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A B S T R A C T   

Indium tin oxide (ITO) is a ubiquitous transparent conducting oxide employed in several modern optoelectronic 
devices. However, due to limited availability and fast depletion of indium, there is an urge to supplement its use 
with suitable alternatives in appropriate sheet resistance range, depending on the application requirement. In 
this scenario, an alternative flexible transparent conducting Au/Pt/Au ultrathin metallic tri-layer electrode 
sputter-deposited on PET substrate is explored. The tri-layer shows maximum transmittance of 55% at 500 nm 
and it presents a nearly flat behavior in the entire visible spectrum. Electrical transport properties of Au/Pt/Au 
layer show sheet resistance of 66 Ω/□ and mobility of 8.32 cm2V− 1s− 1, respectively. The contact angle mea
surement indicates that plain hydrophilic PET (62.6◦) turns hydrophobic (94.2◦) upon coating with Au/Pt/Au tri- 
layer. The surface properties analyzed using atomic force microscopy and optical profilometry indicate a crack- 
free, densely packed homogenous film. The tri-layer film shows mechanical stability up to 50,000 bending and 
twisting cycles. The obtained surface work function of Au/Pt/Au tri-layer film is 4.97 eV. The ultrathin flexible 
Au/Pt/Au tri-layer explored as top electrode in a piezoelectric generator and as top and bottom electrodes in an 
alternating current driven electroluminescent device exhibits appreciable performance.   

1. Introduction 

Flexible transparent conducting electrodes (TCEs) form the back
bone of several modern optoelectronic devices such as building- 
integrated photovoltaics [1], flexible light-emitting diodes [2], organic 
light-emitting diode displays (OLEDs) [3], flexible photodetectors [4], 
foldable displays [5], electrochromic [6], piezoelectric generators [7], 
flexible electro-luminescent devices [8], etc. Most of these applications 
conventionally use indium tin oxide (ITO) as TCE due to its high optical 
transmittance (>85%) and low electrical sheet resistance (10–15 Ω/) 

[9]. However, the incessant use of ITO to meet the ever-growing energy 
demands has led to huge deficit of indium in the earth’s crust, thereby 
adversely impacting the demand vs supply gap, especially in the pre
vailing pandemic due to enormous increase in the usage of display de
vices for academics, business, and in the entertainment sector. 
Moreover, the brittle nature of ITO, combined with the requirement of 
high annealing temperature (>400 ◦C), significantly impact its re
sistivity [10], restricting its applicability in emerging full-fledged flex
ible and stretchable optoelectronic devices. These limitations have led to 
considerable exploration of material alternatives to ITO for sustainable 
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growth of the optoelectronics and energy related industries. These ma
terials can be broadly classified as oxide and non-oxide-based TCEs [11]. 
Among non-oxide-based TCEs, several materials such as graphene [12], 
conductive polymers [13,14], carbon nanotubes [15], metal mesh [16], 
nanowires [17], etc. have been investigated as potential supplement to 
ITO due to their abundance, significant mechanical stability and 
considerable transparent conducting properties. Moreover, the use of 
some of these alternatives in large-area applications is restricted due to 
the high cost involved in mass production of these materials [18]. 
However, most of these materials do not possess high optical trans
mittance (due to non-existence of bandgap in some cases) and high 
electrical conductivity on par with that of the standard ITO, and hence, 
they cannot replace ITO but can only supplement to a greater extent. 

Novel microstructures employing networks of metal nanowires and 
mesh patterns have been proposed for transparent conducting electrodes 
in order to overcome these shortcomings [11]. However, the major 
hinderances in their large-scale development are high optical haze due 
to scattering as well as electrical shorts from uneven surfaces, which are 
not desired for display-related applications [19]. Among the available 
alternatives, flexible ultrathin metal films are promising candidates in 
optoelectronics due to their facile and cost-effective fabrication meth
odology, high mechanical stability, considerable transparency and high 
electrical conducting properties. 

In order to use metals as transparent electrodes, there are three major 
ways, firstly, metals can be patterned in a such a way that they can 
possess very high transmittance (>85%) as well as high conductivity 
[20–22]. This is also called as metallic grid, where the spacing between 
two grids will be the deciding factor for the values of resistance and 
transmittance of the film (However, issues like diffraction limit their 
applicability). Secondly, metallic nanowires can be randomly assembled 
for use as transparent conducting electrodes with much higher trans
parency (without the limitation of diffraction issues) [23–26]. Lastly, 
ultrathin metal films (~10 nm) can be deposited in the range of skin 
depth of the respective metal such that they give reasonably good 
transmittance without sacrificing the conductivity, and are suitable for 
establishing lower contact resistance for fabrication of devices [27,28]. 
In the case of metallic nanowires and metallic grids, the contact resis
tance will be a key factor. In some applications like display devices, the 
contact resistance must be minimal in order to have better contact and 

performance of the devices. In several cases, a single metal thin film 
layer is sandwiched between two dielectric layers to minimize haze and 
maintain significant transparency [29]. 

Ultrathin metallic films are usually adapted in a multilayer archi
tecture so that the synergistic effect of each metal layer can enhance the 
overall transmittance and conductivity into a wider visible spectral 
range [30]. In a single layer, the transmittance maximum from indi
vidual metals is only limited to specific wavelengths [30]. The metals Au 
and Pt are low-reactive noble metals and their ultrathin films (below 
their respective skin depth) possess transmittance in the visible region of 
the electromagnetic spectrum [31]. In order to induce wide-range 
transparency in the visible region, their combination is made into a 
tri-layer architecture (Fig. 1a) and explored, thereby serving as moti
vation for the current work. 

The thickness of individual layers based on their skin depth [32] 
forms the deciding factor for the transparent conducting property of 
multilayer TCEs. When the thickness of a thin film is high, its trans
mittance will be low, and when the thickness is low, the thin film pos
sesses high transmittance. Hence, the thickness values of individual 
metal films become crucial when designing a TCE. In addition to this, the 
main advantage of using ultrathin metal films is their excellent flexi
bility, cost-effectiveness (due to lesser material usage), compactness, 
ease of deposition due to well-established physical vapor deposition 
techniques, and compatibility with a variety of substrates. As mentioned 
earlier, in some cases, a single metal thin film layer is sandwiched be
tween two dielectric layers to minimize haze and maintain significant 
transparency [33]. Xiaoxiao et al. [34] reported that multi-layered 
ZnO/Au/ZnO has lower sheet resistance and higher transmittance 
than that of single ZnO layer of the same 50 nm thickness. Similarly, 
some of the oxide/metal/oxide sandwich structures have also been re
ported in literature [35–37]. The thin films can also be all-metal in a 
bilayer or tri-layer architecture, forming a TCE. Recently, an ultrathin 
all-metal tri-layer TCE with the configuration Au (2 nm)/Ag (4 nm)/Au 
(2 nm) deposited by thermal evaporation technique has been demon
strated [38]. A maximum of ≅ 62% optical transmittance (at 550 nm) 
was observed in this thermally-evaporated tri-layer, indicating a 
trade-off between optical transmittance and electrical conductivity [38]. 
Zhu et al. showed that the transmittance and sheet resistance of a 
continuous metal film composed of 6 nm Cr and 9 nm Au exhibits 

Fig. 1. (a) Pictorial 3D representation of ultrathin Au/Pt/Au tri-layer film architecture, (b) Photograph of deposited homogenous tri-layer indicating its bendable and 
transparent nature, and (c) X-ray diffraction patterns of plain PET and Au/Pt/Au sputter deposited over PET film. 
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slightly better transmittance with a sacrificial loss in conductivity 
compared to the films with higher thickness of Au (17, 26, and 34 nm), 
but it displays very high resistance of 766 kΩ/. However, in the case of 
metal mesh electrodes with Au thicknesses of 17, 26, and 34 nm, 
decrease in sheet resistance is observed with increased metal thickness 
without appreciable change in the film transmittance, mainly due to the 
apertures in the film [39]. Such network kind of films are not suitable for 
all types of optoelectronic devices, due to non-uniform surface work 
function by the presence of apertures. The deposition methods used to 
fabricate these structures also play a vital role in influencing their op
tical and electrical properties. Metal-based TCEs are predominantly 
deposited using magnetron sputtering due to its capability to produce 
high quality films even over a larger area [40]. 

In the case of metallic thin films, it is challenging to stabilize both 
conductivity and transmittance since thick films show very good con
ductivity, but very low transmittance. The total thickness and individual 
metal skin depth of the film decide the combined transparency and 
electrical conductivity. In this regard, the effective skin depth (δeff) of 
the Au/Pt/Au tri-layer film at λ = 500 nm is calculated using a MATLAB 
code based on a theoretical model by Deng et al. [38,40] as shown in the 
following equations: 

δeff =
∑N+1
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where, t is thickness of the layer, ω is the angular frequency of visible 
light, μ is the permeability of the layer, σ is the electrical conductivity, n1 
and n2 are refractive indices of ith and (i + 1)th layers, respectively. The 
iterated value of δeff using Eq. (1) for the Au/Pt/Au tri-layer film is 7.957 
nm. The critical requirements of electrodes in flexible optoelectronic 
and wearable electronic devices are good visible-light transmittance, 
electrical conductivity and adaptiveness to mechanical changes such as 
bending, folding and twisting. In the current work, we explore the use of 
relatively low-reactive noble metals such as Au and Pt in a tri-layer ar
chitecture deposited on a flexible PET substrate for use as a TCE. Pt has 
good chemical stability and stable temperature co-efficient of resistance 
[41] and Au is also a typical metal for serving as stable electrode [42]. 
Each layer with a thickness of 2 nm (based on the skin depth as esti
mated using the above equations) is deposited on a flexible PET film 
using sputtering technique in Au/Pt/Au architecture. Au metal is coated 
as seed layer as well as capping layer to decrease the surface/interface 
roughness and to protect the Pt layer from oxidation, and it also helps to 
increase the conductivity of the ultrathin film. The flexibility and 
transparent conducting properties of this TCE are explored and 
demonstrated in piezoelectric nanogenerator (PEG) and alternating 
current electroluminescent (ACEL) devices as a proof of principle vali
dation of its viability in a variety of optoelectronic device applications. 

2. Experimental details 

2.1. Materials 

A substrate of thickness >120 μm results in poor flexibility in gen
eral, and therefore, a highly flexible poly-ethylene terephthalate (PET) 
substrate of 35 μm thickness was used as substrate. High purity Au and 
Pt metal targets were used to deposit the tri-layers in a LJ5 ultra high 
vacuum (UHV) DC magnetron sputtering system. Zinc nitrate [Zn 
(NO₃)₂], NaOH pellets of AR grade chemicals purchased from Sigma 
Aldrich, USA, and aluminum foils of thickness ≅ 0.1 mm purchased 
from Special Metals Pvt. Ltd., India, were used to prepare the ZnO film 
during device fabrication. ZnCl2, MnCl2, and NH4OH of AR grade 
chemicals (Sigma Aldrich, USA) were used to prepare ZnS:Mn phosphor 
material for fabricating the devices. 

2.2. Deposition of metallic tri-layer film on PET 

The PET film was cleaned using isopropanol (IPA) and a jet of inert 
gas prior to deposition to remove dust particles clinging to the surface of 
the substrate. Multi target (5 Nos.) ultra-high vacuum (UHV) DC 
magnetron sputtering equipment was used for deposition of the multi- 
layer using Ar gas. The Au/Pt/Au multi-layer was deposited sequen
tially using high purity (99.9 wt%) Au and Pt sputtering targets. The 
sputtering was performed in confocal geometry with an incident angle of 
45◦. The substrate was rotated at 10 RPM during deposition for 
achieving uniform thickness. The metallic tri-layer (Au/Pt/Au) film was 
deposited in ultra-high vacuum (6 × 10− 8 Torr) with substrate tem
perature maintained at 70 ◦C. The thickness of each layer is 2 nm and the 
total thickness of the Au/Pt/Au film is 6 nm. The optimization details of 
individual metal thickness by X-ray reflectivity (XRR) (Rigaku Smart Lab 
multipurpose) are given in the supplementary information. Thickness 
values were calibrated using XRR, where Figs. S1 and S2 correspond to 
Au and Pt, respectively (Table S1). All the layers were deposited by 
supplying input sputtering power of 25 W under Ar gas with a working 
pressure of 5 mTorr. The seed and capping Au layers were deposited 
with 2 nm thickness for 34 s with a deposition rate of 0.058 nm/s. The Pt 
layer with a thickness of 2 nm was deposited at a deposition rate of 
0.028 nm/s for 72 s (Table S2). Fig. 1a shows the 3D (Fig. S3 shows 2D) 
pictorial representation of the deposited Au/Pt/Au tri-layer. Fig. 1b 
shows the photograph of the sputter-deposited Au/Pt/Au tri-layer on 
flexible PET film. 

2.3. Fabrication of piezoelectric generator 

The Au/Pt/Au sputter-deposited ultrathin flexible film and 
aluminum foil were used as top and bottom conducting electrodes, 
respectively, in the fabrication of a piezoelectric nanogenerator (PEG). 
ZnO film was deposited on aluminum foil by chemical bath deposition 
method. An aqueous solution of 160 ml was prepared using 0.5 g zinc 
nitrate and 0.3 g of sodium hydroxide pellets dissolved in DI water. The 
aluminum foil was cleaned with acetone and dipped into the solution, 
after which it was treated in a vacuum oven for 4 h at 80 ◦C to facilitate 
the growth of ZnO nanorods over the aluminum foil. The ZnO grown on 
aluminum foil was cleaned with DI water to remove loosely bound ZnO 
nanostructures. The aluminum foil with ZnO nanorods was fixed firmly 
to the flexible Au/Pt/Au ultrathin film using Kapton tape without any 
short circuit of the electrodes. The piezo-output response was obtained 
from a digital storage oscilloscope (DSO) (Tektronix-TBS 1102) inter
faced with a computer by applying finger-tapping pressure. The 
switching-polarity measurements were also performed by interchanging 
the electrode connections. 

2.4. Fabrication of alternating current electroluminescent device 

The orange emitting ZnS:Mn phosphor material was prepared using 
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an alkaline technique [43]. Ammonia complex formed by the reaction of 
ZnCl2 with NH4OH was subsequently exposed to H2S gas bubbles to 
obtain ZnS precipitate which is found to be luminescent. Manganese (II) 
chloride (MnCl2), a soluble dichloride salt of manganese was then added 
to ZnS precipitate in ppm increments and dried in an oven at 120 ◦C/5 h. 
The obtained precursor was thoroughly ground with a mortar and 
pestle, and then fired at 950 ◦C in sulphur atmosphere for 43 h to obtain 
ZnS:Mn (0.01 wt % of Mn) phosphor for use as an active layer in an ACEL 
device. The final ZnS:Mn phosphor material was thoroughly mixed with 
a dielectric medium (εr ≅ 5) to obtain the ZnS:Mn paste. 

Two ultrathin Au/Pt/Au metal-coated PET films as the top and 
bottom transparent conducting electrodes, and an orange emissive layer 
of ZnS:Mn layer sandwiched in the middle [44–47] were used to 
assemble the ACEL device. The bottom electrode was covered with 
double-sided transparent tape, and the middle of the tape was engraved 
by cutting into a rectangular well shaped pit. Then, the ZnS:Mn emissive 
paste was filled in the rectangular well on the bottom ultrathin flexible 
Au/Pt/Au film by doctor blade technique [44]. Another ultrathin flex
ible Au/Pt/Au film as top electrode was attached to the emissive layer 
without any electrical short circuit with the bottom electrode. Double 
side glued copper tape was affixed to the top and bottom electrodes to 
clip to the power source without puncturing the electrodes. A 
cost-effective indigenous portable power source was designed to ener
gize the device by transforming direct current field into an alternating 
current field. The input voltage of this source can be varied between 12 
and 300 VAC using a potentiometer. 

2.5. Characterization 

The Rigaku Smart Lab automated multipurpose X-ray diffractometer 
with Cu Kα radiation (wavelength, λ = 1.5406 Å) was used to analyze 
the structural properties. Individual layer thickness was optimized using 
X-ray reflectivity technique prior to deposition. Transmittance spectra 
were obtained using a UV–vis spectrometer (Analytik Jena, SPECORD 
210 PLUS). Surface morphology and elemental composition were 
analyzed using a scanning electron microscope (Tescan, Vega 3 LMU). 
Surface topography was obtained from a non-contact optical profiler 
(NanoMap 1000WLI). The surface features of the films deposited on 
glass substrates were explored using atomic force microscopy (AFM, 
Park NX10). Contact angle measurements were performed using DSA25 
Drop Shape Analyzer (KRUSS, Germany). Electrical transport properties 
were measured using linear four-probe and Hall effect (Ecopia, HMS 
3000) techniques. Work function of the samples was measured using 
Kelvin probe microscopy (KP Technologies APS04) operated in air with 
a 2 mm gold alloy tip. Bending and twisting tests were performed to 
check the flexibility of the Au/Pt/Au film using an indigenous bending 
and twisting apparatus [32]. Using Olympus (Model BX53F) optical 
microscope in reflection mode, the surface features of the deposited 
Au/Pt/Au tri-layer film were explored before and after inducing fatigue 
by the bending-twisting apparatus. To study the adhesion properties, 
scotch tape test was performed on the surface of the film. However, 
scotch tape test is only qualitative in nature, but is very important in 
evaluating the strength and quality of film adhesion, especially for a 6 
nm multilayer film. 

3. Results and discussion 

3.1. Structural properties 

X-ray diffraction patterns of plain PET and Au/Pt/Au coated PET are 
shown in Fig. 1c. Both the patterns are nearly similar, however, the main 
peak around 26.19◦ corresponding to PET substrate is shifted to 25.54◦

after deposition of Au/Pt/Au layers. This information gives an indica
tion about the existence of the deposited Au/Pt/Au metallic tri-layers 
over the PET substrate. No individual peaks corresponding to Au and 
Pt are observed since the total thickness of the tri-layer is merely 6 nm, 

and moreover, since the deposition temperature is only 70 ◦C, the 
deposited layers may be amorphous in nature. 

3.2. Surface topology 

Surface topography of the sputtered Au/Pt/Au tri-layer on PET film 
is analyzed using AFM and optical profiler techniques. The surface 
analysis of the flexible Au/Pt/Au sputtered PET film is highly chal
lenging since the tip of the AFM instrument is extremely sensitive. 
Therefore, in the present work, the Au/Pt/Au tri-layer was sputter- 
deposited simultaneously on both glass and PET substrates. Moreover, 
metal films over 100 nm thickness are not beneficial for use in opto
electronic devices which essentially require a smooth electrode surface 
[48]. The 2D and 3D AFM images (Fig. 2a and b) of Au/Pt/Au tri-layer 
on glass substrate show that the film is crack-free and densely packed. 
From Fig. 2b, the Au/Pt/Au thin film clearly indicates the presence of 
needle-like particulates on the surface of the film with a lower RMS 
roughness of 1.04 nm. The topography of the flexible Au/Pt/Au sput
tered on PET film was analyzed using optical profiler in non-contact 
mode and the 2D and 3D images are shown in Fig. 2c and d, respec
tively. Fig. 2(e and f), shows the 2D and 3D images of plain PET surface 
and it is observed to be smooth. Also, the surface roughness calculated 
using AFM was reported to be 3.68 nm by K.G. Kostov et al. in the 
literature [49]. The 3D image of Au/Pt/Au film clearly shows a highly 
homogeneous film with significantly less spike-like features at that 
magnification over a larger area (1 mm × 1 mm), which implies its 
suitability in large-scale optoelectronic devices. 

In the present case, the ultrathin tri-layer is deposited by sputtering 
technique for an individual layer thickness of 2 nm. Here, the most 
probable mode is Stranski-Krastanov, which is a mixed layer plus island 
growth mode [50,51]. Therefore, within a threshold limit, island for
mation may occur and upon depositing the Pt and Au overlayers, a 
considerably sharp interface exists, as evident from the X-Ray reflec
tivity data (Please see the supplementary file) and also from the inter
ference pattern obvious in the UV–Vis transmittance data (Please see 
inset of Fig. 4b). Therefore, the deposited ad-atoms or molecules are 
strongly bonded to the substrate and to each other progressively with 
the deposition of subsequent layers. All these factors lead to consider
ably uniform film formation with a moderate surface roughness of 1.04 
nm. 

3.3. Wettability of the Au/Pt/Au ultrathin flexible film 

The wettability nature of the sputter-deposited Au/Pt/Au ultrathin 
flexible film is analyzed using contact angle measurement with de- 
ionized water as test medium. In 1805, Young defined a relation be
tween three interfacial energies per unit area [solid-vapor interface (γsv), 
solid-liquid interface (γsl), and liquid-vapor interface (γlv)]. Young’s 
relation is given as follows [52], 

Υsv = Υsl + Υlv cos θ (5)  

where, θ is the angle between the solid surface and the tangent of the 
liquid drop at the contact point between the three phases. Based on the 
contact angle of water, the wettability nature of the thin film surface is 
divided into three categories: non-wettable (hydrophobic) (θ > 90◦), 
partially wettable (hydrophilic) (0◦< θ < 90◦), and totally wettable (θ =
0) (super hydrophilic) [52]. Usually, the contact angle of a thin film is 
mainly dependent on aspects such as surface roughness, functional 
groups existing on the surface of the film, impurities present on the 
film’s surface, porosity of the film, and surface energy [53]. 

In the present case, de-ionized water droplets tested on plain PET, 
Au/Pt/Au sputtered deposited over PET and commercial ITO films are 
shown in Fig. 3a, b and 3c, respectively. The plain PET substrate shows 
hydrophilic nature with a contact angle of 62.6◦, and after deposition of 
the Au/Pt/Au metallic tri-layer, it turns hydrophobic with a contact 
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angle of 94.2◦. Here, the variation in the contact angle is mainly due to 
surface roughness and chemical nature of the film. The low surface 
roughness (1.04 nm) of the deposited ultrathin flexible Au/Pt/Au film 
with nano-dimensional needle-like features may be the cause for the 
change from hydrophilic to hydrophobic nature. The commercial flex
ible ITO also shows hydrophobic nature with a contact angle of 102.9◦. 
Hydrophobic nature of the deposited thin film helps in low-wetting of 
the Au/Pt/Au ultrathin film, which may be useful for self-cleaning-like 
requirements of the deposited film. 

3.4. Optical transmittance 

Fig. 4a shows the optical transmittance spectra of the deposited Au/ 
Pt/Au tri-layer and commercial flexible ITO film (Zhuhai Kaivo Opto
electronic Technology Co., China). The Au/Pt/Au tri-layer film shows a 
maximum transmittance (T) of 55% at 500 nm, whereas flexible ITO has 
slightly higher transmittance of 58% at 550 nm. The transmittance of 
commercial ITO is marginally higher in the visible region, but in the case 
of the deposited Au/Pt/Au ultrathin flexible film, the transmittance 
shows near-flat behavior in the entire spectrum (350–1000 nm). How
ever, this is lower than that of the Au/Ag/Au tri-layer (62%) [38] and 

Fig. 2. (a and b) The 2D and 3D AFM images of Au/Pt/Au tri-layers deposited on glass substrate, (c and d) the 2D and 3D optical profiler images of Au/Pt/Au tri- 
layer deposited on PET substrate, and (e and f) 2D and 3D optical profiler images of plain PET film. 

Fig. 3. Contact angle measurement of water droplet on the surface of (a) Plain PET, (b) Au/Pt/Au tri-layer film coated over PET, and (c) Flexible commercial ITO.  

R. Muniramaiah et al.                                                                                                                                                                                                                         



Vacuum 206 (2022) 111487

6

higher than the reported value for Cu/Ag/Au tri-layer film (40%) [54] 
deposited by thermal evaporation technique. Alexander et al. reported 
the individual transmittance of 2 nm Au thin film deposited on glass 
substrate to be 70% at 500 nm [30,55]. In the present case, the addition 
of another 2 nm of Pt and 2 nm of Au leads to decrease in the trans
mittance of the deposited Au/Pt/Au layer. However, the transmittance 
of the deposited Au/Pt/Au flexible thin film shows an extended behavior 
from ultraviolet region to near-infrared region, with a value ranging 
between 48% and 55% (Fig. 4b). The flat behavior in the transmittance 
spectra is mainly due to the presence of two different metal layers (Au 
and Pt) in the tri-layer architecture, demonstrating significant change in 
transparency in comparison with that of commercially available flexible 
ITO from ultraviolet to near-infrared regions. The peak at 500 nm with 
transmittance value of 55% is mainly due to the presence of Au layer in 
the tri-layer architecture [30]. The inset of Fig. 4b shows an interference 
pattern around 800 nm, which is due to the layered structure of the 
sample with distinct and sharp interface. From the literature, it is well 
known that ITO and FTO films present very low transmittance in the 
near-infrared and infrared regions, which is mainly due to the presence 
of free electron plasmon resonance or strong free carrier absorption 
[56–59]. The optical transparency of the ultrathin Au/Pt/Au metal film 
dominates that of ITO in the near-infrared region, which may be due to 
the presence of free-carrier plasmon edge in the infrared region [59]. 
However, the transmittance of an ultrathin film is mainly dependent on 
its percolation threshold thickness of the respective material [60]. When 
the thickness of the film is below the percolation threshold, it forms a 
network of islands, whereas an increase in film thickness leads to 
continuous film formation, resulting in reduced transparency [60]. 

3.5. Electrical transport properties 

The electrical transport properties of the Au/Pt/Au tri-layer film are 
evaluated using Hall effect at room temperature (300 K). The carrier 
concentration (N), sheet resistance (Rs), resistivity (ρ), conductivity (σ) 

and mobility (μ) values of Au/Pt/Au and commercial ITO are listed in 
Table 1. At lower thickness, below the threshold limit, due to island like 
features leading to discontinuity may result in higher electrical resis
tance. If the thickness of the film surpasses the percolation threshold, 
then the discrete metal clusters further grow, forming a continuous 
metal layer, thereby increasing the conductivity of ultrathin metal films 
[61]. In the present case, 2 nm Au is deposited as seed layer to deposit Pt 
layer of 2 nm, followed by 2 nm of Au layer as capping layer in order to 
avoid oxidation and for better chemical stability and surface function
ality. The deposited Au/Pt/Au layer shows a sheet resistance of 66 Ω/□ 
with resistivity of 3.72 × 10− 5 Ωcm, which is slightly higher than that of 
commercial flexible ITO film. 

The resistivity of ultrathin Au/Pt/Au metal film is severely affected 
by electron scattering from grain boundaries and interfaces. The charge 
carrier concentration and conductivity of the deposited Au/Pt/Au ul
trathin metal are marginally higher than that of commercial ITO 
(Table 1). The mobility of the deposited film shows slightly lower (8.32 
cm2V− 1s− 1) value than that of commercial ITO (10.18 cm2V− 1s− 1), 
which may be due to the carrier scattering process that occurs in the thin 
film due to grain boundary scattering, phonon scattering and free carrier 
trapping at the interfacial defects [63]. The presence of a greater number 
of charge carriers leads to more frequent collisions, resulting in a 
decrease in the mean free path of electrons, in turn, contributing to 
lower mobility of the Au/Pt/Au ultrathin metal film. In addition to this, 
the surface features of the film also affect the mobility of carriers in the 
deposited film. 

3.6. Surface work function 

Surface work function (ɸ) plays a very important role in the effi
ciency and performance of optoelectronic devices. Here, the work 
function of the sputtered Au/Pt/Au ultrathin flexible thin film is esti
mated from Kelvin probe measurement operated in ambient atmosphere 
with a 2 mm gold alloy tip [64]. Initially, the gold tip is calibrated with a 

Fig. 4. (a) Transmittance spectra of Au/Pt/Au coated PET and commercial flexible ITO films, and (b) Enlarged transmittance spectra of the Au/Pt/Au flexible 
ultrathin metal film (inset is the interference pattern due to the constituent layers of the tri-layer architecture). 

Table 1 
Optoelectronic parameters of Au/Pt/Au ultrathin flexible tri-layer film in comparison with ITO and previously reported metallic tri-layer film.  

Sample name N(cm− 3) Rs(Ω/□) ρ(Ωcm) μ(cm2V− 1s− 1) T(%) Φ(eV) FoM(Ω− 1) Ref 

ITO 1.29 × 1022 5 4.73 × 10− 5 10.18 ≅ 55 (500 nm) 4.4 5.06 × 10− 4 [38] 
Cu/Ag/Aua 1.15 × 1023 7.7 9.70 × 10− 6 5.58 ≅ 40 (550 nm) – 1.39 × 10− 5 [62] 
Au/Ag/Aua 2.48 × 1023 10.42 7.46 × 10− 6 3.4 ≅ 62 (550 nm) – 5.20 × 10− 4 [38] 
Au/Pt/Aub 2.01 × 1022 62.08 3.72 × 10− 5 8.32 ≅ 55 (500 nm) 4.97 3.39 × 10− 5 Present work  

a : thermal evaporation. 
b Sputtering (Present work). 
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standard Au-coated Al substrate (work function of Au-coated Al sub
strate is 5.1 eV) by evaluating the contact potential difference (VCPD) 
between the Au film and the tip [64].  

Φ tip = Φ Au coated Al substrate – VCPD                                                    (6)  

Φ tip = 5.1 – VCPD                                                                           (7) 

The value Φtip is estimated (from equation (7)) to be 4.877 ± 0.016 
eV. The Au/Pt/Au ultrathin flexible film is then loaded, and VCPD be
tween the sample and the tip is calculated using the following relation 
[64].  

Φ Au/Pt/Au = Φ tip + VCPD (Au/Pt/Au)                                                 (8) 

The estimated work function of the sputter-deposited Au/Pt/Au ul
trathin flexible film is found to be 4.97 eV. The work function values of 
individual Au and Pt metals are reported to be in the range 5.31–5.47 eV 
and 5.12–5.93 eV, respectively [65]. The reported work function for ITO 
is around 4.3–4.4 eV [66–69]. Although the measured work function of 
Au/Pt/Au ultrathin flexible film is higher than that of ITO, it can be 
employed in specific applications, wherever this range of work function 
is necessary. Nevertheless, many optoelectronic devices need at least 
one electrode with a low surface work function. Low surface work 
function improves either the collection of electrons or the injection of 
electrons from the conduction band minima (CBM) or lowest unoccu
pied molecular orbital (LUMO) of a given inorganic/organic 
semiconductor. 

3.7. Mechanical stability 

The development of flexible electronic gadgets for portable and 
wearable devices requires a variety of transparent conducting flexible 
electrodes with good stability for several bending and twisting cycles 
without significant change in sheet resistance, so as to retain the effi
ciency and lifetime of the device. Therefore, it is necessary to study the 
stability of sheet resistance of the sputter-deposited Au/Pt/Au ultrathin 
flexible electrode for thousands of bending and twisting cycles, which 
shows the ability of the films to withstand external stress and strain. The 
bending and twisting tests of commercial ITO along with Au/Pt/Au ul
trathin flexible film were performed using an indigenously designed 
apparatus employing an ATmega328 microcontroller [38]. Insets of 
Fig. 5a and b shows the films loaded in bent and twisted positions, 
respectively. The bending and twisting tests were performed at a speed 
of 20 bending cycles per min and 14 twisting cycles per min, respec
tively. The time taken for 5000 bending and twisting cycles was 250 and 

350 min, respectively. Sheet resistance stability measurements of total 
50,000 bending (Fig. 5a) and twisting (Fig. 5b) cycles each with steps of 
5000 bends and twists were performed on the sputtered Au/Pt/Au ul
trathin flexible tri-layer film. The sheet resistance stability measurement 
of commercial flexible ITO was also performed at the same rate. Due to 
lower stability, a total number of 2500 bending and twisting cycles with 
an interval of 500 cycles were performed. 

The bending and twisting-induced strain in a metallic thin film is 
dependent on the thickness of the metallic film (dm), thickness of the 
substrate (ds), bending radius (R), and Young’s modulus of the deposited 
metal (γm) and substrate (γs) [70]. The strain in the deposited film can be 
calculated using the following equation [70]. 

S=
(

dm + ds

2R

)(
1 + 2η + χη

(1 + η)(1 + χη)

)

(9)  

where χ is the ratio of Young’s modulus of the deposited metal to that of 
the substrate, and η is the ratio of metal film thickness to substrate 
thickness. From the equation, the bending strain is proportional to the 
thickness of the deposited film, and so, if the thickness of the film is 
reduced, the bending strain of the film decreases, leading to increase in 
the flexibility and stability of the deposited metal film. 

Metal films are highly ductile and can withstand up to several 
thousands of bending and twisting cycles. Yin et al. demonstrated good 
stability of a flexible OLED fabricated using Ag (80 nm) as anode with 
bending radius of 30 μm, without degrading the device performance 
[71]. Kang et al. reported a polymer-metal hybrid electrode which 
showed good stability up to 1000 bending cycles compared to com
mercial ITO, and they observed decrease in device performance for the 
ITO electrode after 1000 bending cycles, whereas the device made with 
Ag electrode showed nearly no degradation of device performance [14]. 
A comparison between previously reported alternative flexible trans
parent conducting electrodes with the present work is given in Table 2. 

Au/Pt/Au ultrathin flexible film with a thickness of 6 nm shows good 
mechanical stability up to 50,000 bending and twisting cycles. The 
flexibility of the Au/Pt/Au film is 100 times higher than that of the 
commercial flexible ITO as shown in Fig. 5a and b. The flexible ITO film 
is not stable even up to 2500 bending and twisting cycles as shown in 
Fig. 5a and b, causing damage due to its brittle nature. The observed 
high stability in Au/Pt/Au film is mainly due to the ductile nature of 
metallic layers compared to that of oxide films, and also because of low 
thickness of the Au and Pt layers. 

The sheet resistance of Au/Pt/Au ultrathin flexible film does not 
exceed 300 Ω/□ even after 50,000 bending and twisting cycles, whereas 

Fig. 5. Stability of sheet resistance of Au/Pt/Au tri-layer film in comparision with commercial ITO for (a) bending and (b) twisting modes (Insets are the photograph 
of the respective modes). 
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in the case of commercial flexible ITO, it exceeds 300 Ω/□ within 500 
bending and twisting cycles, and drastically increases to 5 kΩ/□ within 
2500 bending or twisting cycles (Fig. 5a and b). Fig. 6 shows the optical 
microscopic images of commercial ITO film before and after 2500 
bending and twisting cycles, where cracks on the ITO film are observed 
clearly. These cracks lead to discontinuity in the film surface, resulting 
in high sheet resistance. 

Whereas, in the case of sputter-deposited Au/Pt/Au ultrathin flexible 
film, optical microscopic images before and after 50,000 bending and 
twisting cycles are shown in Fig. 6d–f. Fig. 6e and f shows few cracks 
even after 50,000 bending and twisting cycles. However, these small 
cracks do not have much effect on the sheet resistance of the Au/Pt/Au 
ultrathin film. In addition to flexibility, it is necessary to investigate the 
adhesion properties of the deposited Au/Pt/Au ultrathin flexible film by 
subjecting it to scotch tape test. A scotch tape was placed and pressed on 
the film’s surface, and then stripped away manually for about six trials. 
Upon visual inspection, the film was found to be intact, implying good 
adhesion, and the film was also electrically conducting as tested for its 
electrical continuity using a multimeter with almost no change observed 
in the sheet resistance after the tape test. All these properties suggest 
that the Au/Pt/Au ultrathin tri-layer is a promising and electrically 
stable candidate for appropriate flexible optoelectronic device applica
tions with long-term robustness. 

3.8. Piezoelectric nanogenerator 

Fig. 7a shows the schematic representation of a piezoelectric 

nanogenerator (PEG) device architecture. Fig. 7b shows flower-like 
morphology of the near-vertically grown ZnO nanostructures and 
Fig. 7c shows the elemental composition of the same. To measure the 
open-circuit voltage of the nanogenerator, the bottom aluminum foil 
(Al) electrode and the top Au/Pt/Au ultrathin flexible electrode are both 
connected to a DSO using probes. In the forward connection, the top 
electrode (Au/Pt/Au ultrathin flexible film) is connected to the positive 
probe of DSO, and the bottom Al electrode is connected to the negative 
probe of the DSO. When a force is applied to the device by finger tap
ping, piezoelectric output voltage is generated due to mechanical 
deformation of the ZnO nanostructures. The generated output voltage 
for the repeated finger tapping is recorded in the DSO. The output 
voltage of the device is also measured in reverse connection, which is 
called the switching-polarity test. The switching-polarity test confirms 
that the output voltage is actually due to the nanogenerator device, and 
not from any spurious signals/instrument noise. The maximum output 
voltage (in both forward and reverse bias) produced for each finger tap 
by the nanogenerator device is ≅ 150 mV, as shown in Fig. 7d. The 
generated output voltage is nearly at the same level as that of the 
commercial ITO/PET and copper electrode-based ZnO nanogenerators 
reported previously [79,80]. The use of Au/Pt/Au ultrathin tri-layer as a 
top electrode makes the device very compact and flexible. Moreover, 
transparency of the top electrode contributes to additional degree of 
freedom which may be beneficial to induce novel functionality through 
interaction with incident light radiation. 

Table 2 
Comparison of parameters of Au/Pt/Au tri-layer film to previously reported alternative transparent conducting electrodes.  

Material Thickness (nm) T (%) Rs (Ω/□) Flexibility (bending cycles or radius) Application Ref. 

Ag NWs 30 ~85 50 1–5 mm ACEL [72] 
ZnO/Cu/ZnO 6.5 84 20 0–12 mm OPV [73] 
Ta2O5/Al-doped Ag 4 75 46.8 200 OPV [74] 
Au 4.4 78.4 70.4 2000 OLED [75] 
Au 7 72 24 1000 OLED [76] 
Au 7 75 19 2000 OLED [77] 
Ag 12 69 10 1000 OPV [78] 
Au 6 28 766 3000 OLED [39] 
ITO ≅ 100 55 5 2500 – Present work 
Au/Pt/Au 6 55 62 50000 PEG & ACEL  

Fig. 6. Microscopic images of commercial flexible ITO film: (a) pristine, (b) after 2500 bending cycles, (c) after 2500 twisting cycles; and Au/Pt/Au tri-layer coated 
over PET: (d) pristine, (e) after 50000 bending cycles, (f) after 50000 twisting cycles. 
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3.9. Flexible alternating current electroluminescent device 

A flexible alternating current electroluminescent device (ACEL) is 
demonstrated using the ultrathin flexible Au/Pt/Au transparent con
ducting film as both top and bottom electrodes. The main advantage of 
ACEL devices is their facile fabrication process which can be executed in 
ambient environment [81]. This is beneficial in extending them to 
large-area display devices even by simple and cost-effective processes 
like doctor blading or drop casting. One of the very essential charac
teristics of an ACEL device is its capability to be made into a very thin 
device architecture with enhanced flexibility and uniform emission 
across the whole surface area, leading to wider viewing angles [82]. 
Fig. 8a shows the flexible electroluminescent device architecture. 

The photograph of the fabricated flexible ACEL device using ultra
thin Au/Pt/Au film as a transparent conducting electrode and ZnS:Mn as 
electroluminescent emissive material is shown in Fig. 8b. The working 
mechanism of ACEL device is as follows: When an AC voltage is applied 
between the two electrodes, light is emitted by the device due to exci
tation of luminescence centers within the phosphor material. The entire 
procedure is divided into four steps: (a) electron injection, (b) electron 
transport, (c) impact excitation or impact ionization of the luminescence 
centers and (4) de-excitation of the excited electrons by radiative 
recombination process (Photon emission) [82]. The ACEL device fabri
cated using ZnS:Mn emissive layer and Au/Pt/Au ultrathin film elec
trodes shows orange color emission in the range 590–610 nm [83,84]. 
Initially, the luminescence flickers at low frequency and is eventually 
stabilized at higher frequency. The orange ACEL emission begins around 

95 V (threshold voltage), and when the applied voltage increases, the 
intensity of the device increases up to 180 V (saturation voltage). Fig. 8c 
shows the ACEL emission at 180 V, which is well matched with that of 
the previously reported ACEL device made from Al and ITO as bottom 
and top electrodes, respectively [84]. 

In addition to this, the device is also verified under UV light (365 nm) 
without any applied voltage as shown in Fig. 8d. Literature reports show 
that in ACEL devices, the back electrode is given lesser attention for 
innovation, and in most cases, thick metallic layers possessing high 
conductivity but no transparency are used in general. In the present 
case, we have used both the top and bottom electrodes as transparent 
conducting and flexible ultrathin metallic tri-layers, which is impressive 
since the flexible ACEL device can emit from both sides of the electrodes, 
unlike conventional devices that permit only one-side light emission. 

Both the PEG and ACEL devices demonstrate that the deposited Au/ 
Pt/Au thin film possesses high electrical conductivity as well as signif
icant transparency, thereby indicating its viability as a potential alter
native flexible transparent conducting electrode in a wide range of 
applications which may be comfortably wrapped around curvilinear 
surfaces and may respond seamlessly to applied potential or external 
forces. The flexibility and robustness of the metallic tri-layer electrode 
may be suitable for long period of operation when used in flexible ACEL 
devices, making them reliable for real-time usage. 

4. Conclusion and outlook 

Ultrathin Au/Pt/Au flexible tri-layer film is successfully deposited on 

Fig. 7. (a) Piezoelectric generator device architecture with Au/Pt/Au flexible transparent thin film as a top electrode, (b) SEM image, (c) EDAX spectrum of ZnO 
grown on aluminum foil (inset is the weight and atomic percentage table) and (d) Time vs Open circuit voltage response of the piezoelectric generator. 
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PET substrate by sputtering technique. Au/Pt/Au film shows maximum 
transmittance of 55% at 500 nm and a near-flat behavior throughout the 
spectral range with transmittance between 48% and 55%, revealing its 
applicability for usage in UV–visible and near infrared regions, and it 
may be applicable for flexible energy-harvesting applications. It pos
sesses low values of sheet resistance, resistivity, and work function of 62 
Ω/□, 3.72 × 10− 5 Ωcm, and 4.97 eV, respectively. In addition to the 
appreciable optoelectronic properties, it also exhibits very high me
chanical stability of 50,000 bending and twisting cycles, which is far 
better than that of commercially available ITO, in this range of testing. 
The commercial ITO shows stability only for a mere 500 bending and 
twisting cycles. The deposited ultrathin Au/Pt/Au flexible film is 
demonstrated as an electrode in optoelectronic devices like piezoelectric 
nanogenerator and alternating current electroluminescent device. The 
piezoelectric nanogenerator produces nearly 150 mV on applying force 
by finger tapping. The ACEL device starts producing orange emission at 
95 V, and with increase in voltage, the brightness of the device increases 
up to 180 V. Both the demonstrated devices imply the potential of 
sputter-deposited ultrathin flexible Au/Pt/Au tri-layer film as a prom
ising electrode system for use in various flexible optoelectronic devices. 
The ACEL device has an advantage of emitting light from both the top 
and bottom electrodes, and the transparent top electrode may extend 
additional functionality of irradiation with UV light in the case of 
piezoelectric nanogenerator apart from finger tapping. However, further 
exploration is necessary on an effective strategy to minimize perfor
mance failure under mechanical deformations in order to extend the 
lifetime of the demonstrated optoelectronic devices. The significant 
retention of optoelectronic properties even after several thousands of 
mechanical bends and twists indicates the electrical durability of the 
metallic-tri-layer. Researchers have reported formation of electrical 
double layers which behave as capacitors in metal-based conductors 
when combined with dielectric layer [40,81]. Therefore, from this point 
of view, the ultrathin metal layer has scope for further exploration as 
electrode system towards realizing bendable micro-supercapacitors. 
Being highly flexible, the ultrathin tri-layer over 30-μm PET can be 
tailored simply by cutting it using a pair of scissors or a stencil to make 

desired electroluminescent patterns of various geometrical shapes and 
designs for applications like diffuse indoor-lighting in buildings and 
automobiles, decoration/fashion designing, and also for 
see-through-flexible electronics. Owing to the low melting point of the 
30-μm PET substrate, one can easily laminate it into wearable elec
tronics as well as in safety jackets/traffic signs by suitably altering the 
phosphor material. Due to the facile and open air-process of the as
sembly protocol of the demonstrated devices without requirement for 
high temperature/vacuum, the robust metallic-tri-layer is highly suit
able for scalability of various real-time optoelectronic devices for the 
current and future interactive-display-centric world. 
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