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chip-scale integrated sensor platform. The 
localized photohydrothermal metal-oxides 
synthesis technique demonstrated in this 
work can be readily used in a number of 
applications including resistive electrical 
interconnections between two metal strip 
lines as well as sensitive detection of 
UV illumination at the wavelength-scale 
dimensions. 

 To achieve the facile single-step direct 
synthesis of metal-oxides at a desired 
position with small feature sizes, we use 
a highly localized hydrothermal method 
with pulsed-light-induced heating (PLIH) 
on planar metal thin fi lms and/or strip 
structures with pulsed and focused laser 
irradiation. PLIH provides an effi cient way 

to manipulate the spatiotemporal temperature distribution near 
the laser beam spot in precursor solution, and thereby to ther-
mally stimulate hydrothermal synthesis reactions [ 11,12 ]  with pre-
cise spatial and temporal control. In the proposed method, the 
local temperature of precursor solution near the focused laser 
beam spot during the illumination can easily exceed the boiling 
point at normal ambient pressure through periodic thermal 
cycles from the pulsed illumination and superheating. [ 13 ]  Super-
heating far above the typical boiling point enables a much faster 
metal-oxide growth rate [ 14 ]  as compared to conventional large-
area hydrothermal growth using a bulk heating method. [ 11,12 ]  
Repetitive heating and cooling from PLIH prevents explosive 
bubble generation even beyond the superheating condition [ 15 ]  
as schematically described in Figure S1, Supporting Informa-
tion. A steep temperature gradient around the laser beam spot 
results in strong precursor supply by fl uid convection and the 
acceleration of chemical reaction rates. Furthermore, the peri-
odic thermal cycles of PLIH lead to a self-limited reaction pro-
cess due to the limited heat diffusion within the fi nite irradia-
tion pulse width in the time domain. [ 16 ]  

 In the proposed method, schematically depicted in  Figure    1  a, 
localized heating from the focused and pulsed laser irradiation 
onto the thin metal absorption layer induces rapid photohydro-
thermal synthesis only near the focal spot region, and therefore 
enables position-controlled deposition and bump formation 
of metal oxide materials within seconds. The lateral spatial 
resolution of this technique is limited by the laser beam spot 
size and thermal diffusion. For our experimental setup, the 
laser beam diameter at the sample surface is ≈2 µm, and the 
minimum dimension of a photohydrothermally grown semi-
conductor bump was ≈1 µm, similar to the irradiation laser 
wavelength (1064 nm). The details of the PLIH experimental 
setup are described in Figure S2, Supporting Information. 
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  1.     Introduction 

 Metal-oxides have attracted much attention over the past few 
decades for their wide range of applications. Due to the strong 
ionic bonds between positive metallic and negative oxygen ions, 
semiconducting metal oxide materials provide interesting and 
unique characteristics, such as wide bandgaps, [ 1 ]  good electrical 
and thermal conductivities, [ 2 ]  and thermal/chemical stability. [ 3 ]  
The localized formation of metal-oxides between metal micro/
nanostructures not only allows structural and mechanical 
joining at the submicrometer scale but also can provide addi-
tional electrical semiconducting functionalities. For example, 
when the metal oxide materials, such as zinc oxide, are 
inserted between metal electrodes, they can provide memris-
tive, [ 4 ]  gating, [ 5 ]  or rectifying electrical connections. [ 6 ]  They are 
also responsive to physical and environmental stimuli such 
as UV illumination, [ 7 ]  pressure, [ 8 ]  ambient chemicals, [ 9 ]  and/
or humidity, [ 10 ]  and thus can serve as sensing elements in a 
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Further reduction of spatial resolution can be achieved with, 
for example, shorter laser wavelengths and super-resolution 
focusing techniques beyond the diffraction limit. [ 17 ]  The bump 
formation location can also be precisely controlled by scan-
ning the sample stage and/or the laser beam spot. In contrast, 
it is usually diffi cult to achieve direct and real-time place-
ment of 3D micro/nanostructures at a desired location with 
such precision using the conventional metal-oxides synthesis/
deposition methods, such as chemical vapor deposition [ 18 ]  and 
sputtering. [ 19 ]  To obtain more insight on our rapid synthesis 
process, we will explain the details of the growth mechanism of 
the photohydrothermally synthesized metal-oxides. 

    2.     Results and Discussion 

  2.1.     Growth Rate 

 The temperature distribution as well as the heat and mass 
transfer of the precursor solution near the laser focal spot 
intimately affects the chemical reaction and thus the material 
growth rate in our photohydrothermal synthesis technique. 
PLIH allows a rapid localized growth of material compared to 
the conventional techniques because it can provide higher local 
temperature and suffi cient mass transfer to facilitate the hydro-
thermal synthesis reaction. 

 First, with regard to the local temperature, the material 
growth rate exponentially increases with temperature since the 
supplementation rate of hydroxide (OH − ) is rapidly increased by 

the decomposition of the OH −  supplier, such as hexamethylene-
tetramine (HTMA) and potassium hydroxide (KOH), [ 20,21 ]  due 
to its Arrhenius-type temperature dependence. Unlike conven-
tional large-area hydrothermal synthesis methods in which the 
reaction temperature is limited by the boiling point of the pre-
cursor solution, the wavelength-scale high-intensity heating spot 
in PLIH can yield a spatially localized superheating condition 
much above the typical boiling temperature. [ 13 ]  Furthermore, the 
repetitive thermal cycles of periodic heating and cooling also pre-
vent undesirable bubble generation, which can adversely affect 
the growth process by preventing the precursor supply, intro-
ducing unpredictable growth, and/or vapor pressure-induced 
structure destruction. Consequently, the chemical reactions take 
place in a much higher temperature environment than the con-
ventional hydrothermal synthesis techniques, resulting in ultra-
fast growth of metal-oxides. PLIH signifi cantly enhances the rate 
of chemical reactions and material growth when compared to 
the continuous heating case with the same average power con-
sumption. Figure  1 b illustrates an example of temperature distri-
bution at 200 ns after the onset of 23.5 mW laser irradiation on a 
hemispherical copper oxide bump (0.6 µm base radius). 

 Another important factor that governs the material growth 
rate is the reagent mass transport and local precursor concen-
tration. PLIH induces stronger convection compared to con-
tinuous bulk heating. Given water’s low thermal conductivity, 
thermal conduction in aqueous precursor solution is quite 
slow, thus, the fast heat conduction in the metal absorption 
layer causes a large temperature gradient and fast fl uid fl ow 
in response to the transient laser illumination. As a result, 
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 Figure 1.     a) Schematic description of the focused laser heating geometry for localized hydrothermal growth of metal oxide materials on a metal 
absorption layer in precursor solution. The heat generated from the focused laser illumination hydrothermally converts the precursor solution into 
metal-oxides on the substrate. b) Temperature profi le (color map) and fl ow velocity distribution (arrows) at 200 ns after 23.5 mW laser irradiation on 
a CuO bump (0.6 µm base radius and 0.4 µm height) obtained by FEM simulations. c–e) SEMs of CuO bumps grown on a 40-nm-thick tungsten fi lm 
with different laser pulse widths. The corresponding temperature distribution profi les from the FEM simulations are also shown. The bumps are gen-
erated by 40-s pulsed illumination with the peak pulse power of 23.5 mW and the pulse width of 400 ns c), 4000 ns d), and 40000 ns e), respectively. 
The duty ratio is fi xed at 10%. The FEM simulation results indicate more thermal diffusion with longer laser pulse widths. Under the short pulse width, 
CuO is highly confi ned at the substrate, but, with the longer pulse widths, CuO bumps take on the morphology of a bulk-heated case. All scale bars 
represent 1 µm.
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the precursor supply is signifi cantly enhanced as depicted in 
Figure S3, Supporting Information. For comparison, under 
continuous-wave illumination with the same average intensity, 
fl uid velocity hardly changes and remains slow (Figure S4, Sup-
porting Information). The extreme thermal gradient leads to 
the effi cient mass transport of precursor molecules and accel-
erates the hydrothermal synthesis process. The tightly focused 
heating spot, a feature of our system, also reduces precursor 
consumption and allows wavelength-scale direct patterning.  

  2.2.     Morphology 

 Geometrical and morphological control of hydrothermally syn-
thesized metal-oxides is another important issue. [ 22 ]  In the 
suggested method, the morphology of the grown metal oxide 
materials can be controlled by the synthesis temperature profi le 
and its temporal variation, similar to the way the temperature 
and volume/shape of solder bumps control the detailed soldering 
condition in conventional soldering. Material growth during 
hydrothermal synthesis can be divided into the nucleation and 
growth stages. [ 20 ]  At low temperatures, the OH −  concentration is 
not high enough for nucleation, while crystal growth from the 
existing seed material can still occur. However, at higher temper-
atures, the increased OH −  concentration supports a higher super-
saturation concentration, and, as a result, nucleation prevails, 
resulting in the growth of denser metal oxide materials. 

 Heating cycles are another important factor affecting mor-
phology variation in the photohydrothermal synthesis of metal-
oxides. With short-pulse-width PLIH (<1 µs), thermal energy 
is highly confi ned only near the metal absorption layer during 
the illumination, and thus its peak temperature becomes much 
higher than that of the grown metal-oxides and surrounding 
precursor solution. As a result, the metal-oxide growth occurs 
near the metal absorption layer rather than from the end of 
the existing metal-oxides structure, and therefore highly dense 
metal-oxides can be obtained with repeated synthesis cycles 
(Figure S5, Supporting Information). Furthermore, as it grows, 
the heat capacity increases with its volume, while at the same 
time the available heat fl ux is restricted by the incident laser 
power and pulse width. The reduced reaction rate thus limits the 
eventual dimensions of the synthesized metal oxide material.  

  2.3.     Simulations and Experimental Results 

 For experimental demonstration of the PLIH-based in situ 
photohydrothermal synthesis method, well-known metal oxide 
materials such as CuO and ZnO were chosen. First, isolated 
CuO bumps were photohydrothermally synthesized on a thin 
tungsten metal absorption layer (40 nm thickness) by various 
laser pulse widths ranging from 400 to 40 000 ns as shown in 
Figure  1 c–e. The pulse widths of at least 400 ns were chosen to 
allow enough time to reach the peak temperature during the 
illumination, and a fi xed duty ratio of 10% was used for enough 
cooling time between pulses. Relatively high laser peak power 
(23.5 mW) was used to achieve the superheating condition in 
PLIH (Figure S3, Supporting Information). When the duration 
of laser irradiation is relatively short (e.g., 400 ns pulse width), 

the high temperature region is restricted to only near the 
metal absorption layer, resulting in shallow and dense bumps 
(Figure  1 c). However, increased pulse widths allow enough 
time for heat conduction and diffusion into precursor solu-
tion. With longer pulse widths, the bump morphology becomes 
similar to the large-area bulk-heated case [ 11,23 ]  (Figure  1 e). 
Therefore, a shorter laser pulse width (400 ns pulse width and 
4000 ns period) was selected to produce dense and packed 
semi conductor bumps in the following experiments. 

 To experimentally verify the effects of the photohydrothermal 
synthesis temperature, CuO and ZnO bumps were synthesized 
by various laser powers as shown in  Figure    2  a for CuO as well 
as Figures  2 b and S6, Supporting Information for ZnO. CuO 
(ZnO) synthesis was observed beyond the laser peak power of 
23.5 mW (15.4 mW) because the typical synthesis temperature 
of CuO is known to be higher than ZnO. [ 11,23 ]  In both cases, 
lump-like hemispherical bumps were observed, rather than the 
nanowires or nanorods morphologies which are typical prod-
ucts of conventional large-area hydrothermal synthesis. These 
unique confi gurations result from the limited thermal diffusion 
of PLIH as explained before. The nucleation-dominant crystal 
growth occurs at elevated reaction temperatures much above 
the typical water boiling point only near the laser beam spot. 
For both CuO and ZnO, ultrafast growth rates and micrometer-
scale growth in a few seconds were observed, whereas conven-
tional techniques with bulk-heating typically yield micrometer-
long growth in hours. [ 11,23 ]  The base diameters of the isolated 
bumps were self-limited and bounded by the laser spot size of 
≈2 µm even at high peak powers. 

  To further explore temperature dependence, the detailed 
effects of temperature and illumination time on the mate-
rial growth rate are demonstrated in Figure  2 c,d for ZnO syn-
thesis. The ZnO bump volumes as a function of laser irradiation 
time and peak power are represented in Figure  2 c, indicating 
the saturation of the growth rate with the increase of synthesis 
time. Figure  2 d shows the relationship between the ZnO bump 
volume and the estimated synthesis temperature. According to 
the Arrhenius equation, the synthesized metal oxide material 
volume is proportional to the chemical reaction rate constant pro-
portional to exp( E a /RT ), where  E a   is the activation energy,  R  is the 
gas constant, and  T  is temperature in Kelvin. In the logarithmic 
scale, the synthesized material volume is inversely proportional 
to the temperature and the extracted slopes in Figure  2 d are all 
similar to each other and roughly proportional to  E a  / R . When the 
bump volume becomes large enough, however, the slope does 
not follow this trend due to the growth rate saturation. 

 To investigate such self-limited growth effects, computer 
simulations based on the fi nite element methods (FEM) 
were performed according to the bump dimensions and the 
laser irradiation powers.  Figure    3  a,b shows the tempera-
ture distributions with the peak laser irradiation powers of 
23.5 and 55.9 mW, respectively. The ZnO bump dimensions 
in the simulations were estimated from the inset scanning 
electron micrograph (SEM) images and its thermal conduc-
tivity was assumed to be 60 W m −1  K −1 . [ 24 ]  The temperature 
profi les along the  z -axis at the center for each case are also 
plotted in Figure  3 c,d, which indicate that the temperature 
of the ZnO material is much higher than the typical hydro-
thermal synthesis temperature at the initial stage (0.2 s). After 
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it has grown up, however, the increased heat capacitance 
limits the peak temperature and the heat fl ux barely reaches 
the liquid–solid interface due to the short pulse width. As a 
result, the peak temperature at the liquid–solid interface after 
3 s becomes much lower and the deceleration of the synthesis 
rate results self-limited growth. 

  The interesting morphological features of the metal-oxides 
observed in Figure  2 a,b are from their different construction 
mechanisms depending on the illumination power. In CuO 
synthesis, CuO was synthesized as a packed hemispherical 
bump when the metal absorption layer was heated by 23.5 mW 
peak power, but uneven bump structures with small voids were 
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 Figure 3.     Illumination power and temperature dependence of metal-oxides bump size. a,c) and b,d) are the simulated temperature profi les with the 
incident laser peak powers of 23.5 and 55.9 mW, respectively. The ZnO bump dimensions were estimated from the inset SEMs from Figure S6, Sup-
porting Information. a) and b) represent the temperature distributions at 0.2 and 3 s, while c) and d) show the detailed temperature profi le along the 
 z -axis at the center for the laser irradiation powers of 23.5 and 55.9 mW, respectively. The gray dashed lines at  z  = 0 indicate the location of the metal 
absorption layer. The increased heat capacity from the growth of the metal-oxides limits the peak temperature and the heat fl ux barely reaches the edge 
of the metal-oxide due to the short laser pulse width. All scale bars represent 1 µm.

 Figure 2.     Growth and morphological characteristics of the laser-based photohydrothermal synthesis process on the planar metal absorption layer. 
a) SEMs of CuO bumps on the 40-nm-thick tungsten fi lm for various laser peak powers (23.5 and 31.7 mW) and growth times (from 1 to 60 s). Genera-
tion of vapor at 31.7 mW peak power causes uneven bump structures with voids, while packed CuO synthesis was observed at 23.5 mW. b) SEMs of 
ZnO bumps on the same tungsten fi lm for various laser peak powers (23.5 and 31.7 mW) and growth times (from 0.2 to 10 s). At high laser intensities 
(31.7 mW case), the vapor layer develops at the early stage of the synthesis process. c) ZnO bump volume as a function of the growth time. As the 
bump volume increases, the growth rate is saturated due to the increased heat capacity. d) Relationship between the synthesized ZnO volume and the 
peak temperature shows Arrhenius dependence. All scale bars represent 1 µm.
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obtained with higher peak power heating (e.g., 31.7 mW in 
Figure  2 ). For ZnO, packed hemispherical solder bumps even-
tually grew up after a long growth time (10 s) regardless of the 
laser input power, but for short growth time (less than 1 s) its 
morphology was quite different. Under low power irradiation, 
a fi lm-like morphology was obtained, but at higher irradiation 
powers crater-like shapes were observed. 

 To verify the reason for such morphological differences 
produced by varying the input laser peak power, a temporal 
temperature distribution profi le according to the laser power 
in PLIH was examined by computer simulations (Figure S3, 
Supporting Information). As the laser irradiation peak power 
increased, the maximum local temperature near the laser beam 
spot reached its maximum, and then quickly came back to room 
temperature during the cooling cycle after the laser illumination 
is turned off. When the sample was illuminated with a laser 
peak power of 23.5 mW, void-free metal oxide bumps could be 
obtained beyond the boiling point of water. Such superheating 
phenomenon usually occurs when the heating spot is too small 
to overcome hydraulic pressure and surface tension. At even 
higher laser irradiation powers, on the other hand, the local 
temperature rises over the superheating temperature limit (or 
spinodal point) and vapor nucleation takes place. [ 13 ]  Vapor seeds 
begin to expand into the larger vapor layer when its pressure 
exceeds the surrounding fl uidal pressure. The presence of the 
vapor layer at the center of the laser beam spot screens the pre-
cursor supply preventing the metal oxide growth (Figure S1b, 
Supporting Information). The hydrothermal synthesis reaction, 
however, can still occur outside the vapor edge where tempera-
ture is high enough for hydrothermal processes, and fi nally 
results in the crater-like ring morphology shown in the early 

stages of high-intensity laser irradiation for ZnO growth (31.7 
and 55.9 mW cases in Figure S6, Supporting Information). As 
the ZnO ring grows up from the perimeter of the vapor layer, 
the heat capacity increases and the absorption layer temperature 
decreases, which in turn reduces vapor layer formation. Hence, 
bump-like ZnO can be eventually formed after long growth time 
(>3 s) even when the initial local temperature is higher than the 
spinodal point. For further investigation of material proper-
ties, Raman and photoluminescence measurements as well as 
energy-dispersive X-ray spectroscopy were performed for photo-
hydrothermally grown CuO and ZnO materials as described in 
Figures S7–S10, Supporting Information.  

  2.4.     Applications 

 Joining micro/nanoscale components, such as nanowires, is 
important to form functional devices and various approaches 
have been developed including welding [ 25 ]  and soldering. [ 26 ]  They, 
however, mostly relies on complicated processes and requires 
vacuum conditions, which hinder a facile in situ operation. We 
demonstrate that our proposed method can be used to intercon-
nect separated submicrometer-scale metal structures with a sub-
micrometer gap and allow semiconducting functions. Because 
of the semiconducting properties of metal oxide materials, the 
proposed real-time in situ photohydrothermal synthesis provides 
interesting electrical/optoelectronic functionalities in addition to 
the conventional joining/soldering processes whose use is mainly 
restricted to electric conduction and mechanical assembly. 

  Figure    4   shows in situ electrical/mechanical intercon-
nection of two separated tungsten metal strips with ZnO 
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 Figure 4.     Electrical connection and soldering by laser-based localized photohydrothermal synthesis of metal-oxides. a) Schematic diagram of micro-
soldering via synthesized metal-oxides in aqueous precursor solution. b) Simulated temperature profi le (top and side view) at 200 ns after 23.5 mW 
laser irradiation incident on a suspended tungsten metal strip. Thermal energy is highly confi ned around the center of the metal bridge. c) SEMs of 
the crossed metal strips before and after photohydrothermal metal-oxides (ZnO and CuO) synthesis. d) Current–voltage characteristics between the 
metal strips before and after the metal-oxides synthesis. Scale bars represent 1 µm.
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and CuO, similar to the conventional soldering process. For 
experimental demonstration, we fabricated a 40-nm-thick 
tungsten metal bridge structure suspended over the bottom 
metal strip (crossed metal strips as shown in Figure  4 c). The 
vertical gap distance between the top and bottom metal line 
is 50 nm. The metal strips are connected in a few seconds 
with metal oxide semiconductor materials by the proposed 
selective photo hydrothermal process using PLIH. It is worth 
noting that multi ple semiconducting metal oxide materials 
can be additively synthesized/deposited at desired locations 
by exchanging precursor solutions and repeating the localized 
photohydrothermal synthesis process multiple times. It is also 
possible to connect a wider gap distance (500 nm lateral gap) 
as shown in  Figure    5  . 

   Figure  4 b shows the temperature profi le at 200 ns after the 
onset of 23.5 mW laser irradiation on the suspended metal 
strip. The tightly focused beam spot and rapid thermal cycles 
in PLIH allow that thermal energy is highly restricted near the 
center of the suspended metal strip for soldering of two sepa-
rated metal strips. For electrical characterization, precursor 
solution is removed after the soldering process. Figure  4 d 
shows that the metal strips are indeed electrically connected; 
the resistances of the ZnO and CuO solder joins are estimated 
to be 1.26 and 1.79 MΩ, respectively. According to our FEM-
based electrical simulation (Figure S11, Supporting Informa-
tion), they correspond to 0.583 and 0.405 S m −1 , respectively, 
which are within the typical conductivity range of ZnO [ 27 ]  and 
CuO. [ 28 ]  The exact solder resistance is infl uenced by many 
factors, including the bump size, annealing temperature/
time, and contact resistance. For example, additional thermal 

annealing processes improve the solder resistance as described 
in Figure S12, Supporting Information. 

 The proposed photohydrothermal soldering of metal oxide 
materials between metal electrodes can also provide a simple 
and effective means of UV light detection through photo-
induced electron–hole pair generation (Figure  5 ). To demon-
strate in situ metal-oxides formation capable of UV detection, 
we joined the disconnected tungsten metal strips with the lat-
eral gap of 500 nm using the photohydrothermal synthesis of 
ZnO bumps. The size of the synthesized ZnO materials on 
the both sides of the metal strips grew with the laser heating 
time and they fi nally formed a connected bridge structure as 
shown in Figure  5 b. The overall shape of the bridge structure 
resembles the temperature distribution simulation results 
shown in Figure  5 c. Figure  5 d–f shows the electrical measure-
ment results for the UV detecting metal-oxides connections 
between two metal electrodes. Typical current–voltage char-
acteristics with and without UV illumination (365 nm center 
wavelength) indicate a signifi cant increase in current fl ow 
under UV illumination (Figure  5 d). By varying the UV inten-
sity from 0.33 to 28.8 mW cm −2 , the measured photocurrents 
were increased from one to three orders of magnitude as com-
pared to the dark current level. It is well-known that the photo-
generated holes in single-crystalline ZnO nanowires travel to 
the surface and are trapped at the oxygen-related hole trapping 
states, which provide a long electron life time due to the unbal-
ance between electrons and holes, resulting in high photocon-
ductivity. [ 7 ]  Large photocurrent enhancements in our measure-
ments also result from the dangling-bonds-induced trap states 
at the grown zinc oxide surface. 
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 Figure 5.     UV detection from the photohydrothermally synthesized metal-oxides bump. a) Schematic diagram of a UV detection scenario with a 
ZnO solder bump connecting two metal electrodes. b) SEM of the tungsten electrodes connected by the synthesized ZnO material. A 500 nm gap 
between tungsten electrodes was fabricated and separately grown ZnO bumps connect two separate metal strips after the photohydrothermal process. 
c) Simulated temperature profi le (top and side view) at 200 ns after 23.5 mW laser irradiation. d) Current–voltage characteristics between the metal 
strips with different UV light intensities. e) Measured photocurrent as a function of the incident UV intensity with a 5 V applied bias. f) Time-resolved 
photocurrent generation with 1 and 2 V external biases. Scale bars represent 1 µm.
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 Due to the Schottky barriers at the metal–semiconductor 
(W–ZnO) junction, the current versus voltage curves show 
exponential growth at low applied biases. However, the photo-
current starts to increase linearly with higher applied biases due 
to the enhancement of the carrier drift velocity. The depend-
ence of the photocurrents on the UV illumination intensities at 
an applied bias of 5 V is shown in Figure  5 e. At low UV inten-
sity levels, the photocurrent increases linearly with the illumi-
nation intensity, indicating that the number of photo-generated 
carriers is proportional to the absorbed optical power. However, 
it starts to saturate under the higher illumination intensities. 
This sublinear dependence results from the reduction of hole-
trapping states and photocarrier lifetimes, similar to the single-
crystalline ZnO nanowire case. [ 7 ]  Under the high-intensity UV 
illumination, the hole traps are fi lled with photo-generated 
holes and the number of free holes increases, hence the prob-
ability of electron–hole recombination signifi cantly increases. 

 Figure  5 f shows the dynamic photoresponses at room tem-
perature with two different external biases. UV illumination is 
switched on and off periodically at intervals of 200 s. Upon UV 
illumination (4 mW cm −2 ), the currents through the ZnO con-
nection increase from ≈500 pA (≈2 nA) to ≈100 nA (≈250 nA) at 
a 1 V (2 V) bias voltage.   

  3.     Conclusion 

 In summary, we have demonstrated a laser-based photothermal 
route for real-time in situ soldering and selective deposition of 
metal oxide semiconductor materials on metal surfaces in pre-
cursor solution environments. The proposed technique takes 
advantage of the thermodynamics of localized PLIH, providing 
accelerated speed and accurate control of the hydrothermal 
material growth process at elevated temperatures much above 
the boiling point. The process is naturally self-limited owing 
to the strong dependence of the temperature and the bump 
volume of the synthesized metal-oxides. High-intensity focused 
laser pulses provide ultrafast and precise material synthesis 
via high local temperature and rapid mass transfer. The pro-
posed laser-based photohydrothermal synthesis method allows 
a simple and facile growth process with restricted material vol-
umes and can provide new levels of control for placing metal 
oxide materials at desired locations and thereby joining micro/
nanoscale metallic building blocks such as metal nanowire-
based meshes and circuits. Furthermore, taking advantages 
of semiconducting properties of metal oxide materials, the 
proposed technique may open up numerous applications in 
heterogeneous electric and optoelectronic interconnections 
with resistive, memristive, gating, and/or rectifying device 
components.  

  4.     Experimental Section 
  PLIH Experimental Setup : A schematic diagram of the experimental 

setup for the localized photohydrothermal synthesis of metal 
oxide materials with focused laser beam irradiation is illustrated in 
Figure S2, Supporting Information. A droplet of precursor solution 
(≈100 µm height) for hydrothermal metal oxide synthesis is fi rst placed 
on the sample surface and then covered with a cover glass to prevent 

possible evaporation. The details of the sample fabrication method 
and precursor solution can be found in the following sections. For 
localized laser heating, the collimated output light from a 1064-nm 
pulsed semiconductor laser diode was focused by a 100x objective with 
a numerical aperture of 0.5. The laser beam diameter at the sample 
surface is ≈2 µm. Tungsten material was selected as the light absorption 
layer in our experiments for reasonable absorption at 1064 nm. Other 
metal layers such as gold and aluminum can also be used with shorter 
visible wavelength lasers for maximum absorption. The objective lens, 
together with an image sensor and a visible illumination unit, was also 
used for real-time imaging of the sample surface and the refl ected laser 
light. 

  Sample Preparation : Tungsten Absorption Layer – A 10-nm-thick 
thermal oxide layer was fi rst grown on a silicon substrate and then 
a 20-nm-thick silicon nitride layer and an additional 50-nm-thick 
silicon dioxide layer were deposited using chemical vapor deposition 
techniques for thermal insulation. A fi nal 40-nm tungsten material was 
sputtered to form the metal absorption layer.   Metal Bridge Structure – 
We used tungsten metal bridges suspended over the bottom metal layer 
prepared by the above method with additional patterning steps. The 
thicknesses of the upper and lower tungsten metal layers were 40 and 
20 nm, respectively, and the air gap between them was ≈50-nm-thick. 
The details of the fabrication process can be found in ref.  [ 29 ] . 

  Precursor Solution Preparation : ZnO Precursor – An aqueous solution 
mixture of 25 × 10 −3   M  zinc nitrate (Zn(NO 3 ) 2 , Sigma-Aldrich) and 
25 × 10 −3   M  HTMA ((CH 2 ) 6 N 4 , Sigma-Aldrich).   CuO Precursor – An 
aqueous solution mixture of 50 × 10 −3   M  copper nitrate trihydrate 
(Cu(NO 3 ) 2 ·3H 2 O, Sigma-Aldrich) and 25 × 10 −3   M  HTMA ((CH 2 ) 6 N 4 , 
Sigma-Aldrich). 

  Simulation Method : To analyze the metal-oxides bump formation 
on the metal absorption layer, numerical computer simulations based 
on the fi nite-difference time-domain (FDTD) technique and FEM were 
conducted (FDTD Solutions, Lumerical Solutions Inc., and COMSOL 
Multiphysics, COMSOL, Inc.). The refl ected laser power from the sample 
surface was fi rst calculated by the FDTD simulations and found to be 
≈60% of the input light for the 40 nm-thick tungsten fi lm. The optical 
beam intensity profi le was assumed to follow the Gaussian function 
with a radius of ≈1 µm. Heat transfer, thermal distribution, and fl uid 
transport by both conduction and convection with volumetric force 
were then subsequently calculated from the absorbed power profi le. The 
thermal conductivity of ZnO and CuO material were estimated to be 
60 and 17 W m −1  K −1 , respectively. [ 30 ]  For the 3D temperature profi le of the 
metal bridge structure shown in Figures  4  and  5 , 3D simulation model 
with radio frequency and heat transfer modules was used. The thermal 
conductivity of the tungsten strips was assumed to be 174 W m −1  K −1 . 

  Electrical Characterization : A probe station with a semiconductor 
analyzer (HP4156A, Hewlett-Packard) in a dark Faraday cage was 
used to measure the current–voltage characteristics. For UV detection 
measurements, the metal bridge with the zinc oxide connection was 
placed in the probe station, and illuminated by UV light (365 nm 
center wavelength) from a high-power light emitting diode (M365L2, 
Thorlabs, Inc.).  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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