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Abstract 

Laser-induced photo-thermal reaction of metal ions is a promising one-step method for 

production of conductive micro-patterns for electronic devices and sensors. However, the 

mechanism that governs the process in which thermally activated materials are deposited on a 

substrate is not clear. Here, we shed light on the mechanism through systematic analysis of 

photo-thermal reaction products forming iron oxide and silver at different interfaces. 

Examination of the nanostructure of deposits on a substrate using high-resolution transmission 

electron microscopy and selected area diffraction pattern analysis reveals a combination of both 

amorphous and crystalline moieties. We found that focusing the laser inside the solution leads 

to exclusive formation of crystalline products, while focusing at the liquid/air interface leads to 

formation of amorphous products due to kinetic considerations. Ring-shaped microstructures 

observed on the substrate indicate that microbubbles are involved in the deposition. Our 

findings suggest that crystalline nanoparticles formed in solution are pinned to the base of the 

microbubbles. These stationary deposits absorb the laser light, resulting in extensive local 

heating, which leads to a fast thermal-reaction of the metal ions that are added as amorphous 

nanostructures. The presence of both crystalline and amorphous nano-structures therefore 

results from two different mechanisms.    

 

 

1. Introduction 

Metallic patterns in the micro-scale are of high interest in different fields, as they can 

produce thin conductive patterns and allow fabrication of electronic devices and sensors.[1–3] 

The prominent methods for production of metal patterns are photolithography,[4–6] inkjet 



  

3 

 

printing,[7] and laser-based patterning. Photolithography is a very powerful tool for micro- and 

nano-fabrication. A thin metal layer is coated with photoresist and subjected to selective 

exposure to UV light using a photo-mask. The unwanted photoresist is then removed, and the 

metallic layer is selectively etched. The main drawbacks of this method are the multiple steps 

required and high cost. While photolithographic methods are unmatched where sub-micron 

resolution is required, many efforts were made to develop more cost-effective methods that 

require fewer steps for the micro-scale.[8–12] Inkjet printing is a leading alternative, where a 

dispersion of metal nanoparticles (NPs) is jetted from a nozzle. Sequential positioning of 

droplets forms micro-patterns, while the droplet characteristics and drying process determine 

the minimal feature size, which is currently limited to ~10 μm.[11] Stabilization of the ink over 

time is another major issue.[11,13,14]    

Various laser-based methods for direct writing were developed such as laser chemical vapor 

deposition (LCVD),[15] laser-induced forward transfer (LIFT),[16,17] laser sintering,[18,19] laser-

induced microbubble technique (LIMBT),[20–26] and laser-induced photo-reduction.[27] Some of 

these techniques offer improved resolution of ~1 μm for metal patterns,[28,29] compared with the 

inkjet approach. The various laser-based methods differ in the state of the starting materials – 

gas phase, solution, dispersion, powder or film – and type of laser – pulsed or continuous wave 

(CW). Here, we focus on pattern formation from a metal ion solution, which requires less 

infrastructure than working in the gas phase, with improved stability compared to a dispersion 

of NPs, using a CW laser, which is much less expensive than a pulsed laser. The most promising 

method that supports these requirements and allows ~1 µm resolution is based on a laser-

induced photo-thermal reaction.  

There are two forms of laser-induced photo-reactions: two/multi-photon absorption 

(TPA/MPA)[28,30–32] and photo-thermal.[33–36] TPA/MPA requires a high photon flux from a 

pulsed laser beam focused on a photosensitive metal solution – salts such as AgNO3 or AuHCl4 

with reduction potentials of +0.79 V and +1.5 V , respectively (for a hydrogen reference 
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electrode at standard conditions). Photosensitizing dye molecules are usually added to assist the 

photo-reduction of the metal ions.[31,32,37] The high photon flux results in local electron 

excitation, leading to photochemical reduction. On the other hand, deposition formation from 

metal ion solutions using a CW laser does not have the photon flux required for direct electron 

excitation. The reduction is based on a photo-thermal reduction process and was extensively 

reported.[33,34,36,38,39] 

Different proposals were offered regarding the deposition mechanism of the photo-thermal 

reaction. Lachish-Zalait et al.,[36] followed by others,[40] showed patterning from several metal 

ion solutions, including AgBr, MoS2, NaAuCl4 and Cu(NH3)2OH, with various solvents. The 

proposed mechanism was initiation by adsorption of a minute precipitate of precursor to the 

substrate, allowing absorption of laser radiation that starts the deposition process by thermal 

activation. Joule heating in the conduction electrons of the metallic products maintains the self-

sustaining deposition process. Lachish-Zalait et al. noticed that focusing within the solution has 

no apparent effect.[36] Fujii et al. demonstrated deposition of ZnO from an aqueous solution of 

[Zn(NH3)4]
2+ by locally heating the Zn2+ aqueous solution with a 1064 nm CW laser, focused 

on an absorbing substrate of indium tin oxide (ITO).[35] The proposed mechanism was formation 

of microbubbles at the focal point, leading to concentration/accumulation of ions due to 

Marangoni convection flow around the microbubbles, followed by in situ hydrothermal 

conversion to ZnO. While these previous reports studied the photo-thermal reaction process 

solely at the substrate/liquid interface – claiming that focusing within the solution has no 

apparent effect[36] or studying systems where only the substrate is absorbing[35] – here we show 

that in order to fully understand the mechanism of deposition, it is necessary to study photo-

thermal reactions both inside the solution and at the liquid/air interface. 

  



  

5 

 

2. Results and Discussion 

Our optical system (Figure 1) consists of a 532 nm CW laser that is relayed to the objective 

lens of an inverted microscope by a dichroic mirror; the laser power was set to 13 mW. To 

achieve control over the modulation of the laser, which was shown to be crucial for the stability 

of photo-thermal processes involving microbubbles,[29] we used an optical chopper. The 

objective lens focuses the laser on a 10 µl droplet of a metal ion solution that is placed on a 

glass cover slide using a pipette.  

As model systems, we used 2 wt% iron(III) acetylacetonate or 3 wt% silver nitrate, dissolved 

in diethylene glycol butyl ether (DB). It was previously shown that certain solvents such as 

water and alcohols[30] are preferable for thermal reduction of metal ions. Alcohols can serve as 

reducing agents (by oxidizing into aldehydes or carboxylic acids) or act as catalysts by lowering 

the reaction energy barrier.[41] DB was chosen as its glycol group can promote reduction, while 

its high boiling point (231 ºC) allows heating without solvent evaporation.  

In order to understand the mechanism of deposition on surfaces (Figure 2E), it is necessary to 

study photo-thermal reactions both inside the solution and at the liquid/air interface. By 

changing the position of the laser focal spot relative to the droplet, decomposition is achieved 

either at the liquid/air interface (Figure 2A) or inside the liquid phase (Figure 2C). For the 

decomposition products to accumulate at the liquid/air interface, the droplet was placed at the 

bottom side of the cover slide and held in place by its surface tension and adhesion to the 

substrate. When the laser is focused on the lowermost part of the droplet (Figure 2A), 

decomposition products are immediately visible (Figure 2B, see also Video SV1 and Video 

SV5 in the Supporting Information). Due to gravitation, these products remain at the lowermost 

part of the droplet and gradually grow while the laser is active. To characterize these 

decomposition products, we transferred the deposits onto carbon-coated copper TEM grids by 

bringing the grids in contact with the bottom part of the droplet. These grids were washed with 
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ethanol to remove the organic solvent and dissolved metal ions, followed by a drying process 

(placed on a hot plate at 45 ºC for 30 minutes).  

Typical high-resolution transmission electron microscopy (HRTEM) images of these 

decomposition products can be seen in Figure 3. While we examined various micro- and nano-

structures formed from either iron(III) acetylacetonate (Figure 3A) or silver nitrate (Figure 

3B), we have not seen any evidence of atomic planes even with various tilt angles. Selected 

area diffraction pattern (SADP) measurements do not show spot peaks but rather ring patterns 

(Figure 5B & Figure 5D), which are indicative of poor crystallinity. We therefore conclude 

that these products are amorphous-like structures, and, at least, the products in Figure 3 are 

amorphous. For clarity, we colored amorphous products in green and crystalline structures in 

red throughout the manuscript. The formation of amorphous structures could be rationalized as 

a fast deposition process in which kinetic considerations are favorable over the more 

thermodynamically stable crystalline structures.[42] Extensive local heating is formed, as 

products on the liquid/air interface highly absorb the 532 nm laser and are limited in motion – 

gravity keeps them at the bottom of the droplet. In addition, the air functions as a thermal 

insulator, leading to decreased heat dissipation that was shown to influence material deposition 

in other systems.[43] This extensive laser heating leads to a fast thermal reaction of metal ions 

that encounter the previously deposited material through oxidation of the solvent without 

providing the structural relaxation time necessary for crystalline formation. The addition of 

deposited material results in higher laser absorption and further growth of an amorphous metal. 

The air interface can also lead to heterogeneous nucleation, which is more kinetically favorable 

than homogeneous nucleation.[44] Energy Dispersive X-ray Spectrometry (EDS) revealed that 

these products are iron oxide and silver (see Figure S1A and Figure S1B).   

When the laser beam was focused inside the droplet, more than 50 µm away from the 

substrate/liquid and liquid/air interfaces, Figure 2C, the solution turned cloudy around the focal 

point. After a few minutes of laser operation (>2 min), colloids (<500 nm) were observed, 
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sagging on the substrate surface (on the glass cover slide). This suggests that NPs were formed 

due to a photo-thermal reaction, similar to previously reported formation of NPs with CW 

lasers.[45,46] During laser exposure there is also a visible continuous stream of NPs (see video 

SV2) caused by convection flows due to the thermal gradient. The metal NPs were transferred 

to carbon-coated copper TEM grids by bringing the grids in contact with the bottom part of the 

droplet for nanostructure characterization. These TEM grids were washed with ethanol to 

remove the dissolved metal ions, followed by drying with a hot plate set at 45 ºC for 30 minutes.  

Typical HRTEM images of these metallic NPs are presented in Figure 2D and Figure 4. The 

NPs formed by either iron(III) acetylacetonate or silver nitrate (Figure 4A and Figure 4B, 

respectively) show clear atomic planes, and are therefore crystalline. SADP measurements 

reveal clear diffraction patterns indicative of crystalline structures, corresponding to hematite 

and face-centered cubic (fcc) silver (Figure 5A and Figure 5C, respectively). EDS 

measurements are also provided in Figure S1C and Figure S1D.  The difference in structure 

between the reaction at the air/solution interface (amorphous) and inside the solution 

(crystalline) could be explained by different mechanisms of material deposition. Inside the 

droplet, the focused laser heats the solution until it passes an energetic threshold that allows 

formation of nucleation sites. Metal ions react and are absorbed at the surface of the nucleation 

sites due to heating, thus forming NPs. These NPs are not stationary, as opposed to the situation 

at the liquid/air interface, and are carried away from the laser focal point by convection flows 

formed by the thermal gradient[47] (see also Video SV2). Therefore, the energy absorbed by 

these NPs is apparently insufficient for kinetically controlled material accumulation, as seen at 

the liquid/air interface. The thermodynamically controlled mechanism leads to the observed 

crystalline nanostructure. We note, that these NPs could also be formed inside the droplet close 

to the liquid/air interface in the scheme presented in Figure 2A due to thermal diffusion.    

When the laser beam is focused on the substrate/liquid interface (Figure 2E), metallic 

depositions are formed on the substrate. During this process, the solution around the focal point 
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turns cloudy (see Video SV3), and after a few minutes NPs are seen sagging on the substrate. 

One can therefore assume that the deposition mechanism is similar to the deposition mechanism 

from dispersions of NPs,[29,48,49] where the photon flux from the laser beam is absorbed by the 

particles, leading to local heating of the surrounding medium until a microbubble of solution 

vapor is formed. Convection flows around the microbubble carry some of the NPs, which are 

pinned at the bubble/substrate interface (see Figure 6C). The pinned NPs produce a ring-shaped 

deposit that is the footprint of LIMBT. 

If indeed the deposition from the ion solution is due to formation of NPs that are then deposited 

by LIMBT, we expect to see ring formations due to the microbubble made of crystalline NPs 

formed by thermal decomposition, as in Figure 4. In order to verify the involvement of a 

microbubble in the deposition mechanism, we used a mechanical shutter that was set to open 

for 0.1 s and then close for 0.8 s with a stage velocity of 10 µm/s. A series of deposited rings 

were obtained from the metal ion solution (Figure 6A and Figure 6B, as well as Video SV3), 

similar to the deposition from a dispersion of Ag NPs.[29] These results confirm that NPs formed 

by thermal decomposition are deposited on the surface by LIMBT. The influence of laser 

exposure time on the ring diameter was also investigated. As can be seen in Figure 7, there is 

a positive correlation between the exposure time and ring diameter. This can be attributed to 

formation of larger microbubbles due to additional heating, as the energy increases with longer 

exposure. 

By moving the microscope stage so that the laser focal point moves relative to the substrate, 

without the use of a mechanical shutter, continuous metal patterns are formed, as shown in 

Figure 2F. We demonstrate this for solutions of AgNO3 and iron(III) acetylacetonate (Figure 

8 and Video SV4), as well as for solutions of copper chloride and platinum chloride (see SI and 

Figure S2). Raman measurements (Figure 10C) of the products from the iron(III) 

acetylacetonate solution revealed six peaks at  229, 247, 294, 412, 501 and 614 cm−1 which are 

indicative of α-hematite.[50] We note that without laser modulation (3 kHz) the microbubble is 
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considerably larger, and the deposition is non-continuous, as previously found for metallic 

NPs.[29] 

  

In order to characterize the nano-structure of these depositions, TEM lamellas were formed, 

using a focused ion beam (FIB). These lamellas were then analyzed with HRTEM. While 

accumulation of NPs (by LIMBT) is expected to result in purely crystalline structures, we found 

a mixture of amorphous and poly-crystalline structures for both iron oxide and silver (Figure 

9A and 9B, respectively). Amorphous areas were determined if no atomic planes were seen 

even with various tilt angles. SADP measurements were performed and were also indicative of 

a mixture of crystalline and amorphous structures for both iron oxide and silver (Figure 10A 

and 10B, respectively). EDS measurements of these samples are shown in Figure S1E and 

Figure S1F in the SI section). 

These results suggest that deposition on a substrate from a metal ion solution using the outlined 

parameters results from a combination of two different mechanisms (see Figure 9C). Thermal 

decomposition in the solution leads to formation of crystalline NPs that are carried by 

convection flows around a microbubble formed due to local heating. Some of these NPs are 

then pinned at the substrate/vapor/liquid interface, forming large micro-sized deposits. These 

stationary deposits highly absorb the 532 nm laser, resulting in extensive local heating, which 

leads to a fast thermal reaction of the metal ions that encounter the previously deposited material 

(through oxidation of the solvent) without providing the structural relaxation time necessary for 

crystalline formation. Additionally, the gas (vapor) interface can lead to heterogeneous 

nucleation, which is more kinetically favorable than homogeneous nucleation. Therefore, the 

metal or metal oxide added to the previously deposited NPs gathered by LIMBT has an 

amorphous nanostructure. The resulting deposition is therefore a combination of both 

crystalline and amorphous nanostructures. 
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3. Conclusion 

In conclusion, we show using HRTEM and selected area diffraction pattern analysis that the 

deposition of metals on a surface by a photo-thermal reaction of metal ions is a combination of 

amorphous and crystalline moieties. We also find that focusing the laser inside the solution 

leads to formation of crystalline products, while focusing at the liquid/air interface leads to 

formation of amorphous products due to kinetic considerations. Furthermore, we demonstrate 

that microbubbles are involved in the deposition mechanism on the substrate, as ring-shaped 

micro-structures are observed. The above findings suggest that crystalline nanoparticles are 

formed in the solution and carried by convection flows to the base of a microbubble where they 

are pinned, forming micro-sized deposits. These stationary deposits highly absorb the 532 nm 

laser, resulting in extensive local heating, which leads to a fast thermal-reaction of metal ions 

that encounter the previously deposited material (through oxidation of the solvent). Therefore, 

the metal or metal oxide added to the previously deposited NPs gathered by LIMBT will have 

an amorphous nano-structure. The resulting combination of both crystalline and amorphous 

nano-structures is therefore due to two different mechanisms.    

 

4. Experimental section 

4.1 Sample preparation 

Silver nitrate, copper chloride and platinum chloride (Sigma-Aldrich) and iron(III) 

acetylacetonate (Stream Chemical, Inc.) were used as received. DB was purchased from 

SIGMA ALDRICH and used as received. All solutions were mixed by a magnetic stirrer for >2 

hours at room temperature and then filtered using a hydrophobic 0.45 μm PTFE syringe filter. 
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10 µl droplets of each metal ion solution were placed on a glass cover slide (0.17 mm thick) 

using a pipette. For the schemes shown in Figure 2C & Figure 2E the glass cover slides were 

kept with the droplets upright. For the scheme shown in Figure 2A the glass cover slide was 

quickly inverted by hand so that the droplet was facing down, held by surface tension forces.     

 

4.2 Optical setup 

Our optical system consisted of an optically inverted microscope (Nikon, Eclipse Ti-U) using 

a 40X objective lens (0.6 NA, Nikon) attached to a CW laser (532 nm, Verdi G-Series Family). 

The laser modulation is performed by mechanical means (optical chopper - MC1F100, 

Thorlabs) and is set to 3 kHz with 50% duty cycle. The laser spot size was 3 µm ± 1 µm power 

was measured after the objective lens with a power meter (PM100, Thorlabs) and was set to 13 

mW for all experiments. 13mW is the lowest power that allows material deposition for all 

materials at all the different interfaces. The microscope stage was computer-controlled, and the 

experiments were recorded using a CMOS camera (DPCAM 6CHDMI, DeltaPix). To form 

patterns, the microscope stage was moved along a predetermined path with a stage velocity set 

to 1 µm/sec. For formation of rings, a mechanical shutter was used (SH05, Thorlabs) and set to 

repeatedly open for 0.1 s and then close for 0.8 s.  

4.3 Characterization methods 

SEM images were obtained using a Quanta FEG 250 system. Lacey carbon 300 mesh copper 

grids (TED PELLA, INC) were used for TEM analysis. The nano-structure was considered with 

transmission electron microscopy on a JEOL-2010 HRTEM, using an accelerating voltage of 

200 kV, and elemental analysis was conducted by Energy Dispersive X-ray Spectroscopy 

(EDS) with a spot size of 35nm. SADP measurements were performed with an accelerating 

voltage of 200 kV and a spot size of 400nm. The peaks in Figure 5A and Figure 10A can be 

indexed to the (012), (110), (202) and (303) reflections for α-hematite reported by the joint 
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committee on powder diffraction standards (JCPDS) file no: 040156943. The peaks in Figure 

5C and Figure 10B can be indexed to the (111), (200), (220) and (311) reflections of face 

centered cubic structure of metallic silver reported by JCPDS file no: 040783.  HRTEM images 

were manually colored according to the presence of atomic planes using PowerPoint. TEM 

lamellas were formed by a FIB Helios 600 system instrument.  Regular Raman scattering 

(above 200 cm-1) were taken using a micro-Raman instrument (HORIBA Scientific LabRAM 

HR) in air at room temperature. The samples were excited by a laser with an excitation 

wavelength of λex = 532 nm with 30 mW of optical power with an acquisition time of 20 seconds 

and a grating groove density of 600 grooves/mm.  

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Illustration of the optical setup. A modulated laser beam is relayed to the objective lens by a dichroic 

mirror, and the lens focuses the laser on the substrate/liquid interface of a metal ion solution droplet. By moving the 

stage relative to the focal point, continuous metal patterns are formed (inset).  
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Figure 2. Illustration of deposition processes for different laser focus positions: (A) at the interface between the 

solution droplet and air, (C) inside the solution, and (E) at the substrate/vapor/solution interface. The inset of each 

figure shows the deposits obtained from iron(III) acetylacetonate using (B, F) bright- field microscopy or (D) TEM. 

Figure 3. HRTEM images of amorphous nano-structures (colored in green) of (A) iron oxide and (B) silver. These 

structures were formed at the liquid/air interface. 
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Figure 4. HRTEM images of crystalline NPs (colored in red) of (A) iron oxide and (B) silver that were formed by a 

photo-thermal reaction inside a droplet of a metal ion solution. 

Figure 5. Selected area diffraction patterns (SADP) of (A, B) iron oxide and (C, D) silver. (B, D) 

Amorphous-like structures are detected for products formed at the liquid/air interface, while a pattern 

corresponding to a crystalline structure (A, C) is achieved for products formed inside the droplets. 
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Figure 6. SEM images showing patterns made of rings with controlled spacing of (A) silver and (B) iron oxide. (C) 

Illustration of the LIMBT mechanism: convective flows originating from the surface tension and temperature 

gradients between the upper and lower parts of the microbubble carry NPs to the substrate/vapor/solution interface, 

where they are pinned. 
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Figure 7: Correlation between exposure time of laser and 

silver ring diameter. 

Figure 8. Scanning electron, bright field microscopy images and EDS measurements of micro-patterns formed by a photo-

thermal reaction of iron(III) acetylacetonate (A, B & C) and silver nitrate (D, E & F) on glass substrates. 
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Figure 9.  HRTEM images of a mixture of amorphous and poly-crystalline structures formed at the 

substrate/vapor/solution interface of (A) iron oxide and (B) silver. (C) Illustration of the deposition 

mechanism from the metal ion solutions at the substrate/vapor/liquid interface. Thermal decomposition in 

the solution leads to formation of crystalline NPs that are pinned at the base of the microbubble. These 

deposits absorb laser light, resulting in extensive local heating, which leads to a fast thermal-reaction of 

metal ions that are added as amorphous metal or metal oxides. The resulting deposition is therefore a 

combination of both crystalline and amorphous structures.      
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Figure 10. Selected area diffraction patterns (SADP) indicative of mixtures of crystalline and amorphous 

structures of (A) iron oxide and (B) silver deposited at the substrate/vapor/liquid interface. (c) Raman 

measurements of the deposited iron oxide match previously reported α-hematite structures.       
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directed assembly of micro-patterns. The nanostructures of sliver and α-hematite depositions at 

various interfaces are analyzed and reveal both crystalline and amorphous areas. These 

morphologies shed light on the kinetic and thermodynamic mechanisms governing the 
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The iron oxide and silver photo-reaction products from different laser beam focus positions 

were analyzed by Energy Dispersive X-ray Spectroscopy (EDS). The reaction products at the 

liquid/air interface (Figure S1A and Figure S1B) and inside the droplet (Figure S1C and 

Figure S1D) were analyzed on lacey carbon 300 mesh copper TEM grids.  

In order to characterize the nano-structure of the depositions at the substrate/vapor/liquid 

interface (Figure S1E and Figure S1F), TEM lamellas were formed utilizing a focused ion 

beam (FIB). As this process requires electrical conductivity of the sample, the entire substrate 
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was coated with a ~20 nm film of iridium by sputtering. A ~100 nm coating of platinum is 

selectively applied (~5 X 2 µm) before preparation of the lamella with FIB.  

 

 

Copper chloride and platinum chloride (Sigma-Aldrich) were used as received. DB was 

purchased from SIGMA ALDRICH and used as received. The solutions were mixed by a 

magnetic stirrer for >2 hours at room temperature and then filtered using a hydrophobic 0.45 

μm PTFE syringe filter. 10 µl droplets of each metal ion solution were placed on a glass cover 

slide (with the droplets upright) using a pipette. To form patterns (as shown in Figure S2A and 

Figure S2C), the laser was focused on the substrate/solution interface. The microscope stage 

was moved along a predetermined path with a stage velocity set to 1 µm/sec. Figure S2B and 

Figure S2D show the EDS measurement of the deposited patterns on a glass substrate.  

Figure S11. Energy Dispersive X-ray Spectrometry (EDS) measurement of iron oxide and silver formations for 
different laser positions: (A & B) liquid/ air interface, (C & D) inside the solution droplet and (E & F) at the substrate/ 

vapor/ liquid interface. 
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Video SV1- Products formed at the liquid/air interface. A droplet of 2 wt% iron(III) 

acetylacetonate in DB was placed at the bottom side of the cover slide and held in place by its 

surface tension and adhesion to the substrate. A 13 mW laser is focused on the lowermost part 

of the droplet.  

Video SV2- Nanoparticles formation inside the droplet. A 13 mW laser beam was focused 

inside a droplet of 3 wt% silver nitrate in DB, more than 50 µm away from the substrate/liquid 

and liquid/air interfaces. The solution immediately turned cloudy around the focal point. After 

2 minutes of laser operation the nanoparticles (<500 nm) dispersed in the solution are seen even 

after turning off the laser. 

Video SV3- Formation of rings. A mechanical shutter positioned along the optical path of the 

laser was set to open for 0.1 s and then close for 0.8 s with a stage velocity of 10 µm/s. A series 

of deposited rings were obtained from 3 wt% silver nitrate in DB solution.  

Figure S12.  Micrographs and EDS measurements of continuous micro-patterns formed on glass substrates from a 
solution of (A & B) 2 wt% copper chloride and (C & D) 1 wt% platinum chloride by photo-thermal reaction. 
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Video SV4- Continuous pattern formation. By moving the microscope stage with a velocity of 

1 µm/s along a predetermined path without the use of a mechanical shutter, continuous silver 

patterns are formed from a 3 wt% silver nitrate in DB solution. 

Video SV5- Products formed at the liquid/air interface. A droplet of 3 wt% silver nitrate in DB 

was placed at the bottom side of the cover slide and held in place by its surface tension and 

adhesion to the substrate. A 13 mW laser is focused on the lowermost part of the droplet.  

 

 


