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fabricated on a flexible substrate by two-beam
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Accurate knowledge of electrical conductivity and thermal conductivity temperature dependence plays
a crucial role in the design of a thermometer. Here, by using a two-beam laser direct writing system, an
individual silver nanowire (AgNW) with well-defined dimensions is fabricated on a polyethylene
terephthalate (PET) substrate. The temperature dependence of the resistivity of the fabricated AgNW is
measured ranging from 10 to 300 K, and fitted with the Bloch—Gruneisen formula. The residual resistivity
((1.62 + 0.20) x 1077 Q@ m) of the AgNW is larger than that of the bulk material (1 x 107 Q m). The
electron—phonon coupling constant of the AGNW is (1.08 + 0.13) x 1077 Q m, which is larger than that
of the bulk silver (5.24 x 1078 Q m). Moreover, the Debye temperature of the AGNW is 199.30 K and is
lower than that of the bulk silver (235 K). The Lorenz number of the fabricated AgNW is found to

decrease as the temperature increases. Besides, the Lorenz number (2.66 x 10~ W Q K=2) is larger than
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Accepted 25th June 2018 the Sommerfeld value (2.44 x 107° W Q K™9) at room temperature. The measurement results allow one

to design a thermometer in the temperature range 40-300 K. The flexibility of the AgNW is also

DOI: 10.1039/c8ra03280g excellent, and the resistance increase of the AgNW is only 2.58% when the AgNW bending about 1000
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1 Introduction

It is well known that the electrical conductivity and thermal
conductivity of metallic nanomaterials is much better
compared to non-metallic nanomaterials. The applications of
metallic nanomaterial under different temperature conditions
rely on an accurate knowledge of the electrical conductivity and
thermal conductivity temperature dependence. According to
Wiedemann-Franz law, the ratio of the conductivities for heat
and electricity of pure bulk metals is proportional to the abso-
lute temperature; the proportionality coefficient of the ratio is
called Lorenz number. The Lorenz number is equal to the
Sommerfeld value (2.44 x 10~®* W Q K ?) if the electron gas is
highly degenerate, and if the electron mean free path is the
same for electrical and thermal conductivities." To investigate
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times with a bending radius of 1 mm.

the Lorenz number of the metal nanowire could verify validity of
the Wiedemann-Franz law in metallic nanomaterials. Recently,
the temperature dependence of resistance of the metallic
nanowires has attracted considerable interest.>* The metallic
nanowire plays an important role in applications as metallic
interconnects in electronic devices. In fact, a systematical
investigation on the temperature dependence of the metallic
nanowire’s resistance can not only facilitate a comprehensive
understanding of the fundamental physics, such as electron—
phonon interaction and structural scattering process inside the
nanowire, but also provide both quantitative and qualitative
characterization of future electronic and thermal devices based
on metallic nanowires. Besides, designing nanoscale devices
with special performance based on the property of the metallic
nanowire could open a new way for metallic nanowire
application.

Much effort has been devoted to research of thermoelectric
properties of metallic nanowires. For example, Cheng et al.’®
characterized the thermal and electrical transport of silver
nanowire (AgNW) at temperatures down to 35 K. They found
that the Lorenz number of the AgNW (5.2 x 10" * QW K 2 at 292
K) is much larger than that of bulk one (2.44 x 10" QW K * at
292 K), and decreases with temperature decreasing due to
phonon-assisted electron energy transfer across grain bound-
aries.® Ou et al. investigated the thermal conductivity and
electrical resistivity of nickel nanowire in the temperature range
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from 15 K to 300 K.” It was found that the temperature depen-
dence of the thermal conductivity and the Lorenz number
differs from the bulk case. Kojda et al. studied the temperature
dependent thermoelectric and structural properties of AgNW in
the temperature range of 1.4 K to room temperature, and
observed the transition from diffusive transport to quasi
ballistic one dimensional transport in a single metallic nano-
wire.® The thermoelectric properties of metallic nanowire have
been studied extensively. However, evidence for the validity of
the Wiedemann-Franz law in metallic nanowires or thin films
remains inconclusive.” Metallic nanowire fabricated by
different methods may have different inner structures, and
electrical and thermal properties of metallic nanowires deter-
mined by not only the material alone, but also its size.'" It is
very important to investigate the electrical and thermal prop-
erties of metallic nanowires for future applications.

In this work, AgNWs were fabricated by a two-beam laser
direct writing system on a polyethylene terephthalate (PET)
substrate under optimized experimental conditions. Then the
temperature dependence of resistance of the AgNW was
measured in the temperature range of 10 K to 300 K, and fitted
with the Bloch-Griineisen formula. The residue resistance,
electron-phonon coupling constant and Debye temperature of
the AgNW have been obtained from the fitting data, respec-
tively. The temperature dependence of the Lorenz number of
the AgNW was investigated in the temperature range of 40 K to
300 K. It was found that the Lorenz number decreased with
increasing temperature, and it is larger than the Sommerfeld
value at room temperature due to the high resistivity and the
high defect concentration of the AgNW. Based on the linear
trend of changes in AgNW resistance in the range of 40 K to 300
K, a thermometer has been designed. We also discuss the
temperature error of the thermometer due to the measured
resistance error of the AgNW. Besides, the AgNW on the PET
substrate exhibits excellent flexibility.

2 Experimental section
Preparation of materials

Materials for photoreduction consisted of diamine silver ions
(DSI) as the silver source and a nitrogen-atom containing alkyl
carboxylate (n-decanoylsarcosine sodium, NDSS) as the surfac-
tant."” Typically, 0.0340 g of AgNO; was dissolved in 1.8 mL of
water, and 0.2 mL of ammonia (25 wt%) water was added to it,
so a solution of DSI was formed. Then, 0.0525 g of nitrogen-
atom containing alkyl carboxylate (n-decanoylsarcosine
sodium, NDSS) was dissolved in 1 mL water and mixed with
1 mL diammine silver ions solution. The silver ion aqua
consists of 1 mL of DSI solution (0.05 M) and 1 mL of NDSS
solution (0.099 M). We also have fabricated AgNW with different
concentration of AgNO; solution, but it did not generate
a AgNW with compact and smooth morphology under other
concentrations of AgNO; solution (the detailed information is
illustrated in the ESI 17).

Fig. 1 shows the optical absorption spectra of a mixture of
DSI and NDSS solutions, a peak at 302 nm appears on the
absorption band. This absorption band with a peak at 302 nm
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Fig. 1 The optical absorption spectrum of the silver ion precursor.

originates from the AgNO;, as an absorption band with a peak
at 302 nm is found in the spectra of the DSI and pure AgNO;
solution (Fig. S2a and b¥). But the absorption band does not
appear in the corresponding wavelength range of a pure
ammonia solution and a pure NDSS solution (Fig. S2c and df).
Besides, the remarkable absorption band is not observed at the
laser wavelength of 780 nm and 442 nm in all spectra of solu-
tion. This implies that the photo-induced reduction reaction
was associated with exciting the chemicals by a multiphoton
absorption process.*>'*

The two-beam laser direct writing system

A two-beam laser direct writing system was used to fabricate the
AgNWs on a PET substrate.'* As shown in Fig. 2, a femtosecond
(fs) laser (Tsunami, Spectra-Physics) and a continuous wave
(CW) laser (He-Cd laser, IK57511-G) are overlapped together by
a dichroic mirror (DM) and focused by an oil objective lens (OL)
(Olympus, N.A. = 1.42, x 60) into the sample. The silver ion
aqua is sandwiched between a glass and a PET substrate. The fs
laser with a centre wavelength of 780 nm, a pulse width of 120
fs, and a repetition rate of 80 MHz is used as the excitation
source to induce Ag nanoparticles from the sample. The CW
laser with a wavelength of 442 nm (He-Cd laser, IK5751I-G)
works as optical tweezers'>'® to make the Ag nanoparticles

Solution

PET

Fig. 2 Scheme for two-beam laser direct writing system fabricating
AgNW on PET substrate.

This journal is © The Royal Society of Chemistry 2018
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gather together by an optical trapping force.””*®* The beam
radius of pulse laser and CW laser is 3 mm and 5 mm, respec-
tively. For the Gaussian beams of pulse laser and CW laser, the
distances where the light intensity falls to 1/e of the value in the
center point are about 1.5 mm and 2.5 mm, respectively (the
calculation method is illustrated in the ESI 37).

The AgNWs were generated at the focuses of the two lasers.
The AgNWs could be fabricated on a PET substrate by a two-
beam laser with the movement of a piezo stage.

A AgNW with compact and smooth surface can be fabricated
on a PET substrate by a two-beam laser direct writing system
under certain experimental conditions. The power density at
the focus point of the pulse laser and CW laser are 6.45 x 10"
mW m~? and 8.41 x 10> mW m™?, respectively. The scanning
speed (v) of the laser focus is 0.003 mm s~ '. The scanning
electron microscope (SEM, QUANTA FEG 250 USA) image and
atomic force microscope (AFM, Bruker Multimode 8) image of
the AgNWs that fabricated using this method are shown in
Fig. S3.7 The actual cross section of the AgNW is a triangle. The
average width of the AgNW is 210 nm with the height of 92 nm.
It must be mentioned that a single pulse laser can hardly
fabricate a continuous AgNW on a PET substrate. If all the other
process parameters are fixed, the single pulse laser can induce
only some discrete Ag nanoparticles, and the two-beam laser
can fabricate the compact and smooth AgNWs (detailed infor-
mation is illustrated in the ESI 57).

The resistance of AQNW measurement

The electrical measurement were performed in a vacuum envi-
ronment, using a Keilthley 4200-SCS semiconductor system and
the CRX-4K cryogenic probe station in a clean and shielded box
in dark conditions. Two silver electrodes were deposited on the
both ends of the AgNW by radio frequency magnetron sputter-
ing (QPrep 400-BASE). Two golden conical probes were placed in
contact with two deposited electrodes, then applying impressed
voltage to detect the corresponding current.

As shown in Fig. 3, the AgNW was fabricated on a PET
substrate under certain experimental conditions (P = 6.45 x
10" mW m 2, P, = 8.41 x 10> mW m %, v = 0.003 mm s ).
The two silver electrodes were deposited on both ends of the
AgNW by radio frequency magnetron sputtering. The distance
(1) between two electrodes is 80 pm. The AFM image of the
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Fig. 3 Measured resistance of the AQNW. (a) SEM image of the AgNW.
(b) AFM image of the AgNW. (c) The AgNW /-V curve.
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AgNW is shown in Fig. 3(b). The cross-section area (S) of the
AgNW can be obtained from it. The measured I~V curve of the
AgNW is shown in Fig. 3(c). The resistance (R) of the AgNW is
obtained by the fitting line of the experimental values. The
resistivity of the AgNW is calculated from the equation p = RS/L.
In order to accurately calculate the resistivity of the AgNW, we
chose three positions on the AgNW to obtain the cross section.
The cross section of the AgNW is shaped like a triangle, the
cross-sectional area can be approximated as a triangular area
(Fig. S5t). We calculated resistivity of the AgNW using average
area of the three triangulars at the different positions on the
AgNW. The resistivity ((2.01 £ 0.25) x 1077 Q m) of AgNW
fabricated by our method is lower than that of AgNW fabricated
by femtosecond laser direct writing (2.31 x 1077 Q m),*®
solution-based controlled ink jetting (2.61 x 10 °-5.76 x
1077 Q@ m)® and ice-templating assembly method (~4.65 x
10~* Q m).?* This indicates that the electric conductivity of the
AgNW has been enhanced under the present experimental
conditions. The CW beam of our method is acting as tweezers,
which could strongly focuses the Ag nanoparticles to form the
compact nanowires with a smooth surface. The nanowire with
compact and smooth morphology would greatly reduce the
effect of the surfaces and grain scattering on the resistivity of
the nanowire. Thus, the resistivity of the AgNW fabricated by
the two-beam laser direct writing system is lower than others.
Materials with nanometric dimensions exhibit higher electrical
resistivity due to additional scattering centers for the conduc-
tion electrons, mainly from surfaces and grain boundaries.?>**
Therefore, the resistivity of the AgNW fabricated by a two-beam
laser direct writing system is still larger than that of the bulk
silver (1.59 x 10~7 Q m) at room temperature.

3 Results and discussion
Electrical property

In order to investigate the variation on changes of the AgNW
resistance with temperature, the resistance of the AgNW was
measured in the temperature range from 10 K to 300 K. Here, we
discuss the properties of the AgNW when its temperature was
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Fig. 4 The temperature dependent electrical resistance of the AQNW
and the fitted curve with the Bloch—-Gruneisen formula.
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below 300 K. The AgNW was fabricated on a PET flexible
substrate. If the temperature is very high, the substrate will melt
and the AgNW may be destroyed. As shown in Fig. 4, the
resistance of the AgNW hardly changes with the decreasing
temperature when its temperature was below 20 K. Thus, we
investigated the properties of the AgNW in the temperature
range from 300 K to 10 K. In a nonmagnetic metallic crystalline
solid, the temperature dependence of the resistance arises
mainly from the electron-phonon interaction and can be
explained in the framework of the Boltzmann transport theory
using the Bloch-Griineisen formula:**

O /T X3
l, et
1)

here, Ry and Ry, are the residual resistance and temperature
dependent resistance, respectively, aepn is the electron-
phonon coupling constant, and 6y is the Debye temperature.

The measured resistances of the AgNW are fitted with
respect to eqn (1), as shown in Fig. 4. The resistance fitting data
are in good agreement with the measured data of the AgNW
resistance. This indicates the AgNW fabricated by a two-beam
laser direct writing system is a typical good metal. The residue
resistance, Debye temperature and electron-phonon coupling
constant of the AgNW can be obtained from the fitting data. The
residue resistance results from impurities, grain boundary
scatterings, surface scatterings of the electrons. Structural
morphology of a composite always has direct influence on the
charge transport mechanism.” The residual resistivity ((1.62 +
0.20) x 10”7 Q m) of the AgNW is larger than that of the bulk
material (1 x 10~ Q m).® This is due to the AgNW being made
up by Ag nanoparticles with a size of 20 nm." Moreover, NDSS
molecules used as the surfactant in the silver ion aqua still
remain in the AgNW.”® Consequently, the impurity, grain
boundary and surface scattering of the electrons in the AgNW
would be enhanced.

The electron-phonon coupling constant of the AgNW is
(1.08 & 0.13) x 1077 Q m, and it is greater than the electron-
phonon coupling constant of the bulk silver (5.24 x 10™% Q m).2
This indicates the phonon electron collision frequency is higher
and the energy exchange between the phonon and electron is
much more frequent.”” The Debye temperature of the AgNW is
199.30 K and it is lower than the Debye temperature of the bulk
silver (235 K). The reduced Debye temperature results from
phonon softening due to grain boundary and surface scattering of
the electrons in the AQNW. The atoms at the surface of the AgNW
missing bonds result in the change of the vibration amplitude
and the vibration frequency, and subsequently decrease the Debye
temperature. Moreover, grain boundary and point defects, also
can soften phonons and contribute to the decrease of the Debye
temperature. Similar phenomenon is also observed in gold, plat-
inum, copper, silver nanowires or nanofilms.***

T 5
R = RO + Relfphv Rel—ph = ael—ph (67)
R

Thermal property

Metallic nanowires are widely used in large-scale integrated
circuits as interconnecting wires. A deep understanding of the
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mechanism of heat transport in AgNW is of great importance to
the development of microelectronic industry. The relationship
between the electrical resistance and the electrical current’s
square is linear (Fig. 5(a)). Thus, the effect of thermal convection
and radiation can be neglected, the transfer model has been built.
The thermal conductivity of the AgNW can be expressed as:*

~dR  R(T)I

KT) =37 12SAR/I?

2)
where, I is the value of the current that flows through the AgNW,
AR is the resistance change while the measurement voltage
varied from 0.05 V to 0.10 V.

In Fig. 5(b), the thermal conductivity of the AgNW is plotted
as a function of temperature. The thermal conductivity of the
AgNW increases with increasing temperature in the range of 30
K to 130 K, and the conductivity is relatively stable in the
temperature range from 130 K to 300 K. This phenomenon has
also been observed in nickel nanowires.®

According to the Wiedemann-Franz law, the Lorenz number of
the metal is equal to Sommerfeld value (2.44 x 10" * W Q K ). If
the temperature is not very low (about more than 200 K), Lorenz
number is a constant and has nothing to do with the kinds of the
metal. But some research found that the Lorenz number of the
metallic nanowire is changed with temperature.>” Here, the Lor-
enz number of the AgNW fabricated by a two-beam laser direct
writing system is investigated. The Lorenz number is given by®
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Fig. 5 (a) The linear relationship between the electrical resistance and

the electrical current’'s square at a temperature of 290 K. (b) The
temperature dependent thermal conductivity of the AGNW.
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L(T) = p(TIK(T)IT. 6)

The Lorenz number of the AgNW as a function of tempera-
ture is plotted in Fig. 6. The Lorenz number depends on the
defect concentration, which can be expressed by the fraction
Ro/Reiph.*® Because the defect concentration is very high
(Ro/Rei-ph = 4), the Lorenz number of the AQNW decreases with
increasing temperature. This phenomenon has been observed
in platinum and gold nanowires,* and gold nanofilm.** indi-
cating that the Lorenz number is not a constant and the Wie-
demann-Franz law is no longer valid in nanomaterial.***

In order to compare the Lorenz number of AgNW and bulk Ag
with the changing temperature, the Lorenz number of the bulk
Ag was calculated according to eqn (3) (detailed information is
illustrated in the ESI 71). As shown in Fig. 4, at temperatures
lower than 200 K, the Lorenz numbers of AgNW and bulk silver
have the same trends, and the Lorenz number decreased sharply
with increasing temperature. At temperatures higher than 200 K,
the Lorenz number of AgNW decreased slowly with increasing
temperatures. The Lorenz number of the bulk silver slightly
varies with temperature, and it’s very close to the Sommerfeld
value (2.44 x 10°® W Q K 2). The Lorenz number of AgNW at
290 K (2.66 x 1077 W Q K ?) is larger than the Sommerfeld value
(2.44 x 10~ ¥ W Q K ?). The much larger Lorenz numbers are also
observed in gold and platinum nanofilms of other work.* This
indicates that the thermal electron mean free path is larger than
the electrical mean free path. That is because this value includes
the contribution of the phonon-assisted electron energy transfer
through the grain boundaries.” In fact, the electron scattering at
the boundaries has different effects on the energy transport for
thermal conductivity and momentum transport for electrical
conductivity.®

Thermometer designing

Similar to other nanowires,>* the resistance of the AgNW
fabricated by the two-beam laser direct writing system linearly
varied with the temperature in range of 40 K to 300 K. Therefore,
a thermometer was designed based on this property. The
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Fig. 6 The temperature dependence of the Lorenz number of the
AgNW (inset is the temperature dependence of the Lorenz number of
the bulk silver).
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10() 0 209

Fig. 7 Schematic diagram of the thermometer.

environmental temperature can be determined through
measuring the resistance of the AgNW at different tempera-
tures, if the relationship between the AgNW resistance and the
temperature is obtained. A schematic diagram of the ther-
mometer is shown in Fig. 7. The temperature scale on the
thermometer is determined by the change of resistance to
temperature.

To investigate the temperature error of the designed ther-
mometer and the AgNW resistance accuracy with the
temperature, the resistance of the AgNW was measured with
decreasing and increasing temperatures in the temperature
range between 40 K and 300 K, respectively. As shown in
Fig. 8, the resistance changes linearly with the temperature
variation. The temperature of the thermometer is determined
by T = (R — Ry/k), here, R is the measured resistance of the
AgNW, R}, and k are the intercept and the slope of the fitted
line. The slopes of the fitted lines of the AgNW resistance
dependence, on decrease and increase in temperature, are
0.1294 4 0.0010 and 0.1231 £ 0.0009, respectively. As shown
in Fig. 8, the AgNW resistance error of the two fitted lines
increased with increasing temperature. Correspondingly, the
maximum error of the thermometer temperature is about 15 K
at 300 K, the minimum error is about 7 K at 40 K. The resis-
tance of the AgNW was measured using a Keilthley 4200-SCS
semiconductor system and the CRX-4K cryogenic probe
station in a clean and shielded box in the dark condition. Due

248
= TD A
20 ° T 57
Linear fit of TD -
«— Linear fit of Tl -
—_ 232
G
e 224
216
208 50 100 150 200 250 300
T (K)

Fig. 8 The measured resistances and the fitted lines of the AgNW
changed with decreasing (TD, B —) and increasing (TI, @ —)
temperature.
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to the thermal expansion and contraction of the golden
probes of CRX-4K cryogenic probe station, the probes posi-
tions had to be changed while measuring the AgNW resis-
tances at different temperature. Under certain temperature,
the measured resistances are different if the probes were
moved to different positions on the electrodes. The main
source of error comes from the change in position of the
probes contacting the two electrodes on both ends of the
AgNW. AgNWs are usually not stable in air due to its oxida-
tion. In order to prolong its shelf life and the repeatability of
this thermometer, the AgNW should be covered by poly-
dimethylsiloxane (PDMS). The PDMS can protect the AgNW
and avoid its oxidation. Besides, the flexibility of the AgNW
will be kept, because the flexibility of PDMS is superior to the
PET substrate of AgNW.

Conventionally, a thermistor is used to fabricate a traditional
resistance thermometer. An indicating instrument connects the
thermistor by a metal wire, which is encapsulated in glass. But
the core component of our designed thermometer is a AgNW,
which is on a flexible PET substrate. Thus, our designed ther-
mometer can be exploited and used to monitor the temperature
variation on a micro/nano scale. It is also robust due to the
flexibility of the PET substrate.

980
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) 231%
S o0} n
14
0,
- 1.08%
930 - 0.20%
920 1 1 1 1 1 1
Flat 5 4 3 2 1
Bending radius (mm)
990
(b) m Experimental data 2.5.8%
»2.40%
980 |+ 1.83%
1.59% ®
[]
S o0l
o
0.00%
%0} =
950 i B L] 1 1 1 i
0 200 400 600 800 1000
Bending times
Fig. 9 Investigated the flexibility of the AQNW. (a) The AgNW resis-

tance variation with the different bending radii, the"Flat” on the right
side of the coordinate represent without bending. (b) The resistance
variation of AGQNW with the bending times.
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Flexibility of AgNW

AgNWs are common conducting materials for fabrication of
flexible electronics.** The resistance stability of the AgNW with
different mechanical bending radius and bending times is very
important for application in flexible electronics. The resistance of
the AgNW under different bending radii was measured, shown in
Fig. 9(a). Under different bending statuses, the AGNW on the PET
substrate exhibited a slight increase in resistance. The resistance
increased only 4.88%, when the bending radii decreased down to
1 mm. Fig. 9(b) shows the changes in relative resistances of the
AgNW with the bending times, revealing a negligible increasing
(2.58%) during 1000 bending cycles with the bending radius of 1
mm. Besides, the I-V behavior of the AgNW under all different
bending statuses exhibited a similar linear increase of the current
when the sweeping voltage increased, indicating good ohm
contact among AgNPs in the AgNW (Fig. S671). Thus, the flexibility
of the AgNW fabricated on a PET substrate by a two-beam laser
direct writing system is excellent.

4 Conclusions

In conclusion, an individual AgNW has been fabricated by the
two-beam laser direct writing system on the PET substrate, and
further the electrical conductivity and thermal conductivity were
comprehensively investigated. The temperature dependence on
resistance of the AgNW was measured in the temperature range of
10-300 K and fitted with the Bloch-Griineisen formula. It is found
that the residual resistivity ((1.62 £ 0.20) x 10~7 Q m) and elec-
tron-phonon coupling constant ((1.08 + 0.13) x 10”7 Q m) of the
AgNW are much larger than those of the bulk material. The Debye
temperature of the AgNW is 199.30 K, which is lower than that of
the bulk silver (235 K). This indicates that the size and the
structure of the AgNW affect the transport of the electrons and
phonons in the AgNW. The Lorenz number of the AgNW
decreases with increasing temperature. At room temperature, it
(2.66 x 1077 W Q K ?) is larger than Sommerfeld value (2.44 x
10~®* W Q K ?). This may be due to the fact that electron scattering
at the boundaries has different effects on the energy transport for
thermal conductivity and momentum transport for electrical
conductivity. Based on the linear trend of changes in resistance of
the AgNW in temperature range from 40 to 300 K, a thermometer
was designed. The maximum and minimum temperature error of
the thermometer are about 15 K at 300 K and 7 K at 40 K,
respectively. The flexibility of the AgNW fabricated on a PET
substrate by a two-beam laser direct writing system is excellent.
The resistance increased by only 2.58% when the AgNW was bent
about 1000 times with a bending radius of 1 mm.
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