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The advantage of using flexible metallic structures as the substrate of flexible lasers over plastic 

materials is its strong mechanical strength and high thermal conductivity. Here, we propose to 

deposit CsPbBr3 perovskite quantum dots onto Ni porous foam for the realization of flexible 

lasers. Under two-photon 800 nm excitation at room temperature, we observe incoherent 

random lasing emission at ~537 nm. By external deformation of the Ni porous foam, incoherent 

random lasing can be tuned to amplified spontaneous emission as well as the corresponding 

lasing threshold can be controlled. More importantly, we have demonstrated that the laser is 

robust to intensive bending (>1000 bending cycles) with minimum effect on the lasing intensity. 

1 

This is the Pre-Published Version.
This is the peer reviewed version of the following article: Gao, W., Wang, T., Xu, J., Zeng, P., Zhang, W., Yao, Y., ... & Yu, S. F. (2021). Robust 
and Flexible Random Lasers Using Perovskite Quantum Dots Coated Nickel Foam for Speckle‐Free Laser Imaging. Small, 17(39), 2103065, 
which has been published in final form at https://doi.org/10.1002/smll.202103065. This article may be used for non-commercial purposes in 
accordance with Wiley Terms and Conditions for Use of Self-Archived Versions. This article may not be enhanced, enriched or otherwise 
transformed into a derivative work, without express permission from Wiley or by statutory rights under applicable legislation. Copyright notices 
must not be removed, obscured or modified. The article must be linked to Wiley’s version of record on Wiley Online Library and any embedding, 
framing or otherwise making available the article or pages thereof by third parties from platforms, services and websites other than Wiley Online 
Library must be prohibited.



  

2 

 

This flexible laser is also shown to be an ideal light source to produce a ‘speckle’ free micro-

image.  

 

1. Introduction 

Recently, extensive investigations have been concentrated on the realization of lasers on the 

plastic substrate due to their mechanical flexible characteristics suitable for the development of 

flexible optoelectronic systems.[1-5] For example, the deposition of ZnO nanoparticle embedded 

ZnO thin film on polycarbonate plastic substrate is proposed to realize flexible inorganic 

random lasers.[6] Organic lasers using solvent-free fluidic organic semiconductors as the gain 

medium, and highly flexible corrugated polymeric patterns and flexible polyurethane acrylate 

films as the resonator have also achieved mechanically single-mode tunable lasers.[7] 

Furthermore, organic dye spin-coated on a polyethylene terephthalate substrate embedded with 

silver nanoprisms has fabricated flexible random lasers with a high degree of wavelength 

tunability over 15 nm through the influence of localized surface plasmon and random scattering 

under mechanical bending.[2] On the other hand, using organic polymers has shown the 

possibility to obtain mechanical flexibility and lightweight substrateless organic lasers that can 

be deposited on any surface.[8] Spin coating of strong adhesive perovskite thin films on flexible 

polyimide substrates have also obtained flexible random lasers with the control of excitation 

threshold through mechanical bending.[9] Alternatively, a flexible gain medium - ZnO-enriched 

cellulose acetate fiber matrix doped with silver nanoparticles is fabricated as the flexible 

random cavities to realize flexible lasers.[10] These results verify the possibilities to fabricate 

functional flexible lasers which are the necessary components for the future development of 

flexible optoelectronic systems. Nevertheless, it is preferred to realize lasers on flexible metallic 

substrates, which have high thermal conductivity to suppress overheating at high-power 

operation (Figure S1), to obtain better optical performance. To the best of our knowledge, there 

is no report on the fabrication of lasers on flexible metallic substrates.  
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Metal halides perovskites quantum dots (PQDs) have been recognized as optical gain materials 

over their bulk counterparts due to their insensitivity to oxidization and moisture environment 

with lower thresholds.[11-14] Besides, the influence of quantum size effects and the use of 

colloidal structure can easily tune the energy bandgap as well as can enhance the emission 

intensity of the PQDs.[15-16] The corresponding surface chemistry can also be modified to enable 

them to disperse into a variety of solvents and matrices, and even integrated into various devices 

through their strong adhesive performance.[17-19] Recently, all-inorganic CsPbX3  (X=Cl, Br, I) 

PQDs[20] with highly efficient luminescence were found that they are suitable to be utilized as 

laser gain materials.[21] More importantly, the combination of optimized solvent engineering 

processes with PQDs facilitates the synthesis of high-quality solution-processed perovskite thin 

films on flexible substrates at low cost.[22-23] Therefore, metal halides PQDs are a potential laser 

gain medium for the fabrication of flexible lasers.  

 

In this study, we propose the use of 1) Ni porous foam (i.e. which has a 3D heat-conductive 

metallic structure of voids that can endure serious deformation) as the laser substrate and 2) 

CsPbBr3 PQDs as the gain medium to realize lasers on flexible metallic substrates. Due to the 

strong light scattering capability of the voids of the Ni foam and the excellent optical gain 

properties of CsPbBr3 PQDs, we demonstrated incoherent random lasing from the CsPbBr3 

PQDs coated Ni porous foam under optical excitation at room temperature. Furthermore, the 

emission characteristics of the flexible lasers can be tuned by controlling the surface 

morphologies of the Ni foam through deformation. It is also shown that the corresponding 

emission intensity is robust to extensive bending. On the other hand, due to the low spatial 

coherent characteristics of the flexible lasers, it is shown to be an ideal light source to produce 

high-quality micro images. Hence, our proposed flexible and durable lasers are a potential high-
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performance speckle-free light source for the future application of flexible optoelectronic 

systems. 

 

 

Figure 1. Physical characteristics of CsPbBr3 PQDs. (a) XRD pattern of CsPbBr3 PQDs film 

on the glass slide and standard card (PDF #54-0752). The inserted image shows the HR-TEM 

image of a CsPbBr3 PQD. (b) STEM micrograph of CsPbBr3 PQDs. (c) EDX elemental 

mapping images of CsPbBr3 PQDs. (d) Absorption and photoluminescence emission spectra of 

the CsPbBr3 PQDs and the inset of (d) shows the photos of the CsPbBr3 PQDs with and without 

UV light excitation. 

 

2. Results and discussion 

2.1. Synthesis and characteristics of CsPbBr3 PQDs  

Figure 1a presents the X-ray diffraction (XRD) pattern of the CsPbBr3 PQDs. The pattern 

matches with the standard cubic crystal structure of CsPbBr3 (PDF #54-0752). High-resolution 

transmission electron microscopy (HR-TEM) image of a CsPbBr3 PQD given in the inset of 

Figure 1a has shown that the corresponding nanocrystal length and lattice spacing (110) are 

equal to ~8 and 0.42 nm respectively. Hence, it is verified that the CsPbBr3 PQDs are in the 

cubic phase. Scanning transmission electron microscopy (STEM) image of the monodisperse 

PQDs is also shown in Figure 1b. It is demonstrated that the CsPbBr3 PQDs fabricated by the 

solution-phase synthesis have a uniform size distribution. Moreover, energy-dispersive X-ray 

(EDX) elemental mapping images of CsPbBr3 PQDs are given in Figure 1c. Cs, Pb and Br 

elements are found to be homogeneously distributed over the entire volume which further 

confirms that the high-crystal-quality cubic phase PQDs were successfully synthesized. Figure 

1d shows the optical characteristics of the CsPbBr3 PQDs at room temperature. The 
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photoluminescence (PL) quantum yield of the CsPbBr3 PQDs dispersed in toluene was found 

to be ~96%.  

 

 
Figure 2. (a) Fabrication process of the Ni foam coated with CsPbBr3 PQDs. SEM images of 

the surface mesh structure of the Ni foam (b) without and (c) with a coating of CsPbBr3 PQDs. 

 

2.2. Characteristics of Ni foam coated with CsPbBr3 PQDs 

Figure 2a describes the fabrication process of Ni porous foam coated with CsPbBr3 PQDs 

(NFO-PQDs) by using the spin-coating method – few drops of CsPbBr3 PQDs dispersed in 

toluene is spin-coated onto the surface of Ni foam at a rotational speed of 600 rpm for 10 

seconds and then 3000 rpm for 30 seconds, and this procedure is repeated for 3 times. The Ni 

foam, which can be purchased commercially, has a three-dimensional mesh structure with voids 

of diameter ~200 m (Figures S2 and S3a) and thickness of ~300 m. Figures 2b and 2c show 

the scanning electron microscope (SEM) images of the Ni foam before and after coating of 

CsPbBr3 PQDs respectively. It is observed that the entire surface of the mesh structure is 

covered with CsPbBr3 PQDs with an average thickness of about 200 nm (Figures S4a and S4b). 

Figure S4c shows that the XRD pattern of NFO-PQDs is consistent with the standard card of 

CsPbBr3 (#54-0752) and Ni (#87-0712), indicating that the CsPbBr3 PQDs was successfully 
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coated on the Ni foam. The CsPbBr3 PQDs coating, which has an average RMS value of about 

50 nm, has a rough surface after coating on the Ni foam. This is due to the surface roughness 

of the Ni foam. However, this surface roughness has less influence on the emission 

characteristics of the NFO-PQDs due to the domination of the mesh structure of the Ni foam. 

The PL quantum yield of the CsPbBr3 PQDs coated on Ni foam is found to be ~53%.  

 

Figure 3. Random lasing characteristics of as-prepared NFO-PQDs. (a) Power-dependent PL 

spectra. Insert schematically explains how guided modes interact with the NFO-PQDs. (b) 

Output intensity and linewidth at various excitation power. (c) Observation-angle dependent 

PL spectra. Insert shows the corresponding near-field profile observed at 30o. (d) Output 

intensities at different polarization angles for the excitation power below (blue line) and above 

(red line) Pth. The sample is excited by an 800 nm fs laser at room temperature. 

 

2.3. Incoherent random lasing of the as-prepared NFO-PQDs 

An 800 nm femtosecond laser was used to examine the PL emission characteristics of the as-

prepared NFO-PQDs under two-photon excitation at room temperature. The reason for using 

800 nm instead of 400 nm excitation light is its less surface absorption at the surface of Ni so 

that the PQDs layer can sustain multi-reflection to improve the excitation efficiency of NFO-



  

7 

 

PQDs (Figures S5 and S6).[24] Figure 3a shows the PL spectra of the as-prepared NFO-PQDs 

versus the increase of excitation power. A broad emission peak with a peak wavelength at ~525 

nm appears in the emission spectra for the excitation power less than 190 J cm-2. However, a 

narrow peak with a peak wavelength at ~537 nm emerges from the broad emission peak for the 

excitation power equal to or larger than 190 J cm-2. The full width at half maximum (FWHM) 

linewidth of the broad emission peak remains unchanged over the excitation power. Figure 3b 

plots the corresponding light-light curve and FWHM linewidth of the dominant emission peak. 

The light-light curve, which shows a kink at a threshold Pth ~190 J cm-2, indicates the transition 

from spontaneous emission (SE) to lasing emission (LE). The corresponding FWHM linewidth 

of the dominant emission peak reduces significantly from ~16 to ~1 nm for the increase of 

excitation power. Hence, the as-prepared NFO-PQDs demonstrate lasing emission at room 

temperature and a typical S-shape of light-light curve is not observed. [25] Figure 3c shows the 

angle-resolved PL spectra of the sample at different observation angles, , under high power 

excitation (i.e. >> Pth). It is noted the profile of the PL spectra is different at different elevation 

angles and the corresponding linewidth is less than 1.5 nm. The inset of Figure 3c presents the 

near-field emission beam profile of the PL spectra which shows strong light scattering at 

different angles from the surface of the NFO-PQDs. This is expected as the optical feedback 

mechanism is direction-dependent inside the volume of NFO-PQDs.[26] Figure 3d plots the 

polarization characteristics of the as-prepared samples below and above the excitation threshold. 

For the sample biased below the threshold, the emission light is unpolarized. For the sample 

excited above the threshold, the emission light is partially polarized. Hence, it is verified that 

the as-prepared samples support incoherent random lasing at room temperature due to the 

following reasons: 1) the observation of Pth and narrowing of linewidth suggests laser behavior, 

2) as the sample has no defined laser cavity, the variation of spectral and spatial profile at 

different elevation angles suggests the presence of random light scattering inside the NFO-
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PQDs, and 3) the observation of partial polarization and the absence of sharp peaks (i.e. 

linewidth < 0.2 nm) suggest the feedback mechanism is incoherent optical feedback.[27] 

Furthermore, a linear relationship between 𝐴𝑡ℎ
2/3

 and 1/Pth (Figure S7) confirms that the 

confined modes inside the NFO-PQDs exhibit random lasing action where Ath is the threshold 

excitation area.[28] 

 

2.4. Incoherent optical feedback from the mesh structure of the Ni foam 

Here, we study the influence of surface morphologies of the Ni foam on the lasing 

characteristics of NFO-PQDs. We consider the cases for Ni foam under deformation by external 

compression from horizontal and vertical directions (Figure S8). After the deformation of the 

Ni foam, CsPbBr3 PQDs were spin-coated onto the samples by the same method given in Figure 

2a. The PL emission characteristics of the vertical compacted Ni foam coated with CsPbBr3 

PQDs are demonstrated in Figure 4. Due to the high vertical pressure, the voids of the Ni foam 

fill up with the material underneath them so that a flatted Ni surface is obtained (Figure S3b). 

Hence, the spin-coated PQDs layer forms a waveguiding layer on the flat Ni surface with strong 

optical confinement as shonwn in the inset of Figure 4a. From the studies shown in Figure 4b, 

the narrowing of emission peak from 15 to 3 nm occurs when the excitation power exceeds a 

threshold Pth ~240 J cm-2. However, the profile of the emission spectra is independent of the 

elevation angle of observation. Similar emission characteristics of PQDs layer spin-coated on 

a flat Ni film are also observed (Figure S9).  These phenomena imply that the sample only 

supports ASE as voids are absent from the surface of the Ni foam to support light scattering. It 

should be noted that ASE has a slightly higher Pth than that of the incoherent random lasing as 

given in Figure 3 due to the absence of optical scatterers.  
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Figure 4. Emission characteristics of NFO-PQDs with vertically compressed Ni foam under 

800 nm fs laser excitation at room temperature. (a) Emission PL spectra measured at different 

excitation power. Insert schematic explains how guided modes interact with the compressed 

NFO-PQDs. (b) Output intensity and linewidth at various excitation power. 

 

Figure 5 plots the PL emission characteristics of the horizontal compacted Ni foam with the 

deposition of CsPbBr3 PQDs. In this case, the diameter of the voids is reduced to between 60 

and 90 m. Therefore, the number of voids per unit area is increased compared to that in the 

original sample as shown in the inset of Figure 5a and Figure S3c. In Figure 5a and 5b, the 

narrowing of FWHM linewidth (i.e. from 25 to 1 nm) is observed when the excitation power 

exceeds a threshold Pth ~100 J cm-2. On the other hand, Figure 5c shows that the angle-

resolved PL spectra of the sample at different observation angles, , under high power 

excitation (i.e. >> Pth) are different. The corresponding emission light is also partially polarized 

at the excitation above the threshold (Figure 5d). Therefore, the sample support incoherent 

random lasing but the corresponding Pth is reduced by half compared to that given in Figure 3. 

The reduction of excitation threshold can be understood by the increase of the number of voids 

(i.e. number of optical scatterers) per unit area experiences by the optical modes. Previous 

analysis of random lasers has shown that lasing threshold intensity Pth decreased with the light 

transport length, lt through the relationship of 1/2

th tP l .[29] In our NFO-PQDs, the transport 

length of the scattered light should be roughly equal to the diameter of the voids. As the 

diameter of voids of the original Ni foam and that after horizontal compression are ~200 and 

~70 m respectively, the value of Pth for the horizontal compressed NFO-PQDs should be 
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reduced by ~2 fold. This is roughly consistent with our measurement of Pth shown in Figure 3 

and Figure 5.  

 
Figure 5. Emission characteristics of NFO-PQDs with a horizontally compressed Ni foam 

under 800 nm fs laser excitation at room temperature. (a) Emission PL spectra measured at 

different excitation power. Insert schematic explains how guided modes interact with the 

compressed NFO-PQDs. (b) Output intensity and linewidth at various excitation power. (c) 

Emission spectra were detected at different angles for lasing mode. Inset of (c) shows the 

corresponding near-field profile observed at 30o. (d) Output intensities at different polarization 

angles for the excitation power below (blue line) and above (red line) Pth. 

 

It is noted from Figure 3 to Figure 5 that the dominant emission peak redshifts from ~526 to 

~536 nm. The redshift can be attributed to the increase in net optical gain arisen from the 

propagation of optical modes inside the NFO-PQDs. On the other hand, the redshift may also 

be related to the aggregation of PQDs (i.e. increase in size) on the Ni foam.[30] However, our 

investigations have indicated that the redshift only occurs above the excitation threshold so that 

the presence of NFO-PQDs is the main reason for the observations. In the above experiment, 

the maximum output power measured from the NFO-PQDs is about 20 W. 
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Figure 6. Experiment to measure the bending effect on the emission characteristics of as-

prepared NFO-PQDs. (a) Schematic diagram of the experimental setup. (b) A plot of lasing 

threshold (Pth) versus curvature (1/r) of the NFO-PQDs with a size of voids equal to 40 and 100 

m. (c) A plot of intensity versus the number of bending cycles. Inset of (c) shows the photo of 

the experimental setup. 

 

2.5. The stability of flexible NFO-PQDs lasers 

Although halide perovskites often react with metals,  the CsPbBr3 PQDs show no chemical 

reaction with the Ni foams. The chemical stability test of the NFO-PQDs was performed for 15 

days at room temperature with humidity control. It is found that the emission characteristics of 

the NFO-PQDs under a constant excitation power remained unchanged (Figure S10). Another 

advantage of using Ni foam as the substrate is its mechanical flexibility. Figure 6 studies the 

influence of bending on the emission characteristics of the as-prepared NFO-PQDs. The 

schematic diagram of the experimental setup is shown in Figure 6a. In the experiment, the NFO-

PQDs are bent by sticking the coated Ni foam on a rod with different radius, r, varies from 20 

to 4 mm. Emission characteristics of the bent NFO-PQDs with different curvatures (i.e. 1/r) are 

measured at room temperature. However, they are not repeatly shown here as they are similar 

to that shown in Figure 3. Figure 6b plots the corresponding Pth versus curvature of the bent 

NFO-PQDs. It is noted that Pth increases with the increase of curvature (i.e. reduce of r).[9] The 

increase of the threshold can be attributed to the increase of the diameter of the voids due to the 

bending of the Ni foam. The experiment was repeated with a small porous Ni foam (i.e. void 

diameter ~40 m). It is noted that the corresponding Pth is lower than that with a large porous 

size over the range of curvatures as 1/2

th tP l and the bending effect is the same for both Ni 
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foams. Hence, it is verified that the porosities act as scatterers, which provide incoherent optical 

feedback to the random modes, inside the NFO-PQDs. 

 

The reliability of using NFO-PQDs as flexible lasers under the influence of long-term bending 

and scratching is an important advantage for practical application. Here, the stability of the 

lasing characteristics of the NFO-PQDs is studied by measuring the corresponding lasing 

intensity versus the number of bending cycles. Figure 6c shows the lasing intensity versus the 

number of bending cycles of an as-prepared NFO-QDs. In the experiment, one bending cycle 

represents the NFO-QDs bends by 45o with a bending curvature of 0.05 mm–1 and returns to its 

original location. As we can see, the NFO-PQDs after 1000 bending cycles demonstrate a slight 

change of emission intensity so that the lasing performance remained unchanged and the 

flexible NFO-PQDs are stable over many bending cycles. The main reason for the stability of 

using Ni foam as a substrate over the other organic substrate is metal in general stronger than 

organic materials as well as the well-controlled structure.  

 

2.6. NFO-PQDs for speckle-free laser imaging 

The high luminescence efficiency of lasers can be used as ideal light sources in optical imaging 

systems. However, the strong coherence of lasing light causing a ‘speckle’ problem (i.e. 

interference patterns of high spatial coherence light), which limits the corresponding quality of 

images. Fortunately, the emission characteristics of random lasers, which have a low spatial 

coherence of lasing light, can produce a speckle-free optical image.[31] Figure 7a shows an 

experimental setup for the use of NFO-PQDs as a laser source to produce a speckle-free optical 

image. Figures 7b and 7c compare the illuminated images obtained from using a commercial 

green laser and our NFO-PQDs respectively as the light sources. As shown in Figure 7b, laser 

speckles appear from the resolution test pattern under green laser illumination. On the other 

hand, sharp images are observed from the CCD under the as-prepared NFO-PQDs illumination 
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(Figure 7c). These results indicate that our as-prepared NFO-PQDs can provide low spatial 

coherence light which finds applications in the modern imaging systems as a flexible light 

source.  

 

Figure 7. Optical imaging of micro-size patterns via a commercial laser and our as-prepared 

NFO-PQDs at room temperature. (a) Schematic diagram of the experimental setup for speckle-

free imaging using the as-prepared NFO-PQDs as the illumination source. (b) The speckle 

image was generated from a commercial laser with a wavelength of 530 nm. (c) The speckle-

free image was obtained by the as-prepared NFO-PQDs.  

 

Recently, lasing sources with low spatial and spectral coherence have been proposed to generate 

speckle-free imaging such as broadband fiber sources,[32] broad-area VCSELs,[33] and surface-

emitting random laser.[34] Alternatively, we can also use coherent lasers integrated with 

diffusers (i.e. to reduce light coherence) to produce speckle-free imaging.[35] Table 1 

summarizes the speckle-free imaging performance of various light sources. We compare their 

‘speckle contrast’ or ‘C’ (i.e. C= 0, no coherence, C=1 100% coherent light), ‘contrast-to-noise 

ratio’ or ‘CNR’ (i.e. the higher the better the image quality), maximum output power, and the 

complexity & cost or ‘C&C’ for the fabrication of the lasing sources. It is noted that our flexible 

laser is as good as or better than that reported in the literature. More importantly, our metallic 
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substrate, which has high thermal conductivity, is an advantage over the other flexible light 

sources.  

 

Table 1. Summary of the speckle-free imaging performance of various light sources. 

Light source Board-band 

fiber 

Broad-area 

VCSELs 

Coherent laser + 
diffuser 

Surface 

random laser 

Our random 

laser 

C ≤ 0.02  ≤ 0.19 < 0.22 < 0.01 < 0.01 

CNR ≥ 1.0 ≥ 1.0 ≥ 1.2 ≥ 1.5 ≥ 1.5 

Power medium low high low low 

C&C medium high medium medium low 

Ref [32] [33] [35] [34] This work 

 

3. Conclusions 

In conclusion, we verified the possibilities to realize random lasers by deposition of PQDs via 

spin coating onto the flexible Ni foam. Incoherent random lasing is observed from the NFO-

PQDs under two-photon excitation at room temperature. We also noted that the surface 

morphologies of the Ni foam determine the lasing characteristics of the NFO-PQDs and can be 

tuned by deforming the Ni foam. Flatted surface of Ni foam can only support ASE from the 

NFO-PQDs. On the other hand, the presence of the voids of the Ni foam supports incoherent 

random lasing and the corresponding lasing threshold is dependent on the size of the voids. 

More importantly, due to the flexibility and bending durability of the Ni foam, random lasing 

characteristics of the NFO-PQDs can be sustained over a long bending cycle without significant 

reduction of emission intensity. The advantage of incoherent random lasing is also 

demonstrated by using NFO-PQDs as the illumination light source to achieve ‘speckle’ free 

optical imaging. Hence, we have demonstrated the fabrication of random lasers on flexible 

metallic substrates and this is a stepping stone for the future development of high-performance 

speckle-free flexible lasing sources. 
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4. Experimental Section 

4.1. Chemicals and Materials 

Cesium carbonate (99%) (Cs2CO3), Oleic acid (AR) (OA), octadecene (ODE), oleylamine 

(80%-90%) (OAm), lead bromide (99%) (PbBr2), and methyl acetate (98%) were purchased 

from Shanghai Aladdin Biochemical Technology Co., Ltd. Toluene was purchased from 

Sigma-Aldrich, Inc. All chemicals were used without further purification. The Ni porous foam 

was purchased from Kunshan Xingzhenghong Electronic Materials Co., Ltd., with the size of 

about 0.3 mm × 200 mm × 500 mm.  

4.2. Synthesis of CsPbBr3 QDs 

CsPbBr3 PQDs were synthesized via the method proposed by Protesescu et al[20] with a slight 

modification. A mixture of Cs2CO3 (0.4 g), OA (1.25 mL), and ODE (15 mL) stirred under 

argon flow in a four-neck flask at 130 °C for about 10 min, and then raised the temperature to 

150 °C until Cs2CO3 was completely reacted with OA and dissolved in the mixture. The mixture 

cooled down to room temperature, and this prepared Cs-precursor was stored in the glove box 

for further use. Another mixture of ODE (15 mL), OA (1.5 mL), OAm (1.5 mL), and PbBr2 

(0.2 g) was stirred under nitrogen at 130 °C for about 1 h. Then the temperature was raised to 

180 °C after the PbBr2 was completely dissolved and stirred for more than 10 min. Next, the 

Cs-precursor (1.5 mL) was injected into the above hot mixture as fast as possible, and the 

reaction stopped 5 s later with an ice bath. The reaction solution was centrifuged, and the 

precipitate was removed. The CsPbBr3 QDs were precipitated from the supernatant after adding 

the methyl acetate, and the mixture was centrifuged at 13,000 rpm for 6 min to obtain the 

CsPbBr3 QDs. The CsPbBr3 QDs were washed by toluene and methyl acetate several times, and 

they were dispersed in toluene as a stable solution to deposit on the Ni foam. 

4.3. Material Characterizations 

Transmission electron microscopy (TEM) was carried out on a JEM-2100 electron microscope, 

operating at an acceleration voltage of 100 kV. Scanning transmission electron microscopy 



  

16 

 

(STEM) was carried out on a JEM-2100F field-emission electron microscope, operating at an 

acceleration voltage of 200 kV. SEM (scanning electron microscopy) images are captured with 

a JEOL Field Emission SEM. X-ray diffraction (XRD) patterns were acquired with a Bruker 

AXS D2 phaser X-ray diffractometer equipped with a Cu Kα radiation source (λ = 1.54 Å) at 

40 kV and 30 mA. Absorption spectra and reflectance spectra were obtained on a PerkinElmer 

UV-vis-NIR spectrometer.  

4.4. PL Measurement via Two-photon Excitation 

A Ti:sapphire femtosecond laser (Coherent Libra), which generates femtosecond pulses (50 fs, 

1 kHz) at 800 nm, was used as the excitation source. The laser beam, which has a diameter of 

~8 mm, was focused onto the surface of the samples to an excitation beam of diameter ~200 

m by a convex lens of 10 cm focal length. The light emitted from the surface of the samples 

was collected by an objective lens (20 × 0.8 NA objective lens) and coupled to a conventional 

charge-coupled device (CCD) camera for the recording of the near-field image or attached to a 

monochromator (Princeton SpectraPro 2750 integrated with a ProEM EMCCD camera with a 

spectral resolution less than 0.1 nm) for spectrum analysis.  
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Metal foams can be used as the substrates of flexible random lasers due to their well-controlled 

configuration. Herein, metal halide perovskites quantum dots are coated onto nickel foams to 

realize flexible random lasers with tunable lasing characteristics by the deformation of the 3D 

nickel foams. This flexible laser is a potential light source for application in speckle-free lasing 

imaging. 
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Figure S1. Microscope images of flexible plastic samples (PP, PE, PVC, PMMA, PET, PDMS) 

and Ni foam (last sample on the right) (a) before and (b) after 5 seconds 800 nm fs laser radiation 

at 220 J/cm2 with a beam diameter of ~200 m. All plastic samples are burnt by the laser due 

to thermal effect, while the Ni foam remains intact. 

 

 

 

 

 

Figure S2. Photos of the Ni foam, which voids have a diameter of ~200 m, are taken by CCD 

with (a) 1×, (b) 100× and (c) 1000× magnification. 
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Figure S3. The microscope images of (a) original Ni foam with the void diameter of ~100 – 

200 μm, (b) flat Ni foam is obtained due to vertical compression applied to the surface of the 

Ni foam, and (c) horizontal compression applied to the surface of the Ni foam so that the 

diameter of the voids reduce to ~60 – 90 μm, as a result, the number of scatterers per unit length 

is increased. The insets are the photo of the samples. 

 

 

 

 

 

 

 
 

Figure S4. (a) Three optical microscope images of the surface of the NFO-PQDs. (b) Cross-

section SEM image of the NFO-PQDs. The PQDs coating on the Ni foam has an average 

thickness of ~200 nm. (c) XRD pattern of PQDs coated Ni porous foam. The XRD pattern well 

matches with that of the CsPbBr3 (green color) and Ni (blue color). 
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Figure S5. The reflection spectrum of the surface of the flattened Ni foam. 

 

 

 

 

 
Figure S6. Room temperature emission characteristics of NFO-PQDs under fs laser excitation 

at 400 nm. 400 nm fs laser light is generated via a BBO crystal through second-harmonic 

generation from 800 nm fs laser light. The NFO-PQDs used here are identical to that of Figure 

3. (a) Emission PL spectra measured at different excitation power. (b) Output intensity and 

linewidth at various excitation power. As the NFO-PQDs only demonstrate ASE, 400 nm 

excitation wavelength is less efficient to support random lasing action on the Ni foam. 
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Figure S7. Plot of 𝐴𝑡ℎ
2/3

 versus 1/Pth for the NFO-PQDs. 

 

 

 
Figure S8. (a) The device used to apply vertical and horizontal compression to deform the Ni 

foam. (b) Schematic diagram to explain how the vertical and horizontal compressions are 

applied to deform the mesh structure of the Ni foam. 

 

 
 

Figure S9. (a) PL spectra and light-light curve of CsPbBr3 QDs coated on flat Ni ribbon with 

the smooth surface under various excitation power. The thickness of  CsPbBr3 QDs is similar 

to that shown in Figure 3. 
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Figure S10. Stability analysis of CsPbBr3 QDs coated on Ni foam which is similar to that given 

in Figure 3. (a) PL spectra of the QDs on Ni foam for 15 days under a constant power excitation 

at ~160 J cm-2. (b) The corresponding peak intensity of the PL spectra shown in part (a). The 

sample, which was left at room temperature with humidity control, was excited every day to 

measure the corresponding emission characteristics. 




