONICS | VOL 9 | OCTOBER 2015 | www.nature.com/naturephotonics 685

http://dx.doi.org/10.1038/nphoton.2015.156
http://dx.doi.org/10.1038/nphoton.2015.156
http://dx.doi.org/10.1038/nphoton.2015.156
http://www.nature.com/naturephotonics


40. Androulakis, J. et al. Dimensional reduction: a design tool for new radiation
detection materials. Adv. Mater. 23, 4163–4167 (2011).

41. Schmidt, J. et al. Surface passivation of high-efficiency silicon solar
cells by atomic-layer-deposited Al2O3. Prog. Photovolt. Res. Appl. 16,
461–466 (2008).

42. Liu, J.-M. Photonic Devices (Cambridge Univ. Press, 2005).
43. Guo, F. et al. A nanocomposite ultraviolet photodetector based on interfacial

trap-controlled charge injection. Nature Nanotech. 7, 798–802 (2012).

Acknowledgements
This work was supported by the Defense Threat Reduction Agency (award no.
HDTRA1-14-1-0030) and the Office of Naval Research (ONR, award no. N000141210556).

Author contributions
J.H. conceived the idea. J.H. and Y.F. designed the experiments. Y.F. carried out thematerial
synthesis, device fabrication and characterization with the assistance of Q.D. and Y.Y.
Y.F. and Y.S. performed the device modelling. J.H. and Y.F. wrote the manuscript.

Additional information
Supplementary information is available in the online version of the paper. Reprints and
permissions information is available online at www.nature.com/reprints. Correspondence and
requests for materials should be addressed to J.H.

Competing financial interests
The authors declare no competing financial interests.

ARTICLES NATURE PHOTONICS DOI: 10.1038/NPHOTON.2015.156

NATURE PHOTONICS | VOL 9 | OCTOBER 2015 | www.nature.com/naturephotonics686

http://dx.doi.org/10.1038/nphoton.2015.156
http://www.nature.com/reprints
http://dx.doi.org/10.1038/nphoton.2015.156
http://www.nature.com/naturephotonics


Methods
Material synthesis and characterization. The mixed-halide perovskite single
crystals were grown by precipitating the crystals in supersaturated precursor solution
by gradually lowering the temperature. Lead(II) acetate trihydrate (99%, Alfa Aesar)
was fully dissolved in water in a closed 20 ml bottle to a concentration of 0.82 M and
heated to 100 °C in an oil bath. The mixed haloid acid was prepared by mixing
hydrochloric acid (37% wt/wt aq. sol., Sigma-Aldrich) with hydrobromic acid
(48% wt/wt aq. sol., Sigma-Aldrich) or mixing hydrobromic acid with hydriodic acid
(57% wt/wt aq. sol., stabilized with 1.5% hypophosphorous acid, Alfa Aesar) in
different molar ratios. A volume of 4.3 ml methylamine (40% wt/wt aq. sol.,
Alfa Aesar) was then mixed with 8.5 ml mixed haloid acid in another closed 20 ml
bottle and heated to 100 °C in an oil bath. Subsequently, 2.5 ml lead(II) acetate
solution (0.82 M) was added to the above blend solution dropwise to form the
mixed-halide perovskite, and the precipitates were fully dissolved to form a clear
solution after being kept in a 100 °C oil bath for one day. The solution temperature
was then gradually decreased at a rate of ∼3 °C per day to precipitate the mixed-
halide perovskite single crystals.

Powder XRD measurements were performed with a Rigaku D/Max-B X-ray
diffractometer in the Bragg–Brentano parafocusing geometry, a diffracted beam
monochromator and a conventional cobalt target X-ray tube set to 40 kV and
30 mA. The samples were prepared by grinding one piece of single crystal to fine
powder. The absorption spectra of the single crystals were recorded with an
Evolution 201 UV–visible spectrophotometer. Photoluminescence measurements

were carried out on a Horiba 320 photoluminescence system with a 337 nm
ultraviolet laser as the excitation source.

Device fabrication and characterization. For photodetector fabrication, a thin layer
of Au (25 nm) was thermally evaporated on top of the single crystals as the semi-
transparent anode, and the Ga on the glass substrate was contacted to the bottom of
the crystals as the cathode. The substrate was then cooled to 0 °C to solidify the
Ga electrode.

Device EQE was measured with a Newport QE measurement kit by focusing a
monochromatic beam of light onto the devices, and the light modulation frequency
was set to 35 Hz. A Keithley 2400 source meter was used for dark current and
photocurrent measurements. The total noise current was measured using a low noise
current preamplifier (Stanford SR570) and a FFT spectrum analyser (Agilent
35670A) at a bias of −4 V. The NEP was directly measured by illuminating the device
with a function-generator-modulated 570 nm LED at 7 Hz with the light intensity
changed by Newport neutral density filters and calibrated by a commercial Si
photodiode (Hamamatsu, S2387-33R) at each light intensity. The corresponding
signal at a bias of −4 V was amplified by the current preamplifier and recorded by
the FFT spectrum analyser. The temporal response of the device was measured by
illuminating the device with a function-generator-modulated 570 nm LED
(6 μW cm–2) at different frequencies under −4 V bias, and the transient
photocurrent signal was first amplified by the current preamplifier and then
recorded using a digital oscilloscope (Agilent DSO-X 3104A).
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