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Recently, methylammonium lead halide perovskites have 
emerged as promising optoelectronic materials mainly due to 
their facile fabrication, low-cost, and excellent optoelectronic 
properties, such as direct bandgap, large absorption coefficient, 
low noise currents, and long carrier diffusion length.[1] To date, 

Methylammonium lead halide perovskites have attracted enormous atten-
tions due to their superior optical and electronic properties. However, the 
photodetection at near-infrared telecommunication wavelengths is hardly 
achievable because of their wide bandgaps. Here, this study demonstrates, for 
the first time, novel perovskite–erbium silicate nanosheet hybrid photodetec-
tors with remarkable spectral response at ≈1.54 µm. Under the near-infrared 
light illumination, the erbium silicate nanosheets can give strong upconver-
sion luminescence, which will be well confined in their cavities and then be 
efficiently coupled into and simultaneously excite the adjacent perovskite to 
realize photodetection. These devices own prominent responsivity and external 
quantum efficiency as high as previously reported microscale silicon-based sub-
bandgap photodetectors. More importantly, the photoresponse speed (≈900 µs) 
is faster by five orders than the ever reported hot electron silicon-based photo
detectors at telecommunication wavelengths. The realization of perovskite-
based telecommunication band photodetectors will open new chances for 
applications in advanced integrated photonics devices and systems.
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all kinds of advanced devices have been 
fabricated based on perovskite materials, 
including highly efficient solar cells, high 
quantum yields light-emitting diodes, 
high-quality lasers, and so forth.[2–5] 
Importantly, perovskite-based photodetec-
tors have also been widely developed with 
excellent performances.[6,7] Unfortunately, 
the reported perovskite-based detec-
tors mainly work at the visible spectral 
region, limited by the intrinsic bandgap 
of ≈1.5 eV.[8] Developing perovskite based 
infrared (IR) photodetectors is important 
for their potential applications in biode-
tecting, IR imaging technology, and infor-
mation communication.[9] However, to our 
best knowledge, perovskite-based infrared 
light detection at the near-IR communica-
tion band has never been achieved. It is 
well-known that rare earth (RE) erbium 
ions own upconversion (UC) light emis-
sion and can be used to detect infrared 

photons because of their rich discrete energy level structure that 
allows efficient capturing of infrared light at the telecommuni-
cation region.[10–13] Highly efficient infrared photoresponses 
have been reported in RE-semiconductor heterostructures.[14–18] 
For instance, He and co-workers realized the efficient spec-
tral absorption of perovskite solar cells at near-infrared wave-
length using upconversion nanoparticles.[19] On the other hand, 
waveguide-based hybrid optoelectronic devices have attracted 
great deal of attentions and interests owing to the substantial 
light absorption enhancement derived from the waveguide 
cavity.[20–28] In these hybrid devices, the efficient light confine-
ment and propagation capabilities of the waveguide cavity as 
well as multiple opportunities for energy transfer at the inter-
faces significantly improve the photoresponsivity, which paves 
the way for many advanced device applications such as photo-
detectors and photovoltaics.

In this work, a kind of single-crystalline erbium ytterbium 
silicate (EYS) nanosheets have been achieved, which can give 
high-efficient UC visible light emission under the illumina-
tion of near-infrared light, and simultaneously act as high-
quality microscale waveguide cavity to confine and propagate 
the emitted UC light. By conveniently combining the achieved 
individual EYS nanosheets with high-quality perovskite thin 
film, for the first time, we have fabricated a novel perovskite–
EYS nanosheet hybrid waveguide photodetector architecture, 
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which exhibits significant photoresponse at the near-infrared 
telecommunication wavelengths (≈1.54 µm) due to the efficient 
energy transfer from the EYS waveguide cavity to the perovskite 
film. The hybrid devices demonstrate significantly improved 
near-infrared photoresponse as compared with the pristine per-
ovskite, and the achieved photoresponsivity is as high as the 
widely reported microscale silicon-based photodetectors at the 
same spectral region even at low driving voltages.[29–36] More 
importantly, the present photodetectors show superior photos-
witching characteristics and a response time of ≈900 µs which 
is faster by five orders than those of the silicon-based hot elec-
tron photodetectors,[31–36] and by one to three orders than most 
other nonavalanche semiconductor photodetectors at telecom-
munication wavelengths reported so far.[37–44] With the advan-
tages of low cost, facile fabrication, and superior performance, 
the developed microscale perovskite–EYS hybrid telecommu-
nication photodetectors may act as a promising candidate for 
advanced on-chip integrated optoelectronic applications.

EYS nanosheets were first grown using an improved chem-
ical vapor deposition route.[45] Figure 1a shows a typical scan-
ning electron microscopy (SEM) image of the 2D nanosheets 
with smooth surface, rectangular shape, size up to a few tens 
of micrometers, and thickness of ≈400 nm. The size of the 
nanosheet can be tuned via controlling the growth directions. 
The crystal structures were studied by transmission electron 
microscopy (TEM). Figure 1b shows the TEM image of a single 
EYS nanosheet with a width of ≈10 µm. Figure 1c gives the 
high-resolution TEM (HRTEM) image and the corresponding 
fast Fourier transform (FFT) (inset), which validates the single-
crystalline nature of the as-grown EYS nanosheets. The two sets 
of lattice fringes along and perpendicular to the longitudinal 
axis of the nanosheet are 0.291 and 0.337 nm, respectively, cor-
responding to the (060) and (200) planes of orthorhombic struc-
ture of (Er/Yb)3Cl(SiO4)2.

Perovskite–EYS nanosheet hybrid structures were fabricated 
by depositing perovskite film onto individual EYS nanosheets. 
First, the EYS nanosheets were transferred onto a SiO2 or 

SiO2/Si substrate. A layer of PbI2 film with a thickness of 
≈80 nm was deposited on these nanosheets by thermal evapo-
ration. Then CH3NH3I solution was spin-coated onto the PbI2 
layer, followed by a postannealing process to form CH3NH3PbI3 
perovskite layer. Figure 1d shows the cross-sectional view of the 
perovskite–EYS nanosheet hybrid structure, which indicates 
that the perovskite film is successfully deposited onto the EYS 
nanosheet. In addition, the thicknesses of EYS nanosheet and 
perovskite film are found to be ≈400 and ≈190 nm, respectively. 
Top view SEM image (Figure 1e) of the perovskite film on EYS 
nanosheets appears relatively smooth surface without pin-
holes, and the uniform grains have sized up to hundreds of 
nanometers. As shown in Figure 1f, the peaks in the X-ray dif-
fraction (XRD) pattern of pristine EYS nanosheets can all be 
indexed to the orthorhombic structure of (Er/Yb)3Cl(SiO4)2,[46] 
which is consistent with the energy-dispersive X-ray (EDX) 
spectrum of the nanosheet (Figure S1, Supporting Informa-
tion). The perovskite shows three main peaks at 14.08°, 24.46°, 
and 28.44°, which can be assigned to the (110), (202), and 
(220) crystallographic planes of CH3NH3PbI3, respectively.[47,48] 
In the perovskite–EYS nanosheet hybrid, the characteristic 
diffraction peaks of both perovskite and EYS are observed, fur-
ther indicating that the perovskite–EYS nanosheet hybrids were 
fabricated successfully.

The energy transfer from EYS nanosheet to perovskite film 
was revealed through in situ photoluminescence (PL) meas-
urements of the pristine EYS nanosheet and perovskite–EYS 
hybrid under excitation at 1530 nm. Figure 2a shows the PL 
and absorption spectra of the perovskite thin film. The PL emis-
sion peak is located at ≈771 nm, which agrees well with the typ-
ical value reported in the literature.[49] It is also observed that 
the perovskite thin film is capable of absorbing photons with 
wavelengths covering the entire visible light spectrum, while 
seldom of the photons can be absorbed with wavelengths less 
than 800 nm. To this end, the perovskite materials can hardly 
be recognized as the promising candidate for infrared commu-
nication detection applications. Nonetheless, under infrared 
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Figure 1.  Morphology and structure of EYS nanosheet and perovskite thin film. a) SEM image of the EYS nanosheets. b) Typical TEM image of an 
individual nanosheet. c) Enlarged lattice-resolved HRTEM image taken from the marked area in (b). The inset shows the corresponding FFT pattern. 
d) Cross-sectional and e) top view SEM images of the perovskite–EYS hybrid. f) XRD patterns for EYS nanosheet, perovskite, and perovskite–EYS hybrid.
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illumination at 1530 nm, the EYS nanosheet shows four char-
acteristic Er3+ upconverted emission peaks at 520, 550, 670, 
and 800 nm (due to 2H11/2→4I15/2, 4S3/2→4I15/2, 4F9/2→4I15/2, 
and 4I9/2→4I15/2, respectively[12]), as shown in Figure 2b. The 
upconverted emission property of the EYS nanosheet entails 
the infrared communication detection via the marriage of EYS 
nanosheet and perovskite materials, through which the infrared 
signals can be upconverted to visible ones and be detected by 
perovskite materials. Figure 2c shows the PL spectra of both the 
pristine EYS nanosheet and the perovskite–EYS hybrid. A color 
charge-coupled device (CCD) image of EYS nanosheet (inset of 
Figure 2c) exhibits intense green emission with bright emission 
at the sheet edges, indicating the good optical waveguide cavity 
for efficiently confining and transporting light,[50] which can be 
clearly observed through exciting the center of the nanosheet 
(Figure S2, Supporting Information). As a contrast, a remark-
able reduction of the two short-wavelength emission bands of 
Er3+ at 520 and 550 nm by ≈60% is observed for the perovskite–
EYS hybrid compared to that of the pristine EYS nanosheet, 
which is also revealed by the corresponding CCD image (inset 
of Figure 2c). The emission peak of Er3+ at 800 nm shows no 
clearly difference between EYS nanosheet and perovskite–EYS 
hybrid, which is consistent with the absorption spectra shown 
in Figure 2a. This phenomenon suggests a strong energy 
transfer through direct luminescence quenching by perovskite 
materials, as reported previously.[17]

To further reveal the energy transfer process from EYS 
nanosheet to perovskite, PL propagation loss measurements of 
the EYS nanosheet and perovskite–EYS hybrid structure have 
been performed using a confocal optical microscope setup 

with separately controlled excitation and collection objectives. 
As depicted in Figure 3a, an EYS nanosheet with the length 
of ≈60 µm and width of ≈18 µm was used to investigate the 
light propagation behavior by accurately shifting the excita-
tion laser spot along the length of the sheet with the collection 
position fixed at the output end. A typical waveguide photo-
graph is shown in the bottom of Figure 3a, where the right-
most end has a large and bright PL spot when the excitation 
beam is focused at another end of the sheet. It is observed that 
the PL intensity of the output end decreases with the increase 
of the light propagation distance (Figure 3b). The decay coef-
ficient α can be obtained from the single-exponential fitting 
Iend/Ibody = Aexp(−αD), where Iend is the intensity at emitting 
site, Ibody is the intensity at body excited site, A is the ratio 
of the amount of light escaping from the excitation spot and 
that of light propagating along the sheet, and D is the distance 
between the excited site and the emitting end.[51] Thus, decay 
coefficient for pristine EYS nanosheet, α1, is calculated to be 
0.03 dB µm−1 (Figure 3c). The same measurements were con-
ducted for this EYS nanosheet covered with perovskite film 
as shown in Figure 3d. In stark contrast to the pristine EYS 
nanosheet, almost no light signal can be observed from the 
output end of EYS nanosheet (bottom of Figure 3d). The PL 
intensity collected from the output end of EYS nanosheet cov-
ered by perovskite film decreases dramatically with increasing 
the light propagation distance (Figure 3e). The decay coefficient 
α2 of perovskite–EYS hybrid is calculated to be 0.11 dB µm−1 
(Figure 3f), which is threefold higher than that of the pristine 
EYS nanosheet. Here, the low decay coefficient of pristine EYS 
nanosheet (α1) suggests a superior light propagation capability 
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Figure 2.  Radiative energy transfer of the perovskite–EYS hybrid. a) Emission and absorption spectra of the perovskite thin film. b) Energy level and 
the radiative energy transfer. c) Emission spectra of the pristine EYS nanosheet and perovskite–EYS hybrid. The PL located at 800 nm was enlarged 
30 folds. The insets show the corresponding optical images. All the scale bars: 10 µm.
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arising from its planar waveguide geometry,[51] single-crystal-
line nature,[52,53] and atomic smooth surface.[54,55] After coating 
with perovskite film, the remarkable increase of the decay coef-
ficient of the perovskite–EYS hybrid (α2) is attributed to the 
coupling loss of the propagated UC light induced by contacting 
with higher refractive index perovskite thin film during wave-
guide.[56–58] This high coupling loss of UC light contributes to 
the efficient energy transfer from EYS nanosheet to perovskite.

In order to shed light on the contribution of the coupling 
loss of the propagated UC photons, detailed analysis of the 
PL intensities of EYS and perovskite–EYS hybrid is conducted 
as shown in Figures S3 and S4 (Supporting Information). It 
is noteworthy that the output PL intensity of the perovskite–
EYS hybrid is remarkably lower than that of the pristine EYS 
nanosheet after propagating the same distance. For example, at 
distance of 50 µm, the PL intensity decreases from 52 000 (EYS) 
to 800 counts (perovskite–EYS hybrid) and is reduced nearly by 
98%, which mainly results from the multiple opportunities for 
energy transfer at perovskite–EYS interfaces during the light 
propagation within the nanosheet waveguide cavity[24,25] and 
further reveals the highly efficient energy transfer from EYS to 
perovskite during waveguide. The overall waveguide and energy 
transfer process are depicted in Figure 3g, where the infrared 
light induced UC photons can efficiently propagate in the high-
quality EYS waveguide cavity. The UC light can be reflected and 
redirected to the perovskite–EYS interfaces during waveguide, 

resulting in the energy transfer from EYS to perovskite through 
the interfaces. This waveguide process creates multiple oppor-
tunities for energy transfer at the interfaces, contributing to a 
dramatically increased propagation loss within the waveguide 
mentioned above and consequently leading to enhanced energy 
transfer efficiency. The energy transfer process is further vali-
dated by the simulated E-field intensity distributions in the 
hybrid structure (Figure 3h). It is observed that the UC light 
generated in the nanosheet can be evanescently coupled into 
the perovskite during the propagation at the contact region, 
which can significantly improve the photoresponsivity of the 
perovskite–EYS hybrid structure.

Due to the efficient energy transfer from EYS nanosheet to 
perovskite, a photoelectrical response enhancement at telecom-
munication band is expected in the hybrid perovskite–EYS 
nanosheet. The hybrid photodetectors were fabricated using 
perovskite film and single EYS nanosheet. In our design, as 
presented in Figure 4a, a p+-Si wafer with a 300 nm SiO2 sur-
face layer was employed as the substrate. Au source/drain elec-
trodes were deposited on the substrate by thermal evaporation 
after e-beam lithography. Then, the perovskite–EYS nanosheet 
hybrid photodetector was fabricated using the aforementioned 
method. It is noted that the EYS nanosheet is not contacted 
with the source and drain electrodes in the device structure, 
due to the insulator nature of the silicate material.[59,60] No 
photoresponse of pristine EYS layer was found (Figure S5, 

Adv. Mater. 2017, 1604431

www.advancedsciencenews.comwww.advmat.de

Figure 3.  Spatially-resolved PL investigations of EYS nanosheet and perovskite–EYS hybrid. a) Schematic diagram of the platform for optical waveguide 
of EYS nanosheet and a typical PL microscopy image. Scale bar: 20 µm. b) PL collected from the tip of EYS nanosheet as the propagation distance 
increases. c) The ratio of the intensity Iend/Ibody of pristine EYS against the distance D. d) Schematic diagram of the platform for optical waveguide of EYS 
nanosheet covered by perovskite and a typical PL microscopy image. Scale bar: 20 µm. e) PL collected from the tip of EYS covered by perovskite film. 
f) The ratio of the intensity Iend/Ibody of the hybrid against the distance D. g) Detailed structure of the EYS waveguide cavity contacted with perovskite. 
h) Simulated E-field intensity distribution of the crossed junction with guided modes at wavelength of 550 nm as an example.
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Supporting Information), which further conforms the insulator 
nature of the EYS nanosheets. The contrasted experiments were 
conducted to investigate the effects of EYS nanosheet on the 
photoresponse characteristics of perovskite. The infrared photo
response of pristine perovskite and perovskite–EYS nanosheet 
hybrid at illumination power density of 0.14 W cm−2 is shown 
in Figure 4b. The inset shows the optical image of the device 
with an active area of ≈650 µm2. It is observed that the pris-
tine perovskite exhibits very low photocurrent under 1530 nm 
light illumination, which may be attributed to the nonlinear 
absorption.[16] In stark contrast to the pristine perovskite, the 
perovskite–EYS nanosheet hybrid photodetector shows sig-
nificantly enhanced photocurrent which is 15 times higher 
than that of pristine perovskite with same illumination power 
at drain voltage of 1 V, which validated our previously noted 
hypothesis. The current–voltage (I–V) curves of the hybrid 
device have been measured in the dark and under illumination 
with 1530 nm light at different power intensities, as shown in 
Figure 4c. Under light illumination, the exhibited linear and 
symmetric I–V curves of the photodetector indicate ohmic-
like contacts between the photoconductors and the electrodes. 

Figure 4d shows the illumination power-dependent photocur-
rent, indicating that the photocurrent increases continuously 
with the irradiation power due to the enhanced UC lumines-
cence intensity.[61] The photoresponsivity (Rλ) and external 
quantum efficiency (EQE) are important figure-of-merit of 
photodetectors. The responsivity can be expressed as Rλ = 
Iph/PS, where Iph is the photocurrent, P is the light power den-
sity irradiated on the corresponding photodetector, and S is 
the area of the detector. The responsivity is related to the EQE 
according to the equation: EQE = (Rλ × E × 100)%, where Rλ 
and E are the photoresponsivity and the incident photon energy, 
respectively. The responsivity (red dots) and EQE (blue dots) as 
a function of the illumination power density are summarized 
in Figure 4e.[15] We also measured the dark current noise at 
different frequencies, as shown in Figure S6 (Supporting Infor-
mation), which shows the noise power density decreases at a 
higher frequency, with a small noise current of <10−24 A2 Hz−1.

The photoresponse characteristics of the perovskite–EYS 
nanosheet hybrid photodetector was further investigated over 
several illumination wavelengths (1530, 1540, 1550, 1560, and 
1565 nm), as shown in Figure 4f. The I–V curves demonstrate 
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Figure 4.  Photoresponse performance of perovskite–EYS nanosheet hybrid. a) Schematic of the hybrid device. b) I–V curves of pristine perovskite 
and perovskite–EYS nanosheet hybrid in the dark and under 1530 nm light illumination. The inset shows the corresponding optical image. Scale bar: 
15 µm. c) Photocurrent–drain voltage plot under various illuminations power densities. d) Photocurrent of the hybrid detector as a function of the 
power density. VDS = 1 V. e) R and EQE versus illumination power density. f) I–V curves perovskite–EYS hybrid under different illumination wavelength 
at a fixed power densities of 0.14 W cm−2. g) Photocurrent as a function of illumination wavelength at an applied bias VDS = 1 V. h) Responsivity and 
EQE as a function of illumination wavelength (incident power density: 0.14 W cm−2). i) Responsivity and EQE as a function of the bias voltage (incident 
power density: 0.14 W cm−2).
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fine wavelength-dependent behaviors of the photodetector.[11] 
The photocurrents as a function of wavelengths at VDS = 1 V 
are summarized in Figure 4g which indicates full wavelength 
response at telecommunication band. Figure 4h shows the Rλ 
(red dots) and EQE (blue dots) as a function of the illumina-
tion wavelength. It is observed that the present perovskite–EYS 
nanosheet hybrid photodetector exhibits a high subbandgap 
photoresponsivity of ≈0.11 mA W−1 and an EQE of ≈0.01%, 
which are as high as those of the widely reported microsacle sil-
icon-based photodetectors at the same spectral region.[29–36] We 
also plot the responsivity and EQE as a function of the applied 
VDS bias (Figure 4i). The detector shows a notable photore-
sponse even at very low applied bias of 0.1 V with corresponding 
responsivity of 0.012 mA W−1, which is also comparable with the 
reported values for silicon-based antenna photodetectors.[35] The 
low bias voltages required for operating these composite photo-
detectors provide the possibility of powering them with minia-
ture button batteries or perovskite solar cells. We attribute the 
high responsivity of present hybrid device to the high efficiency 
of UC light harvest mentioned above and superior optoelec-
tronic performance of perovskite. Moreover, the responsivity of 
the hybrid device could be further enhanced through improving 
the coupling efficiency and optimizing the gate voltage.

Reliable and fast responses to optical signals is critical for 
optoelectronic devices. Here, the time-dependent photocurrent 
response of the hybrid perovskite–EYS nanosheet photo
detector was measured, as shown in Figure 5a. We find that the 
dynamic photoresponse of the detector is highly stable and the 
signal remains nearly unchanged after more than 1000 cycles of 
operation, indicating that the achieved devices possess remark-
able photoswitching behavior and good stability. The slightly 
inconstant current under illumination may be attributed to 
the carrier trapping and scattering at the interfaces.[62] The 
temporal photoresponse of the hybrid photodetector is shown 
in Figure 5b,c. Sharp responses are observed from which we 
calculate both the rise and decay times to be ≈900 µs. In com-
parison to the reports in literature, the response speed of our 
hybrid photodetector presented here is faster by five orders 

than those of the silicon-based hot electron photodetectors,[31–36] 
and by one to three orders than most other nonavalanche semi-
conductor photodetectors at telecommunication wavelengths 
reported so far.[37–44] The present fast response speed is mainly 
attributed to the very low density of defects and traps within 
the bandgap of the perovskite material[63,64] and simultane-
ously this outstanding performance of perovskite is preserved 
in our device architecture. As shown in Figure S7 (Supporting 
Information), the response time of pristine perovskite under 
visible light illumination is also ≈900 µs, which is comparable 
with previous report.[65] It is noted that both devices, pristine 
perovskite and perovskite–EYS hybrid, show almost same 
response speed, indicating no adverse effect of EYS nanosheet 
on the intrinsic response time of perovskite. In contrast to the 
previous subbandgap photodetectors, e.g., hot electron-based 
silicon, in which photoresponsivity were generally improved at 
the cost of response speed, our proposal significantly enhances 
the infrared photoresponsivity of perovskite without sacrificing 
its intrinsic fast response speed.[26]

In summary, combining a novel EYS nanosheet waveguide 
cavity with high-quality methylammonium lead halide film, we 
have realized, for the first time, efficient perovskite-based near-
infrared communication band photodetectors, in taking advan-
tages of the virtues of the both materials. The achieved hybrid 
waveguide photodetectors exhibit significant improved photore-
sponse as compared with the pristine perovskite at the full tele-
communication wavelengths due to the efficient energy transfer 
from the EYS waveguide cavity to the perovskite film, with the 
light response time (≈900 µs) much faster than those previously 
reported microscale silicon-based subbandgap photodetectors 
and nonavalanche semiconductor photodetectors at the same 
telecommunication wavelengths, simultaneously keeping a 
comparable responsivity and EQE values. With the advantages 
of low cost, facile fabrication, and superior performance, the 
developed microscale perovskite–EYS hybrid waveguide tel-
ecommunication photodetectors exhibit great potential for 
applications in on-chip integrated photonic and optoelectronic 
devices at telecommunication band.
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Figure 5.  Photoswitching characteristics of hybrid photodetector. a) Photoswitching characteristics of the hybrid detector under alternating dark and 
light illumination at 1530 nm. b) Rise and c) decay times of the hybrid photodetector. All the power density of 1530 nm light and applied bias used 
here were 0.14 W cm−2 and 1 V, respectively.
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Experimental Section
Sample Fabrication: The single crystal EYS nanosheets were grown 

using chemical vapor deposition in a tube reactor. Silicon powder (Alfa 
Aesar, 99.99%) in a ceramic boat was placed at the center of a quartz 
tube, which was inserted into a horizontal furnace. The silicon substrate 
was positioned downstream at a distance of 15 cm from the center of 
the furnace for the deposition of sample. ErCl3 and YbCl3 micro beads 
(Alfa Aesar, 99.99%) in another ceramic boat were loaded upstream and 
close to the substrate. The tube chamber was evacuated to a pressure 
below 300 mT and a constant flow of 80 sccm Ar–H2 5% mixed gas was 
introduced as a carrier gas through the quartz tube. The center of the 
furnace was then heated to 1100 °C, and maintained at this temperature 
for 100 min. After the growth, the furnace was naturally cooled to 
room temperature. The perovskite films were grown using the two-step 
solution process. PbI2 layer with the thickness of 80 nm was deposited 
on the substrates through thermal evaporation. The CH3NH3I solution 
was prepared by dissolving CH3NH3I into anhydrous isopropyl alcohol. 
After fully dissolved, the CH3NH3I solution was spin-coated onto the 
PbI2 covered substrate. Finally, the substrate was annealed on a hot 
plate at 100 °C for 2 h.

Materials Characterization: SEM micrographs were taken using a 
Zeiss instrument (Sigma HD-01-61). TEM study was performed on a 
Tecnai G2 (F20 S-TWIN). XRD patterns were recorded using a Rigaku 
diffractometer (D/MAX 2500). The PL measurement were characterized 
by a confocal μ-PL system (WITEC, alpha-300). The absorption spectrum 
was recorded using a Perkin-Elmer spectrometer (Lamda 25 UV/VIS).

Numerical Simulation: The numerical simulation of the hybrid crossed 
junction were carried out using the finite difference time domain 
method for solving Maxwell’s equations. A 190 nm thickness, 18 µm 
width perovskite film placed atop a 400 nm thickness, 18 µm width EYS 
nanosheet which based on the silica substrate was selected as numerical 
model (Figure 3a; Figure S8, Supporting Information). The 550 nm light 
was launched into EYS channel and the E-field intensity distributions of 
the guided modes in the crossed junction were calculated.

Photodetector Fabrication and Characterization: SiO2/p+-Si wafer was 
used as the starting substrate. Photolithography was employed to define 
the source and drain electrodes. The Au (50 nm) was deposited onto 
the wafer using a thermal evaporator. The EYS nanosheet with thickness 
of 400 nm was then transferred onto the substrate between source and 
drain electrodes. PbI2 (80 nm) film was thermally sublimed onto SiO2/
Si substrate. CH3NH3I (15 mg mL−1) solution was spin-coated onto PbI2 
layer at 3000 rpm for 30 s. A postannealing process at 100 °C is applied 
for 2 h to fully crystallize the perovskite film. Optoelectronic properties 
were monitored with a Keithley semiconductor parameter analyser 
(4200-SCS), oscilloscope, and a near-infrared tunable diode laser.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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