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ABSTRACT  

All-inorganic lead halide perovskite nanowires have been the focus of increasing interest since 

they exhibit improved stability compared to their hybrid organic-inorganic counterparts, while 

retaining their interesting optical and optoelectronic properties. Arrays of surface-guided 

nanowires with controlled orientations and morphology are promising as building blocks for 

various applications and for systematic research. We report the horizontal and aligned growth of 

CsPbBr3 nanowires with a uniform crystallographic orientation on flat and faceted sapphire 

surfaces to form arrays with 6-fold and 2-fold symmetries, respectively, along specific directions 
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of the sapphire substrate. We observed waveguiding behavior and diameter-dependent 

photoluminescence emission well beyond the quantum confinement regime. The arrays were 

easily integrated into multiple devices, displaying p-type behavior and photoconductivity. 

Photodetectors based on those nanowires exhibit the fastest rise and decay times for any CsPbBr3-

based photodetectors reported so far. One-dimensional arrays of halide perovskite nanowires are 

a promising platform for investigating the intriguing properties and potential applications of these 

unique materials.  

TEXT  

 Lead halide perovskites have re-emerged as highly interesting optoelectronic materials.1 They 

generate enormous interest mostly for low temperature, low-cost solar cells,2, 3 but also for other 

optoelectronic applications including photodetectors, LEDs and laser devices.4-6 Their unique 

optoelectronic properties have been attributed to long electronic carrier diffusion lengths, photon 

recycling, high optical absorption coefficients and low trap density.7-10 However, despite extensive 

investigation, various observed phenomena and some of their fundamental properties are still not 

fully understood, especially hysteresis phenomena and disorder in their crystal structure.10-13 

Nanowires (NWs) of lead halide perovskites have exhibited some interesting properties as well, 

including low threshold lasing at room temperature4 and polarity-dependent photodetection.6 

Besides their potential use as building blocks for various applications, their one-dimensional nature 

can facilitate the investigation and modeling of some phenomena that are not yet well understood 

including photon and charge carrier transport.  

Recently, due to stability issues, some focus has shifted from hybrid organic-inorganic 

perovskites to the more robust and stable all inorganic perovskites.14 Cs-based lead halide 
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perovskite were found to be both stable and promising for solar cell applications,15, 16 and CsPbX3 

(X=Cl,Br,I) NWs proved to be a versatile system as their composition and corresponding emission 

is easily tunable through anion exchange. In addition, they are stable in air and can act as high-

quality laser caveties.17-19 As in the case of more traditional semiconductor NWs, planar and 

aligned arrays of CsPbX3 NWs with controlled morphology and crystallographic orientation can 

be highly advantageous for both applications and research. However, unlike more traditional 

semiconductor surface-guided NWs, CsPbBr3 NWs do not grow by the common nanoparticle-

catalyzed vapor-liquid-solid (VLS) growth mechanism but by a non-catalyzed direct vapor-solid 

(VS) growth. This non-catalyzed growth can present new challenges when pursuing surface-

guided NWs because the mechanism of nucleation and elongation that determine the location and 

one-dimensionality in the VLS process, respectively, are not known for such a VS process. Lately 

two groups demonstrated Van-der-Waals incommensurately epitaxial growth of CsPbX3 

microwires and NWs in six directions on mica substrates.20, 21 Growth in six directions leads to 

random triangular-shaped networks, which are less useful for integration into devices than parallel 

arrays (i.e. one or two opposite growth directions). Graphoepitaxy on faceted substrates has been 

shown to guide the growth of parallel arrays of various semiconductor NWs and enable their 

integration into devices.22-29 Applying this principle to produce parallel arrays of halide perovskite 

NWs would similarly enable their integration into devices. Moreover, a comparative investigation 

of epitaxial and graphoepitaxial growth of CsPbX3 NWs, their crystal structure and properties on 

different substrates was not yet conducted.  

Here we employ a guided growth approach that uses epitaxial and graphoepitaxial relationships 

between the material and substrate to guide horizontal CsPbBr3 NWs during their growth to create 

well aligned arrays of NWs that grow in specific and reproducible directions and crystallographic 
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orientations. We demonstrate graphoepitaxial growth of CsPbBr3 that results in an advantageous 

bidirectional growth (figure 1A) as horizontal and aligned NWs grow along nanogrooves on a 

faceted sapphire plane. We also show epitaxial growth on a flat sapphire substrate where horizontal 

and aligned NWs grow along six isoperiodic directions of the flat sapphire plane (figure 1B). We 

characterized the crystal structure, crystallographic orientation and elemental composition of the 

CsPbBr3 NWs by cutting thin lamellae across and along the growth axis of the NWs and examining 

them under a high resolution transmission electron microscope (HRTEM). We find that all the 

NWs have a triangular cross-section and that they grow along the same [001] crystallographic 

orientation of the CsPbBr3 cubic phase. Optical characterization of NWs with varying diameters 

revealed waveguiding behavior and diameter-dependent photoluminescence (PL) well beyond the 

quantum confinement regime. In order to probe the electronic and optoelectronic properties of 

CsPbBr3 guided NWs, we exploited the ordered arrays of NWs and integrated them into multiple 

devices in a parallel and simple manner. We demonstrated field-effect transistors (FETs) and 

photodetectors based on an array of few CsPbBr3 guided NWs. The photodetectors exhibit the 

fastest response times for any CsPbBr3 based photodetector reported so far.21, 30-38 

The vapor-phase growth of the guided CsPbBr3 NWs was carried out in a three-zone tube furnace 

(see Supporting Information for details). The NWs grow non-catalyzed almost exclusively 

horizontally and aligned on bare, faceted, annealed M-plane sapphire substrate (figure 1A) and on 

flat C-plane sapphire (figure 1B). All the NWs have a triangular cross-section with heights ranging 

from 20 nm to a few microns. Careful attention to growth conditions and the duration of the process 

can afford NWs with different dimensions. However, some variation was evident in all our growth 

attempts. The growth conditions control also the density of the NWs, as well as the density of other 

structures, such as rectangular platelets and triangular pyramids, that can also form in similar 
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growth conditions. The typical length of the NWs is few tens of microns, although extremely long 

wires (hundreds of microns) were also observed under certain growth conditions. 

 

 

Figure 1. Guided growth of (A) graphoepitaxial and (B) epitaxial CsPbBr3 nanowires. For each 

growth mode: (a) A schematic illustration of the plane and directional growth. (b) A dark-field 

optical microscope image of a typical growth. SEM images of (c) an assembly of NWs and higher 
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magnification images of (d) a thick and (e) a thin NW. (f) 3D AFM image revealing the triangular 

cross-section of the NWs. 

 

On flat C (0001) sapphire, the guided CsPbBr3 NWs grow along the six isoperiodic A ±〈112�0〉 

directions, reflecting the symmetry of the substrate. The six-directional growth behavior resembles 

previous guided growth reports of GaN,27 ZnO,26 ZnSe,23 ZnTe24, CdSe25, core-shell ZnSe@ZnTe22 

and CdS28 NWs on C-plan sapphire. However, while in all those previous reports the NWs grow 

along six M ±〈101�0〉 directions, here the CsPbBr3 NWs grow along six A ±〈112�0〉 directions of 

the sapphire substrate. HRTEM imaging of lamellae cut across the NWs using a focused ion beam 

microscope (FIB) unveil the distinct isosceles right triangle cross-section structure. Selected area 

fast Fourier transform (FFT) of these cross-sections, along with additional crystallographic 

information retrieved from lamellae that were cut along the growth axis of the NWs, allow us to 

determine their crystallographic structure:  All 7 CsPbBr3 NWs that were analyzed have a cubic 

crystal structure. They grow as triangular prisms with a [001] growth axis as their (110) planes are 

parallel to the (0001) planes of the sapphire, and the (100) and (010) facets are exposed to the gas 

phase (figure 2B-C and figure S2). In addition to these TEM analyses, we performed powder XRD 

measurements of the as grown CsPbBr3 NWs on the C-plane sapphire. The diffractogram (figure 

S3) shows that both orthorhombic and cubic phases coexist in our sample. The cubic phase is 

consistent with our TEM analyzes, which show that all the surface-guided NWs are cubic, while 

the orthorhombic phase could arise from bulkier by-products, such as pyramids, platelets and less 

defined deposits, which may adopt the crystal structure that is more stable in the bulk. 

The growth directions and the crystallographic orientation of the NWs are very consistent. 

Examining their cross-section reveals that, as expected for epitaxial growth, the transverse (1�10) 
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planes (planes that are orthogonal to the substrate and to the axis of the NW) are aligned with the 

(1�100) of the sapphire (figure 2B(d)). These planes were suggested as the dominant factor at 

determining the crystallographic orientation for guided NWs in high-mismatch systems.39 

However, we must acknowledge that with CsPbBr3 NWs some of the known guidelines of 

horizontal growth may not be relevant. Besides the very different structure of this material, the 

growth mechanism of these CsPbBr3 NWs is inherently different from the more traditional vapor-

liquid-solid (VLS) guided horizontal growth. In this case, there is no catalyst and thus the planes 

do not form at the liquid-solid interface. For further crystallographic characterization we also 

examined the long dimension of a NW through a lamella that was cut along the axis of a NW. 

Again the epitaxial alignment of the sapphire and CsPbBr3 lattices are evident (figure 2B(g)).  

One of the strengths of the guided growth approach is the ability to control the growth direction 

of the horizontal NWs through surface manipulation. Past studies have shown that NWs can grow 

along nanosteps and nanogrooves on nanofaceted sapphire substrate, and that this growth mode, 

which we refer to as graphoepitaxy, has proven to be dominant over the epitaxial growth of the 

NWs.22-27 In order to explore the graphoepitaxial growth of CsPbBr3 NWs we create a faceted 

substrate by annealing the thermodynamically unstable flat M (101�0) sapphire at elevated 

temperatures (i.e.1600°C). This creates an accordion-like surface of periodic nanogrooves with 

alternate S-plane and R-plane facets.40 

As seen in figure 2A, the horizontal CsPbBr3 NWs grow along the two ±〈112�0〉 directions of 

the sapphire nanogrooves. HRTEM imaging of lamellae cut across the NWs expose again a 

triangular cross-section. Furthermore, selected area FFT of these cross-sections reveal that all 17 

NWs that were analyzed have the same cubic crystal structure and crystallographic orientation as 

the NWs that grow on the flat C- plane substrate. Despite the drastically different morphology and 
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structure of the two substrates, on both substrates the CsPbBr3 consistently grow as triangular 

prisms with the same [001] growth axis and with the (100) and (010) facets that form the exposed 

sides of the prism (figure 2C).  

When comparing the growth results of the CsPbBr3 horizontal NWs to previous studies on 

horizontally aligned NWs that grow in a VLS mechanism,22-27 some differences are evident. In 

most cases of guided VLS growth, the graphoepitaxially guided NWs had a high degree of non-

uniformity in their crystallographic orientation and rougher surfaces compared to NWs that grew 

on flat surfaces.22-25 We hypothesized that strain accumulates in the graphoepitaxial NWs since 

they have to adapt simultaneously to two different sapphire planes and their energetic constraints, 

which is manifested in a rougher surface and lesser uniformity in their growth axes.23 In contrast, 

all the CsPbBr3 horizontal NWs that grow on the nanogrooved substrate have the exact same 

crystallographic orientation and their surfaces appear to be as smooth as the guided NWs that grow 

on the flat substrate. These differences imply that the perovskite guided NWs can accommodate 

more easily to very different substrate morphologies and adapt to strenuous conditions without 

changing their own crystal structure. This might be a result of the dynamic nature of lead halide 

perovskites.12 Another phenomenon that can be attributed to the same type of dynamic behavior is 

the ability of the guided NWs that grow along the nanogrooves to change their width by changing 

the number of grooves they grow on without an apparent effect on their surface morphology or 

crystallographic orientation (figure S4). 

We note that for almost all of the NWs that were analyzed, both epitaxial and graphoepitaxial, 

we found peaks in the selected area FFT that correspond to lattice distances that match half a unit 

cell (Figure S5). Currently we cannot attribute these peaks with certainty to a single phenomenon. 

We can however state that the origin of the half unit cell peaks is most likely either phase domain 
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boundaries or Ruddlesden−Popper domains within the CsPbBr3 NWs. Both phenomena are well 

known for oxide perovskites,  and both were observed at least once in CsPbBr3 structures.41, 42 In 

order to determine which structural phenomenon is present in our CsPbBr3 NWs, atomic level 

aberration-corrected scanning TEM (STEM) analysis is needed.43 We intend to pursue this route 

in order to understand the crucial role of the structure in determining the properties of these NWs.  

It should be noted that CsPbBr3 is beam-sensitive and undergoes different compositional and 

formational changes under high beam doses.44 For the HRTEM imaging we used high spot sizes 

that correspond to low doses of irradiation, However to perform a non-destructive compositional 

analysis we preferred to use STEM EDS measurements on a FEI Tecnai F-20 microscope with 

120 keV acceleration voltage and 1nA beam current. 90 EDS spectra were taken from an area of 

about 70 nm2 in the center of the NW (figure 2B(e)). The spectra were summed in order to improve 

the signal to noise ratio and to achieve a quality quantification. The composition quantification 

was done using the L lines of the elements and an elemental ratio of 1:1.2:3.2 for the Cs, Pb and 

Br respectively was determined, in close agreement and within the range of error for the CsPbBr3 

phase. 
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Figure 2. Crystallographic analysis of CsPbBr3 NWs on Annealed M-plane (A) and C-plane (B) 

sapphire. For each plane: (a) SEM image of the guided nanowires, the blue indices and vectors 

describe the sapphire crystallographic directions. (b) HRTEM cross-section image marked with 

the crystal planes and direction of the sapphire substrate (blue). (c) Higher magnification image 

marked with the crystal planes and direction of the CsPbBr3 NW (green). (d) Selected area fast 

Fourier transform (FFT) of the cross-section image. For C-plane sapphire added images of (e) 

STEM EDS elemental maps for Br, Cs and Pb together with the corresponding high angle annular 

dark field (HAADF) map. The red rectangle in the HAADF map is the area from which the EDS 
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spectra were taken for quantitative analysis. (f) HRTEM cross-section image marked with the 

crystal planes and direction of the sapphire substrate (blue) and the CsPbBr3 nanowire (green). (g) 

Selected area fast Fourier transform (FFT) of the cross-section image. (C) Illustration of the 

morphology of the CsPbBr3 guided NWs (a) and their crystal structure (b). 

Unlike previous cases where guided NWs form in a VLS mechanism, the guided CsPbBr3 NWs 

are not catalyzed. Therefore it is reasonable to expect different and perhaps new growth behaviors.  

For instance, we did not observe any order in the nucleation sites. The nucleation of these 

nanostructures appears to be random, or in some cases, mildly affected by defects or impurities of 

the substrate. The exact mechanism of the nucleation and growth of these NWs is not clear, nor is 

their relationship with the substrate and how it affects their growth direction and crystallographic 

orientation. Nonetheless, we can combine several empirical observations and postulate guidelines 

that reflect our understanding of the process. 

The first and perhaps most important observation is the uniformity of the crystallographic 

orientation in almost all reported vapor-phase growth of CsPbBr3 NWs. In almost all the reports 

the CsPbBr3 NWs have the same [001] growth axis and the same cubic crystal structure.20, 21, 45 The 

only exception is one report of a monoclinic phase.46 Moreover, in all cases of surface-bound 

growth, either incommensurate Van-der-Waals epitaxy on mica,20, 21 or randomly oriented on 

Si/SiO2,45 the NWs have a triangular cross-section with the same (110) planes parallel to the surface 

and the (100) and (010) planes forming the side walls of the triangular prism. This specific and 

recurring structure can be rationalized considering that the (100) facets are probably the most stable 

ones (although no surface energies have been calculated for the cubic phase, the (100) was 

calculated to be the most stable one for the tetragonal phase). 47 This could also explain, to some 
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extent, the differences between the structure and form of NWs that grow in vapor phase compared 

to solution-grown NWs, where often the surface energy is governed by surface ligands.48  

 When combining these reports with this work, where the guided NWs exhibit the same structure 

on flat and faceted sapphire substrates (figure 2C), we can speculate that in the vapor-phase growth 

of CsPbBr3 NWs, the anisotropic growth that leads to the 1D geometry and the crystallographic 

orientation of the NWs is independent of the substrate. If this is true, then the different substrates, 

with their specific properties and symmetries, affect only the growth directions of the NWs with 

respect to the substrate. It follows that surface-bound CsPbBr3 NWs will grow randomly on an 

amorphous substrate, as in the case of a Si/SiO2 substrate,45 and for sapphire or mica substrates 

they will grow along certain directions that are imposed by the crystal (epitaxy) or the morphology 

(graphoepitaxy) of the substrate.20, 21 

A possible explanation for the apparent negligible effect that different substrates have on the 

crystallographic orientation of surface-bound CsPbBr3 NWs, as opposed to guided NWs of more 

classical “hard” semiconductors, is the "soft" nature of lead halide perovskites. CsPbBr3, and more 

commonly hybrid organic-inorganic lead halide perovskites, are often referred to as soft ionic 

crystals.49-51 If we assume that the horizontal growth process is thermodynamically governed and 

that softer material can accommodate crystal frustration and stress with less energetic cost, we can 

hypothesize that in the case of CsPbBr3 NWs, the energetic cost of accommodating to the surface 

is not high enough to justify a transition to a less energetically preferred crystallographic 

orientation. In this scenario, the NWs will grow to the energetically preferred crystallographic 

orientation regardless to the substrate they grow on. The substrate, however, does affect the growth 

direction of the NWs. The growth direction along nanogrooves in a graphoepitaxial growth is 

dictated by surface features, and for epitaxial growth on sapphire, the lattices of the perovskite and 
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sapphire seem to align nicely through the planes that are orthogonal to the interface along and 

across the growth axis of the NWs.  

For optical characterization, room-temperature PL spectra were obtained using a micro-Raman 

system (Horiba LabRAM HR Evolution) with a 325 nm He-Cd laser. Under the optical 

microscope, visible green luminescence was apparent at the excitation spot, and also at both ends 

of the NWs, as can be seen in figure 3a. Since the reported lasing abilities of similar NWs depend 

on significant end-facet reflectivity and efficient wave guiding along their length,17, 52 it is 

reasonable to attribute the green emission at the ends of the NWs to the propagation of the PL 

emission along them as they serve as waveguides.  

PL spectra were measured for many single guided CsPbBr3 NWs, generally exhibiting a strong 

single peak around 520 nm with full width half maximum (FWHM) of about 15 nm. This is 

comparable to previous reports on CsPbBr3 NWs and suggests a high crystal quality.17, 20, 21, 45, 52 

We used the large spread in the diameters of the NWs (20-2000 nm) in order to explore possible 

size-dependent optical phenomena, and noticed that the emission peak for larger NWs is red shifted 

compared to the thinner ones. In order to quantify this observation, the heights of 10 NWs with 

different diameters were measured using tapping mode atomic force microscope (AFM) and their 

corresponding PL spectra were taken (figure 3b-c). It is noticeable that the emission peak red shifts 

with increasing height of the NWs. Surprisingly this size-dependent effect is in play for NWs with 

heights spanning from 45 nm to almost 1.5 µm, λmax shifts from 514 nm to 528 nm respectively. 

Additional intensity-dependent measurements can be found in the Supporting Information (figure 

S6).  This trend can be seen also along a single tapered NW (figure 3d). In this case, the height of 

the NW is constant from the top edge to half the length of the NW at ~125 nm (position 60-30 in 

figure 3d) and the corresponding PL emission peaks are constant as well at ~519 nm. Once the 
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NW starts to taper from 125 nm to 65 nm (position 30-0 in image 32d), the emission peak gradually 

shifts from ~519 nm to ~516 nm. 

 

Figure 3. Optical properties of guided CsPbBr3 NWs. (a) Optical microscope image of a guided 

CsPbBr3 NW exhibiting green photoluminescence from the excitation spot and both ends of the 

NW. (b) Optical microscope image of NWs with different sizes overlaid by the AFM height 

images. Green spots are the locations of the room-temperature PL spectra measurements presented 

in (c) along with the measured height of the NWs. (d) Normalized intensity PL map along a tapered 

NW (seen in the red inset). (e) Optical band gap as a function of the measured height of 10 different 

NWs under 100 W/cm2 illumination of a 325 nm UV laser.  
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When we tried to understand the origin of this relatively small, but consistent and meaningful 

size dependent phenomenon, five mechanisms (i-v) were taken into consideration. We shall start 

by ruling out the less likely mechanisms, and then focus on the more plausible ones. (i) Quantum 

confinement: Plotting the optical band gap versus the height of the NWs (figure 3e) discloses a 

trend that resembles previous reports on quantum confinement in NWs.53, 54 It is clear, however, 

that the dimensions of these guided CsPbBr3 NWs are well beyond the quantum confinement 

regime, as the Bohr-exciton radius was calculated to be 7.5 nm.55 Beyond the quantum confinement 

regime, energy shifts could be explained by surface depletion induced quantum confinement.56 

This additional mechanism can explain confinement in larger diameters than that of the Bohr-

exciton diameter, but cannot explain red shifts in the micrometer regime as observed. Future 

temperature dependent measurements should provide a more decisive conclusion since the surface 

depletion induced quantum confinement diminishes with decreasing temperatures. (ii) Thermal 

effect: Another reason for energy shifts upon illumination is local heating and its effect on the 

crystal structure, and therefore the band gap of a semiconductor, known as the Varshni shift.57 

However for CsPbBr3, and other perovskites as well, the optical band gap shifts to lower energies 

with decreasing temperature due to a positive thermal expansion coefficient.58, 59 If we consider 

that local heating increases with size,60 we would expect larger NWs to be subjected to more local 

heating that would lead to higher band gap energies. This translate to a blue shift with increasing 

NW-size, which is opposite to our observations. (iii) Surface field-effect and photon reabsorption: 

Double charged surface layers in lead halide perovskite crystal was also suggested to induce an 

increase of the optical bandgap compared to the bulk due to a macroscopic electric field that is 

generated near the surface of thin films owing to spontaneous separation of halide ions and 

positively charged vacancies.61 Although surface phenomena are always considered possible 
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origins to bulk-nanostructure discrepancies, the double charge surface layer hypothesis is based 

on reabsorption of high energy photons in a surface layer which is on the order of 1 µm, while our 

NWs are typically much smaller. This reduces the validity of this phenomenon as an explanation 

to the size-dependent energy shift we observe. With that said, excitation and emission spectra 

studies are underway in order to confirm or refute this hypothesis, and other processes that involve 

reabsorption, such as photon recycling.8  

Although we are still not able to determine unambiguously the origin of the emission red shift 

with increasing NW diameter beyond the quantum confinement regime, we consider two more 

possible effects. One is strain-induced band gap modulation and the other is the band filling effect 

also known as the Burstein-Moss (BM) effect.62 (iv) Strain: Anomalous phenomena are not rare 

among lead halide perovskites, and most of them trace back to the unique crystal structure of these 

materials.10 The relationship between the structure and the optical bandgap of lead-halide 

perovskite, and more specifically, change in the Pb-I bond stress in the case of methylammonium 

lead iodide, was suggested as the origin of an absorption and emission red shifts in thin films 

composed of large crystallites compared to films composed of smaller crystalites.63, 64 This claim 

was based on several studies exploring the effect of the structure, bond lengths and angles, on the 

optical bandgap of lead-halide perovskites.65, 66 A recent first-principles study also found that 

external pressure can result in a bandgap red shift in CsPbBr3 due to changes in the Pb-Br bond 

length and angle.63 Therefore, the observed red shift could also be explained by a change in the 

Pb-Br stress as in the case of larger crystallites in methylammonium lead iodide films.63, 64 

Moreover, as discussed earlier, the selected area FFTs of our NWs imply the existence of either 

phase domain boundaries or Ruddlesden−Popper domains within the guided CsPbBr3 NWs. The 

accumulated strain induced by these domains, by exposing certain facets to the environment and 
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by substrate interactions could cause enhanced structural deformation that might cause a more 

noticeable modulation of the band gap. We expect the NWs with larger diameters to be more 

strained, 67 leading to a red shift that matches, at least qualitatively, our observation.68 (v) The band 

filling effect, also known as the Burstein-Moss (BM) effect provides another possible explanation 

for our observations, and is often used to explain otherwise unexplained blue shifts in 

nanostructures as their size decrease.69 Further work must be done in order to determine the exact 

origin of this phenomenon. Geometric phase analysis (GPA) can perhaps be used to quantify the 

strain in NWs with different dimensions to verify or refute the strain related approach. Further PL 

measurements combined with an appropriate model could be used to estimate the role that the BM 

effect plays in the size dependent emission shift we observe. 

We note that if this is a strain-induced emission shift, it could be in play also in vertical NWs, 

however the magnitude of the strain, and thus the observed shifts might be substantially larger for 

surface bound perovskite NWs due to their interaction with the substrate. A strain-dependent 

phenomenon that is well established, quantified and calibrated could be used to assess strain in 

other CsPbBr3 system as well. Regardless to the origin of this phenomenon, we demonstrate that 

the optical band gap of guided inorganic halide perovskite NWs can be fine-tuned through their 

size. Small shifts in the optical band gap of these structures could be useful for future 

optoelectronic applications.  

Recently, high-performance photodetectors based on thin films and nanostructure networks of 

CsPbBr3 were reported.21, 30-37 However, to the best of our knowledge, the electronic and 

optoelectronic behavior of a single NW or small arrays of CsPbBr3 guided NWs was not yet 

reported, and is essential to better understand this system and to determine the potential of guided 

CsPbBr3 NWs as building blocks for optoelectronic applications. Previous studies conducted on 
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surface-guided NWs show that despite the substrate-NW interactions they exhibit very good 

optoelectronic properties. In fact, photodetectors based on guided NWs of ZnSe,23 CdSe,25 and 

CdS28 outperformed their vertical counterparts. It is therefore interesting to assess the 

optoelectronic properties of our CsPbBr3 NWs and compare them with other devices. 

In order to probe the electronic and optoelectronic properties of guided CsPbBr3 NWs we 

exploited the deterministic control over their growth direction and fabricated multiple devices 

using only a single fabrication step. We used a custom made shadow mask (Suron) with a 10 µm 

channel and used electron-beam deposition to fabricate C/Ti electrodes (10 nm/100 nm). Since the 

NWs nucleate randomly on the substrate, statistically the number of NWs that cross the channel 

between the electrodes was determined by the density of the guided NWs, their length and the 

channel location imposed by the shadow mask. Alternatively, electron-beam lithography can be 

used for better control over the dimensions and location of the contacts.18 A typical photodetector 

has between 1 to 10 CsPbBr3 guided NWs with relatively large diameters that cross a 10-20 µm 

gap between the electrodes (figure S7).  

On the basis of the described devices, FETs were also fabricated using atomic layer deposition 

(ALD) to deposit a 50 nm dielectric layer of Al2O3, followed by fabrication of Cr/Au (5/50 nm) 

gate electrode using standard photolithography and e-beam evaporation. Once the devices were 

fabricated, we used a Janis ST-500 probe system with a Keithley 4200-SCS to conduct I-V 

measurements under different gate voltages. We find that the devices are gate-responsive and that 

they qualitatively exhibit a p-type behavior (Figure S8). However, after the ALD deposition we 

observed substantial hysteresis and temporal changes in the source-drain current under constant 

biases with some devices. In order to assess the behavior of such FETs in a quantitative manner, 

we must acquire a deeper understanding of the hysteresis phenomenon. We plan to study these 
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behaviors using different fabrication processes and materials for the gate dielectric, and by 

conducting the gate dependent measurements under cryogenic conditions. We aim to reach 

conditions where the hysteresis is negligible so we can extract the correct mobilities and charge 

carrier concentrations of the guided CsPbBr3 NWs.  

For optoelectronic measurements, we used the Janis ST-500 probe system with a Keithley 4200-

SCS coupled to an optical table and a 473 nm power-tunable laser. I-V measurements were done 

under vacuum, at room temperature, in dark condition (~20 μW/cm2 ambient light) and under 

different illumination intensities of the 473 nm laser. Measurements were conducted on 

photodetectors based on guided CsPbBr3 NWs that grew on C-plane and annealed M-plane 

sapphire. Typical devices can be seen in figure 4A-B respectively. For the photodetectors on each 

plane; I-V curves were measured at different illumination intensities and on-off switching cycles 

were also measured in order to characterize the response times.  

The photodetectors fabricated on C-plane show low dark currents of ~15 pA under a 1 V bias. 

Illumination of 220 mW/cm2 under the same bias results in a current increase of more than 3 orders 

of magnitude to ~50 nA. We note that the I-V curves on this device appear to reach current 

saturation around ±1 V under illumination. We do not observe the same current saturation behavior 

with the photodetectors fabricated on annealed M-plane. Although the I-V curves for the annealed 

M-plane photodetectors show a slightly different behavior than the C-plane photodetector, with 

respect to the current saturation, they are also photoresponsive, and under 1 V bias they exhibit a 

dark current of ~15 pA and more than 3 orders of magnitude increase to ~75 nA upon illumination 

of 115 mW/cm2.  

The photoresponse speed is an important parameter in a photodetector characteristics. The rise 

time is defined as the time required for the photocurrent to increase from 10% to 90%, and the fall 
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time is defined vice versa. Rise and decay time constants devices can be determined by fitting to 

exponential curves: Iphoto= Iphoto,0[1-exp(-t/ τ r)] for the rise and Iphoto= Iphoto,0[exp(-t/ τ d)] for the fall. 

Where Iphoto,0 is the maximum photocurrent, t is the time, τ r and τ d are the rise and decay time 

constants respectively. In order to measure the expected fast response of the photodetectors we 

used an acousto-optic modulator (AOM) to shift the laser beam on and off the device, achieving 

fast laser reaction (< 200 ns). The light switching frequency was controlled with a function 

generator. The devices were exposed to various frequencies of on/off cycles under a 10 V bias. 

On/off cycles were measured for the photodetector fabricated on C-plan under illumination of 113 

mW/cm2, revealing rise and fall times of 71 μs and 68 μs respectively with corresponding time 

constants of τ r=31 μs and τ d=30 μs. Similar measurements on the photodetector fabricated on 

annealed M-plane under illumination of 100 mW/cm2, revealed rise and fall times of 10.4 μs and 

5.3 μs respectively with time constants of τ r=5.2 μs and τ d=3.2 μs. All the devices show high 

repeatability and stable results during the measurements.  
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Figure 4. Performance of photodetectors based on guided CsPbBr3 NWs fabricated on C-plane 

(A) and annealed M-plane (B) sapphire. For the photodetectors on each plane (a) I-V curves at 

different illumination intensities and a SEM image of a typical device in the inset. (b) Few cycles 

and a (c) single cycle of on-off switching (under 10 V bias and 100-113 mW/cm2 illumination of 

a 473 nm laser for C-plane and annealed M-plane respectively) with their calculated rise and decay 

time constants. 

These results highlight differences between the photodetectors fabricated on C-plane and on 

annealed M-plane. Their I-V curves show somewhat different trends and the rise and decay time 

constants of the C-plane photodetectors are an order of magnitude slower than those of the 

photodetector fabricated on annealed M-plane. At this point we cannot offer a well-supported and 

reliable explanation for these differences, in part because our devices are usually based on small 

arrays of NWs with different diameters.  The diameter of the CsPbBr3 NWs could affect their 

properties and the performance of devices based on them. Therefore, in order to correlate between 
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the different substrates and the performances of devices fabricated on them, future work will focus 

on measurements of equivalent and well characterized single-NW devices on different sapphire 

planes using a controlled electron-beam fabrication. Since, to the best of our knowledge, these are 

the first electrical transport measurements preformed on a single NW or small arrays of planar 

CsPbBr3 NWs, we cannot compare our results with other reports. However when comparing these 

results to thin films, large single crystals and other nanostructure-networks (table 1), we find that 

the 3 orders of magnitude on/off ratio is comparable to most reports and that our response times 

are faster than any CsPbBr3 based photodetector.21, 30-37 We attribute the fast response times of our 

photodetectors mainly to the high quality, single crystal nature of our NWs and to the fact that in 

most other reports the nanostructures are arrange in networks or films with multiple grains and 

grain boundaries. 
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Table 1. Photodetectors based on CsPbBr3. 

Photodeterctors based on 
On off ratio  

(order of magnitude)  
Rise time Decay Time Ref.  

Few horizontal NW-arrays 103 10 µs 5 µs Our work  

Horizontal NW-networks 103 <0.1 s <0.1 s 21  

Fused films 103 0.35 ms 1.26 ms 30  

Films 103 30 ms 114 ms 31  

Thin films 105 430 µs 318 µs 32  

Bulk single crystal 102 <100 ms <100 ms 33  

Bulk single crystal 105 230 ms 30 ms 34  

Monolayer and few-layer 

 nanostructures 
103 19 µs 25 µs 35  

Colloidal nanosheets 102 17 ms 15 ms 36  

Nanocrystals layer 105 24 ms 29 ms 37  

Single-crystal thin films - Several milliseconds 38  

 

To conclude, we have demonstrate guided growth of horizontally aligned CsPbBr3 NWs on flat 

and faceted sapphire substrates. We characterize the crystal structure of NWs that grow epitaxially 

in a 6-fold symmetry on flat C-plane sapphire and NWs that grow along nanogrooves in a 

bidirectional growth leading to parallel arrays, which are well suited for application and research. 

We find that that all the CsPbBr3 guided NWs have an isosceles right triangular cross-section and 

grow along the same [001] crystallographic orientation of the CsPbBr3 cubic phase. Using a 

relatively large spread in the diameters of the NWs (20-2000 nm), we find a size dependent PL 

emission shift well beyond the quantum regime as the emission peak red shifts with increasing 

diameter from 514 nm to 528 nm for NWs with diameters of 45 nm and 1.5 µm respectively. We 
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exploit the controlled directional growth of the guided NWs to demonstrate the fabrication and 

measurements of devices based on a single NW or parallel arrays of few CsPbBr3 guided NWs 

that are all in contact with the electrodes. Only a single evaporation step through a costume-made 

shadow mask is needed to form electrodes and create multiple photodetectors and probe the 

intrinsic properties of CsPbBr3 nanostructures that are not arrange in networks or films in which 

the behavior is often governed by multiple grains boundaries. The photodetectors based on guided 

CsPbBr3 NWs exhibit faster response times than any CsPbBr3 based photodetector reported so far. 

A p-type electronic behavior was also determined through field-effect measurements. This 

epitaxial and graphoepitaxial growth of horizontal arrays of CsPbBr3 guided NWs with promising 

properties that are easily integrated into devices demonstrates the great potential of guided NWs 

of lead halide perovskites for future research and applications. 
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