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NUSC

Despite improved sensitivity, simple downsizing of gas-sensing components to randomly arranged
na s often face challenges associated with unpredictable electrical conduction pathways. In
the@pr tudy, we demonstrate controlled fabrication of three-dimensional (3D) metal oxide
nanowirc nictworks that can greatly improve both signal stability and sensor response compared to
wire arrays. For example, the highest ever reported H,S gas response value, and 5 times
ive standard deviation of baseline resistance than that of random nanowires assemblies, were
the ordered 3D nanowire network. Systematic engineering of 3D geometries and their
ilizing equivalent circuit components, provided additional insights into the electrical
conduction and gas-sensing response of 3D assemblies, revealing the critical importance of wire-to-
wirge junction points and their arrangement. These findings suggest new design rules for both enhanced
perfermance and reliability of chemical sensors, which may also be extended to other devices based on

d

achi 1

1

nanoscale building blocks.

tho

1. Introduction

Over t

semico

decades, chemical sensors based on nanoscale-engineered metal oxide

U

n MOS) have demonstrated the capability of detecting a wide range of gas species

A
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with high sensitivity. Key factors in achieving improved performance include high surface-to-volume
ratios, high surface activities, and the use of a variety of material candidates for gas selectivity. For
example,sf"ant increases in sensitivity can be achieved by full depletion and accumulation of
carriers in nels. This effect can be realized in sensing materials with grain sizes of less
than ~18 (Qm wores,

s well as at grain boundaries and sintered necks, dominated by space charge

barriers. In grdegto reflect these design factors, various fabrication techniques have been developed,

Cr.

leading, in a variety of nano-building blocks including nanotubes, nanoribbons, nanowires,

nanopartides,@ndlhollow spheres suitable for gas sensing.®™

$

Although signiffgant advances have been made in MOS-based gas sensors through nano-

Ul

engineerin ting MOS nanostructures into gas sensors is not trivial as nano-engineering does

r'E.

not alway gas sensor properties.”® For example, sensitivity increases substantially with

decreasingigr e,”*®*”! however, the effective electrical conductivity can be drastically reduced

a

duetoi oth interfacial space charge barriers and the density of grain boundaries."® Since

the 6,8]

trical conductivity requires more sophisticated measurement circuits,
conventional nanostructures for gas sensors have been fabricated by increasing packing density or
loading Iev! to reduce sensor resistance. Theoretically, if the same nano-building blocks are parallel
connected, istance will be diminished, proportional to the number of connected components,
while retai e same sensitivity. However, the electrical properties and gas response often

depend o!Eacking density and loading level, which commonly shows a lower sensitivity with

reducedMeven though the gas sensor consists of nominally near identical nano-structured

elements.! :: s

<C
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Moreover, given the morphological complexity of typical assemblies of MOS nanostructures,
along with uneven distribution of nano-building block agglomeration, a quantitative analysis of the
intrinsic contributions of nano-building blocks, and the effect of structure on sensor performance, is

a formidab . Thus, even though some reports discuss the effects of structure at all levels,

it

on senditi Y, the underlying question of the exact role of nano-building blocks on the

electrochemicaly reactions, and therefore performance, remains unclear. To enhance

Cl]

understan optimization, and provide guidance for future applications, a more systematic

strategy isfhe@fledito extrapolate details from individual nano-building blocks to the properties of

S

macroscop lies.

U

To addr issues, we report a gas sensor with cross-stacked 3-dimensional (3D) MOS

1

nanostruct ricated by nanotransfer printing, which allows for the creation of reproducible
nano—builds and their assembly into controlled 3D nanostructures. The highly ordered and

systemi led nanostructures are highly useful to provide models for investigating the role

of 3D feature nduction in such assemblies of nano building blocks and how to optimize sensor
performance. Combining models and experimental results, we confirm the 3D-assembled MOS

nanostructlires can serve to simultaneously improve signal stability, enhance conductance, and

[

response, n dense and regular zero-dimensional contact points between nanowires.

0O

Moreover, orted fabrication flexibility should enable the extension of these processes to a

diverse rafge of metal oxide materials, including catalysts decorated nanostructures with high

A

sensitiv tivity. Pt-decorated n-type SnO, nanowire based 3D nanostructures examined in

{

this study, for e ple, achieve a high response value of 1285.8 (at 1 ppm H,S) that is 3.7 times

U

higher than that ofgthe state-of-the-art H,S gas sensor.!*"!

A
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{

2. Results
[ |

2.1. Fabricati D nanowire assemblies via printing of nanoscale building blocks

The key i ent to achieving a 3D-ordered MOS nanoarchitecture is the fabrication capability

C

to align naowlireYarrays and transfer these arrays sequentially onto substrates. The schematic in

S

Figure 1la hat high-yield (nearly 100%) direct transfer of nanostructures onto receiver

U

substrates ealized by solvent-assisted nanotransfer printing (S-nTP), based on an adhesion

switching flechanism developed by our group.™®* Through sequential printing of the nanowire

f

arrays, multi d 3D crossed-wire nanostructures are capable of being fabricated with controlled

d

numbers of@st g layers. Figure 1b-i shows a scanning electron microscopy (SEM) image of a

highly o D periodic nanowire array made up of 50-nm-wide lines spaced 50 nm apart and

formed

area (2 cm x 2 cm), as represented in the inset image. A highly porous multi-

M

stacked 3D crossed-wire MOS nanostructure composed of SnO, is shown in both top-down and tilt-

view SEM i

[

Figure 1b-ii. These highly ordered nanostructures are compared with disordered

Sn0O; nano s (drop-casted nanowires and screen-printed nanoparticles as shown in the SEM
images (Fi and Figure 1c-ii). To crystallize the SnO, and achieve structural stabilization, the
fabrica ostructures were then annealed at temperatures of 500 °C in the air for 6 h.

{

The crys n of the printed nanowires was confirmed by transmission electron microscopy

U

(TEM) images, which showed small grains with an average grain size of ~ 5.5 nm (Supplementary

A
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Figure S1, see references for details).“‘” The high-resolution transmission electron microscopy
(HRTEM) image of SnO, nanowires with selected area electron diffraction (SAED) pattern clearly
shows the !n 110) plane (lattice fringe spacing = 0.33 nm) while the respective energy dispersive

X-Ray (ED ows the presence of Sn and O (Supplementary Figure S2a-c).

H I
Moreover, it is conventionally challenging to fabricate the same structure composed of different

materials. However, the method described in this study can produce essentially geometrically identical

nanoscale building blocks from different source materials (e.g., NiO, p-type MOS). The HRTEM image of

r

NiO nanowires Wil SAED pattern clearly shows the NiO (111) plane (lattice fringe spacing = 0.24 nm)

I
while the respective EDX analysis shows the presence of Ni and O (Supplementary Figure S2d-f).
4
The SEMIimages of the nanowire arrays and 3D nanoarchitecture obtained from nano-transfer
printing (Figur ) reveal several important features. First, the printed nanowires achieved
excellent n without breaks over their full lengths which would be important to obtain

reprod electronic properties, as well as uniform inter-wire spacing (see details in the

Supple Discussion S3). As demonstrated in Figure 1b-i, extremely straight and parallel

M

nanowires were obtained regardless of position within the arrays. Quantitative analysis on more
than 100 ines (Figure 1d) shows that ~97.0% of the transfer-printed nanowire are aligned

within an (@ af +1°. Transfer-printing can thus assure outstanding reproducibility in device

Or

performan tial for commercialization, although this aspect is often not discussed in the

N

literatu ismstudy, in order to characterize the reproducibility and regularity of measured

1

electrical data, the relative resistance (resistance/average resistance) of sensors was measured and

el

depicted in the hiStogram obtained from 40 sensors (Figure 1e). The 2D nanowire array with a

relative st eviation (RSD) of 3.70% and 2-layer crossed nanowires with an RSD of 2.11%

A
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demonstrated considerably better device-to-device reproducibility than drop-casted nanowires (RSD
of 59.70%) and screen-printed nanoparticles (RSD of 49.03%).
2.2. EngineeningilP structures and materials for maximizing sensor performances

L

For high sgmsitigity, nanostructures in chemiresistor sensors should be engineered so that nano-
dimensione ing blocks are nearly or fully depleted of free carriers, which inevitably results in
excessivelwctrical resistances.’®”! The resistance of sensors, however, can be reduced by
achieving anarallel connections between nano-building blocks. However, without systematic
nano-engineering, three-dimensional nanostructures are typically highly disordered with
unpredictag and non-uniform junctions between nano-building blocks. This lack of structural
controIIabim inevitably to reliability and reproducibility issues. Furthermore, due to the
random aggregation of nano-building blocks, sensitivity is reduced. In order to resolve this challenge,

we designe

oss-stacked nanowire arrays, that are comprised of massive parallel resistor
connec retaining high sensitivity by preventing the agglomeration of nano-building

blocks. Ths’ unique structure provides high surface-to-volume ratios and narrow wire-to-wire
contact poin enhanced sensitivity and parallel electrical pathways for low electrical resistance,
while ens -defined empty channels between the nanowires for facile gas penetration as

illustrated !Eupp!ementary Figure S3.

To eIuLHﬁIuence of structure in printed SnO, nanowires on gas-sensing performance, we

characterized the s-sponse of the 3D nano-architectured devices with various numbers (L; 1, 2, 3, 4,

and 8) (& stacking layers. The base line resistance of the samples in air was observed to
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decrease with increasing L. For example, an almost 28-fold reduction in resistance (at 350 °C in air
atmosphere) was achieved by increasing L from 1 (700 kQ) to 8 (27.1 kQ) (Figure 2a). Figure 2b
presentsteHmic ethanol sensing response (S = Ryir/Ryqs, Where Ry and Ry, are the
resistance rin air and analytic gas, respectively) for different structures (thin film, L =1,
2,4 and-8 @f Sn0,, as the concentration of ethanol decreased from 100 to 5 ppm at 350 °C.
The 2D narbmrays (L =1) and 3D nanoarchitecture (L = 2) exhibited 13.2 and 23.8 times higher

response t Sn0O, thin film sensor, respectively, because of higher surface-to-volume ratios

compared werence thin film counterpart.

Interestingly, in Bontrast to conventional sensor platforms, where there is commonly a trade-off

between tCitude of the resistance and response (Supplementary Figure S4),“%*! cross-

stacked na ructures show an opposite trend — increasing response with decreasing baseline
resistance [@s x@ up (Figure 2a and 2c). For the same concentration of molecules, the 2-layer-

stacked wed almost 2 times higher response than the mono-layered nanowire array

structure (Fi ). For example, the response at 100 ppm ethanol (red circle in Figure 2c), the 2-
layered (33.7), 3-layered (34.7), 4-layered (35.1) and 8-layered (34.2) samples were nearly 2 times

higher tha!the single-layer nanowire array (16.4). Also, there is a similar enhancement trend found

upon expocher target gases such as benzene (blue triangle in Figure 2c) and toluene (green

square in Fi )

r

Analogous to the SnO, nanostructures, a similar nanowire array, but this time composed of p-type NiO

H

nanostructures, exhibited a considerably higher response (11.0 times) than a 20 nm NiO thin film

reference, as well as more rapid response and shorter recovery times (Supplementary Figure S5).

A

Relative to the film, the enhancement factor of the response (Ry4s/Rqir) for the NiO stacked structure

/
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was approximately 28.2. This demonstrates the general versatility of the application of highly organized 3D

nanoarchitecture to, in principle, an unlimited number of different materials systems.

{

Further ile response time, defined as the time to reach 90% variation in resistance upon
exposure t es, usually goes up with increasing loading amount and packing density, the
H I

multi-stac nanostructure (22 sec), 6.5 times faster than the thin film structure (20 nm), showed a
similar res@Onse e to that of the 2D nanowire arrays (24 sec) even as the loading amount
increases 8 fold, without loss of sensitivity (Figure 2d). This can be attributed to the structural

advantage vide large channels for facile gas infiltration, without loss of sensitivity.

Metal oxi sors, operated at elevated temperatures (i.e. 300 — 400 °C), tend to exhibit long-

U

term ther instability as reflected in response sensitivity changes, signal drift and ultimately

all

failure.’*! Th ricated ordered 3D network structure in this study, on the other hand, shows

longer-ter | stability compared to 2D nanowire arrays (L=1), in concert with previous

reports etwork structures show more robust performance™. Figure 2e shows the resistance

change e stacking layers examined (L= 1, 2, 4, and 8) for up to 120 h at 350 °C. The baseline

M

resistance was measured as a function of time. Initially, the sensor resistance rose rapidly within the

[

first 10 ho i ing the initial burn-in time. The resistance of the nanowire array increased from

the initial ¥8 a factor of 1.98, while the stacked structure (L=4) increased only by a factor of

1.21. With to gas response, the stacked structure (L=2, 4, 8) exhibited a 2.02 times higher

N

respon anowire arrays (L=1), as demonstrated in Figure 2f. After 120 h of operation at

{

350 °C, t ange of gas response from the initial value (AS/So, where AS = S,,.,-Sg) was within 10.1%

J

for the stacked st#licture (L=8), while it was 22.3% for the nanowire arrays. These results confirm

that the 3D rchitecture-based sensor exhibit improved long-term stability.

A
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To further demonstrate the versatility of our fabrication technique in providing additional

B9 we describe how catalytic elements can be incorporated onto the 3D nanoarchitectures.

functionality,
For example, in the following, we describe Pt-incorporated SnO, nanowire assemblies
(Suppleme S6a). SN0, and Pt were sequentially deposited onto our PMMA replica as a
Iayered%a_c!m/vwesructure to achieve Pt decoration onto the surfaces of the SnO, nanowires. Figure
3a shows high-angle annular dark-field scanning TEM image and EDX mapping of the Pt decorated

SnO, nano ese clearly exhibit the contributions of Pt, Sn and O and reveal that the SnO,

nanowire We uniformly decorated with Pt particles. Lattice distances of the (110) plane of
Sn0,, (0.3 d the (111) plane of Pt (0.23 nm) are clearly shown in the HRTEM image
(Supplemenﬂe S6b). We also analyzed the SAED pattern (Fig. S6¢c) and EDX spectra (Fig. S6d)
of the Pt c!corated Sn0O, nanoribbons, which show the uniform formation of Pt on the SnO,NWs.

The Pt decorated SnO, nanowire structures were tested to investigate the impact of Pt decoration on

(il

sensor response. Figure 3b compares the gas sensing responses of undecorated SnO, and Pt-decorated

Sn0, stacked nanostructures upon exposure to 1-4 ppm of ethanol at 350 °C. At 1 ppm ethanol exposure,

>

the 6 nm Pt-decorated SnO, nanowire showed substantially enhanced performance (S= 12.16, response

time: 14 s at 1 ppm), a 4.5 times higher response and 60% shorter response time than that of the Pt free

C__

Sn0, structure (S = 2.70). Interestingly, in the case of the Pt (6 nm)/SnO, nanowire annealed at 700 °C in

air, a colossal enhancement in hydrogen sulfide response (S = 1285.8 at 1 ppm) at 300 °C was observed
-

compared to that of the undecorated SnO, nanowires (S = 11.1 at 1 ppm.) (Figure 3c). This is one of the

%

highest hydrogen sulfide response values ever reported in the literature (Figure 3d and Supplementary

t

Table $1).1%%% |n addition, the Pt (6 nm)/SnO, nanowires were strongly selective to hydrogen sulfide

)

with only minimal response towards other interfering gases under 1 ppm (Supplementary Figure S7).

This article is protected by copyright. All rights reserved.
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2.3. Electrigal chanacterization of 3D assemblies

)

To investigate the electrochemical response of the structurally defined MOS sensor

nanostructures, we examined the response by impedance spectroscopy. Data obtained for several

different nanostructures following exposure to CO in the concentration range of 100-1000 ppm

at 350 °C,\are depicted in the form of Nyquist plots, and the equivalent electrical circuits of the

C

nanowire affa d the stacked nanostructures are shown in Figure 4a and 4b, respectively. The

S

spectra for the nanowire arrays are fit to a circuit consisting of an offset resistance in series with a

U

single RC i centered at ~¥80 Hz when measured in air as shown in Figure 4a. The stacked

nanostruct@ites are fit to a slightly more complex circuit composed of an offset resistance in series

N

with two RC semicircles centered at ~100 Hz and ~2000 Hz, respectively, as shown in Figure 4b. By

comparing Its in Figure 4a and 4b, it becomes clear that the additional high-frequency

a

(~2000 ntribution in the stacked nanostructures derives from the contact points between the

nanowi djacent layers that do not exist in the simple nanowire array. The common RC

M

contribution characterized by the lower frequency contribution centered at ~100 Hz must reflect the

[

characteri e electrochemical reactions occurring on the surfaces of the nanowire body. In

brief, we a characteristic electrical component of the nanowire array to R,;.., while the

3D nanoarchitecture exhibits an additional electrical circuit component, the sum of which we

r

assign junction Where Rjynction reflects the contribution due to the contact points

t

between nanowires in adjacent layers.

AU
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The relative response of each component (R,,;re and Rjynction) Was then examined as a function of

CO concentration (Figure 4c). For the one-layer nanowires, modeled with a single resistor

{

component (R1L ), the slope of the response to CO gas concentration was 0.69/dec. In the case of

the two-la nanostructure, the resistance of the two components (R2: . and Rquantion)r

|
calculated gfrom impedance spectroscopy, show different slopes of 0.71/dec and 1.38/dec,

respectivelygThese results demonstrate that R,,;.. shows a similar sensitivity regardless of whether

C

stacking lay tor not, but that Rj;ction €xhibits a higher sensitivity than R, consistent with

S

our observatigh offthe enhanced response of our stacked vs single layer nanostructures. In addition,

the effect iRetion ON the response could also be confirmed through network structures

U

containing artificial cracks, which increases the contribution of Rj,nction/Rwire in the circuit (see

1

more detailSy upplementary Discussion 1) by forcing current flow through the junction points.

In order e a more quantitative analysis of the sensor performance of our network

d

structu | conduction through the nanowires, can be represented by an elementary

resistor n s shown in Figure 4d (see detailed circuit analysis in the Supplementary Discussion

V]

2). Based on these analyses, the calculated relative response (S;/S;, see more details in the

b

Suppleme ussion 4), defined as the ratio (S = Req gir/Req,gas), are predicted to show a

dependeng cking layer number as shown in Figure 4e (black squares). These predictions

match well with the experimental response (Figure 4e, red circles) that shows increased response
acking layer number, confirming our initial hypothesis that 3D stacking can
contribuwwed gas response by forming contact points (see detailed in the Supplementary
Discussion 4). Evei though there was less significant enhancement in response for the number of

stacked laye er than 2, stacking more layers also improved conductance and long-term

This article is protected by copyright. All rights reserved.
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stability with maintaining a similar response time, which will be more advantageous for practical use
and commercialization.

3. Conclusionmm

In summahve demonstrated the ability to prepare large area, highly aligned and uniform
metal oxi ire arrays and stacked 3D crossed-wire nanostructures via solvent-assisted

nanotrans inting. These ordered structures show excellent alignment and regularity and a

SC

considera standard deviation of resistance (~5.28%), 5 times lower than that achieved

U

from disor uctures. Our measurements demonstrated that 3D nanowire assemblies exhibit

superior gds response, decreased equivalent resistance in air and improved signal stability compared

A

to thin fil array counterparts. By combining electrical characterization with equivalent

d

circuit modeii e role of 3D nanostructure in influencing sensor performance was elucidated.

These r suggest more advanced design rules for high performance sensors, e.g. by

demon

significantly enhanced sensitivity provided by forming contact points between

M

adjacent layers of nanowire building blocks. Moreover, the presented fabrication method is broadly

1

applicable rse range of oxide materials and catalysts used to decorate them. Hybrid 3D

nanostruct pd on Pt decorated SnO, achieved a colossal response value of 1285.8 (at 1 ppm

H.S) relatiyv, erence film and 3.7 times higher than that of the state-of-the-art H,S gas sensor.

N

An im rstanding of the role of nanostructure in influencing sensor performance

UL

correspondingly aids in developing improved design rules for high performance sensors, and the

flexibility tion points to the ability to extend these processes to diverse applications

A
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including multifunctional sensors and catalysts, and with additional modifications to batteries, fuel

cells and other functional devices.

ript

4. Experimgfital tion

Silicon Master Mold Preparation: Si master molds were fabricated using KrF photolithography
followed aglVe ion etching. A positive photoresist (PR, Dongjin Semichem Co. Ltd.) with a

thickness of 1 um Was spin-coated onto 8 in. Si wafers. The PR was then exposed using a KrF scanner

U

(Nikon, NRSs; , followed by developing using a developer solution (tetramethyl ammonium

N

hydroxide, Semichem Co. Ltd.) The PR patterns were used as an etch mask to pattern the Si

wafer surf@ce eactive ion etching (gas, CF, for etching, C,;F; for wall passivation; working

d

pressur ; plasma power, 165 W).

Fabricatj e Metal Oxide Nanowire Array and 3D Nanoarchitecture: Prior to replication, the

M

surface of the master mold was treated with a PDMS brush (Polymer Source Inc.). PMMA (M.W. =

[

100 kg mo ased from Sigma-Aldrich Inc. and was dissolved in a mixed solvent of toluene,

acetone, a @ e (4.5:4.5:1 by volume) to yield 4 wt% solutions. The solution was spin-cast onto

the master ith a spin speed of 4000 rpm. A polyimide adhesive film (3M Inc.) was then

n

attache urface of the polymer replica. By removing the adhesive film from the mold, the

|

replica withfan inverted image of the surface topography of the master mold was detached from the

mold. Nanowires Were formed through 20 nm deposition of target materials (SnO,, NiO) onto the

9

polymer re ng a e-beam evaporator. The deposition angle from the substrate surface normal

A
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was modulated and optimized at 80°. Acetone/heptane vapor was applied to the polymer replica
film by placing the replica/adhesive film into a solvent saturated chamber that was preheated to 55
°C. Afterzmsthesive film was removed from the chamber and brought into contact with the Si
substrates nm thick SiO, layer. Mild pressure was applied for uniform contact between
the nan%wrereplca/adhesive film and the substrate. The adhesive film was selectively detached
from the substrate while the nanostructure/replica remained on the receiver substrate. Uniformly

arranged n s on the substrate could then be obtained by washing away the polymer replica
film using wﬁter the first layer of the metal oxide nanowire arrays is transferred, the second
layer is pr:top of the first layer with an alignment angle of 90° for 3D nanoarchitecture

fabrication®

Characteric Materials: For characterization of the samples, a field emission SEM (Hitachi S-
4800) was@h an acceleration voltage of 10 kV, and a working distance of 5 mm. HRTEM

images pping were obtained using a 200 kV accelerating voltage TEM (FEI, Talos F200X).

To prepare t ples used in TEM, the nanostructures on Si substrates with 300 nm thick SiO,

surface layers were detached by HF treatment and transferred onto a Cu TEM grid.

Gas Sensohﬁon and Gas Delivery System: The fabricated nanostructures were annealed at

500 °C in h for stabilization. To measure the resistance signal, two electrodes were
fabricated usi nventional photolithography. Photoresist (AZ-5214E) was spin-cast onto the
metal ﬁcructure /Si0,/Si substrate and electrode regions were defined with 20 pm
spacingmom. After development of the photoresist, Ni (10 nm) / Au (100 nm) electrodes

were deposited bSe-beam evaporation, followed by lift-off with acetone. The resulting two-probe

resistor-ty rs were mounted within a sensing chamber fabricated in-house. The sealed gas

This article is protected by copyright. All rights reserved.

15



WILEY-VCH

sensing chamber, with dimensions of approximately 5 cm in diameter and 20 cm in length, were
inserted into a tube furnace within which the gas sensors were heated to 350 °C. A gas delivery
system,Mse, was used to control the gas flow into the sensing chamber to measure the
sensor res bient pressure. Dry air was used as the reference gas, and the total flow rate

was fixeﬁ cc/min.

Electrical Méasuré@ments: The resistance of the sensing channels was recorded in real time using a
data acquisitio odule (34970A; Agilent Technologies) under constant flow and temperature in a
mimpedance spectra were measured with a potentiostat/impedance analyzer

tube furn

(Solartron Analytidgl, ModuLab XM MTS) utilizing low-amplitude sinusoidal voltages (50 mV) in the

b

frequency r, 107> to 2 MHz and fitted with the aid of Zview Software (Scribner Associates).

g
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Figure 1. Schematics and demonstration of 3D nanowire array fabrication. a. Schematics of the
nanowire rication process via nano-transfer printing (see Methods for details). b. SEM
images of ordeked nanostructures i) printed nanowire array ii) multi-stacked 3D nanoarchitecture c.
rdered nanostructure i) drop-cast nanowires ii) screen-printed nanoparticles d,
of printed nanowires, where the logarithm of nanowire (NW) number is plotted
isalignment angle. e. Histograms of relative resistance (resistance/average
resistance)f§ Data were collected from 40 sensors based on 2D nanowire arrays (orange), 3D

nanoarchitecture (ged), drop-casted nanowires (blue) and screen-printed nanoparticles (green).
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Figure Mstructure engineering to investigate its impact on sensor performance. a.
Dependencg esistance in air on stacking layer number. b. Dynamic ethanol gas response

comparing vs 1, 2, 4 and 8 layer devices in concentration range of 5 — 100 ppm at 350°C. c.
Sensor respe g@@@ndence for 100 ppm of ethanol (red), benzene (blue) and toluene (green) at
350°C as fumetiemmof layer number. d. Response time for 100 ppm of ethanol gas at 350°C. (e-f)
Stability tes results. Changes of e. baseline resistance and f. response as a function of operation

time.
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Figure mng performance of 3D-stacked SnO, nanowires decorated with Pt. a. i) High-
angle ann
Sn, iii) Pt ale Y op the surface of nanowires. b. Response to ethanol vapor at 350°C of 2 layer
stackedénmt (6 nm) decorated SnO,. c. H,S sensing response at 300 °C, in concentration
range of 1s ppm, of the Pt/ SnO, and SnO, nanowires. d. Comparison of gas response (R,i/Rgas OF
Rgas/Rair) Of

field scanning TEM image of Pt-decorated SnO, nanowire and EDX mapping of ii)

ed sensor toward H,S in this work to those reported in the literature since 2000.
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Figure 4. y of impedance and equivalent circuit elements to changes in atmosphere.
Nyquist plo pedance data were obtained for several different nanostructures following
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exposure to CO in the concentration range of 100-1000 ppm at 350°C. a. 2D nanowire arrays, b.
Stacked structures (2 layers). c. Response dependence of the different indicated electrical
components on CO concentration in the range of 100-1000 ppm at 350°C. d. SEM image of 2 layer
stacked#-wire Sn0, nanostructure and schematic image of resistor network with n x n

structure. g 8lative response (S./S;) dependence on layer number - experimental (red) vs
calculated @ (black).

L

V

Simple dovag of nano-building blocks and their assembly typically exhibits a large
device—to—d_evi_ce!/ariation in gas sensor performance due to unpredictable electrical
conductioarﬁthﬂays. This study demonstrates that systemically controlled 3-dimensional
(3D) nanostructures can achieve both high sensing response and reproducibility. Combining
electrical charactsrization with equivalent circuit modeling provides important insights into

the electrical conduction in 3D assemblies and their gas-sensing mechanism.
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