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Rapid two-step metallization through physicochemical
conversion of Ag2O for printed “black” transparent
conductive films

Dong-Youn Shin,a Gi-Ra Yi,b Dongwook Lee,c Jungwon Park,c Young-Boo Lee,d

Inseok Hwangc and Sangki Chun*c

A rapid two-step metallization for fabrication of a “black” transparent conductive film on a flexible

substrate for display applications is presented, using a mixture of silver oxide (Ag2O) and silver

neodecanoate (C10H19AgO2), and its electrical conductivity and colour transition behaviours are

investigated. Silver nanoparticles, which are physicochemically converted from silver oxide microparticles

in the presence of silver neodecanoate in the course of the first metallization step at 150 �C for 10 min,

are chemically annealed by immersing them in an acidic ferric chloride (FeCl3) solution at room

temperature for 10 s. During this second metallization step, silver nanoparticles are found to be tightly

packed through Ostwald ripening, which eventually leads to the dramatic enhancement of electrical

conductivity by six orders of magnitude from 1.33 S m�1 to 1.0 � 107 S m�1, which corresponds to

15.9% of the electrical conductivity of bulk silver. In addition to the enhancement of electrical

conductivity, the silver chloride (AgCl) layer formed on the surface of the silver layer due to ferric ions

(Fe3+) enhances the blackness of the transparent conductive film by a factor of 1.69, from 36.29 B to

61.51 B. The sheet resistance and optical transparency of a roll-to-roll printed black transparent

conductive film for a touch screen panel are found to be as low as 0.9 U ,�1 and 81%, respectively,

after conducting the proposed two-step metallization.
1 Introduction

Printing techniques have been actively explored with a view of
fabricating cheap, highly conductive electrodes at high resolution
because of their huge potential for application in exible elec-
tronics and display appliances such as transparent lm heaters,1

transistor circuits,2–6 radio frequency identication (RFID) tags,7

electromagnetic wave interference (EMI) shielding lms8 and
other potential applications.9–11 Among the various potential
appliances, exible touch screen panels (TSPs) have gained
signicant industrial interest due to the signicant rise inmarket
demand due to the advent of smart phones and tablet PCs.

A capacitive type of TSP, which conventionally uses a set of
indium tin oxide (ITO) deposited substrates, has become the
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most commercially dominant among other types of TSPs, and its
size could be enlarged from 4 inches for handheld smart phones
through 10 inches for tablet PCs to 40 inches and above for public
displays, as humannature ismore andmore adapted to touching
displays rather than using other means of selecting information
such as a computer mouse. However, the use of ITO increases
the cost of producing TSPs while its low electrical conductivity
poses an obstacle to the production of ultra-large TSPs, such
as those used in public displays or electronic whiteboards.

Therefore, the development of ultra-large TSPs printed with
a highly conductive but low-temperature processable paste
(>104 S cm�1) in lieu of ITO has been a signicant issue because
low-cost exible substrates – such as polyethylene terephthalate
(PET, Tg ¼ 80 �C, where Tg stands for glass transition temper-
ature), polycarbonate (PC, Tg ¼ 145 �C), and polyethylene
naphthalate (PEN, Tg ¼ 150 �C)12 – cannot withstand the
conventional sintering temperature, which can be as high as
200 �C and above.13,14 As an example, a conductive paste in a
mixed form of silver oxide (Ag2O) and silver carboxylate
(RCOOAg, where R is an alkyl group) was found to be suitable
for producing highly conductive patterns by a thermal reduc-
tion process at a temperature as low as 150 �C.15,16 However, this
thermal reduction process requires at least half an hour, which
eventually leads to an increase of the overall fabrication cost
due to its very poor productivity.
Nanoscale, 2013, 5, 5043–5052 | 5043



Nanoscale Paper
To shorten the sintering time required to reach sufficiently
high electrical conductivity as well as to lower the sintering
temperature, various sintering techniques have been explored.
As one of a number of dry sintering techniques, laser sintering
has been introduced for the fast transformation of as-printed
non-conductive silver lines into conductive ones.17,18 However,
this not only requires a highly expensive high-power laser
system but also tends to produce non-uniform silver lines. Other
dry sintering techniques such as microwave,19,20 plasma,21 and
pulsed light22,23 have also been developed, with which highly
conductive silver lines can be producedmore quickly. To further
enhance the nal electrical conductivity of dry sintered metallic
parts, combinations such as pulsed light and microwave, or
plasma and microwave, were also explored,24,25 and it was found
that up to 60% of the electrical conductivity of bulk silver could
be achieved. However, plasma sintering requires an expensive
inert gas such as argon for the ignition and retention of plasma,
which could pose a signicant cost barrier to the production of
cheap, transparent, conductive lms. Microwave sintering not
only requires a special chamber to conne microwave irradia-
tion but also needs to satisfy the special relationship between
microwave frequency and line length to be sintered.25 Despite
the achievement of highly conductive transparent lms without
direct thermal sintering, however, these non-thermal dry sin-
tering techniques still require more room to develop for an open
continuous roll-to-roll process, which is desirable for the mass
production of cheap, transparent, conductive lms.

As an alternative approach to the aforementioned dry sin-
tering techniques, wet sintering techniques on the basis of a
chemical reaction have been proposed, which include the use of
reducing agents for the reduction of metal precursors (NaBH4

for the reduction of copper citrate),26 combinatorial exposure to
UV light and hydroquinone solution for the reduction of a silver
metallo-organic compound,27 vapour of ethylene glycol or
1-dimethylamino-2-propanol for the reduction of silver
nitrate,28,29 a destabilizing agent (NaCl) for the self-sintering of
silver nanoparticles,30 and various electrolyte solutions (CaCl2,
HCl, LiCl, MgCl2, NaCl, FeSO4, and MgSO4) for the chemical
sintering of silver nanoparticles.31,32

Wet sintering techniques, especially using electrolyte solu-
tions, have strong advantages over other non-thermal dry
Fig. 1 Visual impact of transparent conductive films with (a) reflective silver electr
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sintering techniques in the sense that they do not require
special equipment yet can achieve high electrical conductivity
up to 40% within 10 s (ref. 30 and 32). These advantages
certainly make wet sintering techniques more amenable to an
open continuous roll-to-roll process. However, previous
research in this eld has focused only on enhancing the elec-
trical conductivity of as-printed metallic parts. In practical
display applications including touch screen panels, the black-
ness of silver electrodes is of signicant concern, but this issue
was not considered in previous research. As shown in Fig. 1, a
transparent conductive lm with reective silver electrodes not
only deteriorates the display contrast ratio but also contributes
to colour mismatching in the specied colour spectrum as well
as the haziness of a transparent conductive lm when viewed at
a glancing angle. Especially, the haziness of a transparent
conductive lm is a signicant reason why transparent
conductive lms with silver nanowires have not been readily
commercialized despite the relative ease with which they can be
manufactured.33–35 In addition to the need to suppress the
metallic reection of silver electrodes, they also need to be
covered by a topmost protection layer against their unwanted
oxidation during O2 plasma treatment,36which would have to be
adopted in the fabrication of most types of displays.

In order tomeet all the aforementioned requirements such as
low-temperature processability, short processing time, high
electrical conductivity and low reectivity with a protection layer,
a novel two-step metallization has been devised for the purpose
of this research, whereby short thermal sintering is applied rst,
followed by a wet sintering technique with an aqueous ionic
solution. The physicochemical conversion of silver oxide
microparticles to silver nanoparticles in the presence of silver
neodecanoate during the rstmetallization step and the effect of
ions on the enhancement of electrical conductivity, blackness
and formation of a protective layer during the second metalli-
zation step will be comprehensively discussed.
2 Experimental
2.1 Sample preparations

The silver oxide paste was prepared by mixing silver oxide
microparticles (D50 z 1.89 mm, Kojundo Chemical Laboratory
odes and (b) blackened silver electrodes.
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Co. Ltd, Japan) and silver neodecanoate (C10H19AgO2) in
a-terpineol (C10H18O, Kanto Chemical Co. Inc., Japan) at a
specied weight ratio of 2 : 2 : 1, respectively. All the compo-
nents were pre-mixed for 2 min and degassed for 1 min using a
planetary centrifugal mixer (AR-250, Thinky Corp., Japan), fol-
lowed by a triple roller mill (EXAKT 50, EXAKT Advanced
Technologies GmbH, Germany) to break down any remaining
large agglomerates of silver oxide microparticles.

Various aqueous ionic solutions were prepared with hydro-
chloric acid (HCl, Sigma-Aldrich Co. LLC., USA), sodium chlo-
ride (NaCl, Sigma-Aldrich Co. LLC., USA), ferrous chloride
(FeCl2, Kanto Chemical Co. Inc., Japan), ferric chloride (FeCl3,
Kanto Chemical Co. Inc., Japan), ferrous acetate (Fe(C2H3O2)2,
Sigma-Aldrich Co. LLC., USA), and ferrous sulphate (FeSO4,
Kanto Chemical Co. Inc., Japan) without further purication.

The silver oxide paste was bar-coated using a four-sided
applicator (PA-2020, BYK-Gardner GmbH, Germany) on a PET
lm with a thickness of 30 mm, and then thermally sintered at
150 �C for 10 min in the rst metallization step, by which the
silver oxide paste was dried and endowed with adhesive
strength as well as initial conductivity. In the second metalli-
zation step, the bar-coated silver oxide paste was immersed in
aqueous ionic solutions for 10 s, followed by washing with
deionized water twice and drying under ambient conditions.
Fig. 2 Impact of silver neodecanoate on the formation of silver nanoparticles
during the first metallization step at 150 �C for 10 min. (a) Silver oxide micro-
particles alone and (b) silver oxide microparticles with silver neodecanoate.
2.2 Characterizations

The differential scanning calorimetric (DSC) thermograms of the
silver oxide paste with and without silver neodecanoate were
characterized with a thermal analyser (DSC 823e, Mettler-Toledo
GmbH, Germany) at a heating rate of 10 �C min�1 and a dry air
ow rate from 25 to 30mlmin�1. A four-point probe (MCP-T600,
Mitsubishi Chemical Corp., Japan) was used to measure the
surface electrical resistance of the silver lms made with the
silver oxide paste. The thickness of the silver lms wasmeasured
using a Teclock dial indicator according to Japanese Industrial
Standards (JIS, K6783). The optical reectivity of the silver lms
was measured using a UV-VIS-NIR spectrophotometer (UV-3600,
Shimadzu Corp., Japan). The morphological characterization of
the silver lms was performed with a eld emission scanning
electron microscope (FE-SEM) (S-4800, Hitachi High-Technolo-
gies Corp., Japan). An X-ray photoelectron spectroscope (XPS)
(ESCALAB 250, Thermo Scientic Inc., USA) with a mono-
chromatized Al Ka X-ray (1486.6 eV) source was employed to
analyse the chemical composition of the silver lms before and
aer rapid chemical annealing with aqueous ionic solutions.
Fig. 3 DSC thermograms of silver oxide alone and silver oxide with silver
neodecanoate.
3 Results and discussion
3.1 Physicochemical conversion of the silver oxide paste
during the rst metallization step

The silver oxide paste initially had no silver nanoparticles.
When the silver oxide paste with silver neodecanoate was
exposed to short thermal sintering at around 150 �C in the rst
metallization step, however, a massive amount of silver nano-
particles was found to be produced within 10 min. Though part
of them resulted from the thermal decomposition of silver
This journal is ª The Royal Society of Chemistry 2013
neodecanoate,37 the silver oxide microparticles themselves were
the major source of silver nanoparticles, as shown in Fig. 2.15,38

The physicochemical conversion of silver oxide microparticles
to silver nanoparticles in the presence of silver neodecanoate
not only lowers the chemical reduction temperature of silver
oxide to silver from 400 �C in the case of silver oxide alone to 180
�C in the case of silver oxide with silver neodecanoate, but also
leads to an exothermic chemical reaction, as shown in Fig. 3.
This physicochemical reduction, however, might be impeded by
the use of a dispersant so that the use of silver oxide
Nanoscale, 2013, 5, 5043–5052 | 5045



Nanoscale Paper
microparticles rather than silver oxide nanoparticles is prefer-
able so as to have fewer agglomerates in the silver oxide paste in
the absence of the dispersant.

The electrical conductivity of the silver oxide paste, along with
the thermal sintering time at 150 �C, was found to evolve from
1.33 Sm�1 in 10min through 2.52� 106 Sm�1 in 15min to 6.79�
106 S m�1 in 30 min, as shown in Fig. 4(a). However, the average
crystalline size of the silver nanoparticles, which was calculated
from the XRD patterns in Fig. 4(b) using the Scherrer equation
based on the fundamental parameter approach (Rietveld rene-
ment) with the TOPAS soware,39–42 was found to remain almost
the same, at 35nm, regardless of the thermal sintering timeat the
applied sintering temperature. This means that the fusion of
silver nanoparticles takes place only at the interface of the silver
nanoparticles through atomic diffusion, but is not strong enough
to completely merge the silver nanoparticles together. The pres-
ervation of silver nanoparticles formed from the silver oxide paste
during therstmetallization step plays a vital role in realizing the
second metallization step with aqueous ionic solutions, which
will be discussed in the next section.

3.2 Enhancement of electrical conductivity and blackness at
the second metallization step

Although bulk silver has little chemical reactivity to aqueous
ionic solutions, it is reported in the relevant literature that the
Fig. 4 Impact of thermal sintering time at 150 �C on (a) electrical conductivity
and (b) silver crystalline size after 10 min and 30 min.
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chemical reactivity of silver to aqueous ionic solutions can be
greatly enhanced when the size of the silver nanoparticles is
smaller than 10 nm.43 Therefore, the formation and preserva-
tion of silver nanoparticles converted from silver oxide micro-
particles in the rst metallization step might signicantly
contribute to the promotion of rapid chemical annealing in the
second metallization step. However, the silver nanoparticles
formed in the rst metallization step were sized about 35 nm,
which is 3.5 times larger than the size of the silver nanoparticles
reported in the literature, so their chemical reactivity to
aqueous ionic solutions needs to be re-assessed by immersing
the silver lms produced in the rst metallization step into
various aqueous ionic solutions such as hydrogen chloride
(HCl, pH ¼ 1.43), 6 wt% of sodium chloride (NaCl, pH ¼ 5.8),
6 wt% of ferrous chloride (FeCl2), 6 wt% of ferric chloride
(FeCl3), 6 wt% of ferrous acetate (Fe(C2H3O2)2), 6 wt% of ferrous
sulphate (FeSO4), and a mixture of 6 wt% of ferrous sulphate
and 6 wt% of sodium chloride. It should be noted that 6 wt% of
sodium chloride was used to investigate whether the low pH
condition is vital for rapid chemical annealing in the second
metallization step.

In the presence of chloride ions (Cl�) and dissolved oxygen
in water at a low pH condition, the silver nanoparticles formed
in the rst metallization step can be dissolved slowly into silver
ions (Ag+).44–46 The redox reaction in this case can be written as
4Ag + O2 +2H2O4 4Ag+ + 4OH�, where the reduction potential
of O2/OH

� is 0.4 V.47 Since molecular oxygen adsorbs and
dissociates to atomic oxygen on the silver surface between 200 K
and 500 K,48 atomic oxygen on the silver surface may block
the re-deposition of silver ions onto the silver surface. Since the
concentration of oxygen in water is quite limited and the
adsorption process is dynamically equilibrated, however, there
is still a good chance that a small amount of silver ions can be
re-deposited onto the relatively more active silver surface.

As a consequence, rapid chemical annealing with various
aqueous ionic solutions, regardless of their pH condition,
results in an increase of crystallinity from 35 nm to 45 nm in the
case of hydrogen chloride, sodium chloride, ferrous chloride,
and a mixture of ferrous sulphate and sodium chloride, as
shown in Fig. 5(a)–(f). In the case of ferric chloride, the crys-
talline size of the silver nanoparticles was found to increase up
to 50 nm, and a strong network of silver nanoparticles was
formed. Their resulting conductivity values aer the second
metallization step were greatly improved by factors of 1.13 �
107 in the case of hydrogen chloride, 1.2 � 107 in the case of
sodium chloride, 3.09 � 106 in the case of ferrous chloride, and
7.54 � 106 in the case of ferric chloride, as shown in Fig. 6.

On the other hand, two non-chloride aqueous ionic solu-
tions, ferrous acetate and ferrous sulphate, were found to lack
the ability to fuse silver nanoparticles, resulting in their silver
crystalline sizes remaining unchanged and virtually no
enhancement of their electrical conductivity. It was only when
sodium chloride was added to a non-chloride aqueous ionic
solution, for example, a mixture of ferrous sulphate and sodium
chloride, the electrical conductivity of the silver lm was
increased by a factor of 5.20 � 106, as shown in Fig. 6. There-
fore, it is conrmed that chloride ion is the key to dramatically
This journal is ª The Royal Society of Chemistry 2013



Fig. 5 SEM images of the silver films just after the first metallization step in (a),
and after the second metallization step with (b) HCl, (c) NaCl, (d) FeCl2, (e) FeCl3,
and (f) FeSO4 + NaCl. Schematic illustration of the self-catalytic addition of silver
ions to the silver film in (g).

Fig. 6 Enhancement of electrical conductivity in the second metallization step
with various aqueous ionic solutions.

Fig. 7 XRD spectra of the silver films chemically annealed with HCl, NaCl, FeCl2,
FeCl3, and FeSO4 + NaCl.
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enhance the electrical conductivity of the silver lms in the
second metallization step.30,32 This enhancement of the elec-
trical conductivity of the silver lms chemically annealed with
aqueous ionic solutions containing chloride ions is led by the
This journal is ª The Royal Society of Chemistry 2013
self-catalytic addition of dissolved silver ions on the surface of
the silver nanoparticles, as shown in Fig. 5(g). This self-catalytic
addition is facilitated by the silver nanoparticles formed and
preserved in the rst metallization step through Ostwald
ripening.21,24 It is noteworthy that the enhancement of the
electrical conductivity of the silver lm chemically annealed
with ferric chloride basically follows the self-catalytic addition
similar to that shown in Fig. 5(g), but involves another chemical
reaction, which will be discussed later in detail.

Although the electrical conductivity of the silver lms was
dramatically enhanced aer chemical annealing in the course
of the second metallization step with aqueous ionic solutions
containing chloride ions, especially with hydrogen chloride and
sodium chloride, they still exhibited metallic reection, with
the exception of the silver lm chemically annealed with ferric
chloride, which showed the intended blackening of the silver
lm. The XRD spectra of the silver lms revealed that the
formed black layer, aer rapid chemical annealing with ferric
chloride, was silver chloride (AgCl), as shown in Fig. 7.

Unlike Ki and Zhu's work,43 however, no chlorine peaks of
silver chloride were detected in the XRD spectra of the silver
lms chemically annealed with hydrogen chloride, sodium
chloride, ferrous chloride and a mixture of ferrous sulphate and
sodium chloride. This means that the formed silver nano-
particles were too big to have sufficient chemical reactivity for
the formation of silver chloride within such a short chemical
annealing time. Moreover, they contained only chloride ions
without a suitable electron acceptor.

On the other hand, an aqueous ferric chloride solution
contains a strong electron acceptor, ferric ion (Fe3+), which
contributes to the formation of silver chloride.49–51 It was also
found that the chemical reactivity of a silver particle, which is
inversely proportional to its size, is not a prerequisite to the
formation of silver chloride with the presence of ferric ions. As
shown in Fig. 8, three aqueous ionic solutions, hydrogen chlo-
ride, sodium chloride and ferric chloride, which exhibited good
electrical conductivity of more than 1.0 � 107 S m�1, were
applied to the rst sintered silver lms composed of different
Nanoscale, 2013, 5, 5043–5052 | 5047



Fig. 8 Capability of ferric ions (Fe3+) for the formation of silver chloride on the
silver films with different sizes of silver particles.

Fig. 9 Depth profile of the atomic ratio of chlorine to silver in the silver film
chemically annealed with FeCl3.
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silver particles, 35 nm and 517 nm. Among them, only the
aqueous ferric chloride solution successfully formed silver
chloride, irrespective of the sizes of the silver particles.

Compared to the silver lms chemically annealed with the
other chloride containing aqueous ionic solutions, the crystal-
line size of the silver nanoparticles of the silver lm chemically
annealed with ferric chloride was found to be further enlarged
up to 50 nm. This may have been caused by the re-deposition of
more silver ions on the silver surface through the redox reaction
of ferric ions. The enlarged crystalline size of the silver nano-
particles may have contributed to the higher electrical
conductivity of the silver lm, but the measured electrical
conductivity of the silver lm chemically annealed with ferric
chloride was slightly lower than those chemically annealed with
hydrogen chloride and sodium chloride.

This may have been caused by the formation of non-
conductive silver chloride, whose crystalline size was measured
up to 170 nm. If silver chloride was formed all through the
depth of the silver lm, however, the silver lm chemically
annealed with ferric chloride would become non-conductive.
Therefore, it could be postulated that the self-catalytic addition
of silver ions to the silver lm to enhance electrical conductivity
must proceed much faster than the formation of silver chloride,
and that the formed silver chloride layer must stay only on the
upper part of the silver lm. This means that the oxidation of
silver nanoparticles to silver chloride must start from the
interface in contact with the ferric chloride solution, penetrate
to the depth of the silver lm, and nally stop somewhere
before the entire transformation of the silver lm into silver
chloride.

Using X-ray photon spectroscopy, this postulation was
conrmed in which the atomic ratio of chlorine to silver grad-
ually decreases with increasing depth and then disappeared at
around 300 nm depth, as shown in Fig. 9. The chemical
composition of silver to silver chloride in the silver lm
5048 | Nanoscale, 2013, 5, 5043–5052
chemically annealed with ferric chloride was measured using
the Rietveld renement of X-ray diffraction spectra and was
found to be 7 : 3. Using the morphological images and depth
prole data of the atomic percentages shown in Fig. 2, 5 and 9,
the overall physicochemical reactions involved with the silver
lm in the rst and second metallization steps with ferric
chloride are re-constructed in Fig. 10.

As shown in Fig. 11(a), the reectivity of the silver lm was
reduced over the entire visible range from 400 nm to 700 nm,
regardless of the chemical annealing time with ferric chloride,
and hence the haziness of the silver lm was reduced. The
degree of blackness (B) of the silver lm is dened by 116(1 �
Y1/3) when the optical reectivity at 550 nm, Y, is greater than
0.008856, rather than the average reectivity over the entire
visible range,52 because the most perceptive wavelength of light
to the human eye is around 550 nm.53,54

When the silver lm was chemically annealed with ferric
chloride, the silver lm quickly blackened in 10 s from 36.29 B
to 61.51 B with the simultaneous enhancement of electrical
conductivity due to the increase in the crystalline size of the
silver nanoparticles from 35 nm to 50 nm. However, the pro-
longed immersion time up to 50 s did not notably enhance the
blackness of the silver lm, but it did adversely decrease its
electrical conductivity, as shown in Fig. 11(b). This adverse
deterioration in electrical conductivity with the prolonged
immersion time resulted from the gradual increase of the
thickness of the non-conductive silver chloride layer formed on
the surface of the silver lm, as discussed before.

Silver chloride is a photosensitive material, which can be
decomposed into silver nanoparticles and chlorine gas upon
exposure to light because of point ionic defects and electron
traps under UV and visible light.55 This photodecomposition
mechanism has been used in photography for centuries, and
the formed silver nanoparticles contribute to the blackening of
the region exposed to light. However, the silver lm chemically
annealed with ferric chloride was found to preserve silver
chloride from photodecomposition, as shown in Fig. 7 and 9.
This unusual stability of silver chloride results from the pairing
This journal is ª The Royal Society of Chemistry 2013



Fig. 10 Schematic illustration of the overall physicochemical reactions in the course of low-temperature two-step metallization with FeCl3.

Fig. 11 Optical properties of the silver film chemically annealed with FeCl3. (a)
Reflectivity and (b) blackness and electrical conductivity of the silver film.

Fig. 12 SEM images and EDX spectra of the Ag/AgCl heterostructure formed by
rapid chemical annealing with FeCl3 for 10 s in (a) and (c), and the underlying
silver nanoparticles after selective removal of AgCl with NH4OH in (b) and (d).

Paper Nanoscale
of silver chloride with silver nanoparticles. Light is strongly
absorbed by silver nanoparticles via surface plasmon reso-
nance, depending on their size and shape,56,57 instead of silver
chloride. The photons absorbed by silver nanoparticles are
separated into electrons and holes. Then, the electrons are
transferred to the surface of the silver nanoparticles farthest
from the silver/silver chloride interface, rather than to the silver
ions of the silver chloride lattice.58,59 As a result, the silver
chloride remained intact under light illumination.

However, the blackness of the silver lm aer the chemical
annealing with ferric chloride might not be explained solely
with the surface plasmon resonance of silver nanoparticles. In
fact, silver nanoparticles were present in the silver lm even
This journal is ª The Royal Society of Chemistry 2013
before the chemical annealing with ferric chloride, but the
colour of the silver lm exhibited a metallic reection. To
investigate the role of the silver chloride layer, therefore, the
topmost silver chloride layer was removed with an ammonium
hydroxide (NH4OH) solution (1 M) for 1 min, as shown in
Fig. 12, and the colour of the silver lm without the silver
chloride layer was again found to exhibit a metallic reection.
This supports the idea that the formation of a silver/silver
chloride heterostructure not only preserves silver chloride from
photodecomposition but also contributes to the blackness of
the silver lm due to the enhanced surface plasmon
resonance.60
3.3 Black transparent conductive lms for touch screen
panels

The proposed two-step metallization process can be readily
applied to real TSPs because it satises all the required char-
acteristics for printed ultra-large TSPs, including low-tempera-
ture processability, a short processing time, high electrical
Nanoscale, 2013, 5, 5043–5052 | 5049



Fig. 13 Visual impact comparison of silver electrodes, (a) just after the first metallization step and (b) after the secondmetallization step for blackened electrodes with
FeCl3.

Fig. 14 Comparison of the sheet resistance of “black” transparent conductive
films before and after chemical annealing with FeCl3 for 30 s in (a) and the XRD
spectra before and after O2 plasma treatment in (b).
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conductivity, and low reectivity. The rst metallization step
physicochemically converts silver oxide microparticles into
silver nanoparticles in the presence of silver neodecanoate at a
temperature as low as 150 �C for 10 min. Simultaneously with
the electrical conductivity enhancement through self-catalytic
addition, the colour of the square mesh electrodes blackened in
the course of the second metallization step with ferric chloride
at room temperature in 10 s. The visual impact of the black
transparent conductive lm becomes obvious, when compared
to a conventional transparent conductive lm with reective
silver electrodes, as shown in Fig. 13, where the width of the
squaremesh electrodes was enlarged to 1mm for the purpose of
easy visual comparison at a distance.

Black transparent conductive lms, whose square mesh
electrodes were 3 mm thick, with a line width of 30 mm and a line
pitch of 300 mm, were produced with a homemade roll-to-roll
printing machine, as shown in Fig. 14(a). The chemical
annealing time for the second metallization step was, however,
extended to 30 s because of the limited operating conditions of
the homemade roll-to-roll printing machine. The sheet resis-
tance of the black transparent conductive lm was 0.9 U ,�1,
which is still lower than that of the thermally sintered silver lm
for 20 min, 1.45 U ,�1, but slightly higher than that of the
thermally sintered silver lm for 30 min, 0.68 U ,�1. It is
noteworthy that the enhancement of the sheet resistance of a
black transparent conductive lm is not as dramatic as that of
the chemically annealed silver lms in Fig. 6. This relatively
poor enhancement of sheet resistance seems to have been
caused by the formation of a thicker silver chloride layer not
only on the top but also on the lateral sides of the electrodes
during the extended chemical annealing time. Even under this
harsh chemical annealing condition, however, the sheet resis-
tance of the black conductive lm was low enough for ultra-
large TSPs.

We also investigated whether the silver chloride layer formed
on the surface of the silver lm could protect silver against
oxidation when O2 plasma treatment was applied for 10 min –

something which would be adopted in the fabrication of most
displays to enhance coatability in the subsequent production
steps. The XRD spectra of the silver lm covered with the silver
chloride layer conrmed that oxidized silver was not formed
aer the O2 plasma treatment, as shown in Fig. 14(b).
5050 | Nanoscale, 2013, 5, 5043–5052
4 Conclusions

We have demonstrated the applicability of a low-temperature
processable two-step metallization with a silver oxide paste to
construct black square mesh electrodes for touch screen panels.
The developed silver oxide paste was mainly composed of silver
oxide microparticles, the average size of which was around 1.89
mm, and silver neodecanoate (C10H19AgO2) in a-terpineol
(C10H18O). Short thermal sintering during the rst metallization
step physicochemically converted silver oxide microparticles to
silver nanoparticles, the crystalline size of which was approxi-
mately 35 nm, in the presence of silver neodecanoate. This
This journal is ª The Royal Society of Chemistry 2013
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exothermic physicochemical conversion of the silver oxide paste
eventually contributed to lowering the initial sintering
temperature to as low as 150 �C and to shortening the sintering
time to as little as 10 min.

In order to enhance the electrical conductivity and blackness
of the silver lm, rapid chemical annealing with diverse
aqueous ionic solutions was performed for 10 s in the second
metallization step. Among the several anions used here,
chemical annealing with chloride ions was found to be the most
effective in enhancing the electrical conductivity of the silver
lm through the self-catalytic addition of silver ions to the silver
lm, resulting in the growth of the crystalline size of the
silver nanoparticles through Ostwald ripening.

Moreover, the addition of electron donating ferric ions was
found to be effective in producing silver chloride on the surface
of the silver lm only in 10 s, regardless of the size of the silver
particles. The formation of a silver/silver chloride hetero-
structure contributes to the preservation of silver chloride from
photodecomposition under light illumination as well as the
blackness of the silver lm due to the enhanced surface plas-
mon resonance. The silver chloride layer also works as a
protective layer against the oxidation of silver during the
subsequent O2 plasma treatment.

In summary, a novel low-temperature processable two-step
metallization has been found to be more amenable to an open
continuous roll-to-roll process, which requires only a fraction of
the usual metallization time, when compared to conventional
thermal sintering processes. The blackened silver electrodes
with the silver chloride layer in the second metallization step
suppress the reectivity of the silver electrodes and are thus
suitable for use in a highly conductive transparent lm for ultra-
large TSPs, the sheet resistance of which is as low as 0.9 U ,�1

with an optical transparency of 81%.
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