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ABSTRACT 

Conductive films based on metal nanomaterials are studied as electrical interconnects for 

flexible electronics. Among them, free standing ultrathin films are flexible, making them ideal 

candidates for integration onto 3D surfaces with complex shapes. Nevertheless, obtaining self-

supported films of a few tens of nm with an area of several cm2 without breaking them is 

difficult. The solution proposed in this work is to get the films floating on the water surface 

before transferring them to 3D flexible surfaces by a water transfer printing process. Herein, 



we report the fabrication of stable and homogeneous Au nanoporous films with a thickness 

range of 6 to 60 nm and a floating surface area of several tens of cm2 on the water surface. The 

process combines Au and Cu magnetron sputtering deposition, Cu dealloying and etching in 

acid vapor. We show that the transfer of such ultrathin films with a large area from the water 

surface onto the surface of flat flexible substrates or 3D surfaces is possible, maintaining 

conformability without significant electrical conductivity degradation. The thinnest films have 

a sheet resistance of about 10 Ω/□ with a transparency of about 50 % at 550 nm. Due to their 

specific nanostructuration consisting of nanopores and interconnected nanoligaments, these 

films transferred to flexible flat surfaces can withstand bending for at least 3000 cycles with a 

curvature radius of 1 mm. Moreover, we show that a transfer of a design to a complex curved 

surface of 3D objects is possible using a 6 nm layer whose role is to keep the geometry of the 

design during the transfer process. 

Keywords: Gold, Copper, AuCu alloy, Dealloying, Etching, Nanoporous Thin Film, Free 

Standing Films, Flexible Electronics, Water Transfer Process. 

 

INTRODUCTION 

In many fields, smart objects require display and sensing functions integrated on their 

surface.1–7 These objects are generally polymer materials of complex three-dimensional (3D) 

shapes and may be bendable or stretchable.8,9 It is then necessary to have a conformability 

combined with the flexibility of the metallic circuit connections integrated on the 3D surface. 

This condition is one of the main concerns in the field of 3D flexible electronics based on thin 

films. The conservation of the stability and functionality of the integrated film on the surface is 

also a significant challenge. Biocompatibility and breathability in skintronics and wearable 



bioelectronics applications.10–12 and the transparency of the film in optoelectronics applications 

could also be required.13–16  

The use of metallic thin films in the field of flexible and stretchable electronics is limited by 

the poor ability of the films to withstand high tensile stress and high bending cycles. The 

appearance of cracks in the metal film during bending cycles reduces or even disrupts its 

electrical conductivity17,18. Films based on metal nanowires16,19–22, ultrathin nanoporous metal 

films23,24 and films containing metal meshes or grids 12,25–27 have better abilities to withstand 

deformation thanks to their morphology adaptation without the appearance of cracks.24 

On the other hand, more and more in the field of electronics, there is an increasing need to 

transfer electronic circuits onto surfaces of objects with complex 3D shapes. Among the many 

3D transfer printing techniques, one convenient method is to realize the design of circuits in 2 

dimensions (2D) using classical manufacturing processes in microelectronics and transfer these 

2D architectures by water transfer printing methods onto 3D surfaces.28–31 In these methods, 

the layers are a few hundred nm thick, placed on the top of a liquid surface and transferred to 

the 3D surface. The challenge lies in the risk of breaking the films under stress during the 

transfer from the liquid surface to the curved 3D surfaces of the object. The ability of a free-

standing film to bend depends directly on the maximum strain ε it undergoes related to its 

thickness, t, and the radius of curvature, r, according to the following relationship:  

𝜖𝜖 = 𝑡𝑡
2𝑟𝑟

      (equation 1) 

In this relation, r, is directly dependent on the local curvature of the surface on which the 

layer has to be transferred. Reducing film thickness reduces strain that appears during the 

transfer and thus limits the risk of break. The use of ultrathin film is therefore an exciting 

prospect, especially as these films can be nanostructured by bringing their morphology closer 

to the morphology of nanomesh to increase the flexibility or even the stretchability of the 

nanomaterial. 



In this paper we study a new concept of metallic nanoporous film fabrication, consisting of 

simple fabrication steps to transfer such nanoporous films to 3D surfaces of complex shapes 

while keeping the good electrical conduction property of the metallic film. The process involves 

a chemical etching by a nitric acid of Cu sacrificial layer on which a pure Au or AuCu alloy 

ultrathin film is deposited. When AuCu instead of a pure Au film is used, a dealloying occurs 

during Cu etching step. Metal dealloying techniques to form nanoporous layers have been 

studied for a long time.32–36 During the dealloying of AuCu alloy, the oxidized copper, present 

as solvated Cu2+ ions, is removed from the layer. Meanwhile, Au atoms are reorganized in the 

form of a nanoporous material that can have ligaments.30 Another option is to use a pure Au 

layer deposited on Cu sacrificial layer. In this case, if the pure Au layer is thin enough, a 

reorganization into a nanoporous material happens during the Cu etching.37,38 In this last case, 

the reorganization is due to the thermodynamic instability of such an ultra-thin layer.39 

The oxidation of the metal to be removed, copper in this work, is usually done with acid 

solutions. However, this process is not suitable for very thin Au layers because it frequently 

leads to the delamination and fragmentation of the layer in the liquid.30 The use of a nitric acid 

vapor instead of a nitric acid solution results in a dealloying and etching process of copper that 

avoids the film fragmentation.30 In this paper, this process will be tested to produce a large-

area, homogeneous nanoporous layer that is stable and easily transferable to the surface of 

liquid water, for subsequent easy transfer onto the surface of flexible and complex 3D-shaped 

substrates. 

 

EXPERIMENTAL SECTION 

Transfer printing concept 

The fabrication process described in figure 1 includes Au and Cu film deposition step on a 

glass substrate by DC magnetron sputtering. The next step includes a nitric acid vapor treatment 



to etch the copper sacrificial layer and to dealloy the AuCu based alloys. This 

etching/dealloying step leads to the formation of a thin nanoporous film that is easily detachable 

from the glass substrate and can be transferred onto the water surface.  

The following step consists in peeling and transferring the ultrathin films to the surface of the 

water to end with a water transfer printing step onto the surface of the object to be coated. In 

this work, the ultrathin films were transferred onto 130 µm thick flexible polyethylene 

terephthalate (PET) polymer films for bending tests or onto 3D shaped surfaces of 

thermoformed PET sheets. 

 

 

 

Figure 1. The protocol of the transfer process of Au membranes with the main steps: film 

deposition, acid vapor dealloying/etching, peeling and transfer onto the water surface, and water 

transfer printing to PET substrate to obtain Au nanomesh covering the substrate visible on the 

SEM image. 



 

Film deposition 

The gold charge loading deposited on the surface is a crucial parameter. It has been observed 

that for film thicknesses between 5 and 20 nm and an initial Au atomic concentration in the 

alloy between 11 and 23 at.%, cracks and isolated Au nanoporous microdomains appear on the 

surface after acid vapour dealloying.30 In this study, the Au charge loading is increased by 

increasing the Au atomic concentration and by increasing the film thickness. The aim is to 

obtain a continuous Au nanoporous film without loss of electrical conductivity and a more 

robust and reliable transfer as a free-standing membrane floating on the water surface. Thin 

films are deposited by magnetron sputtering on a rotating flat glass substrate with an area of 

10x10 cm2. The first layer is a pure Cu film with a thickness of 10 nm. This film is used as the 

sacrificial layer. Then, Au or AuCu films are deposited on Cu sacrificial layer. The pure Au 

deposition rate deduced from profilometry measurement is 0.28 nm/s. The Au atomic flux 

deduced from weighing measurement is 1.7x1015 cm-2s-1. Two types of films are deposited: 

either a pure Au film by sputtering of Au target or Au35Cu65 alloy by co-sputtering of Au and 

Cu target. The composition of the alloy has been measured by energy dispersive X-ray 

spectroscopy (EDS) for thick films and this result is also consistent with the measured weight 

measurement of the respective atomic flux of Au and Cu atoms deposited on the substrate 

surface during co-sputtering. Details of the deposition are given in Supporting Information (SI: 

Film Deposition and EDS, Table S1). 

The amount of Au deposited on the surface is controlled by the time of deposition. Three 

deposition times have been used to get 3 film thicknesses t corresponding to 3 surface densities 

of deposited Au atoms on the projected sample area, representing the area-normalized Au 

loadings (Table 1). For deposition of pure Au film, these times correspond to a deposited Au 

atomic density of 0.8 x1017 cm-2, 1.6 x1017 cm-2 and 3.3 x1017 cm-2. For the deposition of 

Au35Cu65 alloy, the same deposition times are used corresponding to the same atom density of 



Au on the surface. However, the film thickness is more important due to the incorporation of 

copper into the alloy. In the rest of the paper, since the layers are no longer homogeneous but 

become porous after etching and dealloying, we will use the equivalent Au film thickness to 

denominate the samples according to the 3 values of 13, 26 and 56 nm of pure Au films (Table 

1). Additionally, an ultra-thin layer of 6 nm is also used as a support layer in the case of design 

transferred to 3D object surfaces (See the last part of this section). For comparison, the pure Au 

and AuCu films are also deposited directly on PET substrates and tested by bending tests. 

 

Table 1. Designation of samples and main parameters of the films deposited on a 10 nm Cu 

sacrificial layer 

Designation Initial 
deposited film 

Time 
deposition (s) 

Film thickness 
(nm) 

Deposited Au atomic 
density (x1017 cm-2) 

6nm-Au Pure Au 23 6 0.4 

13nm-Au Pure Au 47 13 0.8 

13nm-AuCu Au35Cu65 47 32 0.8 

26nm-Au Pure Au 94 26 1.6 

26nm-AuCu Au35Cu65 94 63 1.6 

56nm-Au Pure Au 201 56 3.3 

56nm-AuCu Au35Cu65 201 135 3.3 

 

Etching and dealloying 

Samples are submitted to a vapor of nitric acid to etch Cu sacrificial layer and to proceed to 

the Cu dealloying in the case of Au35Cu65 film. The use of an acid vapor instead of an acid 

solution is mandatory as it allows a softer treatment of the film avoiding fragmentation.30 This 



point is all the more important when the treatment is carried out on large areas of several tens 

of cm2. To generate the vapor, the nitric acid solution (65%, 16 mol.L-1) is placed in a closed 

container at a constant temperature of 298 K to maintain a constant vapor pressure in the closed 

chamber estimated at 380 Pa.40 A layer of nitric acid solution then condenses on the sample 

surface leading to copper oxidation that produces solvated Cu2+ ions according to the following 

global chemical reaction: 

Cu(s) + 4 HNO3(aq) => Cu(NO3)2(aq) + 2 NO2(g) + 2 H2O(aq) 

The dealloying/etching time is set according to a visual control of the fading of the copper 

color from the sample over the glass to reach a uniformity of the apparent color of the acid 

vapor-treated sample. The dealloying/etching time is identified as 20, 40, and 80 minutes for 

the respective Au equivalent thicknesses 13, 26, and 56 nm alloys. Whereas, the etching of Cu 

sacrificial layer for samples with pure Au layers is 5, 7, and 9 minutes corresponding to an Au 

layer thicknesses of 13, 26, and 56 nm, respectively. 

 

Transfer 

The transfer process is performed as follows. The Au membrane is delaminated by the aid of 

the water supply in a suitable inclined water container. The film is left floating due to the surface 

tension forces on the distilled water surface for 5 min before the transfer to allow dissolving 

copper residue. Finally, the transfer onto flexible substrates is followed according to the water 

transfer printing technology developed to transfer film-based onto 3D object surfaces.41–43 The 

PET substrate to be coated is put in water under the floating Au film (Figure 1), and the water 

level is lowered so that the film can be deposited on the PET surface.  

 

Characterization techniques 



Scanning electron microscopy (SEM) imaging is carried out on a JEOL JSM 7600 F 

microscope at 5 kV. The chemical composition of the alloy is measured by EDS on films with 

a thickness in the range of 500 nm – 1 µm (See SI - Film Deposition and EDS, Table S1). EDS 

is performed by a JEOL 5600 microscope operating at 15 kV. X-ray Photoemission 

Spectroscopy (XPS) measurements are carried out on an AXIS Nova from Kratos using a 

monochromatic Al Kα X-ray source (1486.6 eV). The spectra are recorded with a pass energy 

of 20 eV. The optical transmittance of the dealloyed/etched films finally transferred onto PET 

substrates is measured using a Perkin lambda 1050 equipped with a 150 mm integrating sphere. 

The sheet resistance is measured by using a digital multimeter (Keithley 2401) with a four-

point probe setup. Bending tests are carried out on a homemade curvature bench.30 

 

RESULTS AND DISCUSSION 

The uniform change of color of the samples after the dealloying/etching is the result of the 

copper oxidation. Previous XPS analyses of the dried dealloyed surface have confirmed the 

presence of copper residue as copper nitrates and copper oxide30. The copper residue deduced 

from XPS represents less than 3 at.% of the total atomic concentration on surface after rinsing, 

transfer onto PET and drying of the sample (See SI: XPS). It corresponds to a ratio of Au atomic 

concentration over Cu atomic concentration equal to about 5.2 to be compared to the initial 

ratio of Au35Cu65 alloy before dealloying equal to 0.54. 

When the Au thickness is lower than 13 nm, the electrical conductivity of the film cannot be 

maintained due to the presence of cracks resulting from exposure to acid vapors (Figure 2a). 

Thus it is not possible to obtain a transfer of the membrane onto the surface of the PET substrate 

without loss of electrical conductivity unless to percolate the separated Au islands floating on 

the water.30 However, equivalent thicknesses of 13 nm and above show a homogeneous surface 

after etching of Cu layer in acid vapor (Figure 2b). In this condition, a robust and easy transfer 



onto the surface of the water without any cracks is obtained, and then the water transfer printing 

step on the flexible substrate is carried out without the need for the delicate percolating step.  

 

 

Figure 2.  Optical picture of sample deposited on a glass microscope slide after Cu etching in 

nitric acid vapor (a) 6 nm Au thickness, (b) 13 nm Au thickness. 

After the dealloying/etching and the water transfer printing onto the PET surface, the surface 

nanostructuration of the film is visible on SEM images (Figure 3). For the thinnest Au 

equivalent thickness of 13 nm, nanopores and connected nanoligaments on the surface of the 2 



types of samples are observed. The size of the pores and the width of the ligaments are higher 

in the case of the transferred pure Au films. For thicker films of 56 nm, this type of 

nanostructuration is also visible in the case of transferred dealloyed AuCu layers but does not 

occur when pure Au layers are transferred.  

 

 

Figure 3. SEM images of the 13nm-AuCu (a), 13nm-Au (b), 56nm-AuCu (c) and 56nm-Au (d) 

films after dealloying/etching and transfer onto PET surface.. 

For the dealloyed films, the observed porosity is attributed to the removal of copper atoms 

from the alloy combined with the Au surface diffusion process during the dealloying resulting 

in the formation of a planar gold skeleton consisting of nanopores and interconnected 

nanoligaments.30 For the transferred pure Au films, the formation of pores and ligaments for 

the 13nm-Au transferred sample is attributed to the reorganization of the very thin Au layer 

during the etching of Cu sacrificial layer as it has already been observed in previous works37,38. 



Indeed, below a few tens of nm in thickness, the thermodynamic instability leads to a 

reorganization of their nanostructure.39 On the other hand, thicker films are thermodynamically 

more stable. It is the reason why we assume that nanopores and nanoligaments are not observed 

for the 56nm-Au transferred film on the SEM image in Figure 3. 

The evolution of the optical transmittance T as a function of the sheet resistance R□ is given 

in Figure 4. Measurements are carried out on transferred layers to flat PET films with an area 

of 10x10 cm2 (SI – Optical transmittance – Figure S2). 

 

 

 

Figure 4. Optical transmittance of different Au equivalent thicknesses at wavelength λ=550 nm 

as a function of the sheet resistance for pure Au and dealloyed AuCu transferred layers to PET 

film. 

 

We observe the typical trend characterized by an increase of T with R□. The trends are almost 

identical for both types of film. We move from films with low sheet resistance of few Ω/□ but 



practically not transparent to film of about 10 Ω/□ and semitransparent.  However, we can 

notice that the sheet resistance of pure Au transferred films is lower than that of dealloyed AuCu 

transferred films for the same Au equivalent thickness. This higher resistance measured for 

dealloyed films could be attributed to the microstructural defects and specific morphology 

induced by the dealloying process. Residual copper at very low concentration inside the Au 

ligaments may also play a role. Indeed, the role of the remaining less noble element in tuning 

the Au microstructure and in modifying the catalytic and electrochemical properties has been 

demonstrated.44 

Flexion tests are performed on all the samples to investigate the evolution of the resistance 

as a function of the number of cycles to bend the samples on PET films. For the bending test, 

Au nanostructured metal strips a 3 mm wide and about 80 mm long are transferred onto PET 

film. To evaluate the behavior of the samples under bending tests, first for each sample we have 

extended the number of cycles with a curvature radius, r, of 10 mm to 1000 cycles followed by 

1000 cycles with r set at 5 mm, then followed by 1000 cycles with r at 1 mm. The transferred 

layer is on the convex PET surface during the bending to be subjected to tensile stress. The 

resistance for each sample measured at its initial flat state, R0, is chosen as the reference and at 

each cycle, the flat resistance, RFlat, and the curved resistance, RCurved, are measured. We define 

the relative variation, %R, by the relation: 

   %𝑅𝑅 = (𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑅𝑅0)
𝑅𝑅0

× 100     (equation 2) 

The evolution of %R is shown in Figure 5. Overall, whatever a given Au equivalent thickness, 

the behavior is qualitatively the same. The pure transferred layers have the smallest increase in 

resistance after 3000 cycles and even we can observe a slight decrease as a function of the 

number of cycles up to 2000 cycles. After 2000 cycles, when a curvature radius of 1 mm is 

applied, we observe a slight increase of few percent except for the 26nm-Au sample for which 

a stable decrease is measured until 3000 cycles. In contrast to the transferred pure Au films, the 



behavior of the transferred dealloyed films differs significantly. These films exhibit a 

continuous increase in resistance with the number of cycles and a strong increase as soon as the 

radius of curvature goes from 5 mm to 1 mm after 2000 cycles. However, the resistance 

evolution for these films remains relatively stable up to 3000 cycles. It is worth noticing that 

the final increase of the resistance remains limited even after 3000 cycles. In conclusion, both 

the transferred dealloyed films and the transferred Au pure layers, whatever their equivalent Au 

thickness, can remain conductive under these very hard conditions of test. They exhibit a 

relative stable increase in resistance even after 3000 cycles at 1 mm curvature radius. 

Nevertheless, for a given Au thickness, the lowest increase in resistance always corresponds to 

the pure transferred Au layers. 

 



 

Figure 5.  Evolution of the relative variation %R of the transferred films to PET as a function 

of the number of bending cycles for Au equivalent thickness 13 nm, 26 nm, and 56 nm. The 

first 1000 bending cycles correspond to a curvature radius of 10 mm, followed by 1000 cycles 

with a curvature radius of 5 mm, and finally 1000 cycles with a curvature radius of 1 mm. For 

comparison, the behavior of films deposited directly over PET is shown. 

For comparison, we can see in figure 5 the evolution of pure Au films directly deposited over 

PET. These films follow the same behavior as the transferred pure Au films until 2000 cycles 

but as soon as a 1 mm curvature radius is applied, a continuous increase of their resistance is 

observed without any stabilization until 3000 cycles. As with the direct deposition of pure Au 



films, the direct deposition of AuCu films on PET followed by dealloying shows a continuous 

increase in resistance with the number of bending cycles. This increase is evident from the very 

first cycles, irrespective of the equivalent Au thickness.  

In summary, the sequential steps of etching/dealloying, film transfer onto the water surface 

and water transfer printing limit the decrease of the electrical conductivity for films subjected 

to tensile cycling. Films deposited directly on PET cannot withstand the tensile strain induced 

by cycles with a curvature radius of 1 mm and a continuous degradation of their performances 

is observed with cycles. It is known that the direct Au deposition on glass or PET follows a 

Volmer-Weber growth due to the low surface energy of the substrate. It means that the 

formation of a continuous Au film on the surface follows a coalescence mechanism of the Au 

grains to get a final typical columnar morphology for thick films. In the case of a direct 

deposition subjected to tensile strain, the surface connecting Au columns contains porosity and 

defects that are at the origin of the degradation of the resistance under strain. In the case of 

transferred films, we assume that the process of etching of Cu sacrificial layer leads to a 

reorganization of the Au film morphology at the interface, which enables a continuous 

connection by the Au ligaments. Therefore, we attribute the excellent flexibility performance 

of the transferred films to this 2D specific morphology induced by the Cu etching process. 

Although the behavior of the transferred dealloyed samples is not as good as that of the 

transferred pure Au samples, we assume that it is also this specific 2D morphology that enables 

them to achieve stabilization of their electrical resistance even after enduring 3000 cycles. The 

reason why the performance of these dealloyed samples is not as good as that of the pure 

samples is not fully understood. We can notice that the typical size of pores and ligaments 

differs between dealloyed and pure samples, even for the same equivalent Au thickness (see 

Figure 3). This difference in morphology can play a role. Moreover, the dealloying mechanism 

of a AuCu solid solution implies a strong phase transformation from the solid alloy solution to 



the pure Au phase34. Microstructural defects and complex strain state45 can appear during this 

transformation. These effects could also be a reason for the high observed resistance and low 

flexibility of the transferred dealloyed films compared to the pure Au transferred films. 

If we focus on the behavior of the films during bending cycles with a radius of curvature of 

1 mm, we observe a stable variation of the resistance between the flat and the curved position 

of the film as a function of the number of cycles (Figure 6). The relative variation of resistance 

between flat position RFlat and curved position RCurved remains lower than 7 %. 

 

 

Figure 6. Evolution of the resistance of the transferred pure Au films to PET from flat position 

to curved position (Radius = 1 mm, ε = 6.5 %) and as a function of the number of bending 

cycles after 2950 cycles. The relative variation of resistance between flat position RFlat and 

curved position is given in the figure for each thickness. 

 

The 26nm-Au sample represents the best condition in the context of electrical connections 

for flexible electronics applications where the aim is to maintain constant resistance under 



strain. Indeed, for this sample, we observe a very low variation of the resistance compared to 

the initial resistance along the 3000 cycles of the flexible test even with a 1 mm curvature radius 

(Figure 5) and the variation of resistance between curved position and flat position observed 

after 3000 cycles remains small (Figure 6) and can be considered negligible to first order. This 

is why this condition is chosen to test the water transfer of a pattern onto a PET 3D surface. 

For the transfer of a pattern onto a 3D shaped surfaces of thermoformed PET sheets (See SI: 

3D surface design), the layers are deposited using hard masks consisting of horseshoe lines (See 

SI: Horseshoe design). Beforehand, to maintain the pattern on the water surface during the 

transfer, a 6 nm thick layer of gold is deposited as support (Figure 7). This step is mandatory. 

Transfer without this support layer has been tested, but in this case it is impossible to prevent 

the distortion of the pattern when the Au layer is transferred onto the water surface after etching 

Cu sacrificial layer. It is not possible to use a polymer film easily removed as a support layer 

for design transfer, because for complex 3D surfaces with positive Gaussian curvature (e.g. 

spherical surface) or negative Gaussian curvature (e.g. saddle surface), the polymer film will 

form wrinkles and folds that will prevent conformal 3D surface coverage. With a 6 nm thick 

Au support layer, horseshoe lines can be transferred to the 3D surface with excellent 

conformability (Figure 8). The lines remain homogeneous without almost any cracks whereas 

a lot of cracks appear on the surface of the 6 nm support layer. Although this layer cracked, it 

nevertheless maintained the horseshoe pattern during the transfer from the water surface to the 

object to be covered. As shown in the SEM image (See SI – SEM image), the 26 nm thick line 

deposited on the 6 nm thick support layer is nanoporous after Cu etching and transfer. The value 

of the sheet resistance of the line is 6 Ω/□ and is well consistent with the value measured for 

layers transferred to a flat surface (Figure 4). 

  



 

 

 

Figure 7. Schematic representation of the layers, including the Au support layer and the 

patterns to be transferred. 

 

 

 

Figure 8. Transfer of a horseshoe design on a 3D surface. The width of the lines is 3 mm. 

 

CONCLUSION 



Freestanding ultra-thin nanoporous gold films can be obtained on the surface of water and 

transferred to the surface of PET with surface areas of up to around 100 cm2. There is nothing 

in this process to prevent scaling up to larger surfaces, beyond 100 cm2. The minimum critical 

thickness of gold layers is between 6 nm and 13 nm. Films that are too thin suffer from 

fragmentation after copper etching, resulting in a loss of electrical conductivity due to cracks. 

From a thickness of 13 nm, the transfer can take place without any crack formation and film 

fragmentation. These thicker films have properties in terms of sheet resistance and 

transmittance ranging from a few Ω/□ for 56 nm-thick films, not transparent, to about tens Ω/□ 

for 13 nm-thick films with a transparency of the order of 50 %. Transferred films, whatever 

their equivalent Au thickness (13, 26, or 56 nm) can withstand flexion cycles up to a curvature 

radius of 1 mm on PET substrate corresponding to a tensile strain of 6.5 %. It is worth noticing 

that, in comparison, films of equivalent thickness directly deposited on PET do not withstand 

the flexion test and lose their conductivity. The excellent flexibility performance of the 

transferred films could be attributed to the specific 2D morphology consisting of a nanoporous 

microstructure induced by Cu etching process. This remarkable change in behavior between the 

direct deposited films and the transferred layers must be emphasized and will be the subject of 

future work. 

We also observe differences between transferred pure Au films and transferred dealloyed 

films: for a given equivalent Au thickness, dealloyed films present the highest sheet resistance 

and lowest mechanical behavior under tensile strain, which could be attributed to the difference 

of morphology and microstructural defects introduced by the dealloying process. 

Transferring patterns from such ultrathin layers onto surfaces of 3D objects is possible using 

an additional support 6 nm thick layer that holds the pattern during the transfer operation. This 

kind of process could lead to potential applications in flexible electronics where an Au 

semitransparent flexible patterned electrode would be required on the surface of complex 3D 



shapes. Transferring such a flat patterned layer on a 3D object has proved very easy, provided 

a very thin support layer was used. 
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