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ABSTRACT: We present a scalable and vacuum-free hybrid
nanoarchitecturing strategy demonstrated by the solution-process-
able Ag-mediated ZnO nanowire (termed “SPAZN”) growth on
transparent and flexible substrates at low temperature. The SPAZN
protocol enables selective hydrothermal ZnO nanowire (ZNW)
growth on a nanoporous Ag framework obtainable from mild
annealing of ionic Ag ink coating. The ZNW morphology and
density can be readily controlled by tuning the SPAZN processing
parameters including Ag ink concentration, coating condition, and
hydrothermal growth temperature based on the underpinnings of
the Ag-morphology-mediated ZNW growth mechanism proposed.
We exemplify a transparent plastic gas sensor as one of many
promising applications.

KEYWORDS: low-temperature solution process, metallic nanostructure, nanowire, Ag-morphology-mediated hydrothermal growth,
flexible device, gas sensor

ZnO nanowires (ZNWs) have been extensively capitalized
in various fields involving transducer, biomedical,

electronic, and photonic applications because of their
structural and functional versatility.1−7 ZNWs can be grown
by diverse methods, such as chemical vapor deposition (CVD)
based on vapor−liquid−solid (VLS) and vapor−solid (VS)
mechanisms, and by a hydrothermal reaction.1,5,8−10 While all
of these methods are effective, hydrothermal ZNW growth has
the practical advantages of low-temperature and scalable
processing11,12 compared to CVD-based growth, which
requires a high-temperature furnace operation, limiting the
processable substrate material and area. Some typical hydro-
thermal growth recipes, however, demand the high-temper-
ature (∼300−350 °C) thermal sintering of Zn-salt-based
textured ZnO seed layers prior to ZNW growth,13 which
restricts the otherwise wider applications of substrate materials
such as flexible plastics. Also, semiconducting ZNWs,
particularly when configuring the device circuits by themselves,
are often associated with a lack of conductivity and a low
signal-to-noise ratio.
Accordingly, seed-free ZNW growth directly applicable to

conductive frameworks such as metal layers14−16 and
conductive nanomaterials (e.g., carbon nanotubes (CNTs)8,9

and graphene17,18) can be a highly promising strategy toward
functional hybrid nanodevices. Taking this one step further,
avoiding the use of high-temperature and/or vacuum-assisted

instruments during the preparation of such conductive metallic
supports may further extend the scalability, productivity, and
applicability of flexible and scalable ZNW-based device
systems.
To this end, the solution-processable Ag nanostructure

(SPAN) which can be fabricated in a vacuum-free and scalable
fashion through the simple coating and much milder annealing
(i.e., at ∼120−180 °C) of an ionic Ag ink19,20 can provide a
suitable framework for ZNWs. More remarkably, the SPAN
film could replace the textured ZnO seed for reliable
hydrothermal ZNW growth, as preliminarily noted in earlier
studies.10,13 The present work will shed light on how ZNW
growth is controlled by the SPAN morphology, which can be
readily tuned by the ionic Ag ink concentration and coating
condition. A specific prior study of seed-free ZNW growth on
conventional vacuum-evaporated Ag film may provide us with
the underpinnings of the Ag-morphology-mediated ZNW
growth mechanism, which can be directly applied to the
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SPAN framework processable on flexible polymer substrates at
a low temperature. We demonstrate that this solution-
processable Ag-mediated ZNW (SPAZN) architecturing
strategy enables the general application of flexible devices
consisting of electrically addressable ZNWs on conductive
frameworks, as exemplified by the plastic gas sensors presented
here.
We initially investigated the hydrothermal ZNW growth on

the Ag layers vacuum-evaporated with varied thicknesses, and
on the SPAN layer, to understand the physical morphology-
dependent ZNW growth features. The detailed experimental
conditions for Ag film deposition and hydrothermal ZNW
growth are described in the Supporting Information. Briefly,
for the SPAN film coating, the ionic Ag ink was mixed with
isopropyl alcohol (IPA) at a volume ratio of 1:1. This 50 vol %
diluted in IPA ionic Ag ink (simply the “50% Ag ink”
hereafter) was then spin-coated at 2000 rpm for 20 s, followed
by soft baking (90 °C, 1 min) and hard baking (180 °C, 5 min)
unless otherwise specified. For hydrothermal ZNW growth, the
Ag-coated substrate was immersed in an aqueous precursor
solution containing 25 mM Zn(NO3)2 and 25 mM
hexamethylenetetramine (HMTA; (CH2)6N4) and was treated
at 90 °C for 15 h in an oven. Figure 1 shows scanning electron
microscope (SEM) images of ZNWs (Figures 1e−h) grown on
Ag films deposited onto Si substrates by physical vapor
deposition (PVD; e-beam evaporation) with thicknesses of 50,
30, and 10 nm (Figures 1a−c) and by the SPAN protocol with
an approximate thickness of 50 nm (Figure 1d). The ZNW
length, typically controllable by the growth time,10,13 is found
to be almost identical (∼3.3−3.5 μm) regardless of the Ag film
thickness, with the ZNW diameter distribution of ∼600−800
nm. However, clearly observable is that the ZNWs are grown
more conformally with a higher density on the thinner PVD-ed
Ag film and on the SPAN film. For clarification, the areal ZNW
densities of the four cases are quantitatively examined by

analyzing the SEM images shown in Figures 1e, 1f, 1g, and 1h;
the numbers of ZNWs per unit area of 100 μm2 are found to
be 65, 44, 102, and 95, respectively, confirming the
observation. Interestingly, the 10 nm thick PVD-ed Ag film
(Figure 1c) and the SPAN film (Figure 1d) reveal similar
nanoporous morphologies prior to ZNW growth, whereas the
thicker PVD-ed Ag films (i.e., 50 and 30 nm thicknesses;
Figures 1a,b) show denser and more continuous layer textures.
These outcomes suggest that the structural morphology of

the Ag layer, in conjunction with the Ag-seeded chemical
reaction, would play an important role in facilitating ZNW
growth. There may be several physical factors that vary
according to the nanoporosity of the Ag film; as the Ag film
becomes more porous, both the overall surface area and the
“sidewall” region increase. Also notably, the following chemical
reaction procedure occurs during Ag-seeded hydrothermal
ZNW growth; the native oxides of Ag (i.e., Ag2O and other
Ag−O complexes), typically formed to a thickness of 1−2
nm,21 are positively ionized in the Zn(NO3)2-dissolved
precursor solution; the precursor solution is generally alkaline
because of the addition of amine base, HMTA, leading Zn
species to form OH−-rich, negatively charged complexes (e.g.,
Zn(OH)3

− and Zn(OH)4
2−);10,13,16 the positively charged Ag

surface is thus favorable for binding the negatively charged Zn
complexes, thereby promoting ZNW growth. Figure 2
schematically illustrates the nanoporous Ag-mediated ZNW
growth model considering the aforementioned perspectives.
For the condensed Ag film (e.g., 50 nm thick PVD-ed film),
only the top surface is exposed to the precursor solution
(Figure 2a). In contrast, for the more porous Ag films (e.g., 10
nm thick PVD-ed and SPAN films; Figure 2b), the sidewall
area along with the top surface also interacts with the Zn
species in the solution, which may activate the formation of a
larger number of ZnO nuclei. This accordingly increases the
growth of the ZnO crystal grains, leading to ZNW growth with

Figure 1. Top-view and cross-sectional SEM images of Ag films (a−d) deposited by PVD or the SPAN protocol and ZNWs (e−h) grown on the
corresponding Ag films through the hydrothermal process. The Ag film thickness for each case is denoted on the top row.
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a higher density. Here, it is important to note that the average
diameter of ZNWs is found to be greater overall than the
average size of the individual Ag nanoclusters; this likely
indicates that the initially formed ZnO nuclei can diffuse
actively on the Ag surface and agglomerate to form larger
crystal clusters, which can be kinetically led by Ostwald
ripening in an energetically favorable manner.22,23 Another
effect of the sidewall is to assist the progress of conformal
ZNW growth by providing numerous topographic orientations
to the wurtzite ZnO crystals from which ZNWs grow along the
energetically favorable c-axis (i.e., [0001] direction).10

Such an Ag-morphology-mediated ZNW growth mechanism
indicates that the ZNW density and morphology can be
tailored by controlling the Ag film thickness and porosity. This
can be readily conducted by adjusting the Ag ink concentration
and corresponding spin-coating speed in the SPAZN
architecturing strategy in a much more facile, scalable, and
productive fashion than relying on PVD. Figure 3 shows SEM
image matrices of SPAN and SPAZN samples fabricated under
parametrically controlled Ag ink concentrations (i.e., 25% and
50%) and coating speed conditions (i.e., 1000 and 2000 rpm).
While the nanoporous SPAN layers (Figures 3a−d) resulted
generally in conformal ZNW growth (Figures 3e−h), the
ZNW morphology and density can be apparently tuned
depending on the initial SPAN morphology and porosity.
Specifically, when the SPAN porosity is too high (Figure 3a),
the ZnO nanostructure is found to be less uniform with an
increased number of non-NW-shaped clusters (Figure 3e). In
this case, the vast Ag sidewall area out of superfluous pores
likely induces excessive nucleation and growth of randomly
oriented ZnO crystals, some of which may agglomerate rather
than individually initiate ZNW growth. Conversely, when the

SPAN film becomes denser (Figure 3d), the ZNW density
decreases (Figure 3h). This is consistent with the above-
mentioned SPAZN growth mechanism. As shown in Figures
3f,g, the high-density conformal ZNWs can be uniformly
grown on the SPAN layers, providing moderate pore and
sidewall density levels controllable with the balance of the Ag
ink concentration and coating speed (Figures 3b,c).
The hydrothermal ZNW growth temperature is another

essential factor to consider when attempting to modulate the
SPAZN structure in terms of the aspect ratio of individual
ZNWs as well as the overall ZNW density. Figures 4a−c show
SEM images of SPAZN structures grown at three different
temperatures of 80, 90, and 100 °C, all on SPAN layers
prepared by using 50% Ag ink spin-coated at 2000 rpm (simply
termed the “50%−2000 rpm SPAN” hereafter) for 15 h. First,
it can be found that the ZNWs are grown with a higher density
and length at 90 °C (Figure 4b) compared to the outcomes at
other growth temperatures. Another notable finding is that the
average ZNW diameter decreases when the growth temper-
ature increases to 100 °C. By analysis of 100 ZNWs for each
case, the average lengths and diameters were measured and
found to be 2.72, 3.48, and 3.11 μm (for length) and 913, 782,
and 566 nm (for diameter). The corresponding aspect ratios
can be accordingly approximated to be 2.98, 4.45, and 5.49,

Figure 2. Schematic procedure of the solution-processable Ag-
mediated ZNW (SPAZN) growth on the (a) condensed Ag film and
(b) nanoporous Ag film. ZnO crystals grow by the diffusive merging
of the ZnO nuclei formed on the Ag surface exposed to the precursor
solution, evolving into ZNWs along the energetically favorable
direction.

Figure 3. (a−d) SEM images of SPAN surfaces fabricated by the spin-
coating of the 25% and 50% Ag ink solutions at 2000 and 1000 rpm,
followed by mild thermal annealing. (e−h) SEM images of SPAZN
structures grown on the corresponding SPAN surfaces.
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respectively. Additionally, hexagonal facets distinctly appear,
especially in the ZNWs grown with larger diameters (e.g., 80
°C growth case; Figure 4a). Thermal energy provided during
the given growth time facilitates the progress of the
thermodynamically driven hydrothermal reaction, which can
provide a reasonable basis for the more active SPAZN growth
at 90 °C compared to 80 °C. However, too high a growth
temperature (e.g., 100 °C) can impede ZNW growth initiated
from ionic bonds. This may partly stem from increased
solubility of the ionic species in the precursor solution.
An X-ray diffraction analysis (XRD) provides additional

insight into the crystalline quality and structural characteristics
of the SPAZN structures. Figure 4d plots the XRD spectra of
SPAZN structures grown at 80, 90, and 100 °C. Sharp and
narrow (002) peaks are dominant, indicating that highly
crystalline ZNWs grow along the c-axis of the wurtzite ZnO
crystal.13 The (100) peak that emerges from the hexagonal side
facets24,25 is vivid, especially in the 80 °C-grown SPAZN, as
confirmed in the SEM image (Figure 4a). It is noteworthy that
the ratio of the (002) peak intensity to the (100) peak
intensity (I(002)/I(100)) can be an indicator of the aspect ratio of
the ZNWs;24 the higher the ratio, the higher the ZNW aspect
ratio. The corresponding I(002)/I(100) values of the three cases
calculated and marked in Figure 4d indicate that the aspect
ratios of the ZNWs can be controlled to be highest and lowest
at 100 and 80 °C, respectively, during our SPAZN growth

process. This is consistent with the experimental measurement
result given above.
The SPAZN architecturing strategy in which ZNWs with

controlled morphologies can be grown selectively on Ag
patterns at a temperature can be directly applied to the
development of a variety of practical devices with transparent
and flexible forms. As one tangible example, we demonstrate
transparent and flexible gas sensors obtainable from SPAZN
structures patterned on a diverse range of common substrates,
including polycarbonate (PC), polyimide (PI), and glass.
Figure 5 presents the collective results of the micropatterned
flexible SPAZN structures and their application to the
transparent gas sensors. As an effective and transparent sensing
circuit, 25%−1000 rpm SPAN layers of ∼50 nm thickness were
initially engineered into micromesh patterns through photo-
lithography followed by wet etching. The optical transmittance
and electrical conductivity of the SPAN micromesh structure
can be controlled by varying its unit cell size (S) and line width
(L) (see the inset of Figure 5c), as previously studied in
detail.19 Here, we designed two types of SPAN micromeshes
with the S/L values of 500/50 μm and 250/50 μm (simply
termed the “500/50 and 250/50 micromeshes” below) onto
which ∼4 μm long ZNWs were selectively grown at 90 °C for
15 h to complete the SPAZN structures. Figure 5a exhibits the
exemplary procedure for the fabrication of transparent and
flexible SPAZN devices beginning with the 500/50 and/or

Figure 4. SEM images of SPAZN structures grown at (a) 80, (b) 90, and (c) 100 °C. The insets show enlarged views of the corresponding
structures. (d) XRD spectra of SPAZN structures grown at three different temperatures. The corresponding I(002)/I(100) values are indicated beside
each spectrum.
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250/50 micromesh-patterned SPAN layers formed on the PC
and PI substrates. The SEM images (Figure 5b) clearly
indicate that the ZNWs are highly selectively grown on the Ag
patterns, corroborating Ag-mediated ZNW growth in the
SPAZN architecturing protocol.
Figure 5c shows the measured optical transmittances of the

500/50 and/or 250/50 micromesh-patterned SPAZN struc-
tures formed on various transparent substrates. The sensing
ability of these architectures was characterized by introducing
dry CO gas at various concentrations onto the SPAZN
micromesh-on-glass samples (Figure 5d) at room temperature
and ∼0% relative humidity. Figure 5e shows the measurement
result upon changes in the resistance of these SPAZN samples
depending on the CO gas concentration, demonstrating their
reliable performance as transparent gas sensors. The CO gas
sensing systems employing metal oxide materials such as ZnO,
CuO, SnO2, and MoS2 as well as their various nanostruc-
tures26−28 may inspire the future improvement of SPAZN-
based gas sensor devices. Moving forward, the SPAZN
architecturing strategy may also be adopted to more practical
device systems of broader functionalities including other

pollutant detection,29−31 catalytic reaction,24 and electro-
mechanical transduction,32 among others. This will be realized
by regulating additional process parameters, such as the
precursor composition and growth time, by diversifying the
framework architectures (e.g., ZNW-connected interdigitated
electrodes) and/or by incorporating complementary materials.
Indeed, a roll-to-roll-processed interdigital transducer compris-
ing the SPAZN architecture and the microelectrode fabricated
by rollable photolithography33,34 is currently under develop-
ment. This may exploit a new route to “all-solution-
processable” and the continuous manufacturing of flexible
large-area utility devices with versatile functions involving CO/
NH3 gas sensing and optoelectronic transduction.
In summary, we developed a scalable SPAZN architecturing

protocol by which ZNWs can be selectively grown on a SPAN
framework at a low temperature without using costly vacuum-
processing instruments. Based on the proposed Ag-morphol-
ogy-mediated growth mechanism, the ZNW morphology,
density, and aspect ratio could be facilely controlled by the
initial Ag ink concentration and corresponding spin-coating
speed and the hydrothermal growth condition. Our demon-

Figure 5. (a) Stepwise optical images of micromesh-patterned SPAZN structures fabricated on PC and PI substrates. (b) SEM images of the 500/
50 and 250/50 SPAN micromesh structures (top row) and the SPAZN structures grown on them (bottom row). The right-side images show
enlarged views of the Ag−substrate boundary area (top right) and the SPAZN micromesh’s crossing area with the cross-sectional view as an inset
(bottom right). (c) Optical transmittances measured for the 500/50 and 250/50 micromesh-patterned SPAN and SPAZN structures (and
nonpatterned ones as references) fabricated on various transparent substrates. (d) Optical images of the 500/50 and 250/50 SPAN and SPAZN
micromesh structures fabricated on glass substrates and (e) the CO gas-sensing performances of these SPAZN structures. CO gas with various
concentrations was introduced for the red-shaded timespans marked in the plot, while purified air was introduced between these timespans.
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stration of patterned SPAZN growth on glass and polymeric
substrates bodes well for the practical manufacturing of various
transparent and flexible devices. While we exemplified a room-
temperature-operational gas sensor in this work, more diverse
functional applications can be realized by utilizing the SPAZN
architectures, including but not limited to low-cost sensor
networks and wearable devices, large-area transparent elec-
tronics, and flexible plasmonic and transducer elements.
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