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Abstract
Recently, heterojunctions consisting of hybrid organic-inorganic lead (Pb)halide perovskites and
other semiconductors have drawn increasing attention for the potential application in photodetectors
due to their exceptional performance. However, their performance is usually limited by the relatively
low crystalline quality of perovskites, and the response spectra of the devices are difficult to adjust
according to the practical requirement. Here, high quality CH3NH3PbCl3micro-sized crystals have
been successfully fabricated on one side of individual ZnOmicrowire to formheterojunction
photodetector by a two-step crystallizationmethod. The heterojunction device presents a low dark
current (60 nA at−6V) alongwith a rapid response speed (rise time of<20μs and fall time of∼500
μs).More interestingly, themodulation of the response spectra and the responsivity can be realized by
operating the device under front or back illumination due to the self-filtering properties. Ourfindings
provide a promisingmethod for combining perovskites with other inorganicmaterials to formhigh-
performance heterojunction photodetectors.

1. Introduction

Over recent years, organic-inorganic hybrid perovskitematerials, CH3NH3PbX3 (X=Cl−, Br− and I−), have
grown to be a hit topics in thefield of optoelectronic facilities, such as light-emitting diodes, solar cells, lasers and
photodetectors [1–12]. In particular, owing to their exceptional optoelectronic characteristics (such as
adjustable direct band gap, excellent bipolar charge transport performance, and high light absorption
coefficient), CH3NH3PbX3–based photodetectors have attracted increasing attention, and the devices with
various structures have been demonstrated, includingmetal-semiconductor-metal (MSM), heterojunction and
schottky structures [13–17]. Comparedwith the devices based on pure perovskites, the heterojunction
photodetectors composed of perovskites and other semiconductors illustratemore exceptional performance
due to the built-in electricalfield at the interface of heterojunctions, which could effectively separate the photo-
generated carriers [18–21]. For example, an superhigh responsivity of∼109 A/Whave been demonstrated in the
perovskite/organic-semiconductor vertical heterojunction photodetectors [22]. Germanium/CH3NH3PbI3
heterojunction showed an outstanding responsivity of 228AW−1 at 680 nmdue to the photoconductive gain
boost [23]. Among theCH3NH3PbX3 perovskites, CH3NH3PbCl3 has thewidest bandgap of∼3.11 eV,which is
considered to be an desired candidate for the fabrication of ultraviolet (UV) photodetectors [24–26]. So far,most
reportedCH3NH3PbCl3UVphotodetectors areMSM-type devices fabricated on bulk, thinfilms, and
nanostructures [27–30]. Nevertheless, although there are few accounts on heterojunction photodetectors based
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onCH3NH3PbCl3 and other semiconductors, significant progress has already beenmade. CH3NH3PbCl3/ZnO
hybrid photodetector yielded an exceptional responsivity of∼1.47AW−1 and the carriers’ separation and
transfer amidCH3NH3PbCl3 andZnOhas been demonstrated to be the staple explanation for the performance
enhancement [31]. The devices based on polycrystalline CH3NH3PbCl3/Ga2O3 heterojunctions exhibited
excellent self-poweredUVphotodetection performance and an enhancedUVphotoresponsivity can be clearly
obtained [32, 33]. However, these reported devices aremainly achieved by spin-coating CH3NH3PbCl3film
onto other semiconductors, and their performance is generally limited by the relatively low crystalline quality of
perovskitefilms [34, 35].Moreover, the response spectrumof these devices was almost only determined by the
individual absorption characteristics of perovskite and semiconductor used for the heterojunction, which
cannot be tuned according to the practical requirement.

According to the previous reports, perovskite single crystals generally have low trap-state densities and long
carrier diffusion lengths,making them ideal candidates for high-performance optoelectronic applications
[36–38]. In this work, theCH3NH3PbCl3micro-sized crystals have been successfully fabricated on one side of
individual ZnOmicrowire to formheterojunction photodetector by a two-step crystallizationmethod. The
x-ray diffraction (XRD) and photoluminescence (PL) results inform that CH3NH3PbCl3micro-sized crystals
preferentially grow along [100] direction perpendicular to the ZnOmicrowire axial direction and have a high
crystalline quality with lowdefect density. The device has a reduced dark current of 60 nA at−6V and a rapid
rise time and fall time of<20μs and∼500μs, respectively.More interestingly, the alterable response spectra can
be observed under front and back illuminations due to the self-filtering effect. Thesefindings prove that there is
tremendous potential in the area of combining perovskite with other inorganic semiconductors to form
heterojunction device.

2. Experimental section

2.1. Preparation of ZnOmicrowire
ZnOpowderwasmixedwith the equal weight graphite powder and fully grinded as a source for the preparation
of ZnOmicrowires. Themixture was placed in a corundumboat coveredwith an ultrasonically cleaned silicon
wafer. And then the corundumboat was transferred to the epicenter of the tube furnace. The temperature of
tube furnace was raised upto 1050 °C at the rate of 25 °Cperminute under argon (99.99%) atmosphere.When
the temperature reached 1050 °C, oxygenwas inlet into the furnace at aflow rate of∼15 sccm, at which point
ZnOmicrowires began to grow. After 45 min, the growth process was finished, and the furnace was cooled down
spontaneously. The ZnOmicrowires obtained byCVDmethod is shown infigure S1.

2.2. Fabrication of the photodetector
Figure 1 shows the schematic preparation process of the semi-encompassed heterojunction based on
CH3NH3PbCl3–ZnOmicrowire. An ultrasonically cleaned double-sided polishing sapphire was selected as
substrate. Polymethylmethacrylate (PMMA) solutionwas dripped on theflat sapphire firstly. The substrate was
then placed on a plate tilted by 15 degrees, and a ZnOmicrowire was laid on the substrate with only one side
immersed in the PMMA solution. Subsequently, the PMMA solutionwas naturally dried at room temperature.
After that, 30μl of CH3NH3PbCl3 precursor solution (DMF:DMSO= 1:1)was dropped on the surface of ZnO
microwire semi-wrapped of PMMA.Then, the temperature of the hot plate was raised upto 45 °C for 5 min and
subsequently raised up to 60 °Cuntil the solvent was completely volatilized. Finally, theflat indium (In) strips
were placed on theCH3NH3PbCl3microcrystalline layer andZnOmicrowire, and then carefully pressed them
tight to form a semi-encompassedCH3NH3PbCl3–ZnOmicrowire heterojunction photodetector.

2.3. Characterization andmeasurements
The surfacemorphology of theCH3NH3PbCl3-ZnO composite structure wasmeasured by helium ion
microscope (HIM) (ZeissOrionNanoFab)with accelerating voltage of 30 kV and scanning electronmicroscope
(SEM) (HITACHI S-4800)with accelerating voltage of 5 kV. The PL spectraweremeasuredwith a 325 nmHe
−Cd continuouswave (CW) laser as the luminescent pumping source. Themeasurements of crystal structures
of the composite structure andZnOmicrowire were performed byXRD (BRUKERD8Discover)withCu-Kα
radiation (λ= 1.541Å). The current−voltage (I−V ) characteristics and time-dependent current (I−t)
characteristics were tested by a semiconductor parameter analyzer (Keithely 2200)with a 374 nm light-emitting
diode. The photoresponse spectra were tested using a 200WUV-enhanced xenon lampwith amonochromator.
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3. Results and discussion

Figure 2(a) shows the configurations of the ZnOmicrowirewith andwithout CH3NH3PbCl3 coating. It can be
found the ZnOmicrowire has a parallelepiped structure withflat and smooth surface.Meanwhile, the covered
CH3NH3PbCl3 exhibits a dense layer stacked by cubicmicro-crystallites. In addition, the diameter of ZnO
microwire is around 10μmand the average thickness of the CH3NH3PbCl3 layer is about 3μm.

To further investigate the crystallographic structure of theCH3NH3PbCl3microcrystals andZnO
microwire, XRDmeasurement in the 2θ scanmodewas performed as shown infigure 2(b). For bare ZnO
microwire, a strong diffraction peak at 31.7° and aweak diffraction peak at 34.4°may be distributed to (100) and
(002) crystallographic planes of thewurtzite ZnO crystal structure (JCPDSNo. 36-1451). After coatingwith
CH3NH3PbCl3 crystallites, new sharp peaks appear at 15.8°, 22.3°, 31.7°, 39.3°, 45.2° and 48.1°, corresponding
to (100), (110), (200), (211), (220) and (300) lattice planes of the cubic CH3NH3PbCl3 crystal structure,
respectively. The strong (100), (200) and even (300) diffraction peaks indicate that CH3NH3PbCl3micro-sized
crystals preferentially grow along [100] direction perpendicular to the ZnOmicrowire axial direction, which is in
corking accordwith theHIM images. The narrow full width at halfmaximum (FWHM) for the (100) diffraction
peak of CH3NH3PbCl3 is only 0.09 °, which is very close to the results of CH3NH3PbCl3 single crystals,
illustrating the excellent crystalline quality [28]. And there are no additional peaks from impurities in the
spectra. Figure 2(c) reveals the PL spectra of CH3NH3PbCl3–ZnOhybrid structure and bare ZnOmicrowire at
room temperature. The photoluminescence peak located at 378 nmwith the FWHMof 10.41 nm corresponds
to the near-band-edge (NBE) emission of ZnOmicrowire. Almost no visible emission related to the defects
luminescence can be observed, suggesting the splendid crystalline quality of ZnOmicrowire. Comparedwith
bare ZnOmicorwire, the PL spectrumofCH3NH3PbCl3–ZnOhybrid structure shows a newpeak at 404 nm

Figure 1. Schematic diagramof the semi-encompassed heterojunction preparation process.

Figure 2. (a)HIM images of ZnOmicrowire with andwithout CH3NH3PbCl3 coating. (b)Powder XRDpattern of CH3NH3PbCl3-
ZnO composite structure (red) and pure ZnOmicrowire (blue). (c)PL spectra of CH3NH3PbCl3-ZnO composite structure (red) and
pure ZnOmicrowire (blue).
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with FWHMof 11.72 nm, originating from theNBE emission of CH3NH3PbCl3 crystallites. The strong and
narrowNBE emission peaks and the absence of defect-related visible emission indicate that both ZnOand
CH3NH3PbCl3 have high crystalline quality.

Figure 3(a) displays the I-V characteristics of the CH3NH3PbCl3-ZnOheterojunction photodetector in the
dark condition and under 374 nm illumination (2.06mWcm−2) fromZnO side plotted in both linear and
logarithmic coordinates (inset). The heterojunction device shows obvious rectification characteristic with a
rectifier ratio of 67 at the bias of± 6Vunder dark condition. At−6V, the dark current of the photodetector is
∼60 nA. Figure 3(b) gives the I-V characteristics of the In/ZnOand In/CH3NH3PbCl3 contacts. It can be seen
the two curves are almost linear, indicating that In electrodes on bothCH3NH3PbCl3 andZnO are ohmic
contacts. This phenomenon shows that the rectifying behavior comes from theCH3NH3PbCl3-ZnO
heterojunction rather than themetal-semiconductor contacts.

Figure 4(a) depicts the time-dependent current response of the heterojunction device under 374 nm
illumination fromZnO sidewith the power densities differing from3270 to 15μW/cm2. AftermultipleON/
OFF switching cycles, the device still shows a stable optical response and fast response speed, suggesting the
exceptional stability and reproducibility. In addition, the photocurrent overshooting phenomenon can be
clearly observed under high-power intensity light illumination due to the instantaneous generation of vast
excess carriers [39]. Then, with the decrease of the light intensity, the overshooting phenomenon gradually
weakens until it disappears. The responsivity (R) of this photodetector at different light intensities could be
determined by the pursuing formula:

( )=
-

⋅
R

I I

P S
1

light dark

light

Where Ilight is the current under light irradiaton, Idark is the dark current, Plight is the incident optical power
density and S is the effective absorptive area. The changes of photocurrent and responsivity alongwith power
intensity are given infigure 4(b). It could be noticed that the relation between photocurrent and incident light
intensity can be described by the power function of µ qI P ,p and θ is estimated to be∼0.71, indicating the
existence of defects within the device [40].

Figure 3. (a) I−V curves of the CH3NH3PbCl3-ZnOheterojunction under the dark condition and in the light condition of 374 nm
LED, and the inset is shown in logarithmic coordinate. (b) I-V curves of In contacts on ZnOmicrowire andCH3NH3PbCl3.

Figure 4. (a)Time-dependent current response of the photodetector under 374 nmLED illuminationwith different power densities.
(b)Responsivity and photocurrent changeswith the incident light intensity. (c)Transient normalized photoresponse at−6Vunder
374 nmpulsed laser excitation.
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Considering the high crystalline quality of both ZnOandCH3NH3PbCl3, the defects shouldmainly exist at
the CH3NH3PbCl3-ZnO interface. In addition, the responsivity gradually decreases as the light intensity
increasing due to the increased recombination loss of photo-generated carriers under strong light [41–43]. And
the responsivity of the device reaches up to 17.69A/Wunder illumination intensity of 35μW/cm2.

To further appraise the response time of this CH3NH3PbCl3-ZnOheterojunction photodetector, a 374 nm
Nd:YAGpulsed laser (spot size diameter:∼1.5mm; frequency: 10Hz; width: 10 ns) and an oscilloscope are
selected tomeasure the photoresponse signal, and the transient photoresponse curves are shown infigure 4(c). It
is conspicuous that the heterojunction photodetector has a fleet response speed, with the rise time (trise, from the
dark current to (1-1/e) of the peak value) of<20μs and fall time (tfall, recovery to 1/e of the peak value) of∼500
μs [44].

The spectral response characteristics of this photodetector aremeasured under contrary illumination
directions. The photoresponse curve of the device illuminated from the ZnOmicrowire side (back side) is shown
infigure 5(a). It can be found that a distinct peak value position is located at 370 nmaccompanied by the−3dB
cutoff edge of 382 nm, and the full width at half-maximum (FWHM) of the response peak value is approximately
30 nm. In contrast, under the illumination fromCH3NH3PbCl3 side (front side), the response peak position
shifts to 412 nmand the−3 dB cutoff wavelength is located at 418 nm (figure 5(b)).Moreover, the peak
responsvities of the CH3NH3PbCl3-ZnOheterojunction photodetector under back-side illumination and front-
side illumination are 1.6 and 0.6 AW−1, respectively. Themodulation of the response spectra and the
responsivity by operating the device under front or back illumination can be explained by self-filtering
properties.

As the energy bandgap of CH3NH3PbCl3 (3.1 eV) is narrower than that of ZnO (3.37 eV), when the device
operates under front-side illumination, the incident photons below 410 nmaremainly absorbed by the
CH3NH3PbCl3 layer,making the response spectrum similar to that of pureCH3NH3PbCl3 device [45].
Nevertheless, when the device is irradiated frombackside, ZnOmicrowire is not only the sensing layer, but also
acts as afilter layer, consequently, the device exhibits a strong response to the photons in thewavelength regime
of 360 nm to 400 nm.Due to the strongNEB absorption of both ZnOandCH3NH3PbCl3, the responsivity of
CH3NH3PbCl3-ZnOheterojunction under back-side illumination is obviously higher than that under front-
side illumination.

4. Conclusions

In this work, we fabricate high-quality CH3NH3PbCl3micro-crystals on one side of individual ZnOmicrowire
to build a semi-encompassed CH3NH3PbCl3–ZnOheterojunction photodetector by a two-step crystallization
method. The dark current of the photodetector is solely 60 nA at−6V, which is significantly lower than that of
sole CH3NH3PbCl3 or ZnOdevices. In addition, the rise time and fall time are<20μs and∼500μs, respectively,
indicating that the device has afleet response speed. Interestingly, the device can also obtain an alterable spectral
photoresponse by changing the illumination direction. Our troves in this piece afford a viablemeans of realizing
high-performance optoelectronic facilities based on heterojunctions of perovskite and other semiconductor
materials.

Figure 5. Spectral responsivity curves of theCH3NH3PbCl3-ZnOheterojunction photodetector under (a) back-side (fromZnO side)
illumination and (b) front-side (fromCH3NH3PbCl3 side) illumination.
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