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Electroless deposition of Cu on poly(ethylene terephthalate) (PET) fabric modified with 3-
mercaptopropyltriethoxysilane was investigated. Morphology, composition, structure, thermal decom-
posing behavior of copper coating PET fabric after ultrasonic washing in water for 1 h were characterized
by scanning electron microscopy (SEM), energy dispersive X-ray (EDX) analysis, X-ray photoelectron
spectroscopy (XPS), Raman spectrometer, X-ray diffraction (XRD), and thermogravimetric analysis (TG),
respectively. Copper plating on modified fabric has good adherence stability and high electric
conductivity before and after ultrasonic washing, while copper coating fabric without modification is
easily destroyed during the washing process, which leads to the textile changing from conductor to
dielectric. As the copper weight on the treated fabric is 28 g/m?, the shielding effectiveness (SE) is more
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than 54 dB at frequency ranging from 0.01 MHz to 18 GHz.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Conductive textiles, which are coated with aluminum, copper,
silver and nickel, are an important kind of materials for preventing
electromagnetic interference [1-4]. Conductive fabrics coated with
different metals have been used in many electronic instruments in
a variety of manufactured forms such as fabric tape or foam
gaskets. There are many reports on metallization techniques,
including sputtering and chemical vapor deposition (CVD) [5,6].
However, these methods require high-temperature treatment,
which is not appropriate for textile substrates. Electroless plating
method is widely used in microelectronics, radio-electronics, and
aerospace techniques [7-9]. It allows us to obtain uniformly thick
coatings on the articles of any profiles of metallic, dielectric and
semiconducting materials and gives us the possibility to regulate
physical-chemical properties of the coatings (such as electrical
conductivity, chemical, mechanical and magnetic properties) in a
wide range [10,11]. Electroless deposition of Cu has the significant
merit of lower cost, fast deposition, and formation of good
membranes at low temperature. In addition, Cu is suitable for wet
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processes since its oxidation-reduction potential (ORP) is electro-
positive [12,13]. Electroless copper plating is currently used to
manufacture conductive fabrics [14].

Electroless plating on fabrics is normally carried out by multi-
step processes which included: scouring, rinsing, etching, rinsing,
sensitization, rinsing, activation, electroless plating, rinsing and
drying. In order to gain high adhesive metallic coating, the textiles
should be etched by KMnO,4 or H,SO,4. Even then, the metallic layer
is intrinsically adsorbed to the fabrics by weak van der Waals force,
which means physical adsorption. The metallic coating layer is
easily destroyed by mechanical or ultrasonic washing [15].

To overcome this problem, we have developed a technique of
electroless deposition of Cu on PET fabric modified with 3-
mercaptopropyltriethoxysilane [16]. This process can reduce the
number of steps and control the adsorption of Cu by utilizing
interactions between the copper and the modified PET substrate.
The interfacial interactions could improve the deposition condi-
tions, such as deposition rate and the thin film properties, such as
adhesion, surface morphology, and electrical conductivity. Then
morphology, composition, structure, thermal decomposing beha-
vior and electromagnetic property of copper coating PET fabrics
after ultrasonic washing were clarified by means of scanning
electron microscopy (SEM), energy dispersive X-ray (EDX)
analysis, X-ray photoelectron spectroscopy (XPS), Raman spectro-
meter, X-ray diffraction (XRD), thermogravimetric analysis (TG)
and shielding effectiveness (SE) measurement.


mailto:yxlu@fudan.edu.cn
http://www.sciencedirect.com/science/journal/01694332
http://dx.doi.org/10.1016/j.apsusc.2009.05.148

Y. Lu/Applied Surface Science 255 (2009) 8430-8434 8431

2. Experimental
2.1. Pretreatment of PET fabric

Polyethylene terephthalate (PET) fabrics (60 x 40 count/cm?,
80 g/m?, taffeta fabric) were used as substrates. The surface area of
each specimen is 500 (25 x 20) cm?.

PET fabrics were ultrasonically cleaned in acetone and ethanol,
respectively, for 5 min and dried at 60 °C for an arbitrary length of
time, and weighed.

The cleaned fabrics were dip-coated with the acetone solution
of 1 vol% (3-aminopropyl)trimethoxysilane and heated at 125 °C
for 30 min to form a silica-like layer. Then the fabrics were
irradiated in air by UV-light for 30 min. The UV-light used in this
work emits primarily at 185 nm.

The fabrics with the silica-like surface layer were immersed in
an anhydrous toluene solution containing 1 vol% 3-mercaptopro-
pyltriethoxysilane for 2 h, then rinsed with toluene, ethanol and
water, respectively. The resulting fabrics were heated at 125 °C for
30 min in air to remove residual solvent, and weighed.

2.2. Electroless plating of PET fabric

One clean, untreated PET fabric (Sample 1) and another
pretreated PET fabric (Sample 2) were put into the same neutral
aqueous solution without catalyst. The composition of electroless
bath and the operating conditions were listed in Table 1. Deionized
water was used to prepare the solutions. The pH was adjusted
using NaOH or HCl to a final value of 7. After plating, the samples
were carefully rinsed with distilled water, ethanol and dried in an
oven for 1h at 50°C, and weighed. Finally, the samples were
ultrasonically washed (Ultrasonic cleaner, DL-120A, China, Zhisun
Co., Ltd.) in water for 1 h, rinsed with ethanol, dried in an oven at
50 °C for 1 h, and weighed again.

2.3. Characterization of PET fabric

Scanning electron micrographs (SEM) were obtained using
Philips XL 30 electron microscope. The samples were deposited on
a sample holder with a piece of adhesive carbon tape. The chemical
composition of the copper deposit was determined using energy
dispersive X-ray (EDX) analysis attached to the SEM. X-ray
diffraction (XRD) patterns of PET fabrics (26 ranges from 10° to
95°) were recorded at room temperature with scanning speed of
0.15° min~"' using Cu Ka radiation (A = 0.154 nm) from a 40 kV X-
ray source (Rigaku D/max-yB) and diffracted beam monochro-
mator, operated at 100 mA. Raman spectrums were characterized
by Raman spectrometer (LabRam-1B, France, JY Co. Ltd.).
Thermogravimetric analyses (TG) were performed on a Mettler
Toledo TGA/SDTA851 analyzer in air with a heating rate of 5 °C/
min, from 30 to 800 °C. X-ray photoelectron spectroscopy (XPS)
measurement was performed on a PHI 5000C ESCA system with
Mg Ko source at 14.0 kV and 25 mA. All the binding energies were
referenced to the C 1s peak at 284.6 eV of the surface adventitious
carbon. The surface resistance Rs was measured by a four-point

Table 1
Composition and operation conditions of electroless plating.

Chemical Concentration (g/L)
CuCl,-2H,0 9
H3BO; 6
C10H;4N2Na,0g-2H,0 (EDTANay-2H,0) 18
C,H10BN (DMAB) 7
pH 7
Temperature (°C) 60
Time (h) 4

probe (BD-90). Rs is considered to be the resistance of a square
sample. The units of Ry are commonly expressed as ohms-per-
square or )/[]. Spectrum analyzer (Agilent 8563E) and signal
generator (HP 8648C and Agilent 83732B) were combined to
measure the shielding effectiveness of PET fabric (25 cm x 20 cm).
The coaxial transmission line method as described in ASTM D
4935-99 was used to test the electromagnetic interference
shielding effectiveness of the conductive fabrics.

3. Results and discussion
3.1. SEM analysis

The morphology of copper-coated fabrics after ultrasonic
washing was studied by scanning electron microscope (SEM).
Fig. 1(a) shows that the copper deposits on the untreated PET fabric
(Sample 1) were loose and the surface was very rough, which
resulted in dark-brown copper deposits. As shown in Fig. 1(b), the
deposits became more compact and smoother on modified fabric
(Sample 2). The color of the deposits also had a corresponding
improvement, changing from dark-brown to copper-bright. The
bright appearance of the deposits usually indicates better
mechanical and electrical properties. Fig. 1(c) is the EDX spectrum
of Sample 2. It indicates that the coating is composed of Cu, and
other possible ingredients, such as B, N, are invisible.

3.2. Adherence stability analysis

The significant difference in adherence stability of these two
coatings (Samples 1 and 2) was detected when the samples were
ultrasonically washed in water for 1 h; the weight of the samples in
every procedure was shown in Table 2.

The modification process added trace amount weight (approxi-
mately 6-10 mg) to the PET fabric; after 4 h plating in the same
solution, 1.411 g Cu was deposited on Sample 2, however, there is
only 0.998 g Cu deposited on Sample 1. It is possible that the -SH
modified surface can catch Cu?* ion from the bath more quickly
than the untreated one. Following the Cu?* adhering to the surface
is reduced, Cu is continuously deposited and metallized to form
uniform thin films by autocatalysis. Table 2 also shows that the
weight loss of Sample 1 is about 0.195 g after ultrasonic washing,
but little change is happened to Sample 2. We think it is due to the
strong Cu-S bond which links the plating film and the modified
substrate tightly. For Sample 1, there is only weak van der Waals
force which interacts between the copper layer and the untreated
PET fabric, so the slack copper coating is easily shelled off by
ultrasonic washing.

3.3. XPS analysis

In order to identify surface composition of electroless copper
film, XPS measurement was employed to test Sample 2. The XPS
spectra of copper plating are shown in Fig. 2. In XPS spectra, peaks
at933 eV, 121 eV and 75 eV are ascribed to Cu 2p, Cu 3s and Cu 3p,
respectively. The result clearly shows that Cu element exists as Cu®,
which is also proved by EDX spectrum.

3.4. Raman analysis

Raman spectra of untreated (a), (3-aminopropyl)trimethoxysi-
lane treated following by UV irradiated (b), and 3-mercaptopro-
pyltriethoxysilane modified (c) PET fabrics are indicated in Fig. 3. A
peak at 1729 cm™! is attributed to carbonyl (C=0) stretching
vibration, and a peak at 1614 is ascribed to phenyl ring stretching
vibration. The C-H stretching vibration due to methylene group is
observed at 1466 cm™!, the aromatic >C=C< stretching vibration
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Fig. 1. SEM photos of copper plating PET fabrics after ultrasonic washing (a) Sample 1, (b) Sample 2 and (c) EDX spectrum of Sample 2.

is observed at 1288 and 1365 cm™'. A peak at 1187 cm ™! belongs
to ester (C(0O)-0O) stretching vibration. Phenyl ring breathing
vibration is revealed at 1002 cm™'. Comparing the three curves,
untreated substrate (a) has minimal peaks, substrate (b) has
additional peaks at 1098, 920 and 854 cm™!, which contribute to -
C(O)N<, Si-O-Si stretching vibration and Si-O cross-linking ring
breathing vibration. Curve (c) is similar in shape with (b) except its
peak intensity is stronger. Unfortunately, hydroxyl group (-OH)
and mercapto group (-SH) are invisible in (b) and (c), respectively.
Raman spectra of copper plating fabric (Sample 2) are shown in
Fig. 3(d), all the peaks for organic groups in Fig. 3(c) are covered,
which indicate a compact metal coating.

3.5. XRD analysis

XRD patterns for PET fabrics (Sample 2) before and after plating
are shown in Fig. 4. The strong diffraction peaks at 20 =17°, 22°
and 25° are characteristic peaks of 3-mercaptopropyltriethox-
ysilane modified PET fabrics. The peaks that appeared at 26 = 43°,
50°, 74°, and 90° represent (111), (200), (220) and (311)
planes of copper, respectively. The copper oxide phase was not
detected in the deposits. According to results of XPS analysis, the
copper plating is composed of Cu®; it is consistent that no peaks of
other compositions can be seen in XRD patterns. Comparing XRD
patterns shown in Fig. 4(a) and (b), the characteristic peak
intensity of the plated PET substrate is decreased obviously. The
result shows that the covering degree of copper plating is
compact.

Table 2
Weight of PET fabrics.
Before After After Weight
plating (g) plating (g) washing (g) loss (g)
Sample 1 4.036 5.034 4.839 0.195
Sample 2 4.042 5.453 5.438 0.015

3.6. TG analysis

To study thermal stability of PET fabrics (Sample 2) before and
after plating, thermogravimetric analysis (TG) was performed
under air atmosphere at heating rate of 5°C/min. TG curve in
Fig. 5(a) includes two well defined weight loss steps which are
attributed to 250-430 and 440-540 °C, respectively. The first 87%
weight loss of 3-mercaptopropyltriethoxysilane modified PET
fabrics corresponds to its decomposition and disconnection of
chain. This indicates that decomposition reaction of PET fabrics
starts from 250 °C, and with temperature increasing, decomposi-
tion is gradually translated to ruleless disconnection of chain,
ending at 430 °C. The second weight loss in the range of 440-
540 °C is probably due to volatilization of organic fraction, mainly
in form of CO, CO, and other gases. At 540 °C, the remainder of the
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Fig. 2. XPS spectra of copper plating on modified PET fabric (Sample 2).
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Fig. 3. Raman spectrum of PET fabrics (a) untreated, (b) (3-aminopropyl)
trimethoxysilane treated and UV irradiated, (c) 3-mercaptopropyltriethoxysilane
modified and (d) after copper plating and ultrasonic washing (Sample 2).

contents is less than 0.5%. The result illuminates that the
decomposition of PET fabrics before plating is much complete.
In Fig. 5(b), there are also two weight loss steps as shown in
Fig. 5(a). It is the reason that copper plating cannot volatilize
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Fig. 4. XRD spectra of PET fabrics (a) 3-mercaptopropyltriethoxysilane modified and
(b) after copper plating and ultrasonic washing (Sample 2).
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Fig. 5. TG curves of PET fabrics (a) 3-mercaptopropyltriethoxysilane modified and
(b) after copper plating and ultrasonic washing (Sample 2).

during the temperature range. As shown in Fig. 5(b), the remainder
contents is more than 33% at 500 °C, so it can be deduced that the
weight contents of copper plating reaches about 26% in the plated
PET fabric, since copper plating is oxidized at high-temperature
under air atmosphere, the result is coincident with the data shown
in Table 2.

3.7. Surface resistance and shielding effectiveness

According to Table 2, after electroless plating, the copper weight
on the fabric is 19.96 g/m? for Sample 1, and 28.22 g/m? for Sample
2. As we know, the surface resistance of copper-coated fabrics is
related to the weight of copper coating on the fabrics. So the
surface resistance for these two samples is 0.14 and 0.06 {)/[7,
respectively, as showing in Table 3.

After ultrasonic washing in water, Sample 1 changed into
dielectric, while Sample 2 remained excellent electric conductivity.
According to the Schelkunoff theory [17], better conductivity of the
fabrics leads to higher shielding effectiveness (SE). The SE of
Sample 2 was more than 54 dB (SE > 99.999%) at frequency
ranging from 0.01 MHz to 18 GHz (Fig. 6). The result shows that the
plated PET fabric has good shielding effectiveness and can be used
in some special application, such as advanced electronic products
and national defense field.

From the morphological, mechanical and electrical properties
of the copper coating on PET fabrics, it can be concluded that silane
modification is an efficient way to promote these qualities. PET
fabrics cannot be directly modified by 3-mercaptopropyltriethox-
ysilane in this experiment. Similar compounds, e.g. mercaptopro-
pyltrimethoxysilane, can react with the hydroxyl (-OH) groups on
the surface of the glass slides [18]. And hydroxyl (-OH) groups can
be linked to the surface of PET substrate by treating with (3-
aminopropyl)trimethoxysilane and UV irradiation[19]. After silane
modification, mercapto (-SH) groups are covered on the surface of
PET fabrics. The existence of Si and S atoms on the fabrics was
proved by the EDX analysis (Fig. 7). It is known that mercapto
groups can absorb metal particles in solution, and form sulfur-
metal bonds which enhance the adhesive power between the

Table 3
Surface resistance of copper coating PET fabrics.

After plating ({2/[J) After washing (€)/[7)

Sample 1 0.14 Dielectric
Sample 2 0.06 0.06
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Fig. 6. Shielding effectiveness of copper plating PET fabric after ultrasonic washing
(Sample 2).
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Fig. 7. EDX analysis of silane modified PET fabrics (mean value: atomic %).

metal layer and substrate [18]. The theory was applied to this
work, and excellent copper coating layer was obtained.

4. Conclusions

Copper coating with good adherence stability and high electric
conductivity was successfully fabricated on 3-mercaptopropyl-
triethoxysilane modified PET fabrics by electroless plating
technique. EDX and XPS spectra show that the coating is composed
of Cu®. Compared with the substrate before plating, the peak
intensity of the plated PET fabric in XRD decreases obviously;
Raman spectra indicate that PET substrate has been modified by
substituted silanes before plating; and peaks for modified
substrate are disappeared after plating, which confirms that the
copper coating is compact. TG curves of PET fabrics before and after
plating present two weight loss steps, which are distributed in
250-430 and 440-540 °C, respectively. Contrasted with the 3-

mercaptopropyltriethoxysilane modified copper plating fabrics,
copper coating without modification loses weight greatly during
the ultrasonic washing process, which leads to the metallic fabric
changing from conductor to dielectric. As the copper weight on the
modified fabric is 28 g/m?, the SE of copper-coated fabrics is more
than 54 dB at frequency ranging from 0.01 MHz to 18 GHz.
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