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Abstract
Copper (Cu) thin �lms are deposited on polyethyleneterephthalate (PET) substrate using ion-beam-
sputtering technique. The formation of Cu thin �lms is successful con�rmed as investigated by X-ray
diffraction (XRD). Surface morphology of Cu/PET is studied by atomic force microscopy (AFM). The AFM
results show that Cu �lm dewets PET surface and the surface roughness increased from 22.6 nm for PET
to 45.3 nm after 40min of deposited Cu/PET. The sheet resistance decreases from 5.16x104Ω to
1.3x104Ω and resistivity decreases from 2.3x10-2Ω.cm to 1.77x10-2Ω.cm, as the Cu deposition time
increases from 20min to 60min. The Young’s modulus increases from 2.82GPa to 2.96GPa and the
adhesion force enhanced from 14.7nN to 29.90nN after 40min of Cu deposition. The DC electrical
conductivity at 300V is improved from 1.75x10-8 S.cm-1 to 3.57x10-8 S.cm-1 after 60min of Cu deposition.
The results show that ion beam deposition of Cu on �exible PET platform clearly exhibits improvement
over pristine PET in the mechanical and electrical properties which renders it useful for electronics
applications.

1. Introduction
Fabrication of stable �exible conductive thin �lms is a relatively new area of research which promises
improvement in the electrical and mechanical properties of candidate polymer substrates for applicable
electronic devices [1–2]. The advantages for fabrication of conductive thin �lms on polymer substrates
are combined the polymer �exibility with metal conductivity properties [3]. There are numerous different
coating techniques capable of fabricating thin conducting �lms on polymer substrates. Ion beam
assisted sputtering technique stands out for its capacity to generate large impact momentum and linear
energy transfer of deposited species on the substrate, yielding superior mechanical stability of the
fabricated �lm [4–5].

The interaction between beam irradiation and polymer surface during deposition process can be tuned
for treating polymer surface to adjust their surface energy, surface conductivity and adhesion properties
[6–8]. Bertrand et al. studied the interface formation between Cu with PET and PMMA �lms with low
energy ion beam irradiation. They found that without surface activation, Cu atoms interact only very
weakly with both polymer surfaces [9]. The deposition based metallic thin-�lms for electronic devices
should have a low concentration of defects, good conductivity and high purity [10].

In recent years, researchers focus more on low dimensional conductors than bulk conductors, since low
dimensionality of materials present them novel properties [11] such as superior yield strength [12] and in
case of nanotubes even lower electrical resistance [13]. Intriguing properties of deposited metallic thin-
�lms have led to different applications such as memory devices [14], micro-electro-mechanical systems
(MEMS) [15], and optical devices [16]. Huang et al. fabricated Cu doped ultra-thin Ag transparent
conductive �lms on glass and PET substrates. They recorded Cu:Ag thin �lms revealed excellent thermal,
chemical and mechanical stability; and the �exible polymer solar cells using Cu:Ag electrodes have
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reached a conversion e�ciency of 7.53% [17]. Exemplary metals applied as conductivity promoters in
electronic devices are silver, gold, copper and aluminum [18–19].

Recently, Cu thin �lms, chie�y on �exible polymer substrates such as PET, have become of high
importance for �exible printed circuit boards [20]. The fabrication of metal thin-�lms on polymer
substrates is studied in many different con�gurations such as copper on PTFE [21], copper on polyimide
[22], silver/�uorocarbon nanocomposites on PET [23], aluminum on PET [24] and silver on PET [25], etc.
Numerous parameters can affect the �lm structure, such as deposition time, gas type, gas pressure,
substrate type, and the �lm thickness [26–28].

This study focuses physical ion beam sputtering method for deposition of Cu on PET. An advantage of
physical deposition is facile control of Cu/PET properties by adjustment of deposition conditions. The
structural, morphological and electrical properties of Cu deposited PET will be discussed. The aim of the
present work is to point modi�cation directions of the PET properties by ion beam deposition of Cu to
meet requirements for its wide use in high technology applications.

2. Materials And Methods

2.1 Ion source sputtering system
The deposition processes were carried out using a home-designed ion beam sputtering instrument, which
is described elsewhere [29]. A positive potential is applied by a DC power supply for initiating the
discharge process between an anode and a cathode which is linked to the earth as shown in Fig. 1. A
negative potential is applied to the extraction electrode by another DC power supply to extract the ion
beam. Cu �lms are deposited on PET substrates at sputtering durations of 20, 40 and 60 minutes. The
copper targets were placed by 45º angle with the beam trajectory of the ion source in the sputtering
system. The sputtering process was carried out at 3 keV beam energy, 200 µA/cm2 current density and
2x10− 4 mbar argon base gas pressure.

2.2 Characterization techniques
PET substrate with 40 µm thickness and 1.5 cm x 1.5 cm dimension is ultrasonically cleaned in ethyl and
methyl alcohol to remove organics, dried at 50 ºC in an oven for 30 min, and dried in air. These substrates
are supplied from National Centre for Radiation Research and Technology (NCRRT), Cairo, Egypt.

The structure of Cu on PET is characterized using a fully computerized X-ray diffractometer, Shimadzu
XRD-6000 in 2θ range from 4º − 90º at a scan rate of 2°/min. The changes in surface morphology and
roughness of Cu on PET surface are investigated with AFM (JPK Nanowizard II, Berlin, Germany). The
average value of surface roughness is estimated by scanning at 3 different places on the sample. The
mechanical parameters, the adhesion force and Young’s modulus, of Cu on PET were measured by AFM
in non-contact mode by measuring the force-distance curves. The resistivity and sheet resistance of
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Cu/PET are measured using the four-point probe (4PP) geometry. The DC electrical conductivity for PET
and metalized Cu/PET are carried out in a cell with brass electrodes using A Keithley-617 electrometer at
room temperature for measuring current-voltage characteristic curve. The transmittance spectra of
pristine PET and Cu/PET are recorded using an UV–VIS spectrophotometer (JASCO V-670) in the
wavelength range of 200 nm to 900 nm.

3. Results And Discussion
3.1 Structural investigation of Cu/PET �lm.

 Fig.2 indicates XRD pattern of pristine PET and 60 min of Cu/PET �lms. For pristine PET is one strong
peak at 2θ~25.70o, while for Cu/PET pattern is one intensive peak for PET at 2θ~25.78 o and furthermore
three peaks of Cu are (111), (200) and (220) planes at 2q ~ 43.32º, 50.38 and 74.04 respectively, which
indicate successful formation of Cu nanoparticles (CuNPs) on PET. From XRD, the crystallite size D of the

deposited Cu is estimated by using Debye-Scherer formula  where b is full width at
half maximum, l is wavelength of X-rays and q is diffraction angle. The average Cu thin �lm crystallite
size is found to be 35.7 nm. As a con�rmation, we would like to note that Liu et al. [30] estimated the
average size of Cu (111) as 31.06 nm using Scherer equation. They identi�ed that the deposited Cu on
PET exhibited a characteristic face‐centered cubic crystalline structure, which could imply the perfect
conductive property of copper‐plated polyester fabrics.

It is observed that the deposited Cu does not change the PET preferred orientation, but changed the PET
peak intensity as shown in Fig.2. The enhancement of the PET peak intensity with deposited Cu implies a
possible improvement of Cu/PET composite �lm crystallinity in comparison with the pure PET. Elsewhere,
such behavior is found due to the Cu effect, which increases the effective delocalization and ordering of
PET polymer chain [31]. For comparative results, Atta succeed for deposited copper nanoparticles
(CuNPs) on PET substrate using cold cathode ion source sputtering technique, he estimated the
crystallite size of the deposited Cu is in range of 31 nm [21]. Similarly, Oh et al. successfully fabricated
Ag/PET, and they recorded that the effect of particle size and �lm thickness leads to variations in the
polymer properties [32].

3.2 UV-Vis transmission of Cu/PET �lm.

Fig. 3 shows the UV/Vis transmission of pristine PET and 60 min Cu/PET �lms as a function of the
wavelength (λ). It is clear from Fig.3 that in case of pristine PET, the transmission intensity is
approximately 78% at λ=900 nm, with a little reduction at low wavelengths, which supported that PET is
almost of transparent nature. For Cu/PET, the transmission decreases and hits 2.3% at the same
wavelength λ= 900 nm. This reduction in transmittance after deposition is due to nucleation and
coalescence of copper nuclei which results in morphological modi�cation. This indicates a good
miscibility between Cu and PET chains and supports XRD pattern and AFM images. It is concluded that

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Liu%2C+Xuqing
https://www.sciencedirect.com/science/article/abs/pii/S0040609019301397#!
https://www.sciencedirect.com/topics/materials-science/film-thickness
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the amount of optical transmission depends on the defect state and the reduction in the disorder
structure [33] due to the deposited CuNPs. The CuNPs exhibited transmittance band around 580 nm,
related to conduction electrons excitation of the Cu metal NPs after their unique interaction with the
electromagnetic light �eld. The recorded UV/Vis transmission results indicate that Cu/PET composite
�lms offer good performance in terms of UV light shielding combined with reasonable transparency in
the visible region, as well as �exibility of the �lms [34].

3.3 Surface morphology properties of Cu/PET �lms.

Fig.4 presents AFM images of pristine PET and Cu/PET �lms. The surface morphology of pristine PET is
almost smooth with tiny grains as in Fig. 4a, while after 20 min deposition, dewetting of Cu thin-�lm
begins with an increase in the surface roughness and partially linked nanostructures are formed [35]. The
Cu thin-�lm on the surface becomes discontinuous and the structures made of percolated grains are
formed as shown in Fig.4b and by increasing the deposition time to 40 min, small grains gradually
combine producing bigger grains as observed in Fig. 4c. Finally, with increasing deposition time to 60
min, the grains become larger and start to create combined clusters as in Fig.4d. It is clearly observed that
CuNPs are uniformly and continuously dispersed on PET surface. These AFM images con�rm that the
PET mechanical properties are improved with Cu deposition, as will be discussed in the adhesion force
and Young’s modulus section.

In order to obtain more detailed of surface structure analysis, we determined the relative grain size of
CuNPs deposited PET substrate as shown in Fig.5, which obtained from AFM images. As observed from
Fig.4, the Cu grains are covering the PET substrates with no cracks and smoothly distributed with uniform
symmetrical shape. The recorded Cu grain size is decreased with in�uence copper deposition time as
shown in Fig.5. It can be observed that in the initial phase of the deposition, after 20 min of copper
deposition, there forms a relatively large scale grain, particularly of elliptical shape with major axis
lengths about 400 nm. With more deposition time, reduces in size to around 100 nm after 40 min and to
around 50 nm after 60 min, this value of 50 nm nearly at the same order as the pristine PET. It is observed
the Cu size grain value nearly matches the calculated crystallite size of Cu coated PET, which calculated
previously from XRD. It can concluded, as the deposition time increases, the grain shapes change from
being highly elliptical to circular as demonstrated in AFM images Fig.4, and the grain size decreases from
micro-meter scale to nano-scale as listed in Fig 5.

The root mean square surface roughness of the PET and Cu/PET �lms are shown in Fig. 6 and listed in
Table1. When the deposition time increases from 20 to 40 min, with scan area of 3.0 µm x 3.0 µm, the
roughness increases from 22.6 to 45.9 nm and then decreased to 34.5 nm by increasing the deposition
time to 60 min as listed in Table 1. The variation of roughness shows that the coating is not a big
in�uence on the substrate surface roughness. Xiong et al. fabricated transparent and conductive
Cu/In:SnO using atomic layer deposition (ALD) method. They recorded that the deposited Cu �lm with a
thickness of 10 nm showed excellent surface morphology with roughness value of 0.62 ± 0.03 nm [36].

3.4 Mechanical properties of Cu/PET �lms.

https://www.sciencedirect.com/topics/materials-science/surface-morphology
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In view of a variety of scienti�c and technological applications of metal nanoparticles coated polymeric
materials, we present here an experimental methodology based on the force mode of AFM to measure the
mechanical properties of PET and Cu/PET �lms. The mechanical properties such as Young’s modulus
and adhesion force are investigated using AFM in contact mode for AFM tip interaction with PET surface
[37]. The adhesion force and Young’s modulus of Cu on PET are shown in Fig.6 and listed in Table 1. The
adhesion force is increased from 14.72 nN for pristine PET to 29.92 nN at 40 min Cu/PET, and then
decreases to 11.49 nN for 60 min Cu/PET. It’s important to note that such a behavior of the
nanostructures material prevails up to an optimized threshold value of Cu deposition time with the
polymer matrix. Beyond that value of coating, there occurs a decrease in the degree of adhesion, and
hence the composites would adopt a lesser elastic behavior. At a further increase of CuNPs
concentration, the CuNPs tend to interact among themselves through their electronic cloud, this results in
overall in�uence in elastic as well as mechanical properties behavior [38].

The changes in surface morphology as investigated by AFM, contributes in the Cu/PET adhesion force
enhancement. In order to increase interlocking of Cu and PET binding forces, it is important to form
polymer chain clusters in initial stage of �lm deposition with small circular island distribution. The Cu
mobility is strongly in�uenced by the deposition time, which in�uences PET structure defects density
and/or ion beam interaction effects. Therefore, the sputtering rate gets changed and more Cu atoms are
subsequently dislodged at longer deposition times [39]. According to AFM results, the deposition of a Cu
thin-�lm is a powerful tool for lending su�cient adhesion properties to PET substrates. The CuNPs, which
is around 37 nm as recorded by XRD, are in compact arrangement that leads to high PET adhesion force.

The Young’s modulus is increased from 2.82 GPa for pristine PET to 2.96 GPa for 40 min Cu/PET. This
improvement is because of the layered structure as observed by AFM, which completely cover the PET
substrate and improved the connectivity of the Cu-PET �lm [40]. Strong mechanical adhesion between
the Cu and PET is produced due to increase in nanostructure surface area, and subsequent improvement
of the adhesion force. These improvements in mechanical properties indicate that this simple home-
made ion beam sputtering system is successful in fabrication of a �exible Cu/PET with good adhesion
characteristics.

3.4 Electrical properties of Cu/PET �lms.

The sheet resistance and surface resistivity for Cu/PET with deposition times from 20 to 60 min are given
in Table 1. The sheet resistance of Cu /PET decreases from 5.16x104 Ω to 1.3x104 Ω and the surface
resistivity decreases from 2.34x10-2 Ω.cm to 1.77x10-2 Ω.cm, when the deposition time increases from 20
to 60 min. This reduction in shear resistance and surface resistivity is attributed to the fact that when the
quantity of CuNPs increase on PET, the Cu �lm becomes more continuous. And at short deposition time,
the sputtered Cu ions cannot gain su�cient energy to modify the bond direction among the Cu �lm
atoms and PET substrate. This leads to some di�culty in making large nucleated grains to grow.
Increasing the deposition time to 40 min leads to connection of islands and a layered �lm, which acts as
a conducting path [41]. This improves the carrier mobility and subsequently decreases the sheet
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resistance and �lm resistivity. However, at 60 min Cu/PET, unconnected Cu islands form due to high
surface diffusion of CuNPs on the PET surface, which increases the resistivity of the Cu/PET �lm. So, the
optimum duration for Cu to su�ciently have effective nucleation and improved connectivity on PET
substrate is 40 min [42].

Chen et al. fabricated Cu-coated glass fabric using electroless plating method. These fabrics possessed
excellent conductivity of the composites as shielding materials with resistivity down to 2.57×10−3 Ω.cm
[43]. During deposition, initially there exists a low adherence between Cu �lms and PET substrate, which
causes a low mobility and a low surface conductivity, due to active contribution of the grain boundaries
in charge carrier scattering [44]. By increasing duration, more uniform �lm with less PET roughness is
obtained, leading to increased surface conductivity [45].

 

Table 1: The adhesion force, Young’s modulus, roughness, sheet resistance and surface resistivity of
pristine PET and of Cu/PET �lms

  Young’s modulus
(GPa)

Adhesion force
(nN)

Roughness 
(nm)

Sheet
resistance (Ω)

Resistivity

(Ω. cm)

Pristine
PET

2.82±0.48 14.72±0.86 22.6±0.4 2.57E+11 4.61E+07

20 min
Cu/PET

2.86±0.28 24.49±0.98 24.9±0.3 5.16E+04 2.34E-02

40 min
Cu/PET

2.96±0.46 29.92±0.58 45.3±0.6 9.22E+02 8.36E-04

60 min
Cu/PET

0.96±0.18 11.49±0.91 34.5±0.5 1.30E+04 1.77E-02

 

In order to investigate the effect of Cu deposition on PET conductivity, the current – voltage I-V
characteristic measurements curve are performed. The current is measured in applied voltage range of
0–300 V as shown in Fig.7. It is observed that the current increases smoothly with increasing applied
voltage, which con�rms that the �ow of current through metallized polymer follows Ohm’s law [46]. The
Cu leads to an improvement in weak links between grains and the compactness of the metallized Cu/PET,
this ultimately enhances the electrical current. A current of 7.46x10-8 A at an applied voltage 300 V is
increased to 1.52x10-7 A after 60 min of Cu deposition as shown in Table 2. The increasing behavior of
electrical current with Cu deposition is attributed to increased number of charge carriers in the metallized
Cu/PET. The high quality of copper coatings is the direct reason of enhanced electrical current [47].



Page 8/22

The DC conductivity of PET also increases with Cu deposition time as shown in Fig.8. This increase in
conductivity is due the creation of joint conductive state of connected CuNPs, which is a consequence of
tight dispersion of CuNPs in PET matrix. Due to this homogeneous distribution of CuNPs as observed by
AFM, the effective contact surface area between the CuNPs increases which subsequently reduces the
resistivity. The conductivity is increased from 1.75x10-8 S.cm-1 for pristine PET to 3.57x10-8 S.cm-1 for 60
min Cu/PET. The formation of Cu/PET conductive network is the main cause for improvement of the DC
electrical conductivity [48]. The non-linear Dc conductivity–voltage characteristics clearly show the
possibility of the fabricated highly-ordered patterned CuNPs/PET �nding potential applications in future
nano-electronics devices.

The resistance of the PET and different deposition time of Cu/PET is shown in Fig. 9. The resistance of
PET is about 4.02x109 Ω which decreases to 1.9x109 Ω for 60 min Cu/PET as listed in Table 2. This
decrease in electrical resistance is due to the agglomeration of conductive particles in polymer matrix and
carrier concentration after copper deposition [49]. Lofty et al. previously reported a decrease in the
electrical resistivity of multi-walled carbon nanotube (MWCNT) embedded PVA polymer [50]. They
recorded the resistance of PVA around 2.6x107Ω decreased to 2.1x105Ω for the MWCNT/PVA composite
�lm. The increase in conduction pathways subsequently minimizes charge carrier scattering, thus raise
the carrier mobility and reduce the electrical resistance of the prepared �lms. In summary, the decrease in
electrical resistance is suggested to be due to the agglomeration of conductive particles in the polymer
matrix in line with the literature [50].

 

Table 2: Electrical current, DC conductivity and electrical resistance of pristine PET and Cu/PET �lms at
applied voltage of 300 V

  Current (A) DC conductivity (S.cm-1) Resistance (Ω)

Pristine PET 7.46E-08 1.75E-8 4.02E+09

20 min Cu/PET 1.27E-07 2.98E-8 2.36E+09

40 min Cu/PET 1.49E-07 3.50E-8 2.02E+09

60 min Cu/PET 1.52E-07 3.57E-8 1.9E+09

 

4. Conclusion
The fabrication of reliable �exible conductive substrates is still a great challenge to overcome for
widespread application and commercialization of wearable electronics. Cu deposited PET has recently
received increasing interest due to its promising mechanical and electrical properties as �exible platforms
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for 2D optoelectronic device applications. In this work, we demonstrated successful fabrication of
Cu/PET composite substrate surfaces using an easy to operate and control home-made ion beam
sputtering system. The morphological, structural, mechanical and electrical properties of PET at 20, 40
and 60 min of Cu deposition time are investigated. All the mentioned properties of PET are found to be
modi�ed by deposition of Cu to different extents with increasing deposition time. The roughness and
adhesion of Cu/PET surface, each, is found to increase until a deposition time of 40 min to about twice
of corresponding pristine PET values, and then to decrease again at 60 min. The Young’s modulus is
found to follow a similar trend with increasing deposition time which means Cu deposited surface can
remain to be soft and not become brittle with increasing deposition time, which is a desired mechanical
property for �exible electronic applications. The resistance is found to decrease and DC conductivity is
found to increase steadily due to continuous network formation between CuNPs with increasing
deposition time. Increased occurrence of PET defects with high momentum impact of Cu deposition in
time is suggested to promote densi�cation of nucleation sites for CuNPs formation which eventually
result in aggregate connectivity and increased conduction pathway formation which improves overall
electrical properties. I-V measurements proved that all Cu/PET samples retained their Ohmic nature
throughout an applied electrical potential range of 0-300 V. Our results demonstrate that ion beam
sputtering based Cu deposition on PET substrates has strong positive impacts on surface properties,
both mechanical and electrical. By optimization of Cu deposition duration, both the desired mechanical
properties such as increased adhesion force beside Young’s modulus, and desired electrical properties
such as increased DC conductivity and decreased resistance can be maintained in Cu/PET platform.
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Figure 1

Cold cathode broad beam ion source with Cu sputtering target.
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Figure 2

The XRD pattern of pristine PET and Cu/PET �lms.
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Figure 3

UV/Vis transmittance spectra of pristine PET and Cu/PET �lms.
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Figure 4

AFM images of (a) pristine PET, (b) 20 min Cu/PET, (c) 40 min Cu/PET and (d) 60 min Cu/PET.
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Figure 5

The grain analysis of pristine PET and Cu/PET �lms.
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Figure 6

The Young’s modulus (GPa), adhesion force (nN) and surface roughness (nm) for pristine PET and
Cu/PET �lms.
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Figure 7

Current–voltage characteristic curve of pristine PET and Cu/PET �lms.
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Figure 8

Dc conductivity versus applied voltage of pristine PET and Cu/PET �lms.
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Figure 9

Resistance–voltage characteristics of pristine PET and Cu/PET �lms.


