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Abstract

In this work, solid-state metal transport from internal metal nanolayers onto the surface of 

metal/ceramic nano-multi-layers (NMLs) has been directed in a controlled way by femtosecond 

(fs) laser irradiation and subsequent low temperature thermal annealing. Laser irradiation induced 

modifications of the NML microstructures and stress states can be limited within the first few top 

nanolayers due to the focused laser energy input at the metal/ceramic interface by exploiting the 

local plasmonic effect. Accompanied laser peening can further refine the crystallites and introduce 

compressive stress at the laser-irradiated region, which reduces the activation energies for vacancy 

formation and migration of metal atoms in the nano-confinement. Patterned Cu surface 

nanostructures (outflow) appear selectively along the laser path after air annealing at temperatures 

down to 360 ℃. For the solid-state diffusion of Cu in confinement, in-plane metal transport along 

the Cu-AlN interfaces is much faster than the outward short-circuit diffusion of Cu across the AlN 

barrier layers. Localized metal outflow is accompanied by the collapse and sintering of the 

remaining AlN barrier layers, under influence of the acting capillary forces, which may further 

accelerate the metal transport. This laser induced maskless patterning of metal outflow is not only 

applicable in Cu/AlN NMLs, but also in Ag/AlN NMLs, assisted by subsequent low temperature 

annealing.
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1. Introduction

Heterogeneous metal/ceramic multi-layered structures have been widely used in electrical units or 

optical filters due to the high flexibility of the band diagram/permittivity adjustment. 1-3 With the 

continuing trend in device miniaturization down to the nanoscale, such functional nano-multi-

layers (NMLs) become increasingly metastable and thereby more prone to degradation during 

application, which is a direct consequence of the increasing volume fraction of atoms associated 

with surfaces and interfaces. Actually, such size-dependent materials stabilities are known to be 

vital to the high performance and long-term service of a wide range of nanotechnologies. On the 

one hand, the intrinsically higher mobility of electrons (holes) and/or ions (ion vacancies) in the 

metastable nanostructured systems can be exploited for high performance electronic devices 4 and 

device integration at lower temperatures. 5, 6 On the other hand, stable thin-films and multilayered 

microstructures can be utilized to achieve smooth optical/electrical response and extended device 

lifetimes. 7, 8 Fundamental understanding and engineering know-how of mass transport phenomena 

in metal/ceramic thin films and NMLs is needed to adjust their optical performances and electrical 

conductivities for photonics or electronics applications.

For a single metal thin film (nanolayer) on a ceramic substrate, solid state dewetting of the metal 

film can occur at temperatures far below the melting point, as governed by the chemistry and 

structure of the interface between the metal and the ceramic, as well as by the enhanced diffusivity 

of surface atoms. The dewetting of metallic nanolayers on ceramic substrates is generally driven 

by a minimization of the sum of surface and interface energies, and can result in the fast 

transformation of the metal layer into isolated particles (islands) at relative low temperatures. 9-11 

When the metal nanolayer is confined on both sides by a ceramic layer, such as in a 

ceramic/metal/ceramic sandwich or respective NMLs, the metallic free surface will be replaced by 
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an additional metal-ceramic interface. The atomic mobility of metals in such nanoconfined systems 

will then depend on the chemistry and structure of the metal/ceramic interfaces and the resulting 

interface mobility only. For a highly coherent interface and strong chemical interaction between 

the metal and ceramic layers, the interfacial mobility of metal atoms can be suppressed, resulting 

in a superheating of the confined metal. 12 It is generally acknowledged that the atomic mobility 

and associated thermal stability may be greatly affected by the growth stresses and thermally-

induced stresses in the metal layer. 13-15 Notably, fast diffusion of metal atoms along incoherent 

and weakly bonded metal-ceramic interfaces can be surprisingly fast due to the relatively low 

activation energies of vacancy formation and migration in the metal. 16 Hence, depending on the 

nature of the metal-ceramic interface and the residual stress state, the microstructural response of 

metal nanolayers upon thermal/mechanical post-treatment can be distinctly different between 

confined and non-confined metal-ceramic nanolaminates.

Thermal destabilization of nano-confined metal nanolayers is not only associated with fast in-plane 

mass transport of the confined metal atoms along internal interfaces, but can also result in fast out-

of-plane transport of the confined metal across the ceramic barrier to the free surface, as 

accompanied by the relaxation of residual stresses in the structures. As a result, large metal 

protrusions (designated as metal outflow) can develop on the free barrier surface upon thermal 

annealing, which leaves porosity and/or voids in the remaining nanolayered structures. 17-20 Such 

fast metal outward transport during annealing strongly depends on the deposition stress and the as-

deposited microstructures (e.g. grain size, texture, interface coherency, defect structure) of the 

studied nanolayer system. 20 Unfortunately, it is still an ultimate engineering challenge to tune the 

deposition conditions of physical vapor deposition techniques, such to obtain a 

homogenous/designed microstructure and stress state of the metal and ceramic nanostructures at 

the nanoscale. Typically, highly anisotropic microstructures and local stress gradients occur in the 
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as-deposited nanolaminated structures, especially in alternating metal/ceramic NMLs. 

Consequently, thermally activated metal outflow upon thermal treatment of such heterogeneous 

NML microstructures results in randomized metal outflow onto the free surface.

In-plane diffusion along metal-ceramic interfaces and outward diffusion via short circuits, such as 

grain boundaries and/or cracks in the ceramic barrier layers, constitute the principle metal transport 

processes for realizing fast metal outflow in confined nanolayered systems. The metal-ceramic 

interface state and the residual stress gradients will be decisive in enhancing and directing fast mass 

transport once thermally activated. It is known that local variations of the interface state and the 

stress gradient can effectively affect the local atomic mobilities in the structure. 21, 22 Hence, 

engineered interface structures and stress gradients in NMLs can be intentionally applied by e.g. 

nanoindentation to reduce the associated kinetic barriers for atomic mass transport at the local scale. 

23 As such, fast mass transport upon annealing can be triggered to occur selectively at specific sites 

in the NML structure only. However, such local modifications of the NML structure by externally 

applied mechanical forces need precise and homogeneous dosing of the deformation energy, which 

is obstructed by the intrinsic heterogeneous microstructure. Alternatively, laser irradiation could 

be applied for locally altering as-deposited metallic nanostructures, which provides an easier and 

more accurate control of the dose and spatial distribution of external energy input into the 

nanostructure. 24 In particular, heterogeneous metal/ceramic (i.e. metal-dielectric) structures and 

their interfaces can be precisely modified using laser irradiation by exploiting the so-called 

localized plasmonic effect to locally deposit the laser energy. 25-27 In addition, laser peening 

between a transparent dielectric (e.g. air or ceramic) and a metal can invoke strong and localized 

compressive stresses in the nanostructure, which could be exploited to tailor local stress gradients. 

28, 29
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In this work, we demonstrate the precise and local engineering of microstructures and stress states 

in metal/ceramic NMLs (Cu/AlN and Ag/AlN) by highly focused fs laser irradiation, to achieve 

fast patterned outflow of the confined metal to the free surface upon subsequent short-time (5 min) 

annealing. The NML microstructures prior to and after laser irradiation, as well as before and after 

thermal annealing, were studied in detail by scanning electron microscopy (SEM) and high 

resolution transmission electron microscopy (HRTEM). As such, the underlying driving forces and 

mechanisms for fast directional mass transport in the modified regions of the annealed 

metal/ceramic NMLs, as generated by laser induced plasmonic interface modifications and the 

peening effect, are disclosed. This maskless patterning approach can be promising for fast surface 

nanostructures fabrication for optical and electrical applications, such as nanoscale optical gratings 

and electrical heaters.

2. Experiments

The metal/ceramic NMLs were deposited on sapphire substrates (α-Al2O3, (0001)) using 

magnetron sputtering at room temperature. A 10 nm thick AlN nanolayer was firstly pre-deposited 

on the sapphire substrate, acting as a buffer layer. Next, metal (Cu or Ag) and ceramic (AlN) 

nanolayers with individual layer thicknesses of 5 nm were alternatively sputtered to obtain a NML 

structure. The metal-ceramic bilayer repetition was fixed at 10. The detailed deposition process is 

reported in refs. [18, 30].

A Ti: sapphire ultrafast laser system was used to generate 35 fs, 800 nm laser pulses. A couple of 

reflective mirrors and neutral filter lens were used to attenuate the energy of the laser beam down 

to a few milli-Watt. The laser beam was then compressed, aligned and introduced in an Olympus 

Optical microscope (Olympus BX51). An objective lens (NA0.5, 50×) and high precision moving 

platform (V31XYZE ProScan III) were used to control the beam size on the NML sample surface. 
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The laser beam was blocked by an electrically controlled shutter to control the laser irradiation 

time.

After laser irradiation, the laser-treated NML samples were transferred to a tubular furnace and 

annealed in air. The annealing treatment at a given temperature was performed with a ramping rate 

of 20 K/min and holding time of 5 min. After the annealing, the samples were cooled down freely 

within the furnace. Scanning electron microscopy (SEM, Zeiss Supra 55) was used to characterize 

the surface structures of the annealed NMLs. Focused ion beam (FIB, FEI Helios 660) was used to 

prepare the cross sections at selected regions, as well as to prepare TEM lamellas. A transmission 

electron microscope (TEM, JEOL2200FS), operated at 200 kV and equipped with EDX and 

HAADF detectors, was used to characterize the microstructures of as-prepared lamella.

The plasmonic effect induced electric field intensity in metal/ceramic NML in response to the 

incident laser beam was simulated using a commercial finite element method simulation software 

(COMSOL Multiphysics, 4.3b) with an RF module. The incident laser wavelength was 800 nm 

with a polarization direction parallel to the substrate. Physical parameters of the studied metal (Cu) 

and ceramic (AlN) materials under given lasering conditions were adapted from refs. [31] and [32], 

respectively.

3. Results

3.1 Surface structures of thermal annealed NMLs 

Figure 1 shows the surface structures of the as-deposited metal/ceramic (Cu/AlN) NMLs on 

sapphire, indicating a smooth surface with a roughness in the range of 0.5 nm. The cross-sectional 

images in figure S1(a) show the alternating 5 nm thick Cu and AlN nanolayers (10 repetitions) on 

top of the 10 nm thick AlN buffer layer and the underlying sapphire substrate (designated as 

[Cu5nm/AlN5nm]*10). The internal nanolayers are intact and the interface roughness is within a few 
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nanometers. The metal and ceramic nanolayers possess a polycrystalline nature, consisting of tiny 

nanocrystallites. Magnified TEM imaging of the metal-ceramic interface indicates that the Cu(200) 

lattice planes are typically parallel to the AlN(002) planes, resulting in an in-plane texture (figure 

S1(b)).

After thermal annealing at 400 ℃ for 30 min in air, few nanoparticles are randomly distributed on 

the annealed NML surface (figure 1(c)). Different local microstructures can be observed around 

smaller and bigger surface particles, which result from local differences in the redistribution of 

confined Cu metal by in-plane and out-of-plane diffusion during the annealing process. 20 

Compared with the as-deposited NMLs, Cu has a much higher concentration at the particle location 

after the annealing (Zone 2 in figure S2), indicating that some Cu has migrated to the free surface 

and formed tiny surface structures (i.e. outflow). It is generally recognized that confined metals can 

diffuse along internal interfaces, such as phase and grain boundaries, at temperature much below 

the bulk melting point. The atomic mobility of the confined metal and the associated redistribution 

of Cu upon annealing will vary locally, depending on the local defect structure. More defective 

regions will exhibit an enhanced atomic mobility and associated materials redistribution towards 

lower temperatures. 23 Due to the heterogeneous microstructure and associated local variations of 

the stress state in the as deposited NMLs, thermally activated metal outflow will occur randomly 

at more defective sites (with a higher Gibbs energy) within the NMLs. At an annealing temperature 

of 400 ℃, the atomic mobility is still kinetically frozen in most regions of the as deposited 

microstructure, and hence only a few Cu particles form on the surface. Only when the annealing 

temperature is increased to 500 ℃, the atomic mobility is thermally activated over the entire as-

deposited microstructure, resulting in massive and randomized Cu outflow on the entire NML 

surface (figure 1(d)).
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Figure 1. Surface structures of as deposited and thermally annealed [Cu5nm/AlN5nm]*10 NMLs. SEM images 

of (a) as deposited and thermally annealed NMLs at (c) 400 ℃ and (d) 500 ℃ for 30 min in air. (b) AFM 

topography of as deposited NMLs. Inset in (b) shows the surface roughness of the NML. The dashed line in 

(c) indicates the boundary of local contrast difference in the SEM image.

3.2 Surface structures of laser irradiated NMLs after subsequent annealing

Figure 2 shows the surface structures of the NMLs after laser irradiation and subsequent thermal 

annealing. Line shaped surface structures have formed at lower temperatures and within shorter 

times (~ 360 ℃, 5 min) in the laser-irradiated zone, as compared to the untreated NML regions. 

Away from the line structures, only very few surface nanoparticles can be observed. At low laser 

scanning speed, the incident energy can be high enough to ablate the NMLs, resulting in the 

formation of an open trench in the NML. Subsequent annealing results in the thermally activated 

(in-plane) diffusion of Cu to those trench edges, which partially fills the gap. However, for short 

annealing times at low temperatures, the diffusion length of Cu is only limited and, consequently, 
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only a limited amount of Cu can be transported to the trench during the annealing process. The 

trench edges are therefore decorated with a Cu nanowires pair on opposite sides, separated by a 

gap (figure 2(a)). The microstructural modifications in the NML can be easily and well controlled 

by increasing the scanning speed, which also minimizes the degree of materials ablation. As such, 

the surface structures as formed by Cu outflow can be changed from an interwoven network to a 

straight wire and even interconnected filaments (figures 2(b)-2(d)). Importantly, all surface 

structures are selectively formed along the laser paths only. This indicates that the defect structure 

in the NMLs has been locally modified, resulting in an enhanced atomic mobility towards lower 

temperatures, which is only limited to the laser irradiated regions. Thus, fast mass transport of 

internal metals to the surface upon annealing can be selectively directed along the laser path by 

tuning the laser irradiation conditions, even for short annealing times at relatively low temperatures. 

Figure 2. Surface structures formed on [Cu5nm/AlN5nm]*10 NMLs after laser irradiation and subsequent 

thermal annealing. Laser scanning speed: (a) 50 µm/s, (b) 100 µm/s, (c) 150 µm/s, and (d) 200 µm/s. Laser 
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fluence: ~ 90 J/cm2. Annealing temperature: 360 ℃. Holding time: 5 min. Arrows indicate the surface 

nanostructures (outflow) after thermal annealing.

By slightly increasing the annealing temperature to 400 ℃, more confined Cu will migrate to the 

surface, which results in an improved structural uniformity (figure 3). Due to internal materials 

redistribution, similar localized contrast differences in the image (shown in figure 1(c)) appear in 

the laser treated NML within limited distances after thermal annealing, as sketched in figure 3. It 

should be noted that oxidation of the formed surface nanostructure can occur when Cu metal 

migrates to the surface during the annealing process in air, resulting in Kirkendall voiding of the 

Cu nanostructures. 33, 34 Hollow nanostructures can thus be formed due to the surface oxidation and 

associated fast grain boundary diffusion of Cu across the initial oxide film to the free surface. 

Indeed, in the laser-irradiated and annealed Cu/AlN NMLs, voids can be observed within the 

surface wire structures (insets in figure 3). These Kirkendall voids are much smaller if the surface 

wire is narrower. As shown in figure 3(b), if the wire width is ~ 500 nm, inner voids only constitute 

~ 6% of the cross section.
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Figure 3. Surface and cross sectional structures of [Cu5nm/AlN5nm]*10 NMLs after laser irradiation and 

subsequent thermal annealing. Laser fluence: (a) ~55 J/cm2 and (b) ~33 J/cm2. Scanning speed: 50 μm/s. 

Annealing temperature: 400 ℃. Holding time: 5 min. Red lines sketch the dark contrast regions adjacent to 

the wires structures. Inset scale bars: (a) 1 µm, (b) 500 nm. Title angle: 45º. Red arrows show the voids in 

the formed surface structures.

3.3 Internal structures of laser irradiated NMLs after subsequent annealing

To clarify the underlying mechanisms for selective metal outflow within the laser-processed 

regions at reduced annealing temperatures, a TEM lamella was prepared by FIB perpendicular to 

the laser path direction and analyzed by TEM. Figure 4 shows cross sectional STEM images of the 

wire-shaped surface structure, as fabricated by laser irradiation and subsequent annealing. The 

application of high intensity fs laser irradiation can induce modifications throughout the entire 

NML stack (i.e. from the surface to the bottom). As shown in figure 4(b), ~ 35% of the cross section 
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of the wire with a width of ~1 μm is constituted of void, which originates from oxidation-induced 

Kirkendall voiding. Therefore, the surface nanostructure is a mixture of metal and surficial Cu 

oxides (figure S3). It shows that the hollow wire stands on the top AlN layer and is isolated from 

the remaining Cu nanolayers underneath. Within the dark contrast region in the NML adjacent to 

the Cu wire in figure 4(a), internal Cu has been relocated from the first few top nanolayers to the 

NML surface (indicated by the red arrows). This indicates that in-plane mass transport of Cu from 

adjacent regions to the laser-irradiated path (with a diffusion length of 10-15 times the Cu wire 

width) also contributes to Cu wire formation upon annealing. The supplied Cu for surface structure 

formation does not only come from the top Cu nanolayers in the NML stack, but can also be 

supplied from deeper nanolayers (figure 4(c)), and even from the bottom metal nanolayer (figure 

4(e)). For short time annealing at 400℃, the average length for short circuit diffusion of Cu through 

AlN and Cu grain boundaries is limited. Strikingly, after the annealing, the original NML sequence 

is better preserved directly below the surface wire structure (~ 7 layers left, figure 4(d)) than 

adjacent to it (5 layers, figure 4(c) and 4(e)). This may be attributed to the combined laser 

thermal/mechanical effects, which result in a complex defective structure around the laser 

irradiation zone (see Sec. 4).
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Figure 4. (a) SEM and (b)-(e) BF-STEM images of fs laser irradiated [Cu5nm/AlN5nm]*10 NMLs after 

thermal annealing at 400 oC for 5 min in air. Laser fluence: ~40 J/cm2. Scanning speed: 50 μm/s.

Figure 5 shows the HRTEM images of the interface region between the Cu surface wire and the 

top nanolayers of the NML stack in figure 4(b). The Cu surface structure has formed a dense 

interface with AlN, although a high density of defects and a few voids are present along the 

interface (red dash, figure 5(a)). Strikingly, the remaining AlN layers after Cu outflow are sintered 

together, resulting in a thicker AlN barrier layer (i.e. layer thickness much larger than the as-

deposited 5 nm nanolayer). Inside the sintered AlN nanolayer, few tiny Cu crystallites can still be 

observed. Since the annealing was conducted for short times at temperatures much lower than the 

bulk melting point, the surface wire should be formed by a fast solid-state diffusion process. Due 

to a partial oxidation of the Cu surface structure, a fine-grained polycrystalline structure with 

associated Moiré planes can be observed, indicating a large amount of overlapping lattice planes 

along the beam direction in the surface structure (figure 5(b)). An irregular "zig-zag" interface is 

formed between the surface wire and the underlying AlN layer, which can be ascribed to interface 

energy minimization. 35 Along with the sintered AlN layers, the interface roughness between the 

remaining fragments of the Cu nanolayer and AlN nanolayer is increased after the annealing, 

especially on the bottom side (figure 5(d)). Notably, the scale of the interfacial zig-zag patterns is 

of the same order as the columnar AlN nanograin size and the respective nanolayer thickness. This 

suggests that the outward transport of Cu with concurrent "zipping" of the confining AlN layer is 

accompanied by tiny reorientations of the nano-sized grains in AlN barrier layers to increase the 

interface coherency at the underlying Cu/AlN interfaces, thereby reducing the system's energy. 

Consequently, the sintered AlN nanolayers do not show any distinct crystallographic planes 

constituted of high-angle (high energetic) grain boundaries, which contributes to a reduction of the 

system's energy (figure 5(c)).
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Figure 5. (a) Cross sectional TEM images of the fabricated surface wire on the Cu/AlN NML as indicated 

in figure 4(b). Yellow dashed lines sketch the Cu-AlN interfaces. HRTEM images of (b) the fabricated 

surface nanostructure, (c) interfacial state between the surface nanostructure and the NML, and (d) NML 

after metal migration on the top layers. Pink single arrows in (c) show the estimated boundaries between the 

as deposited 5 nm AlN nanolayers. Red arrows in (d) show the penetrated Cu in AlN layers.

A more localized and tuned microstructural modification of the NML structure can be realized for 

lower laser energy inputs. Figure 6 shows the surface structure formed after laser irradiation at a 

scanning speed of 300 µm/s and subsequent thermal annealing at 400 ℃ for 5 min. A wire structure 

is not formed, but rather material has been redistributed internally along the laser path, as partially 

sketched in figure 6(a). Only a few larger nanoparticles due to Cu outflow appear locally along the 

laser-irradiated path. As shown in figure 6(b), only the first Cu nanolayer on the top disappears 
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after thermal annealing with 9 intact Cu/AlN repetitions remaining underneath. It should be noted 

that Cu nanoparticles can also be observed at locations where the NMLs is still intact (10 

repetitions), which suggest fast in-plane mass transport of Cu along Cu/AlN interfaces and/or on 

top of the AlN surface to these specific locations. The outward migration of Cu from the first 

nanolayer is also accompanied by a "zipping" and subsequent sintering of the confining AlN barrier 

layers (figure 6(c)). EDX line scans along the dashed line in (c) show the corresponding elemental 

depth distribution, evidencing 9 Cu/AlN repetitions, as also observed in other locations (Figure 

S4). As a result, the nanoparticle stands on two tightly sintered AlN layers (figure 6(d)). The oxygen 

concentration in the confined Cu nanolayers after annealing the NML in air is relatively low and 

constant as a function of depth below the surface, which indicates that the internal NML structure 

is not severely degraded by thermal oxidation. It can be concluded that laser irradiation induced 

microstructural modification of the NML can be precisely tuned down to a single nanolayer, while 

keeping the rest of the NML structure intact. By well controlling the depth of the laser-affected 

zone, Cu from the first confined metal nanolayer can be selectively transported to the free surface 

at the laser-irradiated location at relatively low annealing temperatures.
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Figure 6. (a) SEM and (b, c) BF-STEM images of fs laser irradiated [Cu5nm/AlN5nm]*10 NMLs after thermal 

annealing at 400 oC for 5 min in air. (d): EDX elements distribution along the dash line in (c). Laser fluence: 

~33 J/cm2. Scanning speed: 500 μm/s. Insets scale bar in (c): 20 nm.

Figure 7 shows the structure of the Cu/AlN interfaces after partial metal outflow from the top Cu 

nanolayer. In the transition region between the AlN layers and the remaining Cu nanolayer 

fragment, the surface AlN nanolayer is bend and exhibits a high defect density at its interface with 

the underlying Cu nanolayer (figure 7(a)). It is known that the interface coherency in chemically 

inert metal/ceramic NML systems is generally improved upon annealing. 18 An increased interface 

coherency generally results in increased activation energies for vacancy formation and migration 

within the confined metal layer at the metal/ceramic interface. 23, 36 For the annealing of the Cu/AlN 

NML at 400 ℃, confined Cu metal in regions far away from the laser irradiated affected regions 
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will be less defective and therefore have a much lower atomic mobility, thus preserving its 

confinement after low temperature annealing. Similarly, the boundary plane (B1) between the 

sintered AlN nanolayers can hardly be observed, whereas the metal/ceramic boundaries directly 

underneath (B2 and B3) have a large roughness (figure 7(b)). Although laser peening may occur to 

modify the NML microstructure towards larger depths, cross sectional HRTEM analysis indicates 

that the nanolayers at the bottom and middle of the NML still have a similar microstructure as the 

as-deposited NML (figures 7(c) and 7(d)).

Figure 7. Cross sectional TEM images of laser irradiated [Cu5nm/AlN5nm]*10 NMLs after thermal annealing 

at 400 oC for 5 min in air. (a)(b): Top. (c): Bottom and (d): Middle.

It may be assumed that tailored modification of metal/ceramic NMLs for directional outflow due 

to laser-induced thermal and peening effects is applicable to other materials combinations. Indeed. 

as observed in the present study, selective Ag surface structures along laser paths can also be 

fabricated by laser irradiation and subsequent annealing of Ag/AlN NMLs (figure 8). When a low 
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laser irradiation energy is applied, Ag nanoparticles come out separately along the laser path after 

thermal annealing at 450 ℃ for 5 min. More extensive localized Ag outflow can be achieved by 

increasing the incident laser energy. Since the stress state in Ag microstructures can significantly 

accelerate Ag transport or even facilitate whisker growth, 37 surface nanostructure formation varies 

strongly with the laser conditions. Still, directional Ag outflow in NML following the laser 

paths/patterns can be achieved by fs laser irradiation and annealing processes.

Figure 8. Surface structures of laser irradiated [Ag5nm/AlN5nm]*10 NMLs after subsequent thermal annealing. 

Scanning speed: (a) 500 μm/s, (b) 300 μm/s and (c) 200 μm/s. Laser fluence: ~33 J/cm2. Temperature: 450 

oC. Duration: 5 min. Atmosphere: air. Tilt angle: 45°. Inset scale bar: 1 μm.

4. Discussion

4.1 Laser peening effects on NML
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The stress state in as deposited thin films can greatly affect the atomic mobility and thereby its 

thermal stability. 15 During the initial stages of thin film growth, a tensile stress contribution is 

generated as a result of grain coalescence, while a compressive stress is generated during the post-

coalescence stage. 38 Thermally activated diffusion of metal atoms in thin films or confined 

nanolayers can be directed along local (in-plane or out-of-plane) stress gradients in nanolaminated 

structures. 20 In particular, compressive residual stresses in nanoscale metal/ceramic NMLs can 

facilitate directional metal outward transport during annealing. 18

It is known that compressive residual stress can be generated in metals (or alloys) substrate, when 

high energy laser pulses are introduced on the substrate with a transparent buffer layer on top. 29 

The estimated surface residual stress when irradiated with a round laser spot is calculated as: 28, 39

                 (1)𝜎surf = 𝜎0 ― [𝜇𝜀𝑝(1 + 𝜈) (1 ― 𝜈) + 𝜎0][1 ―
4 2

𝜋 (1 + 𝜈)
𝐿𝑝

𝑟𝑝 2]
Where  is the initial residual stress (constant) and  is Possion's ratio.  is the radius of laser 𝜎0 𝜈 𝑟𝑝

spot.  is the plastically affected depth.  is the surface plastic strain.  is the Lamé's constant.𝐿𝑝 𝜀𝑝 𝜇

The plastically affected depth ( ) can be calculated as,𝐿𝑝

                                                             (2)𝐿𝑝 =
𝐶𝑒𝐶𝑝𝜏

𝐶𝑒 ― 𝐶𝑝

𝑃
2𝑃𝐻

Where   are the elastic and plastic shock wave velocities, respectively.  is the pulse 𝐶𝑒 and 𝐶𝑝 𝜏

duration.  and  are the laser peak pressure and metal dynamic yield strength, respectively.𝑃 𝑃𝐻

In metal/ceramic NMLs, the top metallic nanolayer (e.g. Cu or Ag) is covered by a ceramic (AlN) 

barrier layer, which can act as the transparent buffer layer during laser irradiation. With the 

introduction of high intensity fs laser pulses (below the ablation threshold of materials), laser 

peening can occur which introduces residual stresses in the confined metal nanolayers and also 
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generate dislocations. 40, 41 Since the laser pulse duration here is only 35 fs, the plastically affected 

depth can be extremely small (e.g. will be 10-6 of that using a 3.5 ns laser pulse with a similar 𝐿𝑝 

peak pressure). However, for layer thicknesses in the range of 5 nm, as for the studied Cu/AlN 

NMLs, the entire depth of the NML can be affected by such short laser pulses irradiation.

Apart from mechanical peening, thermo-mechanical effects may occur in nanolaminated systems, 

which can weaken the film-film interface. On this basis, nanolayers can even be precisely peeled 

off layer by layer from the structure using fs laser irradiation. 27 At metal/ceramic interfaces, a 

rarefaction wave accompanied with the thermal wave will be produced due to the laser thermal 

effect. Those waves can penetrate into the sample and cause rupture at the boundary of nanolayers, 

further weakening the interface bond between metal and ceramic nanolayers.

4.2 Plasmonic effect at metal-ceramic interface

The plasmonic effect can occur at the metal-dielectric interface under optical excitation, which can 

redistribute the incident energy and bring in localized 'hot spots' for precise interface engineering. 

25, 26, 42 In Cu/AlN (i.e. metal/dielectric) NMLs, plasmons can be excited along the metal-ceramic 

interface. Figure 9 shows the simulation result of the electric field distribution under focused optical 

excitation, where an enhanced electric field can penetrate through the metal barriers to lower layers 

and propagate to the region outside laser irradiated zone within a certain distance. The field 

intensity distribution in the vertical direction will be affected by the multiple layer structures, while 

in the horizontal direction, it will be mainly determined by the first metal and ceramic layers 

(Supplementary note). Since the excitation of coherent oscillations of electrons via plasmon 

resonance can locally change the electromagnetic fields, the generated field intensity can be further 

enhanced by high-energy (e.g. fs) laser pulse excitation, resulting in strong nonlinear photons 

absorption effect. 43 These incident photons will mainly be absorbed by the top ceramic and 
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underlying metal nanolayers, while the deeper nanolayers will be mostly affected by the resulting 

thermal conduction from the top nanolayers. Thus, intense energy from the laser pulses will mainly 

be introduced into the first few top Cu/AlN nanolayers.

Meanwhile, intense photons absorption under strong electromagnetic field can generate fierce 

lattice resonance. Massive instabilities in the crystal lattice can occur under rapid excitation of 

electrons due to a perturbation of the interatomic bonds. 44 With low energy input, a bond 

weakening can be expected in the topmost AlN layer. Since the melting point depression can be 

significant for metal layer thickness down to ~ 5 nm, subsequent pre-melting may occur in the top 

Cu nanolayer. Due to the short laser pulse duration (35 fs), other fast non-equilibrium thermal 

processes can also happen in the Cu nanolayers. 45 For example, intense laser pulse irradiation on 

material has been reported to induce intermixing, grain refinement, and phase transformation or 

dissociation. 46-48 Since the size of the as deposited metal (ceramic) crystallites is in the nanoscale 

(figure S1), a laser induced grain refinement effect may be difficult to observe. However, the 

(point/line) defect density in both the metal and ceramic layers could be enhanced. Accordingly, 

interface structures and orientation relationship can be adjusted locally, which can directly affect 

the local activation energies for the vacancy formation and migration, and thereby the diffusion 

rates.

Page 22 of 39

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



23

Figure 9. Simulated electric field intensity distribution in [Cu/AlN]*10 NMLs. (a) Field distribution in and 

out of laser irradiated region. Arrows show the locations with enhanced field intensity outside the laser 

irradiated region. (b) Field intensity distribution in the rectangle zone in (a). (c) Normalized field intensity 

along the first AlN layer and Cu-AlN interface on the top. Incident laser beam diameter is 1 μm.

4.3 Directional fast mass transport

It is known that metal outflow in metal/ceramic NMLs is the result of the delicate interplay between 

temperature, microstructure, stress and processing atmosphere. 18 Interfacial pre-melting will be 

suppressed for highly coherent (less-defective) intercrystalline interfaces. The intrinsically high 

density of grain boundaries in the studied Cu/AlN NML can also contribute to a melting point 
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depression. Furthermore, the activation energies for vacancy formation and migration in metal 

nanolayers in contact with ceramics can be significantly lower as compared to the respective bulk 

metal, in particular if the metal only weakly wets or does not wet the ceramic. 16 The above effects 

can all contribute to a very fast diffusion of confined metals in metal/ceramic NMLs upon heating.

Our experimental findings show that the atomic mobility of Cu in the as-deposited Cu/AlN NML 

is still kinetically hindered in most microstructural regions when annealed at temperatures up to 

400 ℃. Metal outflow preferentially occurs only at local sites with a high Gibbs energy, as mainly 

determined by the local microstructures (e.g. interface coherency, defects) and the stress state. 

Laser irradiation can induce localized compressive stress gradients and defective zones in the NML 

structure, which effectively reduce the activation energies for short-circuit diffusion of Cu in the 

confinement. Hence, annealing of the laser-irradiated NMLs at temperatures lower than 400 ℃ can 

thermally activate fast directional outflow of Cu metal to the free surface selectively at the laser 

affected regions. Such fast Cu metal outflow is accompanied by a "zipping" and subsequent 

sintering of the AlN barriers, which is presumably aided by capillary forces, striving for a 

minimization of the participating interface energies. Metal in-plane transport along the interface 

and outward transport across AlN barrier can be facilitated by capillary forces until the barriers 

sinter together. Therefore, directional metal outflow in Cu/AlN and Ag/AlN NMLs for maskless 

surface structure patterning using laser irradiation can be achieved at relatively low temperatures 

(400 ℃ for Cu, 450 ℃ for Ag) and in short time (5 min).

5. Conclusion

Fast metal outward transport in the alternating metal/ceramic NMLs has been successfully 

provoked and directed for fabricating patterned surface nanostructures, by combining fs laser 

irradiation with subsequent low temperature post-annealing. By introducing ultrafast laser pulses, 
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the local microstructure and residual stress state in the NML can be modified along the laser paths. 

The activation barriers for vacancy formation and migration in the confined metal can thus be 

reduced locally within the laser-affected zone. Metal outflow can therefore occur at relatively low 

temperatures within short times (400 ℃ for Cu/AlN NMLs and 450 ℃ for Ag/AlN NMLs, 5 min). 

Surface wire structures can be fabricated in Cu/AlN NMLs, while nanoparticles chains are typically 

formed in Ag/AlN NMLs. The internal metal contribution to surface nanostructures formation can 

be precisely located to a few top nanolayers in the NML stack, while preserving the NML structure 

at larger depths. In-plane and outward metal transport during annealing is accompanied by a 

bending of the AlN top barrier, and the upper and lower AlN barriers may sinter under the acting 

capillary forces. Precise laser materials modification on NMLs can localize, accelerate and direct 

metal transport in such nanoconfined systems, as assisted by a controlled annealing process. 

Patterned surface nanostructures can thus be achieved with high flexibility. This laser directed mass 

transport in confinement can be promising for controlling materials behavior at small scales, which 

may be exploited for fast and pointed nanojoining processes in device integration at small scales 

or for functional surface nanostructures fabrication for optical or electrical applications.
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Figure 1. Surface structures of as deposited and thermally annealed [Cu5nm/AlN5nm]*10 NMLs. SEM 
images of (a) as deposited and thermally annealed NMLs at (c) 400 ℃ and (d) 500 ℃ for 30 min in air. (b) 

AFM topography of as deposited NMLs. Inset in (b) shows the surface roughness of the NML. The dashed line 
in (c) indicates the boundary of local contrast difference in the SEM image. 
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Figure 2. Surface structures formed on [Cu5nm/AlN5nm]*10 NMLs after laser irradiation and subsequent 
thermal annealing. Laser scanning speed: (a) 50 µm/s, (b) 100 µm/s, (c) 150 µm/s, and (d) 200 µm/s. 

Laser fluence: ~ 90 J/cm2. Annealing temperature: 360 ℃. Holding time: 5 min. Arrows indicate the surface 
nanostructures (outflow) after thermal annealing. 
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Figure 3. Surface and cross sectional structures of [Cu5nm/AlN5nm]*10 NMLs after laser irradiation and 
subsequent thermal annealing. Laser fluence: (a) ~55 J/cm2 and (b) ~33 J/cm2. Scanning speed: 50 μm/s. 
Annealing temperature: 400 ℃. Holding time: 5 min. Red lines sketch the dark contrast regions adjacent to 
the wires structures. Inset scale bars: (a) 1 µm, (b) 500 nm. Title angle: 45º. Red arrows show the voids in 

the formed surface structures. 

Page 33 of 39

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 4. (a) SEM and (b)-(e) BF-STEM images of fs laser irradiated [Cu5nm/AlN5nm]*10 NMLs after 
thermal annealing at 400 oC for 5 min in air. Laser fluence: ~40 J/cm2. Scanning speed: 50 μm/s. 
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Figure 5. (a) Cross sectional TEM images of the fabricated surface wire on the Cu/AlN NML as indicated in 
figure 4(b). Yellow dashed lines sketch the Cu-AlN interfaces. HRTEM images of (b) the fabricated surface 

nanostructure, (c) interfacial state between the surface nanostructure and the NML, and (d) NML after metal 
migration on the top layers. Pink single arrows in (c) show the estimated boundaries between the as 

deposited 5 nm AlN nanolayers. Red arrows in (d) show the penetrated Cu in AlN layers. 
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Figure 6. (a) SEM and (b, c) BF-STEM images of fs laser irradiated [Cu5nm/AlN5nm]*10 NMLs after thermal 
annealing at 400 oC for 5 min in air. (d): EDX elements distribution along the dash line in (c). Laser fluence: 

~33 J/cm2. Scanning speed: 500 μm/s. Insets scale bar in (c): 20 nm. 
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Figure 7. Cross sectional TEM images of laser irradiated [Cu5nm/AlN5nm]*10 NMLs after thermal annealing 
at 400 oC for 5 min in air. (a)(b): Top. (c): Bottom and (d): Middle. 
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Figure 8. Surface structures of laser irradiated [Ag5nm/AlN5nm]*10 NMLs after subsequent thermal 
annealing. Scanning speed: (a) 500 μm/s, (b) 300 μm/s and (c) 200 μm/s. Laser fluence: ~33 J/cm2. 

Temperature: 450 oC. Duration: 5 min. Atmosphere: air. Tilt angle: 45°. Inset scale bar: 1 μm. 
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Figure 9. Simulated electric field intensity distribution in [Cu/AlN]*10 NMLs. (a) Field distribution in and out 
of laser irradiated region. Arrows show the locations with enhanced field intensity outside the laser irradiated 

region. (b) Field intensity distribution in the rectangle zone in (a). (c) Normalized field intensity along the 
first AlN layer and Cu-AlN interface on the top. Incident laser beam diameter is 1 μm. 
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