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Electroless Copper Sulfide Deposition on the

Polyacrylonitrile Films with Chelating Agents

and its EMI Shielding Effectiveness

Ming-Lih Roan,1 Yen-Hung Chen,2 Hao-Hsiang Liao,3 Chi-Yuan Huang,*2

Kan-Nan Chen,4 Jen-Taut Yeh5

Summary: In this study, an effective deposition of copper sulfide (Cux(x¼ 1,2)S) on the

PAN film was proposed by an electroless deposition method with the reduction

agents NaHSO3 and Na2S2O3 � 5H2O and chelating agents (ethylenediaminetetraacetic

acid, EDTA and triethanolamine, TEA). The mechanism of the Cux(x¼ 1,2)S growth and

the electromagnetic interference shielding effectiveness (EMI SE) of the Cux(x¼ 1,2)S/

PAN films were studied. It was found that the vinyl acetate monomer residue in the

PAN substrate would be purged due to the swelling effect by EDTA and TEA solution.

And then, the anchoring effect occurred due to the hydrogen bonding between the

pits of the PAN substrate and the chelating agent. The swelling degree (Sd) was

proposed and evaluated from the FT-IR spectra. The relationship between swelling

degree of the PAN films and EDTA concentration(C) is expressed as: Sd¼ 0.13þ
0.90� e^(�15.15CEDTA). And TEA series is expressed as: Sd¼ 0.07þ 1.00� e^(�15.15CTEA).

On the other hand, the FESEM micrograph showed that the average thickness of

copper sulfide increased from 76 nm to 383 nm when the concentration of EDTA

increased from 0.00M to 0.20M. Consequently, the EMI SE of the Cux(x¼ 1,2)S/PAN

films increased from 10�12 dB to 25�27 dB. The GIA-XRD analyzer indicated that the

deposited layer consisted of CuS and Cu2S.
Keywords: chelating agent; copper sulfide; electroless deposition; EMI SE; swelling
Introduction

Scientists recently have paid attention to

the thin-film technology due to itswide appli-

cations. As device applications are being
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discovered, the study of thin-film materials

is greatly arousing interests of material

scientists. This useful technique can be

applied to not only electrically conductive

materials including graphite but also insu-

lators like plastics, rubber and etc.[1,2]. In

this study, with chelating agents, the copper

sulfide (Cux(x¼ 1,2)S) layers were electroless

plated on the PAN substrate without

activation and sensitization procedures. It

was very different from commercial elec-

troless plating method, especially when the

substrates were non-catalytic or non-con-

ductive. Consequently, the improvement of

the EMI SE was effectively and signifi-

cantly achieved. It has been well known

that the adhesion of coating films and

substrate is simultaneously related to the

complementary effects of roughness, sur-

face energy, surface stabilization reaction
, Weinheim
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and the possible formation of covalent

bonds at the film-substrate interface. As a

consequence, the mechanism with respect

to these complementary effects was studied

and investigated by the FT-IR spectra

determination and the glancing incident

angle X-ray diffraction pattern.

Finally, the EMI SE of the Cux(x¼ 1,2)S/

PAN films with a variety of coating films by

different electroless plating procedures was

evaluated.
Experimental Part

Preparations of a PAN Film

The PAN substrates were prepared by

casting a film, where the N, N-Dimethyl-

formamide (DMF; NIHON SHIYAKU

INDUSTRIES, LTD.) was used as the

solvent and the solute was the PAN powder

(contained 7% vinyl acetate monomer,

VAc), which was kindly supplied by

Tong-Hwa Synthetic Fiber Co., Ltd.

Weighted 14.0 g PAN powder and dis-

solved completely in 50ml DMF solution to

form a transparent and light yellow solution.

Then pour the above solution into the shallow

container slowly. After the above steps, the

PAN solution was dried to form a thin and

transparent PAN film in an oven at 45 8C.

Deposition Processes of Electroless Copper

Sulfide Layers

All the reagents used in an electroless

copper solution were reagent grades and

the deionized water was used. The cupric

sulfate pentahydrate (CuSO4 � 5H2O) was

the source of cupric ion; meanwhile, the

sodium bisulfate (NaHSO3) and the sodium

thiosulfate pentahydrate (Na2S2O3 � 5H2O)

were reduction agents used in this study.

Besides, various concentrations of EDTA

and TEAwere added not only as a chelating

agent but also a key factor to establish a new

approach of electroless plating. The electro-

less plating time was 60 minutes.

FT-IR Spectra Determinations

The samples for FT-IR determination were

prepared by cutting them into about
Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA
2.5 cm� 2.5 cm flakes. The spectra were

recorded in absorbance with a Jasco 300E

FT-IR in a range of 400 to 4000 cm-1 at a

resolution of 4.0 cm-1. In order to evaluate

the swelling degree (Sd) of the PAN

substrates, the PAN substrates were

immersed into 0.00� 0.60M TEA solutions

for 60 minutes.

Glancing Incident Angle X-ray Diffraction

(GIA-XRD) Patterns

The X-ray diffraction study of the samples

was carried out by a MAC Science MXP18

X-ray diffractometer (40KV, 150mA) with

a glancing incident angle of 0.5 degree and

the wavelength of the GIA-XRD source

was 1.54 Å (Cu Ka radiation) at a scan rate

of 1.0 degree/min.

EMI Shielding Effectiveness (SE)

Measurement

Materials in shielding applications were

tested for attenuation or reduction of a

signal expressed in decibels (dB). The shield-

ing effectiveness was given by SE¼ 10log

(Pin/Pout)¼ 20log (Ein/Eout)¼ 20 log (Hin/

Hout), where P is the energy field, E is the

electrical field strength andH is themagnetic

field strength. In passing through a shield of

an Electromagnetic (EM) wave could be

separated into three components: SE¼Aþ
RþB, where A was the absorption, R was

the reflection and B was the multiple

reflection of EM waves. The flanged

circular coaxial transmission line method,

ASTM Standard D 4935-99, was used to

evaluate the EMI SE. The EMI SE values

of Cux(x¼ 1,2)S/PAN films obtained by

taking out the background shielding mea-

surement. Since the EMI SE was a voltage

dependent below the range of 30MHz, the

test range of frequency in this experiment

was from 30MHz to 1500MHz.

FE-SEM Micrograph Observations

The surface and cross-sectionmorphologies

of the CuS/PAN films were observed by a

field emission scanning electronmicroscope

(FE-SEM, JEOL-JSM 6700F). The FE-

SEM image was operated at 3.0 kV voltage.
, Weinheim www.ms-journal.de
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In order to take an examination of

surface morphologies, samples were coated

with platinum. Nevertheless, for another

examination of cross-section morphologies,

samples needed to be immersed in liquid

nitrogen for 10 minutes and fractured.

Afterwards, the fracture surfaces were

coated with platinum.
Results and Discussion

Deposition Processes of Electroless Copper

Sulfide Plating

The following equations[2] can represent

the formation of copper sulfide in this

investigation:

2S2O
2�
3 ! S4O

2�
6 þ 2e� (1)

S2O
2�
3 þHþ ! SþHSO�

3 (2)

Sþ 2e�ðFrom reactionð1ÞÞ ! S2� (3)

Cu2þ þ S2� ! CuS # (4)

The ability of the reduction agent was to

gradually release sulfide ions upon hydro-

lytic deposition in acidic media. The

formation of Cuþ ions could be attributed

to the reduction of Cu2þ ions by the sulfide

ions present in the bath.[3]

With an additive of reduction agents

(NaHSO3, Na2S2O3 � 5H2O), the cupric ion

was attracted by a nitrile group on the PAN

film and was reduced to form a conductive

layer on the surface of the PAN. It was
Figure 1.

The hydrogen bonding and anchoring of chelating agen
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because that the �CN functional group of

the PAN with one lone pair of electrons

could attract the Cuþþ ion in solutions, and

the acrylonitrile group (-C���N) of the PAN

possessed a very high polarity which would

also arise from the strong dipole moment of

the nitrile groups. The lone pair orbital of

nitrogen can engage in hydrogen bonding

and electros in the p orbital of the nitrile

triple bond which can interact with transi-

tion metal ions.[4] Therefore, the PAN film

did not have to be sensitized, activated or

catalyzed. It was a novel application for all

the electroless plating methods.[3]

In this research, TEA was used as not

only a chelating agent with cupric ions but

an anchor into a PAN substrate. For the

electroless deposition bath with the chelat-

ing agents, the significant thickness of

copper sulfide (Cux(x¼ 1,2)S) layer on the

PAN films was essential. The reaction

model is shown in Figure 1, and more details

will be illustrated in the following contents.

FT-IR Spectra of the PAN Films

The major absorption bands for a PAN film

were CH twisting deformation at 1250 cm�1,

CH in-plane deformation at 1386 cm�1, CH2

bending at 1454 cm�1, CN stretching at

2242 cm�1, CH3 stretching at 2869 cm�1,

CH stretching at 2937 cm�1, C¼O carbonyl

stretching at 1737 cm�1 and C¼C stretching

vibration for VAc monomer at 1662 cm�1.

The PAN films we applied contained 7%

VAc monomer; therefore, the characteristic

peaks of VAc monomer were also found in

the spectra shown in Figure 2.

The VAc monomer in the PAN film was

released from swollen PAN by EDTA or
ts and a PAN film.

, Weinheim www.ms-journal.de



Figure 2.

FT-IR spectrum of (a)Polyacrylonitrile films, (b)PAN films immersed in NaHSO3 and Na2S2O3 solution, (c)PAN films

immersed in chelating agent solution.

Macromol. Symp. 2009, 286, 116–124 119
TEA because only the VAc has C¼C in the

system. The peak area of C¼C reduced

obviously in FT-IR spectra proved that the

VAc monomer released in the EDTA and

TEA electroless deposition systems. For

this reason, the EDTA and TEA chelating

agents will anchor into the PAN substrate

due to the left pits formed by purging the

residual VAc monomer and the interforce

of hydrogen bonding as represented in

Figure 1. Furthermore, in order to evaluate

the extraction of VAc in the PAN substrate,

the peak area was calculated by FT-IR

spectra. As P1 & P2 shown in Figure 3, P1

represents the peak area of C¼C peak

(VAc) and P2 represents the peak area of

C¼O peak (PAN copolymer). Therefore,

the absorption strength of C¼C peak

(VAc) to C¼O peak (PAN copolymer) is

adopted to represent the ratio of swelling

degree denoted as Sd illustrated in

Figure 3(a) & (b). The PAN films were
Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA
immersed in the reduction agents solution

(NaHSO3, Na2S2O3 � 5H2O) with a variety

of concentrations of EDTA and TEA

solutions, and then the effects of chelating

agents on the swelling degree (peak area

ratio of P2/P1) of the PAN films are

presented in Figure 3. The relationship of

the swelling degree (Sd) with respect to

the TEA concentration can be fitted in the

following equations and shown in the

dotted curve in Figure 4.
Glancing Incident Angle X-Ray Diffraction

(GIA-XRD) Analyses

By adding TEA into the electroless deposi-

tion bath, theGIA-XRDpatterns in Figure 5

were superimposed so you can clearly see

two peaks appeared at 2u¼ 29.428, 31.898,
and 47.908, respectively. After being com-

pared with the standard JCPDS-ICDD

diffraction patterns, the crystalline micro-
, Weinheim www.ms-journal.de
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Figure 3.

The illustrations of peak area ratio of PAN in (a) EDTA, (b) TEA solutions.
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structure of CuS (hexagonal covellite,

JCPDS No. 06-0464, a¼ 3.792, c¼ 16.344)

was verified in the deposition layer. When

EDTA was added into the electroless

deposition bath, the crystalline microstruc-
Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA
tures of b-Cu2S (hexagonal chalcocite,

JCPDS No. 31-0482, a¼ 4.005, c¼ 6.806),

CuS (hexagonal covellite, JCPDS No. 06-

0464, a¼ 3.792, c¼ 16.344) were verified in

the deposition layer.
, Weinheim www.ms-journal.de



Figure 4.

The swelling degree and thickness of copper sulfide versus concentration of (a)EDTA and (b)TEA.

Figure 5.

The GIA-XRD patterns of copper sulfide.

Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA
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Morphology of the PAN Plated Copper

Sulfide

The FE-SEM morphologies of CuS/PAN

films prepared in this study were categor-

ized in Figure 6 In this investigation, it was

found that the PAN molecular chains were

swollen by EDTA and TEA solutions. The

VAc monomer existed originally in the

PAN film would be purged, and the EDTA

anchored into the PAN substrate. It is

illustrated in previous section of FT-IR

spectra of the PAN films. As a result, the

cupric ion chelated with the EDTA on the

PAN film. Consequently, the copper sulfide

was almost deposited on the PAN film

instead of precipitating in the solution. The
, Weinheim www.ms-journal.de



Figure 6.

The cross-section of copper sulfide plated on the PAN films with TEA in the electroless deposition bath.
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advantage of EDTA agent was not only to

provide the reaction sites but also to

accelerate the growth of the copper sulfide

layer as indicated in Figure 1 as well as

observed in the FE-SEM pictures. Figure 4

shows that the swelling degree related to

the anchoring effect is completely governed

by the amount of chelating agents and has a

saturation value. Nevertheless, the average
Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA
thickness of copper sulfide coating raised

with the increasing of EDTA concentration

up to 0.20M and then decreased due to the

over chelating effect.

On the other hand, by adding TEA into

the copper sulfide deposition bath, the

thickness of copper sulfide can also be

observed by the FE-SEM technique. Pic-

tures in Figure 6(a) to (e) are the cross-
, Weinheim www.ms-journal.de
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section views of the CuS/PAN films.

According to the illustrations of Figure 6(a),

the average thickness of copper sulfide

layer is 76 nm. The roughness and irregular

surface without the presence of TEA are

also evidenced by the cross-section view

shown in Figure 6(a). At the plating

process, the cupric ion was attracted onto
150 300 450 600 7
-50

-40

-30

-20

-10

0

EM
I S

E 
(d

B)

Freque

150 300 450 600
-50

-40

-30

-20

-10

0

EM
I S

E
 (d

B
)

Freau

a)

b)

Figure 7.

The EMI SE of Cux(x¼1,2)S/PAN films prepared in (a) EDTA
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the PAN film due to the polarity of TEA.

Consequently, the location of TEA can be

indicated as a seed of the reduction site.

The different stages of the film growth:

incubation/nucleation, growth and terminal

phases in the chemical bath deposition have

been described by Nair et al. and Lokhande

et al. [8–10]. The micrographs in Figure 6(b)
50 900 1050 1200 1350 1500

ncy (MHz)

 BKG
 EDTA0.00M
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750 900 1050 1200 1350 1500
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and (b) TEA electroless depositions.
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to (e) show the average thicknesses of

copper sulfide layer plated on the PAN

films which increases from 129 nm to

247 nm by adjusting the concentration of

TEA as plotted in Figure 4(b). It was also

noticed that when the swelling degree (Sd)

approached saturation, the thickness of

copper sulfide layer would still increase

by raising the TEA concentration.

EMI Shielding Effectiveness Measurement

The EMI SE of the Cux(x¼1,2)S/PAN films

manufactured in this study were measured

between 30MHz to 1500MHz and plotted

in Figure 7(a). The EMI effect is obviously

controlled by the thickness of copper sulfide

layer. The thickness of copper sulfide affects

the EMI SE due to the incident EMI

wave reflected by a copper sulfide layer.

Jana et al. [11] studied the effect of the

thickness of conductive layer of composites

on EMI SE, and found that the EMI SE

increased and return-loss decreased with the

increasing thickness of composites. The EMI

SE effect was significantly improved for the

Cux(x¼1,2)/PAN films by comparing the

curves of 0.05M and 0.00M EDTA in

Figure 6 since the thickness of copper

sulfide with 0.05M EDTA was doubled

(153 nm/76 nm). The thickness of the cop-

per sulfide layer reached to a maximum at

0.20M EDTA and then decreased; there-

fore, the best electroless plating condition

for EMI SE was 0.20M EDTA.

The EMI SE effect was significantly

improved for the CuS/PAN films by

comparing the curves of 0.10M and

0.00M TEA in Figure 7(b) because the

thickness of copper sulfide with 0.10M

TEA is increased (129 nm/76 nm). In addi-

tion, the thickness of the copper sulfide

layer reached to a maximum at 0.60M

TEA. Therefore, the best electroless plat-

ing condition for EMI SE was 0.60M TEA,

and the EMI SE reached 25–27 dB.
Conclusion

In this research, the effective Cux(x¼1,2)S

deposition layer on the PAN film was
Copyright � 2009 WILEY-VCH Verlag GmbH & Co. KGaA
carried out an electroless deposition method

with the reduction agents NaHSO3 and

Na2S2O3 � 5H2O and chelating agents

(EDTA and TEA). The GIA-XRD identi-

fied the crystalline of copper sulfide deposi-

tion. EDTA and TEA provided the anchor-

ing effect and were demonstrated by FTIR

spectra. They also played a critical role to

give the effective deposition layer. The

swelling degree (Sd) was described and

evaluated by the equation: Sd¼ 0.13þ
0.90�e^(-15.15CEDTA). The average thick-

ness of copper sulfide layer increased from

76nm to 383 nm as the EDTA concentra-

tion increased from 0.00M to 0.20M. As a

result, the EMI SE of the Cux(x¼ 1,2)S/PAN

films increased from 10�12dB to 20�23dB.

In the TEA bath, the swelling degree

(Sd) can be also calculated from Sd ¼0.07þ
1.00 x e^(�15.15C). The average thickness

of copper sulfide layer increased from

76nm to 247 nm while the TEA concentra-

tion increased from 0.00M to 0.60M.

Consequently, the EMI SE of the

Cux(x¼1,2)S/PAN films reached in between

25 dB and 27 dB.
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