
© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1207wileyonlinelibrary.com

C
O

M
M

U
N

IC
A
TIO

N

 Focused Energy Field Method for the Localized 
Synthesis and Direct Integration of 1D Nanomaterials 
on Microelectronic Devices 

   Daejong    Yang     ,        Donghwan    Kim     ,        Seung Hwan    Ko     ,        Albert P.    Pisano     ,        Zhiyong    Li     ,    
   and        Inkyu    Park*   

  Dr. D. Yang, Prof. I. Park 
 Department of Mechanical Engineering 
 Korea Advanced Institute of Science 
and Technology (KAIST) 
  291 Daehak-ro  ,   Yuseong-gu    
 Daejeon,    305-701  ,   South Korea   
E-mail:  inkyu@kaist.ac.kr    
 Dr. D. Yang, Prof. I. Park 
 KI for the NanoCentury 
 Korea Advanced Institute of Science and Technology (KAIST) 
  291 Daehak-ro  ,   Yuseong-gu  ,   Daejeon    305-701  ,   South Korea    
 D. Kim 
 Korea Electric Power Research Institute 
 Korea Electric Power Corporation (KEPCO) 
  105 Munji-ro  ,   Yuseong-gu  ,   Daejeon    305-760  ,   South Korea    
 Prof. S. H. Ko 
 Department of Mechanical Engineering 
 Seoul National University 
  1 Gwanak-ro  ,   Gwanak-gu  ,   Seoul    151-742  ,   South Korea    
 Prof. A. P. Pisano 
 Department of Mechanical and Aerospace Engineering 
 University of California 
  San Diego  ,   9500 Gilman Dr, La Jolla  ,   California    92093  ,   USA    
 Dr. Z. Li 
 Systems Research Lab 
 Hewlett Packard Laboratory 
  1501 Page Mill Rd  ,   Palo Alto  ,   California    94304-1126  ,   USA   

DOI: 10.1002/adma.201404192

Although this method allows the fabrication of single 1D nano-
material device with accurate position control of metal contacts, 
it is very time-consuming and low throughput. Another popular 
method is the drop casting of liquid suspension of multiple 
1D nanomaterials onto prefabricated device electrodes. [ 11 ]  This 
method is very simple and inexpensive, but realizes only com-
plex and random network of 1D nanomaterials. Also, liquid 
droplet size and surface wetting limit the downscaling of the 
area for the nanowire integration. Furthermore, weak van der 
Waals force, hydrophobic force or hydrogen bonding between 
1D nanomaterials and electrodes does not provide strong adhe-
sion, [ 12 ]  causing poor mechanical and electrical contacts. 

 Accordingly, various methods for the controlled integra-
tion and assembly of 1D nanomaterials have been recently 
developed including dielectrophoresis, [ 13 ]  optical trapping, [ 14 ]  
atomic force microscope (AFM), [ 15 ]  shear forces in microfl uidic 
channel, [ 16 ]  contact printing, [ 17 ]  electrostatic force, [ 18 ]  magnetic 
fi eld, [ 19 ]  and bubble fi lm. [ 20 ]  However, these methods still do not 
provide good controllability, reproducibility, and throughput. 
Moreover, these advanced methods also lack robust and reliable 
contact between nanomaterials and electrodes due to the same 
reason as that for the drop casting method mentioned above. [ 12 ]  
The methods using optical trapping and AFM are serial pro-
cess and therefore are not appropriate for the mass manufac-
turing of practical devices. Other methods using electrostatic 
and magnetic forces are only valid for charged or ferromagnetic 
nanomaterials. In addition, the methods using shear force and 
bubble fi lm have diffi culties in the control of the location of 
NWs [ 19 ]  and the dielectrophoresis process may induce unde-
sired electrochemical reactions in the liquid solution. [ 21 ]  

 In this work, we propose a novel method called “focused 
energy fi eld (FEF) synthesis” based on a localized, relatively 
low-temperature, and liquid-phase reaction for the selec-
tive synthesis and in situ integration of 1D nanomaterials at 
desired locations on the microelectronic devices. This method 
is described in  Figure    1  a and can be explained as follows: (a) 
electrical voltage is applied across prefabricated device elec-
trodes (i.e., microheater), resulting in a localized Joule heating 
at the desired local hot spots; (b) localized temperature rise is 
induced and convective heat and mass transfers of precursor 
solution are generated; (c) nanomaterials are synthesized at 
local hot spots by endothermal reaction of precursor chemicals; 
(d) fresh precursor chemicals are continuously supplied to the 
reaction area by convective mass transfer due to temperature 
gradient; and (e) nanomaterials are continuously synthesized 
until the electrical power is disconnected. The most signifi cant 

  One dimensional (1D) nanomaterials including nanowires, 
nanotubes (NTs), and nanorods have been drawing huge 
attention during the last decade. In particular, chemically 
synthesized nanowires have shown great promise for many 
applications due to their advantages, such as high crystallinity, 
versatile chemical compositions, smaller dimension, and less 
surface defects. Numerous nanowire-based devices have been 
reported in the literature, such as fi eld effect transistors, [ 1 ]  
memristors, [ 2 ]  fi eld emission devices, [ 3 ]  solar cells, [ 4 ]  secondary 
batteries, [ 5 ]  mechanical energy harvesters, [ 6 ]  chemical sensors, [ 7 ]  
photonic sensors, [ 8 ]  and biosensors. [ 9 ]  

 However, the controlled assembly and integration of synthe-
sized nanowires onto the device electrodes remain as major 
challenges for their practical and reliable applications. Espe-
cially, electronic devices, such as transistors, memristors, fi eld 
emission devices, and sensors all require controlled assembly 
and integration of nanomaterials at desired locations (i.e., 
electrodes) on the devices. The most common method is the 
placement of single 1D nanomaterial followed by metal contact 
formation with e-beam lithography and metal lift-off process. [ 10 ]  
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advantages of this method are (a) direct synthesis of nanoma-
terials without further integration or assembly steps required, 
(b) extremely simple and inexpensive setup for the fabrication 
(Section 1 and Figure S1, Supporting Information), (c) min-
imal usage of chemicals and energy for the nanomaterial syn-
thesis (Table S1, Supporting Information), and (d) formation of 
mechanically and electrically robust contact between nanomate-
rials and device.  

 The convective mass transfer of precursor by uneven tem-
perature distribution is the essential mechanism in this method 
and can be verifi ed by using three-dimensional fi nite element 

method (FEM) simulation of heat and mass transfer (Figure S2, 
Supporting Information). As shown in Figure  1 b, c, a highly 
localized temperature increase near the microheater and 
resultant convective mass fl ux are observed. Figures  1 c and S3a 
(Supporting Information) show the temperature profi le on the 
surface of substrate. In the lateral direction of the microheater 
(Figure  1 c-(i)), the temperature is maximum (371.5 K) at the 
center of microheater and rapidly drops down to the room tem-
perature (298.2 K) at 6.45 µm from the center of microheater. 
Figure  1 c-(ii) and shows the temperature profi le on the surface 
of substrate along the longitudinal direction of the microheater. 
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 Figure 1.    Principles of focused energy fi eld (FEF) method for the localized synthesis and direct integration of 1D nanomaterials on microelectronic 
devices: a) Schematics of FEF synthesis mechanism. b) and c) Numerical simulation of temperature distribution and fl uidic behavior during the FEF 
synthesis process. d) SEM image of locally synthesized and directly integrated ZnO NWs. e) and i) Schematics and ii) SEM image of ZnO NWs grown 
from two adjacent microheaters after various synthesis periods (1, 2.5, and 6 min). f) Current–voltage ( I – V ) of ZnO NW interconnection under dark 
state and UV illumination. g) Relationship between light intensity and current of ZnO NW interconnection. h) The change of electrical current with 
increasing and decreasing intensities of UV illumination.
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The temperature is maximum (371.5 K) at the center of micro-
heater and gradually decreases to 320.0 K at the edge of micro-
heater with a parabolic temperature profi le. This temperature 
nonuniformity results in the convective mass fl ux. As shown 
in Figure  1 b, the precursor liquid solution moves upward near 
the microheater by the buoyancy force due to the localized 
temperature distribution. Also, fresh precursor liquid moves 
inwards along the horizontal direction due to the convective 
mass transfer caused by the density difference with tempera-
ture (Section 2, Supporting Information). 

 We demonstrated the synthesis of zinc oxide nanowires (ZnO 
NWs) by using FEF method. ZnO NWs are one of the most 
useful 1D nanomaterials for a variety of applications including 
photodetection, [ 22 ]  light-emitting diode, [ 23 ]  photocatalyst, [ 24 ]  
piezoelectric energy conversion, [ 25 ]  photovoltaic energy conver-
sion, [ 26 ]  and fi eld effect transistor. [ 27 ]  Furthermore, the protocols 
for low-temperature hydrothermal synthesis of ZnO NWs are 
quite well-established. [ 28 ]  Figure  1 d shows the SEM images of 
the ZnO NW bundles that were locally synthesized along the sil-
icon (Si) microheater by its Joule heating in the precursor solu-
tion. A porcupine-like ZnO NW bundle was grown only along 
the microheater while no NWs could be observed elsewhere. 
Another notable fact is the varying lengths of ZnO NWs along 
the microheater. The NWs are the shortest along the edge of 
microheater while the longest (≈9.9 µm) at the center of micro-
heater. This result is due to the temperature variation along the 
length of microheater. [ 29,30 ]  (Section 3, Supporting Information). 

 The FEF synthesis method can be used to fabricate nano-
material-based electrical interconnection between adjacent 
electrodes. Figure  1 e-i) shows the schematic of the synthesis of 
NW bundles from two neighboring microheaters and the for-
mation of electrical interconnection by bridging them. Here, 
by positioning two neighboring microheaters close to each 
other and heating them simultaneously, a multijunction struc-
ture between two adjacent NW bundles can be formed, pro-
viding a pathway for the electrical current. The SEM images in 
Figure  1 e-ii) show that the ZnO NWs grown from two micro-
heaters became longer by increasing the synthesis period. The 
maximum lengths of NWs grown from two adjacent micro-
heaters are  L  max  = 1.3, 1.8, and 3.3 µm after 1, 2.5, and 6 min 
of heating, respectively. At 6 min, the ZnO NW bundles grown 
from two microheaters are connected with each other in the 
middle (Figure S5, Supporting Information). This electrical 
interconnection between two electrodes via ZnO NW bundles 
can function as micro/nanoelectronic devices such as physical 
or chemical sensors. 

 As the fi rst device application, we demonstrated the ZnO 
NW bridge device as a photodetector to the UV light. ZnO has 
a direct bandgap of ≈3.3 eV at room temperature, allowing the 
excitation of electrons from valence band to the conduction 
band by an UV light exposure. Figure  1 f shows the sensitivity 
of ZnO NW interconnection device (shown in Figure  1 e-(ii)) 
to the UV light ( λ  peak  = 365 nm, intensity = 1.7 mW cm −2 ). 
At an electrical bias of 1 V, the electrical current was dramati-
cally increased from 240 pA without UV light to 24.1 nA with 
UV light. Also, the photocurrent versus light intensity plot in 
Figure  1 g shows a good agreement to the power law according 
to I Ephoto ∝ α ( I  photo : photo-induced current,  E : light intensity 
and  α : positive real number) as reported in the literature. [ 31–33 ]  

The electrical resistance of ZnO NW is determined by electron-
hole generation and oxygen chemisorption [ 31 ]  (Section 4, Sup-
porting Information). The sensor shows an incremental change 
of current to varying intensities of UV illumination, therefore 
can be used for the quantifi cation of the UV light intensity 
(Figure  1 h). 

 The UV detection curves show that the response of the ZnO 
NW sensor is not immediate but has response and recovery 
periods lasting several seconds. As previously mentioned, 
the sensing mechanism of ZnO NWs is a combination of the 
adsorption/desorption of oxygen molecules and the change in 
electron density caused by electron-hole generation. The elec-
tron density varies rapidly with electron-hole generation, but the 
adsorption/desorption of oxygen molecules requires some time 
to reach the equilibrium state. [ 34 ]  Therefore, most ZnO-based 
UV sensor devices have response times ranging from several 
to tens of seconds. [ 35–38 ]  Compared to the devices described in 
previous reports, our UV sensor provides equivalent or better 
sensing performance in terms of response and recovery time. 

 Since our FEF synthesis method requires relatively low 
temperature (<95 ºC) and mild liquid environment for the 
synthesis process, it can be applied to the direct synthesis 
and integration of 1D nanomaterials on fl exible polymer sub-
strates such as polyimide (PI) or polyethylene terephthalate 
(PET).  Figures    2  a and S6 (Supporting Information) show the 
SEM images of ZnO NW bundles that were directly fabricated 
onto the metal electrodes on a fl exible PI substrate and photo-
graph of fabricated fl exible ZnO NW device (inset of Figure  2 a). 
Since the ZnO NW precursor consists of noncorrosive and 
mild chemicals and only a low temperature heating (<95 ºC) is 
required in a very small area (<30 × 30 µm 2  for microheater), 
no damage of PI substrate or microheater occurs during the 
FEF synthesis. An interconnection between two neighboring 
metal microheaters could be formed by bridging ZnO NW 
bundles grown from each side (Section 5 and Movie S1, Sup-
porting Information). Figure  2 b shows the real-time detection 
of UV light by ZnO NW sensor on a polyimide substrate with 
high sensitivity and fast response speed. At a constant DC bias 
of 0.25 V, ZnO NW device shows a very small dark current of 
56 nA (i.e., without UV light). Under the UV illumination with 
intensity of 651 µW cm −2 , the current was dramatically ampli-
fi ed to 35.1 µA (≈627 times). The rise time ( τ  r,90% ) and decay 
time ( τ  d,10% ) are 6.2 and 11 s, respectively. The sensor shows 
high sensitivity, fast response, and good repeatability.  

 Since the ZnO NWs were directly synthesized on the device 
electrodes, they are strongly bound to the electrodes and this 
provides an outstanding mechanical robustness against the 
substrate deformation. In order to verify this mechanical 
robustness, we fi rst evaluated the change of UV detection per-
formance of the ZnO NW sensor under a fl at condition and 
bending condition with different curvature radii ( ρ  = 20.65 and 
3.06 mm). As shown in Figure  2 c, the response of ZnO NW 
sensor does not exhibit a signifi cant change by varying the cur-
vature radii. The average responses ( I  UV,on / I  UV,off ) are 255, 270, 
260, 285, and 276 and rise times ( τ  r,90% ) are 6.7, 5.9, 9.9, 9.7, 
and 9.8 s with a fl at condition, curvature radii of  ρ  = 20.62, 3.1, 
and 20.62 mm and a fl at condition, respectively. The fl exible 
ZnO NW sensor also shows excellent mechanical robustness 
in repeated bending cycles. Figure  2 d shows that the response 
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of the ZnO NW sensor is consistent after 100 and 1000 cycles 
of bending with a curvature radius of  ρ  = 3.1 mm. From these 
experiments, we could confi rm that the ZnO NW sensor fab-
ricated by FEF method provides excellent UV sensing perfor-
mance as well as outstanding mechanical robustness against 
the deformation of fl exible substrate. 

 To further investigate the mechanical robustness of ZnO 
NWs directly integrated on the fl exible substrate by FEF method, 
the change of electrical current through the ZnO NW network 
integrated by different methods was compared under bending 
and stretching conditions of fl exible substrate. For comparison, 
various methods were employed for the integration of NWs on 
the metal device electrodes on fl exible polymer substrate: drop 
casting of NW solution (Figure S7a, Supporting Information), 
contact printing of NWs from synthesis substrate to device 
substrate (Figure S7b, Supporting Information), dielectropho-
resis in the NW solution (Figure S7c, Supporting Informa-
tion), and FEF synthesis (Figure S7d, Supporting Information). 
After the integration of NWs, the substrate was bent from a 
large ( ρ  > 80 mm) to a small curvature radius ( ρ  = 3 mm), and 
released back to a large curvature radius. As shown in Figure  2 e, 
ZnO NW network grown by the FEF method exhibited an out-
standing stability of electrical current against bending with only 

a small change (brown dash dot). The current was fully recov-
ered after release of bending. On the contrary, the NWs inte-
grated by other methods turned out to be very unstable. All the 
samples fabricated by other methods showed sudden drop of 
electrical current when the substrate was bent by more than  ρ  
= 10 mm. Moreover, the currents were not fully recovered after 
release of bending (Section 6, Supporting Information). This 
electrical instability of other NW network structures originates 
from poor physical bonding between the NWs and metal elec-
trodes. Since their physical bonding strength purely relies on 
the weak van der Waals or electrostatic forces between the NWs 
and metal electrodes, the bonding strength is not suffi cient to 
prevent the NWs from detaching during the substrate bending. 

 As more severe loading condition than the bending defor-
mation, we have applied uniform tension to the substrate from 
 ε  = 0 to 0.20 by stretching while the change of electrical cur-
rent was continuously measured (Figure  2 f). NWs assembled 
by other methods showed an instant drop of electrical current 
once a very small strain ( ε  < 0.002) was applied. However, the 
NWs assembled by FEF method almost maintained the ini-
tial current by strains up to  ε  = 0.01 and gradually decreased 
with higher applied strain (Section 6, Supporting Information). 
This result also confi rms the stronger mechanical robustness 
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 Figure 2.    Fabrication of ZnO NW-based UV sensor on PI substrate and its electrical characteristics under mechanical loading conditions. a) SEM image 
and photograph of fabricated ZnO NW-based UV sensor on PI substrate. b) Change of electrical current with increasing and decreasing intensities 
of UV illumination. c) and d) UV sensing performance of fl exible ZnO NW-based UV sensor under static bending with various radii of curvature and 
repeated bending condition. e) and f) Electrical current of four samples made by drop casting, contact printing, dielectrophoresis and FEF synthesis 
under bending ( ρ  = 80–3 mm) and tensile ( ε  = 0–0.20) loading conditions.
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of FEF-synthesized NWs than others due to high bonding 
strength between NWs and metal electrodes. We believe that 
this high bonding strength originates from the direct chemical 
synthesis of NWs on the electrodes during the FEF synthesis 
process. 

 The FEF synthesis can be applied in various device platforms. 
 Figure    3  a shows the FEF synthesis of NWs on a gas sensor plat-
form with multiple layers (metal layer #1: microheater, metal 
layer #2: interdigitated sensing electrodes and SiO 2  thin fi lm 
between two metal layers: electrical insulation layer). The Joule 
heating of the microheater generates a localized temperature 
rise and results in the selective synthesis of NWs. The tempera-
ture profi le shown in Figure  3 a verifi es a localized heating in 
the vicinity of microheater where electrical bias was applied. In 
this platform, the synthesized NWs form an electrical intercon-
nection between interdigitated sensing electrodes due to the 
serpentine geometry of the microheater. Also, two individual 
serpentine microheaters can be used for the separate con-
trol of heating and NW synthesis in two different regions as 
shown in Figure  3 b, S8c (Supporting Information). The SEM 
images of the device after the selective synthesis of ZnO NWs 
are presented in Figure  3 c, and S8d (Supporting Information). 
When both microheaters (#1 and #2) were heated, NWs were 

synthesized on both microheaters (Movie S2, Supporting Infor-
mation). On the other hand, when only single microheater (#1) 
was heated, NWs were synthesized on the region of micro-
heater #1 (Section 7, Supporting Information). The locally syn-
thesized NWs form an electrical bridging structure between the 
interdigitated sensing electrodes and can function as a highly 
sensitive sensor for the gas molecules due to large surface area 
for the gas–solid reaction, numerous NW–NW junctions and 
metal-NW junctions.  

 ZnO NWs are an excellent material for gas sensor applica-
tions due to their large surface-to-volume ratio and unique 
electron transport properties. [ 39–41 ]  Under ambient conditions, 
oxygen molecules are adsorbed on the surface of ZnO NWs 
and form negative oxygen ions (O − ) by capturing electrons 
from ZnO NW and leaving positively charged dopants near the 
surface. The electronic band of ZnO is bent upward, creating 
a depletion layer with a large electrical resistance. When the 
ZnO NWs are exposed to reducing gases (H 2 , CO, or H 2 S), the 
gas molecules react with negative oxygen ions, donating elec-
trons to the ZnO NWs and generating an electron accumula-
tion layer at the surface. Thus, the electronic band of ZnO is 
bent downward, and the electrical resistance of the ZnO NWs 
is reduced. [ 42 ]  In oxidizing gases (NO 2  or O 3 ), the resistance 
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 Figure 3.    Selective integration and surface modifi cation of NWs and its application to gas sensing. a) Schematics of gas sensor platform with multiple 
layers (microheater, insulation layer, and sensing electrode) and numerical simulation of temperature distribution in the sensor platform during local-
ized and selective heating. b) and c) Schematics of localized NW synthesis and SEM image of locally synthesized ZnO NWs. d) Sensing response of 
pristine ZnO NWs synthesized by FEF method to hydrogen gas (1000–5000 ppm). e) Schematics of selective surface modifi cation of presynthesized 
NWs by FEF method. f) SEM and TEM images of Pt NP-coated ZnO NWs. g) Sensing response of Pt NP-coated ZnO NWs synthesized by FEF method 
to hydrogen gas (1000–5000 ppm).
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the behavior of the ZnO NWs upon the exposure to oxygen. As 
shown in Figure  3 d, the fabricated ZnO NW-based gas sensor 
demonstrated high sensitivity and repeatable responses toward 
H 2  gas. Upon exposure to 5000, 2000, and 1000 ppm of H 2  gas, 
the sensor showed responses ( I  gas / I  air ) of 145%, 132%, and 
127%. Furthermore, the ZnO NW-based sensor could detect 
20–1000 ppm of CO gas and 0.1–2 ppm of NO 2  gas (Figure S9a, 
b, Supporting Information). 

 The FEF synthesis method can also be applied to the localized 
and selective surface modifi cation of presynthesized NWs with 
functional layers. [ 43 ]  As shown in Figure  3 e, the heat generated 
by microheater is transmitted along the presynthesized NWs by 
thermal conduction. Therefore, the NWs work as hot spots for 
the reaction of precursor solution and scaffolds for the nuclea-
tion of functional layers. Here we demonstrated the coating of 
platinum nanoparticles (Pt NPs) on the surface of ZnO NWs 
by using FEF synthesis method within the precursor solution 
of Pt NPs. The TEM (transmission electron microscopy) image 
(Figure  3 f) shows that Pt NPs were uniformly coated on the 
surface of ZnO NWs. Also the EDS (energy dispersive spec-
troscopy) spectra show that Pt elements were formed on the 
surface of ZnO NWs. The coating of ZnO NWs with Pt NPs 
can dramatically improve the H 2  sensing performance since 
the Pt NPs function as catalysts for the enhanced surface reac-
tion of H 2  gas on ZnO NWs by spill-over effect and modulation 
of Fermi energy [ 44,45 ]  (Section 8, Supporting Information). As 
shown in Figure  3 g, the sensor showed a dramatic improve-
ment of the sensing performance. The responses ( I  gas / I  air ) to 
1000, 2000, and 5000 ppm were dramatically increased from 
127%, 132%, and 145% (for pristine ZnO NWs) to 1058%, 
2043%, and 4346% (for Pt-coated ZnO NWs), respectively. This 
result indicates that FEF method is very useful for not only 
localized and direct synthesis of nanomaterials but also their 
selective surface modifi cation with additional functional layers. 

 The FEF synthesis method can be further used for the syn-
thesis of other nanomaterials such as CuO nanospikes (NSs) 
by using different precursor solutions. For example, when 
we used a CuO precursor solution [ 46 ]  and applied an elec-
trical potential to the microheater, CuO NSs were synthesized 
( Figure    4  a, b). The synthesis mechanism of CuO NSs is sim-
ilar to that of ZnO NWs. The solubility of Cu 2+  ions is lower 
at high temperature, and CuO NSs are also synthesized under 
high-temperature conditions by endothermic reactions. More-
over, the FEF synthesis method can be applied to synthesize 
hybrid nanostructures. As shown in Figure  4 c, an additional 
CuO NS synthesis step was applied to the FEF-synthesized 
ZnO NWs. CuO NSs were synthesized on the surface of ZnO 
NWs to produce ZnO/CuO hybrid nanostructures. High-
resolution SEM and TEM images show that CuO NSs were 
grown from the surface of presynthesized ZnO NWs with well-
formed junctions (Figure  4 d). The heat generated at the micro-
heater was transferred to the presynthesized ZnO NWs, and 
CuO NSs were synthesized on the surface of the ZnO NWs. 
The uniform size of the CuO NSs within the ZnO NW bundles 
indicates that the heat was effectively transferred to the top of 
the ZnO NWs due to high thermal conductivity of ZnO NWs 
(6.5 W Km −1 ). [ 47 ]  We could tune the electrical characteristics 
and surface potential of the nanostructures by creating p–n 

junctions between CuO NSs (p-type semiconductor) and ZnO 
NWs (n-type semiconductor). [ 48 ]  As shown in Figure  4 e, the 
resistance of the ZnO/CuO hybrid structures was increased 
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 Figure 4.    Localized synthesis of hybrid nanostructures by FEF method. 
a) Schematics of CuO NS synthesis process by FEF method. b) SEM and 
TEM images of CuO NSs synthesized by FEF method. c) Schematics of local-
ized synthesis of ZnO/CuO hybrid nanostructures by FEF method. d) SEM 
and TEM images of ZnO/CuO hybrid nanostructures. e) Current–voltage 
characteristics of pristine ZnO NWs and ZnO/CuO hybrid nanostructures. 
f) Mechanism of electrical resistance change of ZnO–CuO hybrid nanostruc-
tures. g) SEM image and EDS data of heterogeneous nanomaterial array 
consisting of TiO 2  NTs, CuO NSs, and ZnO NWs grown on microheater 
#1, #2, and #3, respectively (microheater #1, 2, and 3 from left to right).
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to 138 times that of the pristine ZnO NWs at 1 V. We believe 
that hole-rich CuO (p-type), when combined with electron-rich 
ZnO (n-type), can form depletion zones and therefore increase 
the resistance through the NWs [ 48 ]  (Figure  4 f). The direction of 
the gas sensing response of the ZnO/CuO hybrid nanostruc-
tures was observed to be similar to that of n-type materials 
because the n-type ZnO NWs served as the base materials. 
The tuning of the depletion layer by the formation of a p–n 
junction changes the gas sensing response of the core n-type 
material. The response of the ZnO/CuO hybrid materials is 
reduced in the presence of oxidizing gases and enhanced in 
the presence of reducing gases since higher base resistance 
provides a smaller margin for an increase in resistance but a 
wider margin for a decrease in resistance. [ 49 ]   

 A multiplexed array of heterogeneous nanomaterials can 
also be fabricated on a single chip by carrying out a sequen-
tial FEF synthesis procedure within different precursor solu-
tions. Figure  4 g shows a parallel array of TiO 2  NTs, CuO NSs, 
and ZnO NWs fabricated by sequential FEF synthesis pro-
cesses. First, CuO NSs were synthesized on microheater #2 by 
applying an electrical potential across microheater #2 within 
the precursor solution for CuO NSs. Second, ZnO NWs were 
synthesized on microheater #1 by applying an electrical poten-
tial across microheater #1 within the precursor solution for 
ZnO NWs. Third, TiO 2  NTs were synthesized on microheater 
#1 using liquid phase deposition (LPD) method [ 50 ]  using pre-
synthesized ZnO NW template. Fourth, ZnO NWs were syn-
thesized again on microheater #3. Because the synthesis reac-
tions for both ZnO NWs and CuO NSs occur only at elevated 
temperatures (>90 °C), cross-contamination between different 
nanomaterials can be avoided by a simple rinsing process using 
deionized (DI) water. 

 In the previous sections, we showed single or double NW 
bundles synthesized on a discrete device. This method can be 
applicable to synthesize not only discrete device but also wafer-
scale device arrays. Figure S10a, b, Supporting Information 
show the schematic of ZnO NW bundle array and experimental 
setup for parallel FEF synthesis process in wafer-scale. The 
synthesis mechanism is the same as the abovementioned FEF 
synthesis method. Figure S10c, Supporting Information shows 
the shapes and electrical resistances of thirty (5 × 6 cells) NW 
bundles on a wafer. The resistance distribution of ZnO NW 
interconnections is quite uniform for this nonoptimized pro-
cess condition (Section 9, Supporting Information). This par-
allel synthesis result indicates that the FEF synthesis method is 
applicable for inexpensive and mass-scale production. 

 In terms of the local synthesis of nanomaterials, previously 
reported approaches based on the patterning of seeds or cata-
lysts [ 51–55 ]  provide similar capabilities to those of the FEF syn-
thesis method. However, because these methods realize local 
nanomaterial synthesis by seed/catalyst patterning through 
processes such as lithography, [ 51 ]  contact printing, [ 52,53 ]  inkjet 
printing [ 54 ]  or focused laser beam writing, [ 55 ]  they all require 
multiple steps such as alignment to the device electrodes, pat-
tern defi nition, and surface cleaning. Furthermore, the chemical 
reactions for nanomaterial synthesis occur in the bulk phase and 
therefore waste a large amount of materials and energy. Another 
approach to the in situ integration of nanomaterials is lateral 
growth along a particular crystalline plane of nonconventional 

substrates. [ 56–58 ]  Although these approaches can realize the 
large-scale, lateral synthesis of nanomaterials, they require 
specialized and expensive substrates with particular material 
compositions and crystal planes for directional growth. Addi-
tionally, they all require high-temperature, gas-phase reactions 
that consume a large amount of energy for the high-tempera-
ture heating and/or stringent control of toxic gases for chem-
ical reaction. Furthermore, nanomaterials cannot be synthe-
sized on prefabricated micro/nanoelectronic devices due to the 
high thermal budget of the process, which can cause signifi cant 
damage to the devices. As an alternative, Wen et al. [ 59 ]  proposed 
the lateral synthesis and direct integration of ZnO NWs using 
a patterned, multilayered metal thin fi lm with a chrome (Cr) 
passivation layer on top. However, in this scheme, the synthesis 
reaction also occurs in the bulk phase and thus consumes a 
large amount of energy and materials. Also, the nanomaterials 
are grown along the entire sidewalls of the metal patterns; thus, 
additional passivation patterns are required for the selective 
synthesis and integration of nanomaterials on particular faces. 
Furthermore, the Cr layer used for the passivation of the top 
surface is not the best material for making electrical contact. If 
an attempt were made to remove the Cr layer using Cr etchants 
(pH < 1), the ZnO NWs would be immediately attacked and dis-
solved because they are very weak in low-pH environment. 

 In contrast, our FEF synthesis method is a fundamentally dif-
ferent approach based on the controlled, self-aligned synthesis 
of nanomaterials that does not require any tedious alignment 
process or expensive equipment. Furthermore, an extremely 
small amount of synthesis chemicals and energy are required 
because the reaction occurs only in a very small, selected loca-
tion. Additionally, no stringent control of toxic precursor gases 
is necessary due to the low-temperature and liquid-phase fabri-
cation process. 

 Another major advantage of the FEF synthesis method is 
its versatile applicability for the synthesis of different nano-
materials. We have already shown that the FEF method can 
be used for the direct integration of various nanomaterials 
such as ZnO NWs, CuO NSs, and ZnO NW/CuO NS hybrid 
nanostructures. We can further fabricate directly integrated 
TiO 2  NTs on device electrodes by the combination of FEF syn-
thesis and LPD process. [ 50 ]  (see Figure S11, Supporting Infor-
mation). Furthermore, it is possible to fabricate a multiplexed 
array of heterogeneous nanomaterials in a single device chip 
by using a series of FEF processes in different liquid environ-
ments (Figure  4 g). We have realized a parallel array of TiO 2  
NTs, CuO NSs, and ZnO NWs by using an array of multiple 
microheaters combined with the sequential supply of pre-
cursor liquids within a liquid container or with the parallel 
supply of multiple precursor liquids within a microfl uidic 
channel. [ 60 ]  This methodology resolves a long-standing, grand 
challenge of 1D nanomaterial assembly and integration and 
allows for the fabrication of multiplexed arrays of heteroge-
neous nanomaterials. 

 In conclusion, we have developed FEF synthesis for localized 
synthesis and integration of 1D nanomaterials. This method is 
based on the localized liquid-phase reaction directed by device 
electrodes and thus enables selective synthesis and direct 
integration of nanomaterials on the microelectronic devices. 
The device fabricated by the FEF synthesis method exhibited 
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standing physical robustness mechanical loading conditions. 
This method would be very useful for low-cost, eco-friendly, 
and effi cient fabrication of nanostructure-integrated microelec-
tronic devices due to its low-power, nonharsh, and simple setup 
as well as excellent reliability.  

  Experimental Section 
  Design and Fabrication of Microheater Platforms : We utilized three 

types of devices for the FEF synthesis: (1) silicon microheater on the 
silicon-on-insulator (SOI) substrate, (2) metal microheater on polyimide 
substrate, and (3) multiple-layered metal microheater/electrode on 
silicon substrate. Details of fabrication processes for each device type 
are explained in the following:

   (1)     Silicon microheater on the SOI substrate: SOI wafers with a highly 
p-type-doped silicon device layer (boron doping,  ρ  = 0.001 Ω·cm), 
2-µm-thick buried oxide layer and 500-µm-thick silicon handling layer 
(ULTRASIL Corporation, USA) were utilized as substrates. A photo-
lithography process with OCG 825 G-line photoresist (Fuji Film, Ja-
pan) followed by deep reactive ion etching (DRIE, Bosch Process) 
realized the fabrication of 2-µm-thick silicon microheater. The metal 
interconnection was made by additional photolithography with OCG 
825 G-line photoresist, thermal evaporation of 150-nm-thick alu-
minum (Al) and lift-off process in acetone. Thermal annealing in a 
forming gas (10% H 2 , 90% N 2 ) environment at 400 °C for 30 min 
provided better Ohmic contact between metal interconnection and 
silicon microheater.  

  (2)     Gold microheater on PI substrate: 75-µm-thick PI fi lm was adhered 
on the Si handling wafer by using photoresist (AZ9260, MicroChemi-
cals GmbH, Germany) as an adhesive to prevent the deformation of 
PI fi lm during the fabrication process. Photoresist (AZ5214, Micro-
Chemicals GmbH, Germany) was patterned for microheater and in-
terconnection on the PI fi lm by using photolithography process and 
then 200-nm-thick gold (Au) fi lm was deposited on the substrate by 
e-beam evaporation. The substrate was immersed in the acetone for 
removing the PR pattern and dummy gold fi lm as well as to separate 
the PI fi lm from the Si handling wafer.  

  (3)     Multiple-layered metal microheater/electrode on silicon wafer (bot-
tom platinum microheater, SiO 2  insulation layer and top gold elec-
trode): Photoresist (AZ5214) was patterned on the Si wafer with 
2-µm-thick thermal oxide to fabricate serpentine microheater layer by 
using photolithography process. A 200-nm-thick platinum (Pt) fi lm 
was deposited on the substrate by e-beam evaporation and then the 
PR pattern and dummy Pt layer were removed in acetone. A 400-nm-
thick SiO 2  layer was deposited on the microheater layer by plasma-
enhanced chemical vapor deposition (PECVD) at 250 °C for electrical 
insulation. Photoresist was patterned again on the SiO 2  layer for in-
terdigitated electrodes by aligning with the underlying microheaters. 
A 200-nm-thick Au fi lm was deposited on the substrate by e-beam 
evaporation for electrodes. The PR pattern and dummy gold fi lm were 
removed in the acetone.    

  Synthesis of ZnO NW and CuO NS by Using FEF Method : 25 × 10 −3   M  
zinc nitrate hydrate, 25 × 10 −3   M  hexamethylenetetramine (HMTA), 
and 6 × 10 −3   M  polyethylenimine (PEI) were mixed in the DI water for 
the ZnO NW precursor and 4 × 10 −3   M  copper (II) nitrate hydrate and 
4 × 10 −3   M  HMTA was mixed in the DI water for the CuO NS precursor. 
(All chemicals were purchased from Sigma-Aldrich.) A small PDMS 
(polydimethylsiloxane) well was attached on the microheater platform 
and a few drops of ZnO NW or CuO NS precursor solution was 
dispensed in the well. DC bias of 3 V for 10 min and 0.28 V for 30 min 
was applied to the Si microheater platform and metal microheater 
platform on PI substrate, respectively, for synthesis ZnO NWs. DC bias 

of 1.9 V was supplied for 60 and 5 min to multiple-layered platform for 
synthesis ZnO NWs and CuO NSs, respectively. 

  Measurement of UV Intensity and Gas Concentration : The UV light was 
emitted from UV lamp with a peak wavelength of  λ  = 365 nm (UVITEC, 
LF206LS) and intensity of UV light was adjusted by semitransparent 
fi lm and calibrated by UV intensity meter for  λ  = 365 nm (LUTRON, 
UVA-365). The electrical characterization of devices was made by 
using potentiostat/galvanostat (CH Instruments Inc., CHI600D). The 
ZnO NW sensor on PI fi lm was bent by custom-made bending system 
consisting of a linear stage and a bending guide fi lm. The sensing 
device was attached on the bending guide fi lm and both were bent with 
various radii of curvature by moving the linear stage. The tensile test of 
the device was performed by custom-made tensile tester consisting of a 
liner stage, microscope and CCD camera. The linear stage stretched and 
released the device and the strain was calculated by tracing two points 
on the device using microscope and CCD camera. The ZnO NWs and 
Pt NP-coated ZnO NWs on multiple-layered platform were used for the 
gas sensing test. The devices were heated to 250 °C in the tube furnace 
and 1000–5000 ppm of hydrogen gas in air was supplied to the sensing 
device. 

  Platinum Nanoparticle Coating on the Surface of ZnO NWs : 30 × 10 −3   M  
of potassium tetrachloroplatinate(II) and 1 × 10 −3   M  sodium citrate was 
mixed in the DI water for Pt NP precursor and then the pH level was 
adjusted to 11 by adding 0.1 × 10 −3   M  sodium hydroxide solution. (All 
chemicals were purchased from Sigma-Aldrich.) The Pt NP precursor 
solution was supplied and 0.8 V of electrical bias was applied to 
the microheater in multiple-layered platform for 20 min.  Synthesis 
of ZnO NW Bundle Array : The microheater array consisting of several 
(5 × 6 cells) microheaters connected in series and parallel was fabricated 
by metal deposition and lift-off process. The dimension of each 
microheater cell is the same to the abovementioned metal microheater 
platform on PI substrate. The ZnO precursor solution was dispensed 
in individual PDMS wells and an electrical bias (2.5 V) was applied to 
end of serially connected electrodes for 100 min. The electrical bias was 
evenly distributed to individual microheaters.  
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