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The 3w method for thermal conductivity measurement has emerged as an effective technique
applicable to micro/nanowires and thin films. This paper describes the adaptation of the method to
temperatures as high as 725 K enabling reliable thermal conductivity measurements on such
samples for which previously published methods have been found inadequate. In the technique, a
sample wire is heated by applying a sinusoidal current at an angular frequency w, which causes a
temperature and resistance variation at an angular frequency, 2w, leading to a voltage signal at 3w.
The sample is connected as a four-terminal resistor to a digital lock-in amplifier, which is used to
detect the in-phase and out-of-phase 3w voltages resulting from the applied 1w current. The data are
fitted by varying the values of the thermal resistance and diffusion time, both of which are functions
of thermal conductivity. Measurements are made at steady state temperatures between 300 and 725
K. Meaningful measurements at elevated temperatures require that thermal losses be understood and
minimized. Conduction losses are prevented by suspending the sample above the mounting
substrate. Convection losses are minimized by maintaining a vacuum of ~107 torr inside the
sample chamber. To minimize radiation losses, an appropriately sized sample is shrouded with a
double heat-shield, with the inner shield temperature near that of the sample. Using the 3w method,
the thermal conductivity of platinum was determined to vary between 71.8 and 80.7 Wm™' K~!
over the temperature range of 300 to 725 K, in agreement with published values measured for bulk

samples. © 2010 American Institute of Physics. [doi:10.1063/1.3496048]

I. INTRODUCTION

The study of the phenomenon of heat transfer in nano-
and microstructured materials is essential for incorporating
such materials in microelectronic and energy conversion de-
vices such as thermopower generators and coolers. Conven-
tionally, the thermal conductivity of bulk materials is deter-
mined by measuring the temperature gradient produced by a
steady flow of heat in a one-dimensional geometry and is
called the steady state method. At lower temperatures (near
300 K), radiation heat loss is small in comparison to the heat
transported, and hence the steady state method exhibits ac-
ceptable error limits. However, at higher temperatures, black
body radiation loss increases and adversely affects the qual-
ity of data. Blackbody radiation loss can be reduced by re-
ducing the size of the sample under investigation.1 The mea-
surement of thermal conductivity by the steady state method
becomes increasingly challenging as the sample size de-
creases to micro- or nanoscale. These difficulties can be re-
duced by using the technique called the 3w method, which is
less sensitive to errors from blackbody radiation.’ However,
even in the 3w method, the experimental error on account of
black body radiation becomes significant at temperatures
above 500 K.

The 3w method can be used to determine the thermal
conductivity of thin films as well as micro/nanowires. The
only difference in the determination of the thermal conduc-
tivity of the different morphologies is how they are heated.
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In the case of a micro/nanowire, the sample (wire) rests on
four electrodes without touching the substrate, and the
sample itself acts as the heater. In case of thin films, a metal
strip along with four electrodes is bonded to the film as a
heater. In both arrangements, heating is implemented by
passing an alternating current through the sample or the
sample heater at an angular frequency of w, which creates a
temperature variation in the sample at a frequency of 2w that
results in a resistance variation also at 2w. The voltage gen-
erated across the sample, being the product of current sup-
plied to the sample and its resistance, therefore varies at 3w,
and hence this method is commonly referred to as a 3w tech-
nique. Such a temperature variation in a wire, heated by an
alternating current, was first observed by Corbino,” and later
the idea was explored by many scientists, establishing the 3w
technique%11 as an effective tool for the determination of
thermal properties of bulk as well as micro- and nanoscale
materials.'>™""

In the 3w technique, either a current source or a voltage
source can be used to generate a signal across the sample. Lu
et al.” solved the one-dimensional heat equation with the
necessary boundary conditions and determined the thermal
conductivity of a 20 wm platinum wire and of multiwall
carbon nanotube bundles using a current source at room tem-
perature. Choe et al. '8 also utilized a current source to mea-
sure the thermal conductivity of individual multiwalled car-
bon nanotubes. Hu et al.'® used the sine output of a lock-in

© 2010 American Institute of Physics
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FIG. 1. (Color online) End view of sample mount.

amplifier as a voltage source to measure the thermal conduc-
tivity of carbon nanotubes. Holland and Smith® also utilized
a voltage source for a microwire. Similarly, Dames and
Chen'? used a voltage source and successfully demonstrated
the validity of this technique to determine the thermal con-
ductivity of a platinum microwire and a thin film at room
temperature. In the present investigation, by using the sine
output of a lock-in amplifier as the voltage source, the ther-
mal conductivity of a 25 um diameter platinum wire has
been determined in the temperature range of 300-725 K us-
ing a modified experimental setup.

Il. EXPERIMENTAL PROCEDURE

A 25 pm diameter platinum wire, supplied by Omega
Engineering, Inc., Stamford, Connecticut, was used as the
sample. The wire was mounted as a four-terminal resistor on
four silver dots pasted on a polycrystalline alumina (96%
Al,03) wafer of 0.5 mm thickness and attached to the dots
using colloidal silver paste as shown in Fig. 1. The wire
rested on top of the silver dots (electrodes) with a clear air
gap between the sample and the alumina substrate. Silver
wires attached to the dots serve as the current and voltage
leads. A small amount of thermal paste was used to hold the
bottom surface of the alumina substrate to a hot stage
(ULTRAMIC 600 ceramic heater, Watlow, St. Louis, MO
63146, USA) to perform the experiments at elevated tem-
peratures. The thermal paste ensured good thermal contact
between the substrate and the larger, uniformly heated hot
stage. The sample temperature was raised to the desired test
temperature by applying suitable power to the heater. The
Watlow heater, capable of heating to 873 K, consists of a thin
film resistor embedded in a ceramic housing and has an in-
tegral K-type thermocouple attached to it. In order to mini-
mize radiation loss, the sample and substrate were covered
by two reflective heat-shields comprising concentric copper
(inner) and stainless steel (outer) shrouds, as shown in Fig. 1.
The ends of the semicylindrical copper shroud were in ther-
mal contact with the hot stage, while the stainless steel
shroud was separated from but enclosed the copper shroud
and was attached to the ends of an insulating porous alumina
support upon which the hot stage rests, as shown in Fig. 1.
The porous alumina support was mounted to a stainless steel
plate with the help of screws and the plate was attached to
one of the flanges of the cylindrical vacuum chamber. To
minimize the convection loss, a vacuum of ~107> torr was
maintained in the sample chamber during the measurement.
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FIG. 2. Circuit diagram for thermal conductivity measurement by 3w
method.

The sine output of a lock-in amplifier (SR850, Stanford
Research Systems, Sunnyvale, CA 94089) was used as the
voltage source (Viy_source) SO that the phase error between the
signal (output) and the input could be minimized. The sinu-
soidal current, at a frequency of w, was determined from the
source voltage specified by the sine output and was fed to the
sample through the outermost electrodes 1 and 4 as shown in
Fig. 2. The desired level of current (without heating the
sample) at a frequency of w was determined by adjusting the
source voltage at the lock-in amplifier. The lw voltage
(V10.14) generated across the electrodes 1 and 4 in Fig. 2 was
measured by the lock-in amplifier along with the voltage
generated across the inner two electrodes (V,,»3). The resis-
tance (R4) of the sample between the outer two electrodes 1
and 4 was calculated by using the source input (Vi _source)» the
lw voltage across the outer two electrodes of the sample
(V1w.14) and the resistance, Rp, of the ballast resistor using

Eq. (1),

Vlw 14 )
Rl4 = (— RB' (1)
Vin—source - Vl w,14

The resistance (R,,) between the inner two electrodes was
determined using voltage measurements made while passing
a minimal (negligible heating) current through the wire and
using Eq. (2) below,

Reo= <M>R14~ (2)
Viea

The temperature coefficient of resistance («) of the sample at

a desired temperature (6;) was calculated using Eq. (3) after

measuring the sample resistances, say, R,y 4 and R, g, at

two slightly different temperatures 6; and 6,, respectively,

R —
oo Reon, Reo.01 _ 3)
Re0,0,(6,— 0))

It is necessary to determine a range of input voltages and
thus currents, at a frequency of w, which would yield mea-
surable 3w signals. The in-phase and out-of-phase 3w volt-
ages across the inner two electrodes of the sample were mea-
sured at a constant frequency for a range of Vi, ¢ouree and the
corresponding 1w currents. The observed 3w voltage must be
proportional to I° as predicted by Egs. (4) and (5) (see be-
low) for the 3w method to be applicable. In practice, the
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proportionality holds only over a limited range of currents
and voltages. This is due to low signal to noise at low volt-
ages and increased radiation losses or other ignored effects at
higher voltages. Experimental currents are chosen from the
experimentally determined linear region of the curves in or-
der to produce valid data.

For a range of frequencies, the rms values of in-phase
(Vy.rms) and out-of-phase (V| ) 3w voltages across the in-
ner two electrodes 2 and 3 were measured by the lock-in
amplifier for a fixed output voltage (fixed current I) applied
at outer electrodes 1 and 4. The measured rms values of the
3w voltages are related to their respective electrical transfer
functions X3, and Y3, as defined by Dames and Chen,"? by
using the following equations:

. . . _ Vx,rms
in-phase electrical transfer function X3=—""~, (4)
2aR;, I
. . V}' Ims
out-of phase electrical transfer function Y;= A
2aR;I

)

The electrical transfer functions are converted into dimen-
sionless in-phase and out-of-phase voltages proportional to
the experimentally measured rms 3w voltages using the de-
fining Egs. (6) and (7), respectively,

-~  12X;

X3= . (6)
Ry

~ 127,

Y= , (7)
Ry,

where thermal resistance Ry, is defined as

L

Ry=—, 8

= ®)

where L is the length of the sample between the inner two
electrodes, A is the cross-sectional area of the sample wire,
and A is the assumed thermal conductivity of the sample.

Dames and Chen'? also demonstrated that the thermal
transfer function, which depends on the sinusoidal heating of
the sample, can be incorporated into the electrical transfer
functions. They further noted that a lumped approximation
for the thermal transfer function, similar to that for a RC
circuit, agrees with the exact solution over the frequency
range of interest. Using that lumped approximation, they de-
veloped equations for simplified dimensionless theoretical
voltages expressed as follows. The theoretical in-phase di-
mensionless voltage is given by

- 1 1
X;= (J(m) ®)

while the theoretical out-of-phase dimensionless voltage is

~ 1 2w
=325 "

where @ is the dimensionless frequency and is given by
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=—, 11

7= (1
where w=2mf, f is frequency in hertz, the thermal diffusion
time 7=L?/k, and the thermal diffusivity k=\/pC,. Hence,
the diffusion time can be expressed as

L’pC,

A

where p and C, are the density and the specific heat capacity
of the sample, respectively. Theoretical and experimental
values of dimensionless 3w voltages were plotted against the
dimensionless frequencies for assumed values of thermal re-
sistance (Ry,) and thermal diffusion time (7), both of which
are functions of thermal conductivity. The values of density
and specific heat capacity were obtained from the
literature. ' Least-squares fits were used to determine the
thermal resistance and the diffusion time, which give the best
match between theoretical and experimental dimensionless
3w voltages for both in-phase and out-of-phase components.
The values of thermal resistance and diffusion time were
obtained from the best fit curves, and the thermal conductiv-
ity of the sample is in turn calculated by taking the average
of the values obtained using Eq. (12).

; (12)

T=

lll. RESULTS AND DISCUSSION

The major obstacle to performing 3w measurements at
high temperatures (above 500 K) has been the increasing
contribution from radiation losses. Minimization of radiation
losses from the sample at high temperatures (above 500 K)
has been successfully achieved by enclosing the sample by a
shroud near the sample temperature and by limiting the ra-
diating surface area of the sample by suitably controlling its

V 3-Omega (uV)

L (mA)’

FIG. 3. (Color online) In-phase and out-of-phase 3w voltage vs cube of the
lo current, at constant frequency, showing the expected I° trend at (a) 300,
(b) 400, (c) 500, (d) 600, and (e) 725 K. The squares and triangles represent
the in-phase and out-of-phase components of measured 3w voltages, respec-
tively, and the solid lines are trend lines.
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length for a given diameter. The shroud contains two concen-
tric, semicylindrical metal foils (Cu and stainless steel), the
stainless steel foil being on the outer periphery. The inside
(concave side) of the Cu-foil is lined with a thin shiny Al-foil
to increase reflectivity. The edges of the Cu-foil sit on the
sample hot stage, which minimized the temperature differ-
ence between the stage and the shroud to around 4 K at a
measurement temperature of 725 K. The main objective be-
hind using the shroud is to maintain a metallic umbrella over
the sample and minimize the temperature difference between
the sample and the shroud to eliminate radiation losses to a
large extent. To a first approximation, radiation losses are
proportional to TAT, where T is the absolute temperature
and AT is the temperature difference between the radiating
surface and its surroundings. Without thermal shielding, AT
is ~400 K, so reducing it to 4 K represents two orders of
magnitude improvement. The radiation losses are further
minimized by controlling the length of the sample at a fixed
diameter to minimize the radiating surface area.

10 100

Dimensionless Frequency (ot /10)

The measured in-phase and out-of-phase components of
the 3w voltages (V3,) at a particular frequency are plotted
against the cube of the 1w current (/*). From Egs. (4) and
(5), a linear relationship is expected between the components
of V3, and I°. We observed the predicted linearity only for a
certain range of the sample currents, as shown in Fig. 3. The
sample current within the linearity range is applied for fur-
ther measurements at different frequencies, ranging from 2
Hz to 1 kHz. It is inconvenient to measure the data at lower
frequencies because of the long settling times involved. The
measured values of 3w voltages are converted into electrical
transfer functions and hence into dimensionless 3w voltages
using Egs. (6) and (7). The theoretical values of the dimen-
sionless voltages were calculated using Egs. (9) and (10).
The experimental and theoretical values of dimensionless 3w
voltages are compared by using a least-squares fit and are
shown in Fig. 4. The assumed values of Ry, and 7 are varied
to get the best fit.
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FIG. 5. (Color online) Comparison of values of thermal conductivity of
platinum, at different temperatures, obtained from the present investigation
on 25 um wires (squares) and from the literature bulk samples [triangles
(Ref. 21) and circles (Ref. 22)] showing the values from present investiga-
tion are quite close to the literature. The solid lines are linear fits.

Figure 4 demonstrates the best fit curves for experimen-
tal and theoretical values of dimensionless 3w voltages. The
solid lines represent the in-phase and out-of-phase theoretical
predictions. The squares represent the in-phase component of
experimental dimensionless 3w voltages, while the triangles
represent the out-of-phase components. The values of ther-
mal resistance and diffusion time that gave the best fit curves
were utilized in calculating the thermal conductivity of plati-
num using Egs. (8) and (12), and the average of these two
values of N\ is taken to be the thermal conductivity of the
sample at that temperature. The five separate plots in Fig. 4
show the fitting of the data taken at different measurement
temperatures, i.e., 300, 400, 500, 600, and 725 K. The cal-
culated values of thermal conductivity at a range of tempera-
tures, 300-725 K, are found to vary between 71.8. and
80.8 Wm™! K~!. This investigation shows that thermal con-
ductivity increases monotonically as the measurement tem-
perature increases from 300 to 725 K. Similar results of
monotonic increase with temperature of the thermal conduc-
tivity of bulk platinum samples by the laser flash method
have been reported by Terada et al?! By using the 3w
method, Dames and Chen'? determined the thermal conduc-
tivity of 50 um platinum wire at room temperature to be
70.9 Wm™! K~!; however, measurements of the thermal con-
ductivity of platinum wires by the 3w technique at higher
temperature (~725 K) have not been reported previously.

The thermal conductivity of platinum microwire from
the present investigation is compared with the data available
from different sources in the literature®* and presented in
Fig. 5. The values from the present work fall between the
two data sets reported in the CRC Handbook® and by Terada
et al.*' The values of Terada ef al. were determined on bulk
Pt and are consistently higher than those determined in this
investigation, which is consistent with the observation of the
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Terada et al., that cold working of platinum (process imple-
mented during drawing of wires) lowers its thermal conduc-
tivity. The closeness of the measured value of thermal con-
ductivity in the present work with the literature values
demonstrates that the 3w method can be used as a reliable
method for determining thermal conductivity of micro- and
nanoscale materials even at high temperatures.

IV. CONCLUSIONS

The thermal conductivity of a 25 um diameter platinum
wire has been determined by the 3w method over a tempera-
ture range of 300-725 K. The problem of radiation losses
from the sample at high temperatures (above 500 K), which
made the use of 3w method at high temperature unreliable,
has been successfully mitigated by using specially designed
shrouds, which equalize the temperature of the sample and
the ambience immediately surrounding it. Results of this in-
vestigation agree well with published values for bulk plati-
num and demonstrate that the 3w method is a promising
technique for determining thermal conductivity of metallic
microwires not only at room temperature but also at tempera-
tures as high as 725 K.
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