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Characterization of Heat Transfer Along a Silicon
Nanowire Using Thermoreflectance Technique

Yan Zhang, James Christofferson, Ali Shakouri, Deyu Li, Arun Majumdar, Yiying Wu, Rong Fan, and Peidong Yang

Abstract—We studied heat transfer along a silicon nanowire
suspended between two thin-film heaters using a thermore-
flectance imaging technique. The thermoreflectance imaging
system achieved submicrometer spatial resolution and 0.1 °C tem-
perature resolution using visible light. The temperature difference
across the nanowire was measured, and then its thermal resistance
was calculated. Knowing the dimension of the nanowire (115 nm
in width and 3.9 ym in length), we calculated the thermal con-
ductivity of the sample, which is 46 W/mK. Thermal conductivity
decreases with decreasing wire size. For a 115-nm-wide silicon
nanowire, the thermal conductivity is only one-third of the bulk
value. In addition, the transient response of the thin-film heaters
was also examined using three-dimensional thermal models by the
ANSYS program. The simulated thermal map matches well with
the experimental thermoreflectance results.

Index Terms—Heat transfer, Si nanowire, thermal conductivity,
thermoreflectance.

NOMENCLATURE
PTR Platinum thermometer resistance.
Cin Thermoreflectance coefficient.
Qactive Heat power on active PTR.
Qinactive Heat power on inactive PTR.
1 Current supplied to PTR.
\% Voltage measured across the PTR.
G Thermal conductance.
Ry Thermal resistance.
d Wire length.
A Wire cross-sectional area.
16} Thermal conductivity.
ATy Temperature increase on active PTR.
AT Temperature increase on inactive PTR.
C, Lattice heat capacity.
v Velocity of the sound in the material.
l Mean free path.
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1. INTRODUCTION

NNOVATIVE thermoelectric applications by utilizing low-

dimensional structures, e.g., nanowire, have received a great
deal of attention since Hicks and Dresselhaus first proposing
that low-dimensional semiconductor structures could enhance
thermoelectric properties in 1993 [1], [2]. It was believed that
the low-dimensional structures could overcome the efficiency
barriers imposed by the conventional bulk materials [3]-[5].

The thermoelectric properties of nanowires can be modified
due to quantum confinement, sharp features of one-dimen-
sional (1-D) density of energy states [2], [6], increased
boundary scattering of electrons and phonons [7], [8], and
modified electron—phonon and phonon—phonon scattering, etc.
Understanding the distinct modifications in nanowire prop-
erties due to two-dimensional (2-D) quantum confinement is
of critical importance in order to apply these nanowires to
nanoelectronics, biomedical, photonics, and efficient energy
conversion devices.

In thermoelectric applications, most attention has been
focused on Bismuth and BisTes nanowires because they are
traditionally considered as the most efficient thermoelectric
materials at room temperature today [9]-[12]. Theoretical
simulations have shown an order of magnitude improvement
in thermoelectric figure-of-merit ZT for Bismuth nanowires as
compared with bulk materials [13].

However, less attention has been directed to thermal proper-
ties of silicon and related materials’ nanostructures. Recently
Si/SiGeC and Si/SiGe superlattice microcoolers were demon-
strated with a maximum cooling of 7 °C at a 100 °C stage
temperature and a cooling power density of 600 W/cm?
[14]-[16]. It is believed a nanowire structure with 2-D confine-
ment as compared with the 1-D confinement in a superlattice
could enhance its thermal properties even further. Theoretical
calculations based on Callaway—Holland models [17] showed
the thermal conductivity of a silicon nanowire decreases with
reduced wire width. For example, thermal conductivity of
100-nm nanowires will be three times less than that of bulk
material [18]. However, measurements of thermal properties
on such small dimensions are extremely difficult to handle. To
understand the underlying physics and verify the theoretical
predictions, it is important to develop a reliable technique to
measure the thermal properties of these nanowires. In terms of
materials, silicon is the most common semiconductor material,
thus if we could also improve its thermoelectric properties
by engineering its band structure utilizing low-dimensional
confinement, this would be an ideal and innovative cooling
solutions for high-performance compact integrated circuits
(ICs).
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It is difficult to experimentally measure the properties of
nanowires because nonideal factors have much more signifi-
cant influence on low-dimensional devices as compared with
bulk materials, e.g., the large contact resistance between the
nanowire and electrodes [11]. Recently, there have been several
methods developed to improve the contact resistance, which
include etching wires on the substrate; applying epoxy by probe
manipulation, using indium pads, and the focused-ion-beam
(FIB) method. Li et al. [19] and Shi et al. [27] used the FIB
technique to improve the contact for their nanowire sample
and was able to measure the thermal conductance, electrical
conductance, and Seebeck coefficient of a single silicon
nanowire and carbon nanotube. In this paper, we utilized the
thermoreflectance imaging technique to image the heat transfer
along the nanowire. Furthermore, we also deducted the thermal
conductivity based on the measured heating power and tem-
perature distribution across the nanowire and compared our
point measurements with Li ef al.’s and Shi et al.’s resistance
measurement.

The thermoreflectance imaging technique is able to provide
in situ high-resolution images. It is based on temperature
dependence of the materials’ reflection coefficient. In other
words, the temperature change will result in a reflected light
intensity change. The normalized change in reflection per unit
temperature is defined as the thermoreflectance constant Cl,,
which is in the order of le-5 for metals. Due to such a small
signal, the detected signal is measured with a lock-in amplifier.
The thermoreflectance measurement setup is a reliable noncon-
tact temperature-measurement technique, and our system could
achieve lateral resolution of 0.5 ym and temperature resolution
of 0.1 °C[20]-[22].

II. EXPERIMENTS

There are many different methods available to synthesis
nanowire structures, e.g., thermal evaporation, deep ion
etching, electroplating, inorganic electron beam (EB) resis-
tant process [23], and the well-established vapor—liquid—solid
(VLS) technique [24]. Our nanowires were grown using the
VLS technique. The growth temperature was approximate
800 °C. The size of the nanowires ranges from 5 to 200 nm.
The sample under test here was 115-nm wide and 3.9-um long.
The detailed growth mechanism and process control of the
experimental sample have been described elsewhere [25], [26].

The microdevice used for external electrical connection
for an individual nanowire was fabricated by the standard
IC fabrication process [27]. The device consisted of two
adjacent 15 pm x 27 pm low-stress silicon nitride (SiN,)
membranes suspended with five 0.5-pm-thick, 420-um-long,
and 2-pm-wide silicon—nitride beams. A 30-nm-thick and
300-nm-wide platinum thermometer resistance (PTR) coil
was deposited on each membrane. The PTR was con-
nected to 200 x 200 pm Pt bonding pads on the substrate
via 1.8-um-wide Pt leads on the long SiN, beams. An addi-
tional Pt electrode was put on each membrane opposite the
other, providing electrical contact for the Si nanowire itself.
Fig. 1 illustrates a schematic picture of the microdevice.
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Schematic picture of microdevice for nanowire electrical connection.

Fig. 1.

Fig. 3. Silicon nanowire thermal conductivity measurement scheme.

The as-grown Si nanowires were dispersed in an isopronol so-
lution. The nanowire suspension is drop-casted on top of the mi-
crodevice and spun to dry. One wire was placed across the bridge
between two electrodes. The FIB technique was used to achieve
better electrical and thermal contact between the nanowire and
electrodes. After all these steps, the sample was ready for the
heat-transfer study. Fig. 2 shows a scanning electron micro-
graph (SEM) image of a silicon nanowire bridging the two Pt
electrodes.

To prevent air convection influence on the heat conduction
measurements, the sample was put in a cryostat chamber kept
in high vacuum from ~ 10~*to 107° torr with a quartz window.
Measurements were then done at room temperature. First, the
thermoreflectance coefficient of the sample was calibrated. We
put the sample on top of a temperature-controlled stage; when
we tune the stage temperature, we could measure the reflected
light at the same time. In this way, the C, was calibrated.
(8.1 e-5 for current setup) The I-V curve of the active PTR was
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Fig. 5. Nanowire microdevice PRT /-V curve with small supplied current.
(1-5 ¢ A) under vacuum at room temperature.

then measured with the supplied current range of 1-95 uA,
which could be used to calculate the actual power delivered to
heat the PTR.

While scanning the temperature profile of the device, a
500-Hz pulsed current with a peak value of 150 pA was de-
livered to one PTR (active side) and the other PTR was left
inactive (inactive side) so that we could create a temperature
difference across the Si nanowire, as illustrated in Fig. 3. White
light from a 150-W quartz tungsten halogen (QTH) illuminator
is focused through an 80X objective and was reflected back
through a beam splitter so that the enlarged image is captured
with a photodiode connected to a lock-in amplifier. Fig. 4
demonstrates the thermoreflectance measurement setup.

III. SIMULATIONS

In our nanowire device, the dominant time constraint for heat
transfer, it is the suspended 0.5-pm SiN,, layer as compared with
the 30-nm Pt layer on top of it. To analyze the transient response
of the device, we used a three-dimensional (3-D) finite-element
thermal model by ANSYS! to simulate its transient response and
temperature distribution map on the inactive side. In ANSYS,
we modeled the SiN,. structure with exactly the same structure

IANSYS Release 7.0, ANSYS Inc., Canonsburg, PA, 2003.

Fig. 6. Nanowire microdevice PRT /-V curve with large supplied current.
(5-95 pA) under vacuum at room temperature.
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Fig. 7. Normalized thermoreflectance image of silicon nanowire bridging two
electrodes and its neighboring PTRs.

as our experimental device. The sample was applied with an
adiabatic boundary condition and only the end of the long beam
was attached to the heat sink at room temperature. The contact
point of the nanowire was set as the heat source with higher
temperature, i.e., 40 °C. The 3-D heat conduction equation is
solved by the program. The thermal map and transient response
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of the device could be estimated, visualized, and compared with
thermoreflectance data.

IV. RESULTS AND CALCULATIONS

Figs. 5 and 6 are the measured /-V curves of the active PTR. It
was found that, at higher supplied current, the heating tempera-
ture was over 100 °C. The nonlinearity of the /-V curve in Fig. 6
might due to the temperature coefficient change of the material
at high temperature. From Fig. 6, we could find that the voltage
across the PTR at any supplied current by the fitted polynomial
function of the I-V curve. At a supplied current of 150 pA, the
voltage across the PTR is 1.96 V. The heating power is thus
295 puW. As illustrated in the measurement scheme in Fig. 4,
this power was divided into two parts: heating up the active
PTR, defined as Q.ctive, and propagating along the nanowire to
heat up the inactive PTR, defined as Qipactive. Since it is in high
vacuum condition, we assume that the heat conducted through
the nanowire all pass to the inactive PTR side to heat it up. There
is no other heat loss. Thus, we could write the equation

1V = Qactive + Qinactive~ (1)

At the same time, heat power (()) also has the relation with
the PTR thermal conductance (G}) and its temperature increase
(AT'), which is represented by

Q = GAT 2)
From (1) and (2), we could derive
IV = Gi{(AT), + ATy). 3)

(AT, is the temperature increase on the active PTR and AT is
the temperature increase on the inactive PTR.)
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Thermoreflectance image of temperature contour plot of silicon nanowire device at different temperature scale.

We can then calculate the heat conducted through the
nanowire by the equation

ATs

(AT, + ATY) (InV). “

Qinactive =

Fig. 7 shows the thermoreflectance image of the silicon
nanowire bridging two electrodes and its neighboring regions
of PTRs. Fig. 8 illustrates the temperature contour plot of the
partial region of active and inactive PTRs near the nanowire.
It is difficult to get the exact temperature distribution along
the silicon nanowire because the width of 100 nm is beyond
the resolution of the thermoreflectance technique. The spatial
resolution of the thermoreflectance setup is limited by the
diffraction limit of the visible light. Furthermore, the nanowire
is suspended across the electrodes, which might not be at the
same plane as PTRs. It is thus difficult to focus the PTRs and
nanowire at the same time. The nanowire appearing in Fig. 8
was believed to actually be the shadow of the nanowire. In
Fig. 8, two figures were plotted in different scales to better
illustrate the temperature distribution on both the active and
inactive sides. Fig. 9 is the phase plot of the thermal image
obtained with the lock-in amplifier, indicating the heat flow
from the active PTR side to inactive side through the nanowire.
Fig. 10 plots the temperature of the electrodes versus the biasing
current. From this figure, we could see that with the supplied
150-pA current, the temperature difference across the nanowire
is approximately 120 K (160 K on the active side and 40 K
on the inactive PTR side). Fig. 11 shows the cross-sectional
temperature distribution between two electrodes at 150 pA.
The temperature of electrodes plotted in Fig. 10 is the average
temperature over the nanowire contact area instead of one point
temperature.

The thermal resistance can be defined as

AT

B == ®)



ZHANG et al.: CHARACTERIZATION OF HEAT TRANSFER ALONG SILICON NANOWIRE USING THERMOREFLECTANCE TECHNIQUE

20

40

B0 80 100 120 140

300

250

4200

1150

41100

Fig. 9. Themoreflectance image shows silicon nanowire device phase contour
plot, suggesting the heat flow across the silicon nanowire.

200

100

Temp(active)

50

1 1 \ — 50
Temperature vs Bias Current ]
for Active and Inactive Heater /

i
ol
T '.;, """ """""""" -3 30
-20
S M. ~10
] Pl \ i i 0
0 50 100 150 200
Bias Current(microamperes)
two-end-point (junction points cross

Fig.

10. Nanowire

temperature versus biasing current supplied to the active PTR.

250

(ennoeurnydwa |

electrodes)

[

Q

o
T

150 F

100

Temp Change from Ambient

501

Cross Section from Active Heater

Inactive Heater

to Inactive Heater

Air Gap
Active Heater

Fig. 11.

60 100

Distance(pixel)

40 80

Cross-sectional temperature distributions.

120

71

where AT is the temperature difference and @ is the applied
heat load. Thus, by combining (5) and (6), the nanowire thermal
resistance can be calculated. The thermal resistance of our mea-
sured sample is 2.04 e-6 K/W. In addition, the thermal conduc-
tivity could be calculated from the following equation:

d
BA

where d is the wire length, A is the wire cross-sectional area, and
[ is the thermal conductivity. With the known size, the thermal
conductivity of 46 W/mK is derived, which corresponds to Li
et al.’s electrical measurements, i.e., 40 W/mK [19].

The simulation result in Fig. 12 illustrates the temperature
map on the inactive PTR side at a different time period. Fig. 13
shows the transient response of the inactive PTR. It takes almost
0.15 s to stabilize the inactive PTR when it is heated up. The
experimental frequency was set at 500 Hz to correspond to the
measurements done by Li ef al. at the University of California
at Berkeley [27]. Fig. 14 compares the temperature across the
device calculated from the 3-D simulation with the thermore-
flectance-measured data. It is interesting to find that the temper-
ature exponentially decays as a function of the distance removed
from the heat source and the experiments correlates well with
the simulation results.

Rth = (6)

V. DISCUSSION

The thermal conductivity that we obtained using the ther-
moreflectance technique correlated well with the previous elec-
trical measurement results [27]. In that method, temperature
change is based on the measured resistance change of the PTR.
Uniform temperature distribution on the membrane surface un-
derneath the PTRs was assumed, thus the temperature of the
electrode is equal to the average temperature of the PTR. When
one side of the PTR was heated up by the supplied current,
the heat propagated along the nanowire also heated the inac-
tive PTR. The resistance change of both the active PTR and
inactive PTR was measured and converted to the temperature
change from the ambient. Using the electrical measurements
method, Li et al. measured the thermal conductivity of 40 W/mK
at room temperature (300 K). This value is close to what we
have calculated here, i.e., 46 W/mK, from thermoreflectance
data for the same silicon nanowire sample. The difference be-
tween these two techniques is that the thermoreflectance tech-
nique directly measured the temperature at the two electrodes
where the nanowire bridge cross, instead of the average temper-
ature for the entire membrane surface, by measuring the resis-
tance of the PTR. The 3-D thermal simulation shows the slow
transient response of the studied nanowire device due to the sus-
pended SiN,. structure on the order of 0.15 s.

From these experimental results, we found there is indeed a
substantial decrease in the thermal conductivity in the nanowire
structure as compared with the bulk material. This is an indica-
tion that phonons are scattered from the nanowire boundaries.
The thermal conductivity could be expressed as

1
pr=3Cul (N
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Fig. 12. Simulated temperature distribution of the inactive heater device at different time period.
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where C), is the lattice heat capacity, v is the velocity of the
sound in the material, and [ is the mean free path. The theory
predicted that when the wire width is larger than 200 nm, the
thermal conductivity value will be close to the bulk value. The
thinner the wire width, the smaller the thermal conductivity.
Considering both the reduction of thermal conductivity and

42 T T T T 1
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40 7
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g_ 38 | (A, B, C, constant)
(]
[
>
S 36 -
od
)
x
34 |
32 1 I 1

4 6
Distance (um)

10

Fig. 14. Temperature profile across the inactive heater direction, as indicated
in the thermal map in Fig. 12 at 0.02 s (circles are simulated data, solid line is
exponentially fitted curve, crosses are thermoreflectance imaging data).

possible enhancement of electrical conductivity/carrier mo-
bility through 2-D confinements in the nanowire structure, the
figure-of-merit ZT could be significantly improved as compared
with bulk silicon.
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VI. FUTURE WORK

It was believed that the properties of the nanowire was
strongly dependent on nanowire size and ambient temperature.
Thus, it is necessary to expand current research to other smaller
size silicon nanowires and different ambient temperatures. Use
of near-field optics could allow thermoreflectance measurement
of temperature directly on the nanowire. This could also be used
to measure contact thermal resistance between the nanowire
and heaters.
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