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ABSTRACT: Gold nanoparticles were synthesized and inkjet-
printed on a paper substrate and IR-sintered to produce
conductive electrodes. The electrodes were further functionalised
by using self-assembled octadecanethiol monolayers (SAMs). The
effect of sintering, print quality, and SAM formation were
examined by topographical, chemical and electrical methods.
With optimised printing parameters, a volume resistivity of ~1.6
%1077 Q m was attained by a single print layer.
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1. INTRODUCTION substrate. The print parameters were optimised in order to
obtain a smooth electrode surface for the self-assembly process.
Succesfull SAM formation was confirmed by chemical analysis
and electrostatic experiments.

High-resolution printing of metal-based nanoparticle (NP) inks
enable cost-effective and simple fabrication of conductive
structures.' > Factors that control the morphology and
conductivity of the printed patterns have been extensively 2. MATERIALS AND METHODS
studied in order to optimise the printing and curing

conditions."*2° Silver ( Ag) NPs have been readily used in 2.1. Synthesis and Characterization of the Gold Nano-

particles. The chemicals were purchased from Sigma-Aldrich and

printed electronics, including transistors and solar cells, on used without further purification. Dodecanethiol-protected AuNDPs
various print substrates, '+~ 21724 Despite the relatively high were synthesised following the procedure reported by Hostetler et al>*
conductivity achieved with AgNPs, it is not a suitable electrode HAuCl,H,0 (1.75 mmol) in 25 mL of deionized water was added
material for all applications due to its reactivity. Oxidation of into 40 mL of vigorously stirred toluene with 4.38 mmol of
silver electrodes has been shown to cause problems in polymer tetraoctylammonium bromide (TOAB). After the gold salt was fully

transferred into the organic phase, the water phase was discarded. 0.44
mmol of dodecanethiol was added and the mixture was stirred for 10
min. The reaction mixture was vigorously stirred and 17.5 mmol of
NaBH, in 25 mL of water was added in a single fast injection. The

solar cells.*® In addition, silver is prone to diffuse into the active
material (e.g. the semiconductor and dielectric layer in organic
thin film transistors) causing short-circuits.”**” Gold, on the

other hand, is chemically inert and has excellent resistance to resulting dark solution was stirred for 3 h. The organic phase was
oxidation and acids. The good biocompatibility28 and high collected and evaporated. The black product was dispersed in ethanol
affinity of alkanethiols for gold nanoparticles (AuNPs)* and filtered. The residue was washed with copious amounts of ethanol
promote their applicability in various fields e.g. nano- and acetone. The final black powder was dried in a vacuum.

medicine®*~3® and printed ele ctronics.>* 3% The low sintering The size and shape of the synthesized nanoparticles were examined

temperatures of AuNPs compared to the bulk gold (1063 oC)37 by transmission electron microscopy using a Hitachi S4800 field-
enable reduced processing temperatures and the use of various emission scanning electron microscope (FESEM) (Supporting

- 3 Information 1). TEM samples were prepared by applying a droplet
substrates. Conductive gold structures have been fabricated by of 1 mg/mL toluene solution of the nanoparticles on a holey carbon

inkjet printing on glass,38_41 Silicone;42 PlaSti‘16'43 and paper flm TEM grid (Cu mesh). A relatively narrow size distribution,
substrates.””** Various methods have been utilised for the roughly in the size range of 3.0 + 1.8 nm, was obtained by an image
sintering of printed AuNP patterns, including hot plate, oven, analysis of over 800 particles (using Scanning Probe Image Processor
infrared (IR) sintering, and laser. software (SPIP, Image Metrology, Denmark)). Thermogravimetric
In the present study, a high-yield, low-material-consumption

fabrication of printed Au electrodes on paper is demonstrated. Received: November 17, 2011

IR sintering allowed a rapid annealing of printed AuNP layers, Accepted: January 10, 2012

resulting in a low-resistance film without the degradation of the Published: January 10, 2012
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Figure 1. Photographs of the (a) unsintered and (b) IR-sintered inkjet-printed Au electrodes on paper.

analysis (TGA) was carried out under a flowing nitrogen atmosphere
using Mettler Toledo TGA850 equipment with STARe software.
Pyrolysis of the dodecanethiol occurred at around 175 — 250°C
(Supporting Information 2). This is consistent with results published
by Huang et al.? According to TGA, the AuNPs contained 16.5 wt %
volatile components.

2.2. Substrates. A pigment (kaolin) coated paper developed for
printed functionality was used as a print substrate.”"*>*¢ The thickness
and grammage of the paper substrate was 130 + 30 ym and 126 g/m?,
respectively. Evaporated gold on mica was used as a reference substrate
in the contact angle and surface potential measurements.

2.3. Inkjet Printing. The AuNPs (15 wt %) were dispersed in
xylene (Sigma-Aldrich). Inkjet printing of the AuNP ink was
performed with a Dimatix Materials Printer (DMP-2800, FUJIFILM
Dimatix, Inc. Santa Clara, USA). The printing was done in ambient
conditions using a single nozzle, 10 pL drop volume, 27 + 3 V firing
voltage and a custom waveform to ensure optimal droplet formation.
The print pattern was designed with Microsoft ® Paint (Version 5.1)
software to allow simultaneous printing of gold electrodes with varying
print amount by using different drop spacing (DS 20—45 um), ie.,
distance between two adjacent jetted droplets.

Sintering of the printed gold patterns was carried out using an IR
drier (IRT systems, Hedson Technologies AB, Sweden) consisting of
three lamps and a fan. The samples were cured until the colour
changed from blackish to golden yellow after approximately S — 15 s
depending on the pattern and drop spacing. The distance between the
sample and the lamp was approximately 20 cm. The IR-dried samples
are from now on referred to as IR-sintered. In addition, the samples
that were left to dry in ambient air are referred to as air-dried.

2.4. Thiolation of Gold Electrodes. Self-assembled monolayer
(SAM) experiments were conducted using 1-octadecanethiol (ODT,
Fluka Chemika). To obtain reproducible gold surfaces for SAM
formation, gold surfaces are typically pretreated by, for example, an
exposure to UV irradiation or oxygen plasma followed by an
immersion in ethanol.*’ As a pretreatment, just before the thiolation,
the IR-sintered electrode surfaces were cleaned with plasma (air) flow
(PDC-326, Harrick) for 2 min, rinsed with acetone and absolute
ethanol, and dried with nitrogen gas. Samples treated in this way are
referred to as plasma-cleaned. An SAM was formed by exposing the
electrode surface to ethanol solution of ODT (5 mM,, in liquid cell) for
60 min at room temperature in the dark. After thiolation, the
substrates were removed from the solution and rinsed immediately
with absolute ethanol and dried with nitrogen gas. These samples are
referred to as thiolated.

2.5. Topographical and Phase Imaging. An NTEGRA Prima
(NT-MDT, Russia) atomic force microscope (AFM) with Nova
software (v 1.1.0.1851, NT-MDT, Russia) was used to analyse the
topography of the samples in intermittent-contact mode. The images
(1024 x 1024 pixels) were recorded in ambient conditions (RH = 23
+ 3%, T = 26 + 2°C) using high resolution silicon cantilevers (Model:
NSG10, NT-MDT, Russia), a scan speed of 0.2—0.5 Hz and a
damping ratio of 0.6—0.7 Hz. The AFM images were processed and
analysed with SPIP software.

2.6. Surface Potential Imaging. In surface potential (SP)
imaging a map of the electrostatic potential on the sample surface is
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created. The procedure is a nulling technique as the tip travels above
the sample surface in LiftMode. Whenever a potential difference
between the tip and the sample occurs, a force is experienced by the
tip and the cantilever. The force is nullified by varying the voltage of
the tip so that the tip is at the same potential as the region of the
sample surface underneath it. The voltage applied to the tip during
mapping is plotted versus the in-plane coordinates, creating a three-
dimensional surface potential image.*®

The SP imaging was carried out with a Nanoscope V. AFM
(MultimodeTM series, Digital Instruments, Veeco Metrology Group,
Santa Barbara, CA). The microscope was placed on an active vibration
isolation table (MOD-1M, JRS Scientific Instruments, Switzerland)
standing on a stone table to eliminate external vibrational noise. The
samples were taped on metallic sample pucks by double sided Scotch
tape. Conductive silver paint (ELECTROLUBE, HK Wentworth Ltd,
UK) was used to connect the printed Au patterns with the grounded
sample pucks to eliminate charging of the samples. Platinum/iridium
coated silicon SCM-PIT cantilever (Veeco Instruments SAS, Dourdan
CEDEX, France) was used in the measurements. The SP images (512
X 512 pixels) were measured at a lift height of 20 nm in ambient
conditions (RH = 35 + 5% and T = 25 =+ 3°C) with a damping ratio
of 0.7—0.8. Acquisition of the SP data was carried out line-by-line with
the surface topography imaging in a two-pass measurement mode. For
each line, the sample topography was recorded in the first pass using
TappingMode and the SP data was obtained during the second pass
without applying a voltage to the sample.

2.7. Contact Angle Measurements. Contact angle measure-
ments were made using a CAM 200 contact angle goniometer (RSV
Instruments Ltd). Contact angles of water (Millipore) were calculated
as a function of time using the software supplied with the instrument,
which utilises both a circular and a Laplace fit to the projected drop
curvature. The used drop size was 4.0 + 1 uL.

2.8. X-ray Photoelectron Spectroscopy. X-ray photoelectron
spectroscopy (XPS) spectra were obtained with a PHI Quantum 2000
scanning spectrometer, using monochromatic Al KR (1486.6 eV)
excitation and charge neutralisation by using electron filament and an
electron gun. The photoelectrons were collected at 45° in relation to
the sample surface with a hemispherical analyser. The analysing depth
was approximately S—10 nm. The pass energy was 117.4 and 23.5 eV
for low and high resolution, respectively. The measurements were
carried out on three different spots for each sample. An acquisition
time of 10 min was used for both the survey and high-resolution
spectra. A Gaussian curve-fitting program (MultiPak v6.1A, Physical
Electronics) was used to deconvolute the Cls and S2p signals.

2.9. Electrical Resistance Measurements. Resistance measure-
ments were done with a four-point measurement setup using a
Keithley 2100 Digital Multimeter (Keithley Instruments Inc.,
Cleveland, USA). The electrical resistivity (p) of the printed and
sintered Au-lines was calculated using the following formula: p = R
(Wd/L), where R is the electrical resistance, W is the width, d is the
height and L is the length of the printed line.

A HEPES-EDTA aqueous solution (10 mM HEPES (Sigma), 150
mM NaCl (Fluka), 1 mM EDTA (Sigma), pH 7.4) was used as an
electrolyte solution in the electrochemical measurements.

dx.doi.org/10.1021/am201609w | ACS Appl. Mater. Interfaces 2012, 4, 955—964
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Figure 2. Optical micrographs of the IR-sintered Au electrodes printed with a DS of (a) 40, (b) 30, and (c) 20 um. The rectangles in a—c indicate
the locations of the higher magnification micrographs (d, e). The dashed line in d highlights the edge of the print.

Figure 3. (a) AFM topographical and (b) phase image of an unsintered inkjet-droplet of Au ink printed on paper. The z-scales are (a) 1 ym and (b)

100°.

2.10. Optical Microscope Micrographs. Optical micrographs
(OM) were captured with an optical microscope (OPTEM 125,
Qioptiq LINOS, Inc.,, USA) using a nominal magnification of 0.52 and
2.0X.

3. RESULTS

3.1. Visual Characterization of the AuNP Structures.
Figure 1 shows photographs of the inkjet-printed Au electrode
structures (a) before and (b) after IR sintering. The unsintered
Au electrodes were blackish and non-conductive even if they
were left to dry in ambient air for several weeks. IR sintering
changed the colour of the electrodes gradually to golden
starting from the center and proceeding towards the edges of
the print. This was most probably because of a higher thickness
of the printed AuNPs in the center of the printed pattern. After
IR sintering for 10—1S$ s, the color change was completed and
the printed patterns had become conductive.
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Optical microscope micrographs of IR-sintered electrode
structures printed with different DS-values are shown in Figure
2. The homogeneity of reflection and color varied depending
on the used DS value. For low amounts of printed material (DS
35—4S pm) the surfaces were less reflective (Figure 2a, d). In
addition the edges of the print remained dark (Figure 2d). For
high amounts (DS 20 and 25 pm) the surfaces were optically
more heterogeneous and the cracking tendency increased
(Figure 2¢, f). Optically most homogeneous surface was
achieved with the intermediate DS value of 30 ym (Figure
2b, e). The same conclusion was drawn by visual observation by
the naked eye.

3.2. Topographical Characterization of the AuNP
Surfaces. AFM topographic (Figure 3a) and phase (Figure
3b) images show an individual unsintered (air-dried) AuNP
inkjet-dot. The outline of the dot was not easily distinguishable
in the topograph because of the small AuNP film thickness

dx.doi.org/10.1021/am201609w | ACS Appl. Mater. Interfaces 2012, 4, 955—964
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Figure 4. AFM topographical images (20 ym X 20 ym) of the (a) unprinted paper substrate and IR-sintered Au electrodes printed with DS (b) 40,

(c) 30, and (d) 20 pm. The height scale is 700 nm.

a

b

Figure 5. AFM topographical images (isometric view) of (a) an inkjet-printed and IR-sintered AuNP surface on paper (DS 30 ym) and (b) an

evaporated Au surface on mica.

relative to the rough paper substrate. A sharp outline is,
however, clearly distinguished in the phase image which is
sensitive to differences in dissipative interactions between the
tip and the sample (mainly due to variations in viscoelastic and
adhesive properties of the sample).*” The high contrast and
fairly homogeneous phase angle in the dot area confirm the
presence of a continuous Au layer (Figure 3b). The shape of
the dot was fairly spherical with a diameter of 75 ym (Figure
3b) and a thickness of 75—100 nm (Figure 3a).
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AFM topographical images show the paper substrate and the
sintered AuNP films printed with different DS (Figure 4). A
low amount of printed ink (DS 40 um, 676 drops/mm?)
resulted in a relatively thin film (average thickness of 175 + 50
nm) and the platy kaolin pigments and grain boundaries
between them were still partially visible (Figure 4b). In
addition, the root-mean-square (RMS) roughness of the paper
substrate (96 nm) and the AuNP film (106 nm) surface was on
the same range. With an intermediate ink amount (DS 30 ym,
1179 drops/ mm?), a continuous AuNP film was formed

dx.doi.org/10.1021/am201609w | ACS Appl. Mater. Interfaces 2012, 4, 955—964
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(Figure 4c). The average thickness of the AuNP layer was 230
+ 60 nm (Supporting Information 3) with an RMS roughness
of 57 nm. Inkjet-printing with a high ink amount (DS 20 yum,
2601 drops/mm?) resulted in a surface with an RMS roughness
of 56 nm (Figure 4d) being almost equal to that of the DS 30
um film. However, some defects are apparent on the surface.
The average thickness of the AuNP layer printed with DS 20
was 550 £ 100 nm.

A high-resolution AFM topograph shows the particulate
structure of an inkjet-printed AuNP surface on paper (after IR-
sintering) (Figure Sa). The Au surface was composed of
homogeneously distributed nanoaggregates with an average
height of around 30 nm. The RMS roughness of the image was
S nm. This was comparable to the RMS roughness (6 nm) of
an evaporated Au surface on mica (Figure Sb).

3.3. Electrical Characterization of the AuNP Struc-
tures. Electrical characterization of the printed and IR-sintered
Au structures was done by measuring the resistance of a series
of test lines printed with a DS value of 30 ym. The following
average dimensions were determined for the Au lines: d = 224
+ 83 nm (by AFM), W = 208 + 24 um (by OM) and L = 2 cm.
An average R of 66.7 + 5.9 Q was obtained, which resulted in a
resistivity of 1.6 X1077 Qm. Tolerance towards bending and
twisting is shown in Supporting Information, video 1.

3.4. Contact Angle Measurements. Figure 6 shows the
apparent contact angle of water (6,,,) as a function of time for
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Figure 6. Apparent contact angle of water (6,,,) as a function of time
for inkjet-printed AuNP surfaces with different treatments. Also shown
is the 6,,, curve for an evaporated Au surface on mica.

inkjet-printed Au surfaces with different treatments. The 0,
value of the air-dried sample was slightly above 90° and the IR-
sintered sample stabilised at a level slightly below 90°. Plasma
(air) cleaning decreased the 6,,, value, making the surface
hydrophilic. Thiolation of the AuNP surfaces by ODT turned
the surface hydrophobic (6,,, > 105°). The reference substrate
(evaporated Au on mica) showed hydrophilic characteristics
and the measured 6,,, value was close to that obtained with a
similar cleaning procedure.”” However, the relatively high Oya
value compared to a pure gold surface with zero contact angle
shows that the evaporated Au surface had been readily
contaminated in ambient atmosphere.’® In all cases, the Oy
values were higher compared to that of the paper substrate
(56°).

3.5. Chemical Characterization by XPS. Table 1 lists the
elemental composition of the inkjet-printed Au surfaces as
determined from the XPS spectra. All the values are an average
of three parallel measurements. In all the samples, the main
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Table 1. Binding Energies (B.E.) and Atomic Percentages (at
%) of Elements for Inkjet-Printed Au Surfaces after Different
Treatments

plasma
air-dried IR-sintered cleaned thiolated
element B.E. (at %) (at %) (at %) (at %)
Cls 285 89.1 + 1.7 69.1 + 2.0 709 + 0.4 803 + 24
Audf 85 10.0 + 0.5 26.1 + 1.6 26.0 + 0.1 18.1 £+ 3.5
S2p 165 09 + 0.8 48 £ 1.2 2.8 +£0.5 1.0 + 0.6

component on the surface was carbon (C) and the presence of
oxygen (O) was negligible (Table 1). IR-sintering decreased
the C content and increased the Au and S content. Plasma
cleaning had no influence on the Au content, but the S content
decreased. The ODT thiolation increased the relative amount
of C, whereas the relative amount of Au and S decreased.

High resolution spectra for the sp2 peak are shown in Figure
7. Each S2p;,,/S2p,/, doublet was fitted by two peaks with a
fixed intensity ratio of 2:1 and energy separation of 1.2 eV.>'~>*
A high resolution spectrum for the air-dried sample showed the
presence of two separate doublets, with main peaks at 161.5 eV
(S1) and 162.9 eV (S2) (Figure 7a). After IR-sintering, three
separate doublets were indentified; at 161.7 eV (S1), 163.3 eV
(S2), and 168.7 eV (S3) (Figure 7b). In the plasma-cleaned
sample, two doublets at 162 eV (S1) and 168.7 eV (S3) were
observed (Figure 7c). After thiolation, the spectrum showed
only a single doublet at 162.1 eV (Figure 7d).

3.6. Surface Potential Imaging. Figure 8 shows SP
images of the inkjet-printed AuNP surfaces after different
treatments. In addition, contact potential difference (CPD)
histograms obtained from the respective images are depicted in
Figure 9. Evaporated Au on mica substrate was used as a
reference sample in all the measurements. Although the
reference substrate cannot be considered to be a clean Au
surface, it is assumed here that a contaminant layer will
contribute equally to the CPD shifts for each sample. The CPD
for clean metal surfaces is given by the difference in the work
functions of the sample and reference electrode.> However, the
work functions can be changed by adsorption of molecules with
different dipole moments. Thus, in ambient conditions, the
CPD is dependent not only on the material but also on the
state of the surface, such as its contamination and monolayer
coating.>® Each sample showed a reasonably homogeneous SP
image with no clear contrast differences resulting in a single
peak in the CPD histograms. The peak position for the AuNP
surfaces appeared at less negative values compared to the
reference surface. The plasma cleaning of AuNP caused a
positive CPD shift of 85 mV compared to the IR-sintered
(uncleaned) surface. The ODT thiolation caused a further
positive CPD shift of 406 mV compared with the plasma-
cleaned samples.

4. DISCUSSION

4.1. Print Quality of AuNP Structures. Print quality in
conventional graphical printing is often determined based on an
optical response (e.g., gloss of printed film) or even a subjective
visual impression.”” However, in printed electronics, the final
print quality is a measure of the electrical performance of the
final components.”* Physical properties such as surface
roughness, thickness, and homogeneity of the printed layers
play an important role in achieving optimal performance.***

dx.doi.org/10.1021/am201609w | ACS Appl. Mater. Interfaces 2012, 4, 955—964
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Figure 7. High-resolution XPS S2p spectra of (a) air-dried, (b) IR-sintered, (c) plasma (air)-cleaned, and (d) ODT-thiolated sample. The curve

fitting of the respective S2p photopeaks are also shown.

Sublimation of the protecting agent (dodecanethiol) and
subsequent coalescence of AuNPs during IR sintering is
indicated by a colour change in the print (Figure 1).
Coalescence of dodecanethiol-encapsulated AuNPs with size
of S nm has been shown to occur at 170—180 °C after 30 min
annealing.12 On the other hand, the melting of AuNPs in the
size range of few nanometers has been reported to occur
between 300—400 °C.*” With the current IR-sintering set-up,
the paper surface is heated to about 180 °C*’ for a relatively
short time (10—1S5 s). However, the local increase in
temperature is expected to be much higher on the AuNP
surface due to the lower mass per area and specific heat capacity
of Au (0.126 J g' K')*® compared to paper substrate (0.134 ]
g ' K').* Topographical analysis shows that after IR-sintering
the gold surface is composed of larger aggregates (~30 nm,
Figure Sa) compared to the average size of AuNPs in the ink
(~3 nm, Supporting information 1). This supports the
sintering-induced coalescence of particles.

AFM analysis shows that a very small amount of AuNP ink
(V= 10 pL) is sufficient to form a continuous gold layer on the
paper surface (Figure 3). This serves as a demonstration of the
nearly plastic like barrier properties against liquid penetration of
the proprietary paper substrate. The diameter of the circular
print area (compared to its pendant droplet diameter) is
consistent with that shown previously for the spreading of low-
surface tension and low-viscosity inks on similar pigment-
coated paper substrates.** The diameter of the spread droplet is
affected by the surface energy and porosity of the substrate as
well as the properties of the ink (surface tension, density,
viscosity) and the inkjet-printing itself (inertia due to the
droplet impact). A common problem in inkjet-printing with
low-viscous and low-surface tension inks is the accumulation of

960

solid material in the perimeter of the droplet during the
evaporation of the solvent (i.e. the coffee-ring phenomen-
on).%*¢" The final drying pattern of a concentrated suspension
in the form of a sessile drop is influenced by the lateral flow
needed to compensate for evaporative losses from the droplet
periphery.®”®" This is considered as the main cause of the
coffee-ring effect. In addition, the final patterns are affected by
the Marangoni flow by inducing circulatory flows in the dryin§
droplet and the sedimentation due to gravitational force.*>°
No coffee-ring phenomenon was observed when AuNP-ink
droplets were inkjet-printed on the paper substrate (Figure 3).
The partial absorption of liquid into the porous paper
compensates for the evaporation of the solvent and reduces
the effect of lateral flow on the material distribution. Thus, a
homogeneous material distribution was achieved.

A sufficient density of the AuNP material is needed for the
heat-induced sintering to occur leading in the formation of
conductive structures (Figures 1 and 2). Low resistance AuNP
films were achieved even with a DS value of 40—45 um.
However, with such a low amount of ink and a small layer
thickness (Figures 4b), the edges of the printed structures were
less dense and were not properly sintered (Figure 2a). During
levelling and consolidation, particulate coating materials have a
tendency to accumulate towards the cavities and pores.%* This
is supported by the decrease in Sq with increased ink amount.

Too high an amount of the dispensed ink leads to both an
optically (Figure 2c) and microscopically (Figure 4d)
heterogeneous surface including defects. Formation of defects
during annealing has been observed for thick NP films
experiencing a large volume reduction.’*® For the inkjet-
printed AuNP structures studied here, a volume reduction of
over 50% per area after IR-sintering was established

dx.doi.org/10.1021/am201609w | ACS Appl. Mater. Interfaces 2012, 4, 955—964
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a

Figure 8. Surface potential images for (a) evaporated Au surface on Mica, (b) IR-sintered AuNP surface, (c) plasma-cleaned AuNP surface, and (d)
ODT-thiolated AuNP surface. The image size is 2.5 gm X 2.5 ym and the colour contrast is (2) 75, (b) 100, (c) 150, and (d) 60 mV.
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Figure 9. Contact potential difference (CPD) histograms for the
studied samples.

(Supporting Information 4). In addition, pre-existing cracks,
heterogeneous stress distribution, hindered evaporation of
solvent, poor adhesion and different thermal expansion
coefficients of the film and the substrate contribute to the
formation of defects.'**~%

Optically and microscopically the most homogeneous
sintered AuNP film (Figure 2b) with a resistivity (p) of 1.6
x1077 © m was achieved using a DS value of 30 #m. Obviously,
this ink amount was large enough for enabling a successful IR-
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sintering process which involves rapid solvent evaporation and
a relatively large volume reduction. Although the resistivity
value was about one order of magnitude above the resistivity of
bulk gold, it is in agreement with the values that have been
reported previously for inkjet-printed AuNP tracks on a glass
substrate.”” This indicates that the used paper substrate was
smooth enough not to have a significant adverse effect on the
conductivity of the AuNP structures. Porosity in the inkjet-
printed Au film has been regarded as the main reason for the
achieved lower conductivities compared to bulk gold.*’
Performance of the inkjet-printed AuNP electrodes on paper
was tested further in an aqueous electrolyte medium. A
configuration of gold electrodes (Figure 10 a) consisting of two
hemi-circular electrodes (separated by 300 ym) and two gold
wires (15 mm X 1 mm) as contacts were used. A drop (20 uL)
of electrolyte HEPES-EDTA buffer solution was pipetted on
the electrode area and the resistance of the thereby closed
circuit was measured (Figure 10 b). A hydrophobic and
transparent polydimethylsiloxane (PDMS) based ink layer was
inkjet-printed around the perimeter of the electrodes to confine
the electrolyte drop in the correct place (Figure 10a).”® The
excellent barrier properties of the coated paper substrate
prevented the absorption of the liquid inside the paper. A
closed circuit became apparent through a measurable resistance
immediately after a drop of buffer solution was introduced and

dx.doi.org/10.1021/am201609w | ACS Appl. Mater. Interfaces 2012, 4, 955—964
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Figure 10. (a) Photograph of the AuNP electrode structure with electrolyte buffer dispensed over the electrode area. (b) Resistance between the
printed electrodes as a function of time after the application of HEPES-EDTA buffer (pH 7.4) solution.

the resistance stabilised finally around 2.9 MQ (Figure 10b).
This demonstrates the possibility of using printed gold
electrodes in paper-based electrochemical applications.”!

4.2, Surface Chemistry and Functionalization of AuNP
Structures. The S2p spectrum of the air-dried sample is in
accordance with the XPS results shown for amorphous gold
sulfide (Au,S) nanoparticles (Figure 7a).”” This suggests that
the majority of the protecting agents (dodecanethiols) are
chemisorbed to AuNPs via an AuS(R)Au bond (S2, Figure 7a)
and only the minority (~20%) via gold thiolate (Au-SR) bond
(S1, Figure 7a).

The presence of carbon and sulfur species on the surface
shows that the removal of the stabilising thiol by IR-sintering is
not complete (Table 1). The doublet at 161.7 €V in the Sp2
core spectra (Figure 7b) indicates that part of the sulfur species
is still bound to the AuNPs via an Au-SR bond.”>** The S2
doublet is slightly shifted to a higher binding energy (from
162.9 eV to 163.3 eV) and the intensity ratio of S1 and S2 is
clearly changed (Figure 7a and 7b). This indicates the
decomposition of AuS(R)Au bonds by IR irradiation and the
formation of Au-SR and unbound thiols (RSH or RSSR).>"**
The decomposition and oxidation of unbound thiols to sulfates
(RSO,) is confirmed by the presence of the peak at 168.7 (S3)
(Figure 7b).°"** A change in the water wetting properties of
the AuNP surface further confirms the IR irradiation induced
removal and oxidation of the stabilising agents (Figure 6). In
addition, the presence of IR-sintering residues on AuNP surface
leads both to an approximate 13° higher 0, , value (Figure 6)
and a positive CPD shift (250 mV) compared to evaporated Au
surface on mica (Figure 9). The difference in 0,,, values must
come solely from the difference in surface chemistry as the
roughness was very similar between the samples (Figure 5).

The lack of unbound sulfur doublet (S2) and a significant
increase in intensity of oxidised sulfur peak (S3) relative to
bound thiol doublet show that majority of sulfur species are
oxidised by plasma treatment (Figure 7c). Clearly the
hydrophilic surface further confirms the change in chemistry
(Figure 6). Mild O, plasma and UV/ozone treatments have
been shown to remove contaminants and thiol SAMs from
metal surfaces.*””* This is indicated by a decreased intensity of
the S1 peak (Figure 7b and 7c). The aforementioned changes
in surface chemistry lead to a positive shift of 86 mV in CPD
(Figure 9).

The plasma-cleaned AuNP surface turned hydrophobic after
thiolation (Figure 6). It has been established previously that
long-chain alkanethiols form a well-packed, pseudocrystalline,
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oriented monolayer on gold in which the hydrocarbon chains
are in all-trans conformation and tilted ~30° from the normal
of the surface.”*’® The 0, value is quite close to that
previously observed for ODT SAMs on Au (6,,, ~110°).”” XPS
results show that the C/Au ratio increased considerably after
thiolation, indicating an increased thickness in the organic layer
on AuNP surface (Table 1). Furthermore, high-resolution
spectrum of Sp2 shows only one doublet at 162.1 eV, indicating
that the ODT molecules are bound to the AuNP surface solely
via thiolate bonds (Figure 7d).>>** Using the intensities of C
and Au peaks, and the attenuation length of 42 nm for Cls
photoelectrons in hydrocarbon film, the thickness of the ODT
monolayer was estimated using the instrument’s software to be
2.0 + 0.4 nm.”®” The thickness value is in accordance with the
expected thickness (~2.0—2.4 nm) for a fully orientated ODT
SAM on Au.”’ Compared to the plasma cleaned surface, the
CPD value of the thiolated sample shifted +406 mV (Figure 9).
Alkanethiol monolayers adsorbed onto an Au surface may be
considered as a two-dimensional assembly of dipoles with a
layer of negative charges residing close to the Au-monolayer
interface and a layer of positive charges residing closer to the
monolayer—air interface.”® This induces a shift towards positive
surface potential values compared to the bare Au refer-
ence.*>*75 The magnitude of the shift is dependent upon the
length of the alkyl chain (9.9-20 mV per CH, unit),
orientation of the dipoles, and surface coverage of the
monolayer. The measured CPD shift (+406 mV) after
thiolation is in accordance with the value obtained for a fully
orientated alkanethiol film.*"*> The above results confirm the
successful functionalisation of the plasma-cleaned AuNP surface
with an ODT SAM.

5. CONCLUSIONS

This paper demonstrates the fabrication functionalization of
conductive Au patterns on recyclable paper by an inkjet-
printing process. The conductivity of the electrodes after low
temperature IR-sintering was comparable with the previously
reported values obtained for printed Au electrodes on glass
substrates. This shows that the substrate roughness or the
organic residues remaining after the IR-sintering do not have a
significant effect on the resistance of the printed Au films. The
use of a flexible paper substrate and roll-to-roll compatible
printing technique together with rapid sintering enable the
mass-manufacturing of Au electrodes for high-volume and large
area applications. In addition, successful formation of high
quality SAMs on the printed Au films will create a wide range of
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possibilities in applications involving molecular recognition,
e.g., in printed diagnostics. This will be addressed in future
studies.
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A TEM image of the synthesized AuNPs, a TGA curve showing
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