UC San Diego
UC San Diego Previously Published Works

Title

Determination of thermal parameters of one-dimensional nanostructures through a
thermal transient method

Permalink
https://escholarship.org/uc/item/8k20v01X
Journal

Journal of Thermal Analysis and Calorimetry: An International Forum for Thermal
Studies, 97(3)

ISSN
1572-8943

Authors

Arriagada, A.
Yu, E. T.
Bandaru, P. R.

Publication Date
2009-09-01

DOI
10.1007/s10973-009-0274-2

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/8k20v01x
https://escholarship.org
http://www.cdlib.org/

J Therm Anal Calorim (2009) 97:1023-1026
DOI 10.1007/s10973-009-0274-2

Determination of thermal parameters of one-dimensional
nanostructures through a thermal transient method

A. Arriagada - E. T. Yu * P. R. Bandaru

Received: 3 November 2008 / Accepted: 26 June 2009/ Published online: 6 August 2009
© The Author(s) 2009. This article is published with open access at Springerlink.com

Abstract We present an improved methodology for a
thermal transient method enabling simultaneous measure-
ment of thermal conductivity and specific heat of nanoscale
structures with one-dimensional heat flow. The temporal
response of a sample to finite duration heat pulse inputs for
both short (1 ns) and long (5 ps) pulses is analyzed and
exploited to deduce the thermal properties. Excellent
agreement has been obtained between the recovered
physical parameters and computational simulations through
choosing an optimized pulse width.
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Accurate thermal characterization of low-dimensional
structures is necessary both for fundamental understanding
of heat transport at the nano-/macro-scale and for practical
purposes such as determining the figure of merit of ther-
moelectric materials. However, the steady-state methods
typically employed suffer from difficulties with thermal
gradients and also require separate experiments to deter-
mine individual values of thermal conductivity (k), specific
heat (C), and thermal diffusivity (D). Transient techniques
can be exploited to circumvent the above difficulties [1, 2].
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An early experiment in this regard entailed monitoring heat
pulse propagation at a particular location on the sample and
computation of the statistical moments of the temperature
(T) versus time (¢) curve to determine k and C [3]. In this
case, the dispersion of a heat pulse as it travels down a
sample as shown schematically in Fig. 1 can be quantified
through the computation of its moments and related to the
thermal parameters appearing in the solution of the corre-
sponding heat equation (obtained through Laplace trans-
form techniques). The moments, f,,, have been defined as [4]

oo
f,,:/AT(x,t)t”dt for —oo<n<oo, (1)
0

where AT(x,f) is the measured temperature change as a
function of time (7) at a point (x) along the sample in response
to a heat pulse, and n refers to the order of the moment.
Through a differentiation theorem [5], it can be shown that
these moments can also be expanded in terms of the Laplace
transform of the temperature profile, AT(x,s), through

o= (—1)"lim d"AT(x,s)

lim —2 for n>0, (2)

where s is the complex variable introduced in the Laplace
transform. In Eq. 2, AT(x,s) can be taken to be the Laplace
transform of the solution for the heat conduction equation.
The moments method then relates the time-weighted inte-
grals of AT(x,r) to derivatives of AT(x,s) through Eq. 2 to
allow k and C to be extracted, and has the advantage that it
can be modified to account for the influence of auxiliary
thermal sources and sinks (i.e. heaters, thermometers,
substrate/supporting structures, etc.) [6-8].

While the above formulation in its original form using
J-function like pulses is adaptable for nanoscale structures
with one-dimensional heat flow, its application has been
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Fig. 1 Schematic of heat pulse propagation (fop) along a rectangular
nanowire (bottom). The temperature (7) vs. time (f) plots show the
dispersion of an input (at x = 0) finite duration heat pulse as it
diffuses, from left to right, along the wire

hindered by the fact that large geometric aspect ratios
(inherent to nanotubes, nanowires, and thin films) and small
energies (fJ-pJ) yield temperature changes (AT) that are very
difficult to measure. Larger temperature changes through
resistive heating can be achieved by increasing the heater
power. However a heater cross-sectional area large enough
to avoid electromigration [9] can also lead to undesirable
thermal parasitics that complicate analyses. Alternately,
increasing the applied current duration can cause deviations
in the experimental temperature profiles resulting in sub-
stantial errors in the computation of the moments. In this
letter, we reconsider the form of the input energy for a
nanowire (assuming a rectangular cross-sectional area) to
provide a new experimental formulation for k and C, and then
demonstrate the recovery of these thermal parameters
through simulations and improved computational methods.
We assume a one-dimensional heat conduction equation
approximation which is valid when the sample is taken to
be a wire with a very large aspect ratio (e.g. nanowire) with
the appropriate boundary conditions. The heat pulse and
heat sink are applied uniformly across the ends of the wire
inducing isothermal cross sections normal to the wire axis.
Therefore, the heat conduction along an isolated square
wire (Fig. 1) of cross-sectional area A (=wh) and length [,
where [ > w, h, is described by
2
or _ R'C a—T, (3)
Ox? ot
where R’ = 1/kA is the thermal resistivity and C' = CpA is
the specific heat (both per unit length) and p is the density
of the wire material. We then apply the following boundary
and initial conditions at ambient temperature 7:

T(x=11)=T(x=0,1) =Ty, (4)
T(x,t=0)=Ty for x#0, (5)
P(x=0,t) = Po([u(t) — u(t — 7)]) forall ¢, (6)

where Py is the input power magnitude, u(f) is a unit step
function, and P(x = 0,r) defines a heat pulse of duration t

@ Springer

with total energy Q = Pyt. Consideration of very small
durations (t — 0) will lead to the original pulse-based
moments method [10-12], while a long duration pulse
(t — o0) would imply steady-state heat conduction. In the
following, we work with finite duration input pulses,
resulting in responses exhibiting both transient and steady-
state attributes and enabling the determination of both k
and C from a single experimental measurement.

The problem is modeled as a thermal analog to the
electrical transmission line problem and its solution
determined using Laplace transform techniques. For the
specified boundary and initial conditions, we have derived
the change in temperature along the wire, for a given cross-
sectional area, to be

IR sinh(I - x)VR'C's[1 — e~
AT (x,s) =Py /sm( HVRCs| 362 ]for O<x<l
C" coshlvV/R'C's 53/
(7)

The moments are then evaluated using Eq. 2 from the
solution of an equivalent transmission line model for the
wire, given by Eq. 7, and related to a known temperature
profile, AT(x,t), through Eq. 1. At least two of the moments
must be calculated for determining the two desired thermal
parameters, k and C. For n = 0, 1 and 2, we find that

oo

Ja=0 = / AT()C7 f) dt = P()R/‘L'(l —x), (8)
0

r 1
Fam1 :/ AT (x,t)tdt = EPORQC’T(Z —x) (21 +2Ix — %)
0
1
+§P0R’12(l —Xx), )
r 1
fo=2 = / AT (x,1) * dt = @PORGC’%(I —Xx)
0

1
X (=4 = 2lx +x%) 4 PORCP (1 - x)

x (2P = 3Ix* +x7) + %POR'H(I —x).
If AT(x,t) is determined experimentally, Eqs. 8—10 can be
evaluated in units of [Ks], [Ksz], and [Ks3], respectively,
and k and C can be explicitly solved.

To demonstrate that the use of heat pulses of finite pulse
duration is sufficient to recover k and C from the experi-
mentally determined 7 vs.  profiles, we simulated heat
transfer along a Si nanowire using COMSOL Multiphys-
ics® for several different types of heat inputs as shown in
Fig. 2. The materials constants for a Si nanowire (i.e.
20 nm x 20 nm x 3 um) were taken to be as follows:
thermal conductivity k =7 W m™' K™! (at T, = 300 K)
[13], density p =12329kgm > and specific heat

(10)
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Fig. 2 a Short duration/high power (1 ns, 1 pW, dashed line), long
duration/low power (10 ps, 100 pW, dotted line), and time optimized
(5 us, 200 pW, solid line) heat pulses responses, all at x = 1.5 um
(=1/2) with Q =11]. b Time- and amplitude-optimized response
from a 100 fJ (5 ps, 20 nW) heat pulse. The plots have been time-
shifted (by ~ 12 nsin a, and ~ 18 ns in b) to omit the delay required
for the excited heat wave to travel to x = [/2

C=7021 kg_1 K~! [14]. The initial temperature (7), set
to 300 K, corresponds to a wire initially in equilibrium and
in contact with a large thermal bath. An experiment in high
vacuum (<107° Torr) and at 300 K would imply thermal
conduction to be the dominant heat transfer mechanism
over convective and radiative effects, which have conse-
quently been ignored.

Figure 2a shows the temperature response in the nano-
wire at the halfway point (x = 1.5 pum) due to three dif-
ferent pulse inputs, all having total energy of 1 fJ:1 pW for
1 ns (dashed), 100 pW for 10 ps (dotted), and 200 pW for
5 ps (solid). The 1 ns pulse, which excites a purely transient
response, corresponds to the d-function-like pulses implicit
in previous moment based methods. While the maximum
temperature deviation of this profile is the largest of the
three inputs (~0.5 K), it occurs very early (~400 ns) and
has substantially decayed after several microseconds. In
contrast, the 10 ps pulse introduces a more gradual heating
that drives the nanowire into steady-state (for ~7 ps),

allowing a significantly wider time response, but produces a
lower maximum temperature excursion (~ 50 mK). Tem-
perature responses that have sub-Kelvin temperature
changes and sub-ps transient features impose a variety of
experimental challenges such as the need for amplification
hardware with extremely high speed sampling and resolu-
tion, along with rapid settling times. However, for a given
pulse energy we observed through numerical simulations
that such challenges could be overcome by applying an
input with an optimized pulse width (Z,p) that just achieves
the onset of steady-state temperature through the wire, e.g.,
using a 1 fJ pulse with a 5 ps duration. Increasing the pulse
energy for the optimized duration further increases the
amplitude of the temperature response. Figure 2b shows the
response of the 5 ps pulse with increased total energy
(100 1J) with a temperature increment of ~ 10 K, which can
now be easily measured. An approximate time scale for the
topt May also be obtained through a lumped thermal capacity
model for the wire through
L’pC
Topt ~ o

(11)

For the assumed parameters, we obtain a fo, ~ 2 us,
which is quite close to the value (~5 ps) determined from
simulation.

Previous work using the moments method fit the T vs. ¢
transient response with combinations of exponential func-
tions [7, 8]. Generally, analytical curve fitting of rapidly
varying signals requires piecewise fits and produces dis-
continuities, leading to inaccurate computation of numerical
integrals. In our analysis, we have avoided such kind of curve
fits, and instead weight the simulated temperature curve,
AT(x,1), by " to generate the integrands of Eq. 1, forn = 0,
1, and 2. MATLAB software was used to generate and
numerically integrate linear-interpolation curve fits to yield
fo, f1, and f>. Equations 8—10 are then solved simultaneously
to determine k and C. The values from the three possible
combinations of chosen f,, for the 1 ns (Fig. 2a, dashed
curve) and 5 ps (Fig. 2b) pulses, are represented in Table 1.

The values for k recovered from our moments analyses
match very well (e.g. 2.7% for C constitutes the maximum
deviation) with the input parameters to within the reported
significant figures. The sources of error are primarily arti-
facts inherent in finite element modeling, specifically: (1)
finite geometrical mesh elements and, (2) finite iteration
time stepping. Both sources create discretization errors
over the entire T vs. ¢ profile, which are further exacerbated
when utilizing rapidly varying transient signals or com-
puting higher order moments. For example, the deviations
of the recovered specific heat are larger for the 1 ns pulse
compared to the 5 ps pulse, as shown in Table 1. Fur-
thermore, for the 1 ns pulse, the error from the recovered
specific heat for higher order moments (2.7% for f; and f5)
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Table 1 Computed moments of simulated temperature profiles for
1 ns and 5 ps duration input pulses

Computed Power pulse time

Moments I ns Sus
R N [ 535%10° .
Vk=7WmlK ) Vok=TWml K]
] L| ! u
) | C=696[Tkg'K ' | | C=7030kg'K !
fIKS) | mmmmmmmmmmmmms|bmmmm—o oo oo
' saxio™ 1.86x107° _ ..
D k=7Wm' K i k=7(WmlK
I 1 1
S 1K | C=TUke K |_Crolke!KY |

8.90x10" TTTTTTTTTTTTT 7.93x10™'

The dashed inset boxes containing the recovered thermal parameters,
k and C, are positioned to share the cells of the two moments from
which they were derived

is larger than that from the lower order moments (<1% for
fo and f). We think that further refinement of the simula-
tions to eliminate the above error sources is unnecessary
because of their insignificance compared to intrinsic elec-
trical noise in real experiments [6, 7].

A suspended nanowire similar to those previously used
[15-17] can be used to demonstrate our proposed method. The
nanowire would be suspended across a heating and sensing
membrane to provide control of the thermal boundary con-
ditions through: (1) Joule heating of resistive micro-heaters
located near the ends of the sample, (2) thermal isolation along
the length of the sample when performing the measurement in
vacuum. While resting a sample across the heating and
sensing membranes will impose a thermal boundary condi-
tion perpendicular to the sample axis at the points of contact,
the one-dimensional approximation is still appropriate if
the length (/) of the wire is significantly larger than the
width/height [6]. We are currently fabricating such a sus-
pended micro-device to provide experimental proof of
principle.

Our proposed method should be generally adaptable for
one-dimensional nanostructures with lengths where 7, is
not too short or too long—the former would impose severe
limitations on the temperature large times would enable
parasitic heat transport. Other limitations of the approach
involve the auxiliary effects of the electrodes and measure-
ment apparatus which could be reduced through choosing an
appropriate fo. In conclusion, our proposed modification,
through the use of finite duration heat pulses and improved
computational procedure, makes more practicable the ori-
ginal formulation of thermal transient methods, for the
determination of thermal conductivity and specific heat of
nanostructures with one-dimensional heat flow.

@ Springer

Acknowledgements We gratefully acknowledge support from the
National Science Foundation (Grant ECS-05-08514) and the Office of
Naval Research (Award number N00014-06-1-0234). A. Arriagada
acknowledges Mina Sierou for many helpful discussions regarding
COMSOL Multiphysics® simulations.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References

1. Carslaw HS, Jaeger JC. Conduction of heat in solids. 2nd ed.
Oxford: Clarendon Press; 1959.

2. Bertman B, Heberlein DC, Sandiford DJ, Shen L, Wagner RR.
Diffusive temperature pulses in solids. Cryogenics. 1970;10(4):
326-7.

3. Gershenson M, Alterovitz S. A mathematical method for the
analysis of heat capacity and thermal conductivity measurements
by the heat pulse technique. Appl Phys A. 1975;5(4):329-34.

4. Alterovitz S, Gershenson M. A moments method applied to
laplace transform technique for experimental physics. J Comput
Phys. 1975;19(2):121-33.

5. Doetsch G. Guide to the application of the Laplace and z-trans-
forms, vol. 2. London: Van Nostrand; 1971.

6. Shapira Y, Alterovitz S. Application of a moments method and of
laplace transforms to heat transfer experiments. J Therm Anal.
1980;18(3):477-91.

7. Alterovitz S, Deutscher G, Gershenson M. Heat capacity and
thermal conductivity of sintered Al,O5 at low temperatures by the
heat pulse technique. J Appl Phys. 1975;46(8):3637—43.

8. Bortner LJ, Newrock RS, Resnick DJ. An analysis of the heat
pulse method for thermal transport measurements of thin films. J
Appl Phys. 1987;61(9):4452-7.

9. Ghate PB. Electromigration-induced failures in VLSI intercon-
nects. In: Proceedings of the 20th annual reliability physics
symposium. New York: IEEE Press; 1982. p. 292-9

10. Filler RL, Lindenfeld P, Deutscher G. Specific heat and thermal
conductivity measurements on thin films with a pulse method.
Rev Sci Instrum. 1975;46(4):439-42.

11. Cruz-Uribe A, Trefny JU. The thermal properties of thin films at
low temperatures using an improved heat-pulse method. J Phys E:
Sci Instrum. 1982;15(10):1054-9.

12. Madsen J, Trefny JU. Boundary effects in transient thermal
measurements. J Phys E: Sci Instrum. 1987;20(11):1362-5.

13. Li D, Wu Y, Kim P, Shi L, Yang P, Majumdar A. Thermal
conductivity of individual silicon nanowires. Appl Phys Lett.
2003;83(14):2934-6.

14. Berger LI. Properties of semiconductors. In: Lide DR, editor. CRC
handbook of chemistry and physics. 88th ed. (Internet Version
2008). Boca Raton: CRC Press/Taylor and Francis; 2008. p. 12-77.

15. Shi L, Li D, Yu C, Jang W, Kim D, Yao Z, et al. Measuring
thermal and thermoelectric properties of one-dimensional nano-
structures using a microfabricated device. J Heat Transf. 2003;
125(5):881-8.

16. Boukai Al, Bunimovich Y, Tahir-Kheli J, Yu JK, Goddard WA,
Heath JR. Silicon nanowires as efficient thermoelectric materials.
Nature. 2008;451(7175):168-71.

17. Sultan R, Avery AD, Stiehl G, Zink BL. Thermal conductivity of
micromachined low-stress silicon-nitride beams from 77 to 325
K. J Appl Phys. 2009;105(4):43501-7.



	Determination of thermal parameters of one-dimensional nanostructures through a thermal transient method
	Abstract
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice




