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Directly Metering Light Absorption and Heat Transfer in
Single Nanowires Using Metal-Insulator Transition in VO,

Chun Cheng, Deyi Fu, Kai Liu, Hua Guo, Shuigang Xu, Sang-Gil Ryu, Otto Ho,
Jian Zhou, Wen Fan, Wei Bao, Miquel Salmeron, Ning Wang, Costas P. Grigoropoulos,

and Jungiao Wu*

Absorption and propagation of light at the subwavelength
length scale is the key process for many technologies such as
light management in modern photovoltaics. Similarly, heat
exchange and transfer at length scales shorter than the phonon
mean free path is critically important for nanoscale thermal
management. For such near-field energy conversion and
transfer, gauging the energy flow has been either indirect or
requires complicated tools.'?] Here, we demonstrate a multi-
functional powermeter that directly quantifies light absorption
and heat transfer at the near-field length scales, such as in a
single nanowire. The mechanism is based on the metal-insu-
lator transition (MIT) in single-crystal vanadium dioxide (VO,)
microbeams,’] where the domain wall moves free of kinetic
obstruction and exhibits distinct optical contrast between the
two phases. The powermeter is contactless and optically read-
able, allowing quick determination of local temperature, optical
absorbance, thermal conductivity, and contact thermal resist-
ance of single nanostructures.

The MIT of VO, occurs at Tc = 68 °C between an insu-
lating (I), optically reflective phase at lower temperatures and
a metallic (M), optically absorptive phase at higher tempera-
tures.[**] The phase transition is first order, and is highly sensi-
tive to doping,[®7] stoichiometry,® and local strain.>% In contrast
to the diffusive and percolative transition in substrate-clamped,
polycrystalline VO, thin films,'%1 strain-free, single-crystalline
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VO, nanobeams support an intrinsically abrupt MIT, where
the M/I domain wall moves freely along the nanobeam axis in
response to local temperature variation, akin to a 1D friction-
less waveguide.[>*12] This effect works as the basic mechanism
of the near-field powermeter (NFP), as shown in Figure 1a,b.
Here the term “near-field” is used to emphasize the fact that
the size of studied objects is comparable to the characteristic
length in question, such as light wavelength or phonon mean
free path.

In Figure 1a,b, a single-crystalline VO, nanobeam (or micro-
beam) with a uniform rectangular cross-section (Figure S1,
Supporting Information) is cantilevered from a silicon sub-
strate, where the root is clamped by Pt deposited with a
focused ion beam (FIB) to ensure a good thermal sink.[1314]
A continuous-wave laser is focused at a targeted position
along the nanobeam providing local heating. The device is
placed in vacuum (<1 x 1073 Torr) and operates at relatively
low temperature (150 °C); therefore, the heat loss to air and
thermal radiation are several orders of magnitude smaller
than the heat dissipation to the substrate, as we have evalu-
ated in a previous work.l'”l When the laser intensity exceeds
a threshold, the tip-side portion of the VO, beam is heated
to temperatures above T¢, such that an M/I domain wall
appears along the VO, beam between the laser spot and the
root. Due to the nature of the phase transition, there is a hys-
teresis or superheating/cooling effect when the M/I domain
wall is created/eliminated by tuning the laser power above/
below the power threshold. However, different from the case
in Andrew et al.,l'® our VO, beams are clamped on one end
only, thus is freestanding and free of strain accumulation.
Therefore, the axial strain-induced wide hysteresis is absent
here. After creation of the M/I domain wall, the domain wall
moves relatively freely along the nanobeam as if it is a “wall
waveguide”. Moreover, the extremely clean and smooth sur-
face facet of the VO, beams used (see Figure S1, Supporting
Information) minimizes domain wall pinning effects.!'”]
Indeed, the fact that the domain wall position scales nearly
perfectly with the laser power in Figure 1c,d indicates the
free motion of the domain wall without pinning and kinetic
obstruction. Despite this, there may indeed exist a small
hysteresis of =2 °C in the MIT as measured in our previous
work.[®] Therefore, we add corresponding error bars for the
data plotted in the following to represent the uncertainty of
temperature at the domain wall.

The M/I domain wall indicates the location where the local
temperature is T¢ with =2 °C uncertainty; hence, the single VO,
beam acts as a nanoscale thermometer that can be optically
read out. Considering the 1D thermal conduction along the

Adv. Optical Mater. 2015, 3, 336-341


http://doi.wiley.com/10.1002/adom.201400483

ADVANCED
OPTICAL
MATERIALS

MakieS

www.MaterlaIsV|ews.com

d

Vacuum <— L, — Pa ’PO
H H <

Laser

Heat sink

I-phasef M-pjhase
M/ISwaII '

c RI

Figure 1. Working principle of the near-field powermeter (NFP).
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a) A focused laser beam thermally activates a metal domain in a cantilevered VO,

micro/nanobeam. The optically read M/l domain wall indicates the position where the temperature is the MIT temperature T¢. b) Schematic of tem-
perature profile along the VO, microbeam. Between (a) and (b) is a color optical image of a heated VO, nanobeam. c) The M/I wall moving toward
the root of a VO, microbeam with increasing (bottom to top) laser power. The laser polarization is parallel to the microbeam axis. Scale bar is 50 pm.
d) Length of the | domain is inversely proportional to the incident laser power. The slope and interception with the vertical axis give optical absorbance

() and contact thermal resistance (Rc) of the VO, microbeam, respectively.

VO, beam with crosssection area A, the absorbed optical power
flow (P,) is given by:

Pa = L (1)
R +L /(Kvo, A)

where AT = 46 °C, the temperature difference between the
domain wall (T¢) and substrate (Ts), kvo, is the thermal con-
ductivity of VO,, taken to be 6.5 W m™ K! for both the M
and I phases in this work (see Supporting Information for
details),>! [ is the I-domain length, and R¢ is the contact
thermal resistance at the Pt bond. The optical absorbance of the
VO, nanobeam is defined as o = B, /(BR,) , where P, is the total
incident laser power that is measured with a commercial pow-
ermeter placed directly below the nanobeam. The geometrical
factor B3 is the percentage of the incident laser power physically
striking the nanobeam, which is calculated by integrating the
incident Gaussian laser beam energy over the area of nano-
beam exposed to the laser (see Supporting Information). From
Equation (1), it can be seen that L; is linearly proportional to
1/P,. The interception of this dependence with the L; axis
gives the contact thermal resistance R¢, and the slope gives the
absorbance o As shown in Figure 1c, L is progressively shorter
with stronger P,. The data are plotted in Figure 1d from which
Rc and o are determined to be 1.2 x 10° K W~ and 0.74, respec-
tively, for the VO, nanobeam.

We note that the measured o is found to be independent
of the laser focus position (see Supporting Information). This
justifies the assumption that heat dissipation to the ambient
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(including heat loss to air and thermal radiation) is indeed neg-
ligible, in agreement with previous work." In addition, we
found that Rc must be taken into account for accurate evalu-
ation of ¢, although it is less than 10% of the typical nano-
beam thermal resistance (of the order of 10°~107 K W1, see
Supporting Information). R¢ has been difficult to quantify in
nanoscale systems, whereas here it is directly determined inde-
pendently from other parameters.

After demonstration of quantifying optical absorbance of
single VO, nanobeams, next we extend the application of VO,
NFP to measuring optical absorption of other nanomaterials.
Here we take Si nanowires as an example. In Figure 2a, a Si
nanowire is Pt-bonded to the tip of the VO, NFP. The laser
beam is focused on the Si nanowire to activate the MIT of
the NFP, resulting in a clearly resolved M/I domain wall as
shown at the bottom in Figure 2a. As energy is injected at the
laser spot on the Si nanowire, it entirely flows unidirectionally
toward the substrate; therefore, the Si thermal conductivity
(Ksi) and junction thermal resistance between Si and VO, (R¢))
are not needed for the calculation. As a result, P, of the Si
nanowire can be obtained using the same procedure as shown
in Figure 1 and Equation (1). Figure 2b shows P, of four Si
nanowires with different radii. The slope of the P,—P, depend-
ence increases with the nanowire radius, which is mostly
attributed to the larger B factor for larger radius nanowires.
Tens of Si nanowires with a wide range of radii were meas-
ured, and the measured o is plotted in Figure 2c. To minimize
errors, these Si nanowires were grouped into a few groups,
where each group corresponds to nanowires bonded to and
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Figure 2. Quantifying optical absorbance of a single Si nanowire. a) The NFP is bonded to a Si nanowire, allowing quantification of optical absorption
of the single Si nanowire. Scale bar is 20 pm. b) Absorbed power of four Si nanowires with different radii. c) The optical absorbance (o) of Si nanowires
with a wide range of radius r. Each color of data points corresponds to a series of Si nanowires bonded to the same VO, nanobeam as an NFP. Also
shown are the analytical calculated results. The error bars in panel c show the approximate range of error for all the data points, and primarily originate

from uncertainties in measuring the M domain lengths, Py, and the T hysteresis (=

of a focused Gaussian laser beam.

measured using the same VO, nanobeam NFP (see Figure S4
in Supporting Information).

The results in Figure 2c show that the optical absorbance
of individual Si nanowire distributes from 0.1 to 0.2. For com-
parison, also shown in Figure 2c is the analytically calculated
o of smooth Si nanowires. It can be seen that the calculated
o exhibits strong oscillations as a function of nanowire dia-
meter due to optical interference, which has been theoretically
predicted by several groups,'®2% yet no experimental data on
single nanowire absorption have been reported. Our measured
o shows a much weaker oscillation and relatively low values.
We attribute the lack of expected oscillations in the measured
o to the tapered morphology of the studied nanowires. The
Si nanowires used in our experiments were grown with the
established Au-catalyzed VLS growth method. TEM imaging
has shown high crystalline quality and smooth surface of these
nanowires (see images in Figure S2, Supporting Information).
However, the as-grown Si nanowires were inevitably tapered
because of the gradual volume shrinkage of Au catalyst nano-
particles during the nanowire growth. As reported by Brittman
et al.,'” if the nanowire diameter changes by only 20 nm over

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2 °C). d) Schematic of a tapered Si nanowire under illumination

9.5 pm, the tapering would significantly broaden the nanowire
optical resonances. Doerk et al.l?%) also point out that the tapered
morphology of Si nanowires may be responsible for the dis-
crepancy between the calculated absorption and actual values.
As to our case, the radius of the tapered nanowires changes
about 10 nm pm™!. According to the analytical calculation (see
Figure 2c) on absorption as a function of nanowire radius, a
variation of radius of =14 nm will displace the oscillation peak
to the neighboring oscillation valley. Therefore, within the laser
spot size (=1.3 pum) on the nanowire, the effective nanowire
radius varies by =13 nm. So the signal is effectively a convo-
lution of signals from nanowires with radius varying by this
much, which would smear out the oscillation.

Furthermore, the measured o values are systematically lower
compared to the theoretical predictions. We attribute this dis-
crepancy to possible underestimation of the laser beam spot

size. Typically, the laser beam size is calculated by 2r, = ,
XNy

where r, is the laser beam radius, A is the wavelength of laser,
and N, is the numerical aperture of the used objective lens.
However, the actual laser beam size could be significantly

Adv. Optical Mater. 2015, 3, 336-341
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Figure 3. Measuring thermal conductivity () of a single nanowire with the NFP. a) A Si nanowire is bonded to a VO, NFP, and the other ends of both
Si and VO, are clamped to heat sink. A laser beam inputs energy onto the VO, or the Si nanowire; the M/l wall position along the VO, is measured,
from which «s; of the Si nanowire is extracted. b) Optical image of a bonded VO,~Si nanowire system, where M/l wall position depends on the laser
intensity and focus position. Scale bar is 20 pm. c) Measured room-temperature thermal conductivity of three Si wires with different radii. Inset shows
the overview of the device used. Scale bar is 100 pm. In addition to the bonded VO,~Si nanowire system, another identical VO, microbeam is used
to determine the optical absorbance of VO, which is needed for calibration of the NFP. To ensure uniform optical and thermal properties, both VO,
segments were cut from a single, long VO, microbeam with uniform crosssection. The error bars show the approximate range of error for all the data
points, and primarily originate from uncertainties in measuring the M domain lengths, the nanowire radius, Py, laser focus, and the T hysteresis.

larger than the calculated one, because a small off-focus of the
laser may result in a larger illumination area, which leads to a
larger 3 and then a smaller optical absorbance for o = P,/(BP).
However, we recognize that the actual laser spot size is difficult
to determine by experiments. Therefore, for comparison and as
an upper bound, we provide a new set of ¢ in Figure S9 in the
Supporting Information assuming that the laser spot radius is
200% larger.

We note that because of difficulty in directly measuring the
energy flow in nanowires, the optical absorption of individual
nanowires has been routinely evaluated using these analytical
equations for o on applications ranging from Raman thermog-
raphy to photonics and photovoltaics.['2%22l However, our work
shows deviations between the real nanowire absorption and
theoretical prediction."18-201 These call for caution in using
these equations or simulation results. Despite the uncertainty
in determination of the actual laser beam spot size, our work
provides a way for quantitative evaluation of optical absorbance
in individual nanowire by gauging energy flow using the NFPs.

Adv. Optical Mater. 2015, 3, 336-341
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This is similar in spirit to the electron-beam heating micro-
thermometers using the VO, nanobeams as we and co-workers
recently demonstrated.[??]

Furthermore, we show another independent function of
the NFP where it is used to evaluate thermal conductivity of a
single nanowire. Accurate determination of the thermal con-
ductivity of individual nanowires has always been challenging,
which typically involves multilevel microfabrication and photo/
electron-beam lithography,>?4 or high-sensitivity Raman ther-
mography which has limited accuracy because o of single
nanowires is needed.?” In our NFP approach, the device is
composed of a cantilevered VO, NFP bonded with the nanowire
to be measured (again using Si nanowire as an example), where
the other ends of the nanowires are bonded to the substrate, as
shown in Figure 3a,b. The laser beam injects energy onto the
Si nanowire or the VO, nanobeam, and the M/I domain wall
positions along the VO, nanobeam are used to determine the Si
nanowire thermal conductivity (kg;), which is given by a combi-
nation of the laser position, the M/I domain wall position, the
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thermal conductivity of VO, (kyo,), and the optical absorbance
og; and oo, (see Supporting Information). It is noted that the
contact resistance between the wire and the substrate (Rcs; and
Rcsy) can be safely ignored because they are less than 10% of
the thermal resistance of the typical sample (VO, and Si wires).
This treatment is the same as that used in previous work.[?>2%
In addition, the junction contact resistance (Rc;) is nicely can-
celled out from the final expression from the calculation of «y;
(see Supporting Information for details). The measured Kg;
values of three Si wires with different diameters are shown in
Figure 3c. For comparison, we have also included Si nanowire
thermal conductivity previously measured using microfabri-
cated suspended pads and by Raman thermography.?%2! Also
included for comparison is the Si nanowire thermal conduc-
tivity model calculated by assuming that the only additional
phonon scattering is the fully diffusive surface scattering.
A reasonable agreement is seen between these data and the
calculation.

In summary, a multifunctional NFP is developed based on
the MIT in VO,. The optically resolved metal-insulator domain
wall moving along the VO, nanobeam enables direct, quantita-
tive determination of local temperature, absorbed light power,
and thermal conductivity of individual nanowires. In case of
geometrically and/or compositionally complicated nanostruc-
tures, simulation or other means of evaluating light absorption
becomes significantly more challenging, but the VO,-based
NEFP is still easily applicable. As the MIT temperature of VO,
can be tuned to other temperatures by doping,[®’! the operation
temperature range of the NFP can be expanded beyond near
room temperature. Combined with spatial temporally resolved
techniques such as laser pumping and probing, it is possible to
extend this tool to the time domain for direct quantification of
dynamics of energy-carrying charges and phonons in individual
nanostructures.

Experimental Section

Sample and Device Preparation: The VO, beams were synthesized
using the vapor transport method developed recently." V,05 powder
was placed in a quartz boat in the center of a horizontal tube furnace.
The reaction product was collected on substrates downstream from
the source quartz boat. The growth was carried out in the following
condition: evaporation temperature =880 °C, Ar carrier gas flow rate
~6.8 sccm, pressure =5 Torr, and evaporation time =2 h or more. Ultra-
long, high-dense, freestanding, single-crystal VO, micro/nanobeams
were collected on rough (unpolished) surface of quartz substrates. Si
nanowires were fabricated on a Si wafer with gold nanoparticles as the
catalysts.”!l The Si vapor source was silane gas (purity >99.99% and
flow rate 15 sccm) which was mixed with hydrogen (purity >99.99% and
flow rate of 100 sccm) and fed into the reaction quartz tube (pressure
was about 50 Torr) placed in a furnace. High-quality Si nanowires grew
at about 520 °C

Freestanding VO, micro/nanobeams were transferred onto Si substrates
and cut into segments with lengths of 100-300 pm using microprobe tips
on a CASCADE M150 probe station. Then the VO, beams were cantilevered
to the edge of the Si substrate. The Si micro/nanowires to be measured
were transferred and coupled to the VO, nanobeams by microprobes. To
reduce contact thermal resistance, Pt pads were deposited at the roots and
junctions of wires using Ga* beam (30 kV) induced deposition inside a FEI-
Quanta 3D Dual Beam FIB. The coupled VO,-Si devices were loaded into a
vacuum chamber for further investigation.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Measurements: For the optical absorbance and thermal conductivity
measurements of single micro/nanowires with different radii, we carried
out experiments on the home-made laser thermography setup (see
Figure S3 in the Supporting Information). The vacuum chamber was
pumped down to <107 Torr by a mechanical pump. Optical images
of devices were recorded using an optical microscope equipped with a
CCD camera. The laser heating of cantilevered devices was carried out
using the microscope with continuous-wave Ar ion laser (wavelength
514.5 nm). The stage can be moved in the x-y plane with respect to the
laser spot, and the laser power is tuned by an assembly of beam splitter
and neutral filters. The size of the focused laser spot is less than 2 pm.
The maximum safe laser power was determined by causing permanently
visible damage on the surface of a VO, or Si nanowire with the focused
laser, and much lower laser intensities were used in subsequent
experiments. For each measurement, the laser focal depth and position
with respect to the nanowire were carefully adjusted until a maximum
M domain length is reached at the VO, NFP, so as to eliminate
misalignment. The laser polarization direction was kept always parallel
to the axis direction of the studied nanowire to eliminate influence from
the polarization effect. The total incident laser power Py, was measured
with a commercial powermeter (Thorlabs, S120C).

Supporting Information

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