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C
onformal and flexible devices have
become an increasingly popular
format for portable electronics such

as sensors, smart phones, waist monitors,
and wearable medical patches.1�8 A fully
digital, maskless, low-temperature, and
fast-printing method represents a desired
approach to manufacturing such portable
electronics.2�4 One of the rapidly emerging
approaches is printing metal nanoparticle
inks on polymeric materials,9�11 followed
by an effective sintering process. While
nanoparticle inks are desired for printable
electronics, all existing nanoparticles inks
are based on single-metal component. As
an electronic element, the stability of single-
metal based nanoparticle inks is limited by
its inherent stabilities of the metal such as

propensity of metal oxidation and mobility
of metal ions, especially in thermal or laser
sintering processes. In comparison with
conventional thermal sintering,12 laser
sintering has received increasing interests
largely because of its controllable thermal
penetration and low-temperature proces-
sing attributes.3,10,13,14 Laser sintering of
certain metal nanoparticles is very efficient
due to surface plasmon resonance,15,16 as
documented by studies of visible radiation
of gold nanoparticles at surface plasmon
resonant frequencies leading to thermal
energy in proportion to incident laser
power,15 and temperature rise of metal
nanoparticles scaling with the particle size
(ΔTmax� R2NP).

16 For copper- or silver-based
nanoparticle printed substrate,10 obtaining
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ABSTRACT While conformal and wearable devices have become one of the most desired

formats for printable electronics, it is challenging to establish a scalable process that produces

stable conductive patterns but also uses substrates compatible with widely available wearable

materials. Here, we describe findings of an investigation of a nanoalloy ink printed and pulsed-

laser sintered conductive patterns as flexible functional devices with enhanced stability and

materials compatibility. While nanoparticle inks are desired for printable electronics, almost all

existing nanoparticle inks are based on single-metal component, which, as an electronic

element, is limited by its inherent stabilities of the metal such as propensity of metal oxidation

and mobility of metal ions, especially in sintering processes. The work here has demonstrated

the first example in exploiting plasmonic coupling of nanoalloys and pulsed-laser energy with

controllable thermal penetration. The experimental and theoretical results have revealed clear

correlation between the pulsed laser parameters and the nanoalloy structural characteristics. The superior performance of the resulting flexible sensor device,

upon imparting nanostructured sensing materials, for detecting volatile organic compounds has significant implications to developing stable and wearable

sensors for monitoring environmental pollutants and breath biomarkers. This simple “nanoalloy printing�laser sintering�nanostructure printing” process is

entirely general to many different sensor devices and nanostructured sensing materials, enabling the ability to easily construct sophisticated sensor array.

KEYWORDS: nanoalloy . nanoink . pulsed -laser sintering . printed flexible device . nanostructured sensing thin films .
wearable sensor . printed electronics
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highly conductive patterns by thermal or laser sinter-
ing requires nitrogen or hydrogen atmosphere to
decrease their oxidation,17 or minimizing the mobility
of silver ions.18 In comparison with traditional thermal
sintering, continuous wave and pulsed-laser sintering
of silver or copper nanoparticle (NP) inks19�21 have
demonstrated increasing promises for manufacturing
flexible electronics,2,3 where the laser-induced heating
is highly localized and the “digital” nature of the pulsed
laser removes the need for expensive photomasks and
allows easy design modification and fast 2D/3D fabri-
cation on large-area polymeric materials. However,
none of the existing approaches effectively address
the propensity of metal oxidation or the mobility of
metal ions during the sintering processes, which leads
to the ultimate degradation in the printed electronics.11

Data for most studies of laser sintering or thermal
sintering were obtained under inert or reductive atmo-
sphere orwith certain reactive additives in the nanoinks
for subsequent reduction of the oxidized metals after
sinteting.22�24 This problem is partly reflected by the
fact that few studies of the laser-sintered inks have
demonstrated the viability as functional flexible devices
with sufficient stability on conventional materials.
Here, we describe a new combination of nanoalloy

inks with pulsed-laser sintering for the fabrication of
electrode patterns embedded in a flexible chemical
sensor with enhanced stability and materials compat-
ibility for the detection of environmental pollutants
and breath biomarkers. In contrast to laser sintering of
pure metal nanomaterials, laser sintering of nanoalloy
inks is, to our knowledge, demonstrated for the first
time. This combination offers entirely new attributes
that the existing laser sintering of pure metal nano-
particles cannot achieve. In comparison with existing
laser sintering of pure metal nanoparticles, laser sinter-
ing of nanoalloys enables enhanced stability against
the propensity of oxidation metal components and
sintering at lower melting point, which are two of the
most important parameters in expanding the laser
sintering technology to practical application to a variety
of different flexible or wearable substrates. This new
strategy allows nanoink-printed and laser-sintered
flexible sensor devices with stable conductive electro-
des and conventional materials compatible substrates
(e.g., regular plastic or glass materials). While this

strategy is entirely general, it is demonstrated here
by alloying copper with gold in different percentages.
It is known that alloying copper with a certain percen-
tage of oxidation-resistant or structure-stabilizing
metal components (e.g., Al, Ni) features the capability
preventing copper from oxidation which is essential
in device functional applications.25 CuAu nanoalloy is
exploited as a model system of nanoalloy inks mainly
because of its increased stability as demonstrated
for thermal sintering.26 The coupling of the nanoalloy
inks with pulsed-laser sintering is demonstrated for the
fabrication of flexible chemical sensors,27,28 which re-
presents an intriguing pathway toward manufacturing
wearable electronic devices.29

RESULTS AND DISCUSSION

As illustrated in Figure 1, the pulsed-laser sintering of
the printed nanoalloy inks enables the ability to create
a conductive pattern or footprint on a substrate with a
controllable thermal penetration. In contrast to single-
component copper and silver based nanoparticles
as inks, alloys with a small fraction of gold offer an
enhanced stability. Nanoalloys (CunAu100�n) with
controllable size and composition20,21 serve as ideal
printable nanoinks since air-stable and larger-sized
alloy nanoparticles can be thermally evolved at low
temperature in air from 2 nm CuAu NPs or a mixture
of Cu and Au nanoclusters while retaining the alloy
characteristics (Supporting Information, Figure S1a,b).
In addition to the well documented lower melting
point for bulk gold�copper alloys (Supporting Infor-
mation, Figure S1c,d), themelting curves calculated for
the nanoalloys show that the melting temperatures
are much lower than those for the bulk alloy and
the component counterparts (Supporting Information,
Figure S1c). This is consistent with the experimental
observation.26

The fundamental basis for pulsed-laser sintering of
metal NPs stems from the coupling of laser excitation
with the surface plasmonic (SP) resonance of themetal
NPs, producing highly localized heating in the NPs.
For example, visible radiation of gold nanoparticles
at surface plasmon resonant frequencies produces
thermal energy where the temperature rise in an
aqueous suspension of 20 nm gold particles irradiated
by a laser at 514 nm is shown to increase in proportion

Figure 1. Nanoinkprinting and pulsed-laser sintering lead to the formation of conductive pattern on a substrate (Inset image:
compositionmapping of a single Cu53Au47 NP showing auniformdistribution of the twometal components across the alloyNP).
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to incident laser power.15 The heat and temperature
rise generated by electromagnetic radiation of metal
nanoparticles are shown to be enhanced under plas-
mon resonance and also to depend on the size, shape
and assembly of the nanoparticles in a certainmatrix.16

The SP absorption depends on the composition of
CuAu alloy,25 as shown by simulation results based on
Mie theory (Supporting Information, Figure S2), which
are consistent with both previous theoretical simula-
tions30 and experimental results. The coupling of laser
via the SP resonance depends on the laser wavelength
and the composition of the nanoalloy. Absorption of
527 nm laser is larger for Au-rich nanoalloys, whereas
absorptionof 355nm laser is larger for Cu-richnanoalloys.
When a laser beam is irradiated, the SP resonance in

NPs enhances laser light absorption,31 thereby increas-
ing temperature instantaneously (nanosecond scales).32

Since laser sintering localizes heat only in the focal point,
the sintered region can be small even down to a few
micrometers. The spatiotemporal temperature profiles
during and after laser sintering of copper NPs assuming
constant thermal conductivity were calculated based
on the work by Bechtel.33 The spatiotemporal heat-
conduction equation with a radially symmetric laser
beam is given by

r2T(r, z, t) � 1
k

DT(r, z, t)
Dt

¼ � A(r, z, t)
K

(1)

where k is the thermal diffusivity and K is the thermal
conductivity.T(r,z,t) is the temperature and A(r,z,t) is the
net energy per unit volume per unit time generated
within the medium (source term), where r, z, and t are
the radial coordinate, the propagation distance from
the surface, and the temporal coordinate, respectively.
The source term A(r,z,t) is given by

A(r, z, t) ¼ Im(1� R)R exp(�Rz)f (r)q(t) (2)

where Im is the maximum incident irradiance intensity,
R is the surface reflectivity, and R is the absorption

coefficient of nanoparticles. f(r) = exp(�r2/w2) is the
spatial profile of the laser irradiancewith the (1/e) radius
w and q(t) = exp(�r2/τ2) is the temporal profile of the
laser irradiance with the (1/e) radius τ. The spatiotem-
poral temperature distribution can be calculated by
solving eq 1 considering sintering laser parameters.
For laser light absorption by nanoparticles, we calculate
a linear Mie absorption cross section of each nanopar-
ticle which depends on parameters such aswavelength,
size,17 and an absorption coefficient based on the cross
section and measured nanoparticle density.
Figure 2 shows 3-D temperature profiles when a

527 nm, 100 ns, 30-μJ laser pulse is incident on 2 nm
diameter copper NPs with a 50-μm focal diameter.
Temporally, the temperature (T) goes up to 1000 K at
the surface (z = 0) during laser irradiation (i) and quick
cooling occurs after the laser pulse such that T drops
down to the threshold temperature (Tth ∼ 500 K) of
melting (ii) . This indicates that before the next laser
pulse (1 ms pulse-to-pulse separation), T quickly goes
down to room temperature. Spatially, T goes down
from 1000 to 500 K about 5 μm away from the surface
due to light attenuation via strong absorption by
NPs, in good agreement with the measured thickness
of sintered layers. To provide amore quantitative assess-
ment, the thermal penetration depth through the
nanoparticles is also considered in our simulation
(Supporting Information, Figures S3 and S4). A simple
1-D spatiotemporal heat-conduction model is used to
calculate the substrate effect on heat conduction, in
which the temperature distribution T(z, t) is a function
of the depth from the surface of the nanoparticle ink
layer (z), and the time (t), which considers the thermal
conductivity (k), the specific heat capacity (c), and the
density of the medium (F). For different nanoink�
substrate interface spacing from the top of the ink
layer, the result in Supporting Information Figure S3a is
found to be quite comparable to the simulation result

Figure 2. Calculated spatial temperature (T) profiles during (at 40 ns) and after (at 200 ns) 527 nm, 30-μJ, 100 ns radially
symmetric laser with 50-μm diameter irradiation on 2 nm Cu NPs.
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considering only nanoparticle inks since the interface
is far away (40 μm). In the case when the interface is
closer to the surface (i.e., 5 μm), the surface temperature
T(z = 0, t) decreases somewhat faster, indicating that the
substrate contributes to lowering the ink temperature.
However, it only slightly affects the temperature in a thin
sintering layer near the interface. Nevertheless, the basic
feature of the temperature decay profiles as a function
of the depth (z) indicates that the thermal penetration
depth into the substrate can be controlled by laser pulse
duration and width.
For laser sintering of 2 nm Cu90Au10 NPs when the

pulse duration Δt is varied (100 ns, 1 μs, and 1 ms)
while maintaining the same peak power, T goes up as
the pulse duration increases (Supporting Information,
Figure S5), indicating that sintering with short pulse
lasers has an advantage over longer and/or CW lasers
since it minimizes thermal damages.
The laser sintering process involves scanning the

focused pulsed laser beam over the nanoink-printed
substrate using a computer-controlled program under
a specific speed and power, followed by dissolving the
unsintered inks (Figure 3). Line widths in the range
of 80�400 μm, and thickness range from 1 to 5 μmcan
be easily generated, as revealed by AFM (Supporting
Information, Figure S6). With the use of a laser moving
speed of 70 mm/s, the CuAu microelectrode pattern
(Figure 3) was generated in less than∼8 s (Supporting
Information, Movie S1). The line thickness of ∼2.5 μm,
as determined by AFM, is very close to the estimated
thickness (∼2.9 μm). There is an improved effective-
ness in sintering nanoalloy inks with 355 nm laser, in
comparison with 527 nm laser, reflecting the effective
laser absorption by the surface plasmonic band of
nanoalloys. The less-uniform morphology and lower
conductivity reflect the lack of effective coupling be-
tween the 527 nm laser and the surface plasmonic
band of CuAu nanoparticles, as revealed by the calcu-
lation results. In contrast, use of a 355 nm pulsed laser
was shown to be effective for sintering both Au and
CuAu alloy nanoparticles on the different substrates.
The morphology of the sintered lines of the CuAu alloy
printed on PET (Supporting Information, Figure S6) is
found to exhibit a smoother surface than that of the
sintered Au. In addition to the subtle difference be-
tween the sintered Au and AuCu, sintering of copper

nanoparticles was found to be difficult under the same
ambient laser sintering condition due to the propen-
sity of oxidation. Data shown in almost all studies
of laser sintering or thermal sintering of copper nano-
particles were collected under inert or reductive
atmosphere or with certain reactive additives in the
nanoinks for subsequent reduction of the oxidized
copper after sinteting.
While it is demonstrated that laser sintering can

achieve very high resolution (down to a few nm) if
inkjet printing and laser sintering are combined,3 the
focus of the present work is not on the resolution,
rather on the correlation of sintered nanoinks with
the laser sintering parameters and substrate para-
meters for which the sintered line width was used as
a quantitative measure. The laser moving speed and
the distance from the focus also influence the laser-
sintering process on different substrates (Figure 4A).
The line width increases with the distance from the
focus, displaying an approximate linear relationship
(Figure 4B), which agrees with a theoretical calculation
of the beam diameter vs focus distance (Figure 4B,
dashed line; Supporting Information, Figure S7).
The line width decreases with laser moving speed
(Figure 4C), suggesting that the decreased number of
laser shots in given space at a high speed narrows the
line width. Note that the use of tight focusing geome-
tries can achieve a minimized focus size (Supporting
Information, Figure S7) down to the diffraction limit
(i.e., the size of wavelength), which is expected to
reduce the sintering feature size significantly.
Interestingly, the average line width on glass is con-

sistently smaller than that on PET substrate (Figure 4B).
This is, to our knowledge, the first example of this kind,
and is believed to reflect the differences in mobility
and adhesion of the particles on the different sub-
strates. The sintering process is analyzed by consider-
ing Gibbs�Thomson relation, in which the size
distribution depends on the interplay between the
interparticle distances (i.e., density), the thermal mobi-
lity of metal atoms on the surface, the interac-
tion between the particles and the substrate, or the
kinetic activation energy for metal atoms moving on
the surface.34 On the basis of classical nucleation
theory and the Gibbs�Thomson relation,35 the rate
for the change of a metal particle's radius (R) can be

Figure 3. Pulsed-laser sintering process. Laser-sintering of Cu53Au47 nanoalloy printed PET substrate using a 355 nm laser
(0.5 W, 100 kHz, 30 ns pulse width, and 70 mm/s laser moving speed). The time durations for the laser writing and ink
removing to reveal the pattern (line length, 30 cm; width, 90 μm; and thickness, 3 μm) are 8 and 6 s, respectively.
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derived as

dR=dt ¼ 4γνPΩ
2 sinθ

kTR2υa(2� 3 cos θþ cos3 θ)

� e(�Etot=kT) R

R� � 1

� �
(3)

where γ is the surface free energy of themetal;Ω is the
bulk metals volume per atom; Etot is the metal's bulk
sublimation enthalpy (ΔHsub) minus the adsorption
energy of a monomer on the support (Ead

support), plus
the diffusion activation energy of a metal monomer
atom on the support (Ediff

support); k is Boltzmann's
constant; T is the temperature of the substrate; υ is
the heating rate; and R* = 1/(average of 1/R for all
particles). θ is the equilibrium contact angle of the
metal particles with the support surface, νP is the
prefactor in the rate constant for the elementary step,
and a is the interatomic spacing in the metal. The rate
of change of ametal particle's radius (R) is related to the
total kinetic energy barrier (Etot) and the contact angle
of the metal particles with the support surface (θ). The
contact angle for the initial capped gold NPs on PET is
expected to be smaller than the contact angle for those
on glass substrate, whereas the adhesion of particles
(after removing the capping shells) on PET is expected
to be smaller than the adhesion of those on glass, as
supported by theoretical simulation (Supporting Infor-
mation, Figure S8). Note that the impact of differences
in specific heat and thermal diffusivity of the substrate
on the sintering could also be considered in the above
simulations (Supporting Information, Figure S4). For
example, with the use of specific heat∼840 J kg�1 K�1

for glass substrate and ∼1000 J kg�1 K�1 for PET, the
ratio of temperature change between glass and
PET will be ∼1.2 under the same heating condition,
suggesting that the temperature of glass will be only
slightly higher than PET. Considering the thermal
diffusivity of glass ∼3.4 � 10�7 m2/s, and of PET
∼1.1 � 10�7 m2/s, the ratio of temperature change
between glass and PET will be ∼3.1 under the same
temperature curvature, suggesting that the temperature

of glass will be higher than that of PET. In both con-
siderations, the temperature of glass will be higher than
that of PET, contributing to the particle size increase on
glass being greater than that on PET, in agreement with
the experimental result. Moreover, in light of recent
literature 1-D model simulation for sintering silver nano-
particles on PEN substrate,36 we attempted to correlate
the nanoparticle sintering based on Gibbs�Thomson
relation35 and the thermal penetration depth under dif-
ferent laser fluence (Supporting Information, Figure S4),
indicating again the contribution of the substrate to
sintering is only at the very interface, and essentially
insignificant in the substrate. Considering the very similar
values of specific heat and thermal conductivity between
PEN and PET, this trend should be applicable to PET
substrate.
Laser sintering of nanoalloy inks on a PET substrate

precoated with two metal films, e.g., Au and Cr with
subtle differences in surface binding energies, was
studied to assess the substrate effect (Figure 5A). The
degree of sintering (i.e., particle size growth) is found to
be greater on Cr than on Au substrates if the binding
energies of CuAu to Au vs CuAu to Cr are considered
for an estimate of the difference of activation energy
barrier (Supporting Information, Figure S8). This is con-
sistent with the clear transition from a wider line width
on Cr to a narrower width on Au (Figure 5A), and the
linear trends of the line width vs laser moving speeds
(Figure 5B). This new finding has applications for writing
circuits over substrates with complex surface properties.
As evidenced by XRD and XPS characterizations of

the morphology and composition (Figure 6), the laser-
sintered CuAu lines remain alloy characteristic with
the degree of sintering being scaled inversely with the
laser speed. For example, in contrast to the broad and
unresolved peaks due to small size features (2 nm)
before sintering, the XRD patterns after laser sintering
reveal clearly resolved peaks that are characteristic
of the gold�copper alloy character (Figure 6A). On
the basis of Bragg’s Law, the average lattice constant
was estimated from the diffraction peaks to be
0.403�0.405 nm, falling in between Au lattice constant

Figure 4. Dependencies of pulsed-laser sintered line width on laser focus distance, laser scan speed, and chemical nature of
the substrate. (A) Scheme illustrating variations of the distance from the focus or the lasermoving speed for nanoinks printed
on two different substrates (PET and glass). (B) Plots of sintered line width vs the distance from the focus; green dashed line:
calculated curve (Supporting Information, Figure S7). (C) Plots of the line width vs laser moving speed.
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(0.408 nm) and Cu lattice constant (0.360 nm). This is
indicative of alloy character throughout the sintering
process. The sintered alloy particle domain sizes cal-
culated with Scherrer eq (10�18 nm upon changing
the laser speed from 20 to 1 mm/s) showed a clear
decrease of the domain size with an increase of laser-
moving speed. This finding can be explained by the
total heating time duration of the pulsed lasers
on the nanoparticle inks during the laser-sintering
process. The longer the heating time duration (i.e.,
the number of laser shots), the higher the degree of
sintering is. The XRD patterns for printed Au70Cu30
alloy nanoparticles are further compared between

the pulsed-laser sintering and the thermal sintering
(180 �C) (Figure 6B). In comparison with thermal sinter-
ing, the XRD peaks for the laser sintered nanoalloys are
much narrower, showing larger particle domain sizes
(>17 nm). An average lattice constant of 0.4069 nm
was obtained for thermal sintering, whereas an aver-
age of 0.4043 nmwas obtained for laser sintering of the
same nanoalloy. This subtle difference reflects possibly
a higher degree of sintering for Cu component in the
alloy nanoparticles by laser sintering. Clearly, laser
sintering is more effective than thermal sintering
especially for the case of copper-rich nanoink printed
films.

Figure 5. Dependencies of pulsed-laser sintered line width on chemical nature of the substrate. (A) Schemes and photos
showing pulsed-laser sintering of CuAu NPs printed on PET coated with Cr and Au thin films. (B) Experimental plots of laser
sintered linewidth vs lasermoving speed for nanoalloy (Cu53Au47) printed on PET coatedwith Cr andAufilms,measured from
the portion of the line on Au (black squares and line) and that on Cr (red circles and line).

Figure 6. XRD patterns (A and B) and XPS spectra (C and D) for nanoink-printed films by pulsed-laser sintering in comparison
with thermal sintering. (A) Comparison of XRD patterns for printed Cu20Au80 nanoalloys on glass between before laser
sintering (a) and after laser sintering under different laser speed: 1 (b), 5 (c), 10 (d), and 20 mm/s (e). (B) Comparison of XRD
patterns for printedCu30Au70 nanoalloys after thermal sintering (a, black), and laser sintering (b, red). (C andD) Comparisonof
XPS spectra for printed Cu67Au33 nanoalloys on PET before (a) and after laser sintering (b) in regions of Au 4f (C) and Cu 2p (D).
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The propensity of oxidation of copper is clearly
suppressed by the nanoscale alloying, in sharp contrast
to commercial copper nanoinks under ambient condi-
tions, which were supported by XPS analysis of the
degree of surface oxidation before and after sintering
by 355 nmpulsed laser (Figure 6C,D). The Cu 2p and Au
4f peak positions are largely identical, characteristic of
reduced states of the two metals. A close examination
of the peak position reveals a subtle shift (0.26 eV) to
lower binding energy of the peaks for the sample after
laser sintering. This shift is consistent with the removal
of the capping molecules so that the metals on the
sintered large-sized particles or domains are less posi-
tively charged in comparison with the thiolate-capped
small-sized nanoparticles where the surface of Au or Cu
on the nanoparticles is partially positively charged. For
the unsintered AuCu nanoalloy, the detected surface
Cu-to-Au ratio, 5.54/5.77 (i.e., 49% Cu) is somewhat
smaller than the Cu% in the bulk composition
(Au33Cu67), whereas a value of 8.59/2.23 (i.e., 79% Cu)
detected after laser sintering is somewhat larger than
the bulk composition, which is not unreasonable con-
sidering the surface sensitivity of XPS analysis.While the
origin for the difference is not completely clear at this
time, it is believed that a combination of the particle
size increase and the different surface enrichment may
be partially operative for the unsintered and sintered
AuCu alloy nanoparticles. For the unsintered alloy
nanoparticles, it is possible that the surface is slightly
enriched with gold largely due to the more favorable
gold�sulfur binding than the copper�sulfur binding.26

Taken together, the XRD and XPS results have led to
three conclusions: (i) themorphology and composition
of the sintered AuCu alloy remain alloys with domain
sizes scaling inversely with the laser speed; (ii) laser
sintering is more effective than thermal sintering,
especially for nanoinks containing copper component;
and (iii) the propensity of oxidation of Cu is prevented
effectively by the alloying structure, which is a signifi-
cant progress in comparison with many of the com-
mercial copper nanoinks.
The resistivity for the pulsed-laser sintered nanoalloy

lines on PET is about 1 order of magnitude higher
than that for the bulk counterparts (bulk Cu: 1.7 �
10�8 Ω 3m). For example, the two-probe measured
resistivity is 6.8 � 10�7 Ω 3m for the laser-written
device on Cu57Au43 NPs on PET. The electrical proper-
ties also depend on laser speed and power. For Au NPs
with 355 nm laser at different speeds, the resistivity
increases with the speed, reflecting a lower degree of
sintering at the higher speed. For printed Au NPs with
527 nm laser of different power, the resistivity gradu-
ally decreases with laser power, but there is a threshold
of laser power, above which (>29 mW) laser penetra-
tion to the PET substrate occurs. As shown by bending
fatigue test (Supporting Information, Movie S2), while
the change of resistance in response to tensile bending

showed a gradual increase from 2% to 20% after
∼12 000 cycles, alongwith a 20% increase in resistance,
the returned to its initial value after a few minutes
demonstrated an excellent durability.
The laser-writtenmicroelectrode (LW-IME, in serpen-

tine style) is tested as a flexible chemiresistor device,
in which a sensing thin film is printed, consisting of
a network of decanethiolate-capped Au NPs linked
by 11-mercaptoundecanoic acid (MUA-Au2nm)

28,37

(Figure 7A). The thermally activated electrical con-
ductivity of the film is a function of particle size,
interparticle distance and dielectric properties. It is
exploited for detection of volatile organic compounds
(VOCs), which is important for environmental monitor-
ing of air pollution (e.g., hexane, a toxic air containment
associated with polyneuropathy in humans), but also
of great interest for human breath sensing of bio-
markers of various diseases (e.g., acetone vapor asso-
ciated with diabetes breath biomarker). The ability to
detect these VOCs requires sensors with high sensitiv-
ity and selectivity.
As shown in Figure 7B,C, upon adsorption of VOCs,

changes in interparticle distance and dielectric proper-
ties translate to a change in electrical conductivity with
its sensitivity and selectivity depending on the molec-
ular interaction. In comparison with photolithography-
patterned interdigitated microelectrode (IME), the
laser written nanoalloy IME shows a comparable in-
crease in relative resistance change (ΔR/R) in response
to acetone and hexane vapors. With the same printed
MUA-Au2nm sensing film, the response sensitivity for
the laser-written IME is 2�4 times higher than that for
the photolithagraphy-made IME. Note that the printed
MUA-Au2nm thin film on IME device shows a response
sensitivity of 2�4 times higher than self-assembled
MUA-Au2nm film. Limit of detection is further lowered
for the laser-sintered nanoalloy device, yielding
20�40 ppb for acetone under >90% relative humidity.
The capability of highly sensitive detection of other
VOCs28,37 has also been demonstrated.
The difference in response sensitivity between

hexane and acetone arises from a combination of
the differences of the molecular interactions and the
relative change in interparticle properties upon vapor
adsorption into the film. The stronger hydrophobic
interaction of hexane with the capping molecules
(decanethiolates) and the lower dielectric medium
properties lead to a greater change in ΔR/R. On the
basis of the different response sensitivities to these two
vapors between LW-IME and PP-IME devices, principle
component analysis (PCA) of the data (Figure 8) in-
dicates that the VOCs can be effectively separated
by a selective combination of the chemiresistor device
parameters and the thin film nanostructural para-
meters. This finding is significant, demonstrating the
viability of achieving sensor selectivity with a flexible
array fabricated by a simple “nanoalloy printing�laser
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sintering�nanostructure printing” process. This pro-
cess can be general to many other nanostructured
sensing materials, enabling the ability to easily con-
struct sophisticated sensor array.
Moreover, this simple “nanoalloy printing�laser

sintering�nanostructure printing” process could also
allow easy integration of other components into
the flexible device. One area of potential applica-
tion is to couple this process to the fabrication of a
flexible sensor powering system to enable stand-alone

operation capability. This viability was examined by test-
ing the laser-written nanoalloy microelectrode on PET as
a footprint in a flexible Li-ion battery. The preliminary
result of this test (Supporting Information, Figure S9)
was indeed promising, demonstrating the feasibility of
a flexible battery for powering the flexible sensors.

CONCLUSIONS

In conclusion, pulsed-laser writing of printed nano-
alloys has demonstrated the ability to create footprints or
patterns embedded in flexible sensor devices. Under
ambient conditions, thepropensityof oxidationof copper
is effectively stoppedby thenanoscale alloying, providing
a promising lead to possibilities of exploring other nano-
alloys for this scalable printing-writing technology. The
laser written sensor coupled with printed sensing films is
highly sensitive to VOCs, which could potentially be used
as a stand-alone flexible sensor by integrating laser-
written power in the device. Since pulsed-laser heating
is well-targeted to the printed nanoalloyswithout hurting
the substrate, thefindingshave significant implications to
integration of pulsed-laser writing and nanoink printing
as a fully printable and versatile process in roll-to-roll
manufacturing of almost any flexible electronic device.

EXPERIMENTAL METHODS
Nanoalloy Synthesis and Nanoink Preparation. Copper�gold alloy

nanoparticles encapsulatedwith decanethiolate (DT) monolayer

shellswith controlled size (∼2nm) and composition (CunAu100�n

(n = 0�100)) were synthesized by modification of two-phase

reduction of AuCl4
� and CuBr4

2�, as described recently.21,22

Figure 8. PCA scores plot of the response sensitivities to
hexane (a, black) and acetone (b, red) in the PC1�PC2plane.

Figure 7. (A) A scheme illustration of printing a nanostructured sensing film (e.g., MUA-linked Au nanoparticle thin film via
interparticle hydrogen-bonding as illustrated by the far-right inset) on pulsed-laser written chemiresistor pattern for sensing
VOCs. (B and C). Response profiles to VOCs for a printed MUA-linked Au nanoparticle thin film as sensing materials on laser-
written Cu57Au43 interdigitated (in serpentine style) microelectrodes (LW-IME, a) device. VOC: acetone (B) and hexane (C)
of different vapor concentrations (ppm (M)). The sensitivity for LW-IME is 4.0� 10�6 for acetone and 9.3� 10�6 ppm (V)�1 for
hexane. Data for printed MUA-Au2 nm film on a photolithographically patterned IME (PP-IME, b, Cu/PET, red curve) are
included for comparison (1.7 � 10�6 for acetone and 2.6 � 10�6 ppm (V)�1 for hexane).
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For the device fabrication, the Au and CuAu alloy nanoparticles
were redispersed in cyclohexane solution (0.39 g/mL). Doctor
Blade was used to print the nanoink onto different substrates
to achieve the desired thickness (glass, PET, metals, etc.).
For printing sensing thin films, decanethiolate-capped gold
nanoparticles were linked using 11-mercaptoundecanoic
acid (MUA),25,37 redispersed in an ethanol solution forming
MUA-Au2 nm nanoink, and then printed on the laser-written
electrode device with controlled thickness.

Pulsed Laser Sintering Process. Two laser systems were used in
this work. A pulsed green laser (527 nm) was used (Evolution 30
from Coherent; 1 kHz pulse frequency, 100 ns pulse duration,
focused beam diameter size of 50 μm, and power e60 mW
used). The second system is a pulsed UV laser (355 nm) system
(Excellon's COBRA hybrid 7000 series; 100 kHz pulse frequency,
30 ns pulse duration, and power of 0.5 W used). The laser
scanning speed was adjusted in the range of 0�100 mm/s with
different distance from the focus.

Sensor Measurements. Computer-interfacedmultichannel Keithley
(Model 2700) instrument was used to measure the lateral
resistance of the nanostructured thin films on the laser-written
devices, which were housed in a Teflon chamber with tubing
connections to vapor and N2 sources (at 22 ( 1 �C). The
concentration was controlled by bubbling dry N2 gas through
the solvent using a calibrated Aalborg mass-flow controller
(AFC-2600). The vapor generating system consisted of multi-
channel module linked to different vapor sources.

Characterizations. XRD data were collected on a Philips X'Pert
diffractometer using Cu KR radiation (λ = 1.5418 Å). The
measurements were done in reflection geometry and the
diffraction (Bragg) angles 2θ were scanned at a step of 0.025�.
TEM and high-resolution composition mapping were carried
out using a JEOL JEM 2010F with an acceleration voltage of
200 kV and a routine point-to-point resolution of 0.194 nm, or
an FEI Tecnai T12 Spirit Twin TEM/SEM electron microscope
(120 kV). A Multimode Nano-Scope IIIa (Digital Instruments),
equipped with an E scanner (maximum scan size = 100 μm),
was utilized for AFM imaging. The pyramidal-shaped silicon
nitride tip (Si3N4) on cantilever was used for contact-mode
AFM measurement. XPS measurements were collected using a
Physical Electronics Quantum 2000 scanning ESCA microprobe.
This system uses a focused monochromatic Al KR X-ray
(1486.7 eV) source and a spherical section analyzer. The X-ray
beam used was a 100 W, 100 mm diameter that was rastered
over a 1.3 mm by 0.2 mm rectangle on the sample. Wide scan
data was collected using a pass energy of 117.4 eV. The C 1s
peak was used as an internal standard (284.8 eV) for the
calibration of the binding energy.
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