Proceedings of IPACK2009
ASME InterPACK '09
July 19-23, 2009, San Francisco, California, USA

IPACK2009-89200

ANALYSING TRANSIENT THERMOREFLECTANCE DATA USING NE TWORK
IDENTIFICATION BY DECONVOLUTION

Y. Ezzahri and A. Shakouri
Department of Electrical Engineering, University of
California Santa Cruz, Santa Cruz, California
95064, USA

ABSTRACT

Network Identification by Deconvolution (NID) mettias
applied to the analysis of the thermal transienteul laser
heating. This is the excitation used in many op&sg@eriments
such as the Pump-Probe Transient
experiment. NID method is based on linear RC ndtvtbeory
using Fourier’s law of heat conduction. This appfoé used
to extract the thermal time constant spectrum ef shmple
after excitation by either a step or pulsed heatrs® at one
surface. Furthermore, using network theory mathialat
transformations, the details of the heat flux pttfough the
sample can be analyzed. This is done by introdudimg
cumulative and differential structure functions. \&sow that
the conventional NID method can be modified to wral
transient laser heating experiments. The advantageat the
thermal resistance of the top material layers drmal major
interface thermal resistances can be extractedulitthe need
of assuming a specific multilayer structure. Sonfe the
limitations due to the finite thermal penetratioapth of the
transient heat pulse will be discussed.

INTRODUCTION

The most commonly used techniqgue to measure the thermal

thermal conductivity of thin semiconductor films tke 3»
method developed by Cabhill [1]. Reliable data atmdi with
this method are now used in many applications. éosd
interesting method is the Pump-Probe
Thermoreflectance technique (PPTTR), whose firdization
to study thermal transport experimentally was reggbrby
Paddock and Eesley [2].

For nearly two decades, PPTTR technique has been anand

effective tool for studying heat transfer in thiinfs and low
dimensional structures (multilayers and superlasfic[3]. In
contrast to the @ method [1], PPTTR can distinguish between
the thermal conductivity of thin films and theirténface
thermal resistance [3]. PPTTR is a time resolvethrig@gue

which extends the conventional thermoreflectivéghniqug4]
or flash technique [5], to very short time scalesing
femtosecond lasers and the optical sampling prieciphe
multiple advantages of this technique, being airagtoptical,

Thermoreflectance non-contact and nondestructive method, with a héghporal

resolution (on the order of the laser pulse duratidps), and
high spatial resolution (10nm in the cross-plameation and
<lum in the in-plane direction), have conferred ta garticular
place in the field of thermal properties metrolagfythin metal
and dielectric films. In this technique, an interseort laser
pulse “pump” is used to heat the film, and a dedayeak (soft)
short laser pulse “probe” is used to monitor the free surface
reflectivity change induced by the cooling of thatfilm after
absorption of the pump pulse. The pump and prolbecome
from the same primary laser source, a configuratatied
homodyne PPTTHRG6], or they can be issued from two
independent laser sources, a configuration cafiettrodyne
PPTTR[7]. The heterodyne configuration allows havintpag
time delay between the pump and the probe thatyoaup to
one period of the pump laser beam, which is f@6&Hz Ti:
sapphire source on the order-df3ns With the use of a pulse
picker one can reach even longer time delays. Catmel
effects could be important in certain PPTTR
configurations in which the external modulationtbé pump
beam is used and it is on the same order of maigias the
laser repetition rate [8, 9]. Here we focus on thkerent

Transient transient thermal response which can very well lodeted

considering delta pulse heating with a laser.

Semiconductor and dielectric structures are usually
covered by a thin metal film which acts as a théroapacitor
temperature sensor [6]. The cross-plane thermal
conductivity of the sample’s top layer and the lifstee thermal
resistance with the metal film are determined byngaring
experimental cooling curves to theoretical simolasi and
optimization of free parameters to get the best[6i In
addition to the characterization of thermal projesrtof thin
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films, PPTTR has also been proven a powerful taol the
characterization of acoustic properties of thekasfiand other
low dimensional structures [10, 11], a techniquenstiimes
called picosecond ultrasonics.

In this paper we present an alternative methoddbesghe
RC network theory of linear passive elements tolyaeathe
thermal decay of a PPTTR signal in which no cuningagffect
is necessary to model the transient thermal regpomkis
approach is calledNetwork Identification by Deconvolution
(NID). NID is a powerful technique proposed in the 1980's
by Székely and Van Bien [12]. This technique hasnbesed to
evaluate the thermal response of packaged semictordu
devices. These measurements can be used to segiffierent
contributions to the total thermal resistance aapacitance of
the sample under study. They are also used toifgetitucture
defects and heat conduction anomalies. NID hasdnoted a
new representation of the dynamical thermal behawdb
semiconductor packages known as differential sfrect
function or brieflystructure functiof12]. Using this quantity,
the map of the heat current flow as a functiorhef ¢cumulative
thermal resistance in the sample can be obtairstingt from
the excited top free surface. In Székely's methdlde
temperature response is transformed to the timestaoh
spectrum by deconvolution technique, and then, tihge
constant spectrum is transformed into two charatier
functions; the cumulative structure function and tfifferential
structure function. These functions are definedhasvariation
of the cumulative thermal capacitance as a functbrthe
cumulative thermal resistance along the heat flathpand the
first derivative of this function with respect thet cumulative
thermal resistance, respectively [12-13]. By inteting these
functions, thermal resistances and capacitanceadi part in
the sample can be identified [13].

So far, NID method has been applied to varioustedaic
and optoelectronic devices inside a package [12-Rdtently,
Fukutani et al [15] have successfully used the KiEthod for
thermal characterization of Si/SiGe thin film miefrigerators.
All the results show that NID technique is a powkerhethod to
identify thermal resistances in the heat flow path.

Still, most of the utilization of the NID method héeen
limited to the case of step function thermal transi
measurements, with a recent interest in pulse thietmansients
[16, 17]. In this paper, we apply this method talgpe the
thermal transients of a structure after it is eaiby a short
laser pulse excitation. More precisely, we will siler the case
of a delta function excitation applied to the toeef surface of
the sample. This is the usual case in a PPTTR &wpet.

NOMENCLATURE
a;: thermal diffusivity of layer i (m?/s)
Bi: thermal conductivity of layer i (W/m/K)
(pc): specific heat per unit volume of layer i (3/K).
0: Dirac delta function.
T;: time constant of layer i (S).

>: area of the spot illuminated by the pump laseisgu
(m3).
M: input power density (W/f.
Bin: temperature at the input of the layer in Lapldoaain.
B,uc temperature at the output of the layer in Laplace
domain.
@n: heat flux at the input of the layer in Laplacerdon.
Moy heat flux at the input of the layer in Laplacerdon.
di: thickness of layer i (m).
p: Laplace variable.
r: radius of the spot area illuminated by the pulager
pulse (m).
H: Heaviside step function.
R: Reflection coefficient of the top Aluminum filsurface
at the wavelength of the laser.
Rm: thermal resistance (K/W).
Cr: thermal capacitance (J/K).
Q: pump laser pulse energy (J).
T: temperature (K).
Z: thermal impedance (K/W).
Rk: interface thermal resistance at the
layer/semiconductor layer interface (K.m/W).
Rs: Cumulative thermal resistance (K/W)).
C;: Cumulative thermal capacitance (J/K).
Ks: Differential structure function (W2/s/K2).

metal

THEORY

The theory of Network ldentification by Deconvobuii
(NID) method applied to the case of a step funcégaitation,
is very well established [13], and has been reviewmemany
other papers [14-18, 21]. We will show below thasimple
modification will allow us to generalize the NID thed to
analyze the case of a delta function excitation.
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Figure 1: Schematic diagram of the RC one-port circuit of one
layer (a) and the full structure (b).

If the diffusive regime is assumed to be valid imaterial
layer (the mean free path of phonons is much sméibn the
thickness of the individual layer), then accorditg RC
network theory, the thermal model of each layerldobe
described by a thermal resistance and a thermalcitapce.
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Figure 1(a) shows a schematic diagram of the R@\e¢s for
one single layer. The thermal impedance of thiedag then
calculated as the parallel connection of the thémasistance
R and the thermal capacitive impedance fC This
impedance could also be expressed using the timstanat as
well:

1
Rm>c b R R
Z(p) - P _ Th —_"1n (1)
RTh+i 1+ R, Cyp I+1p
CrP

where p is called the complex frequencyRy,Cry, is the time
constant which is characteristic of the thermalawidr of the
layer.
By applying a power functiofl(p), the temperature variation
across the layer is given by the product of therntaé
impedance and the power function in the frequenamain;
this is the analogous of the well known Ohm’'s law i
electricity.

— — RTh
T(p)=2(p)xn(p) =171 (P @
The temperature variation is a function of the poWwmction
I(p) used to excite the sample top free surfacekedyéet al
[12, 13, 16, 17], and other authors [14, 15], hawgphasized
the study of a step power excitation which is ugedthe
electronic package characterization. In this chseetxcitation

power is given byl (t)=rM,xH(t) where H(t) is the
Heaviside step-unit function. The temperature vana in
Laplace (complex frequency) domain is then given by
R

T,(p)=N,——"— 3

u(p) o p(i+ 9] ®)
On the other hand, for the case of a delta functivcitation
applied to the top free surface of the sample, widdhe usual
case in a PPTTR experiment, the excitation powejivien by

the Dirac & function M(t)=T,x3(t) . The temperature
variation in Laplace domain is then given by:

_ RTh
Té(p)_n°l+rp (4)
Comparison of equations (3) and (4) allows us tibewr
Ts(p)=px T, (P) (5)

In the time domain, equation (5) means that deft@uise
response function is simply the derivative of thepsunit
response function, or reversely the step-unit nespdunction
is the integral of the delta impulse response fonctBy just
integrating the measured delta impulse responsetitum we
can find the step-unit response function and theplyathe
powerful NID method to analyze the heat flow in gtaucture
[12, 18].

TEMPERATURE VARIATION AT THE TOP FREE SURFACE OF THE
STRUCTURE UNDER STUDY

To be able to validate the application of NID te ttase of
a delta-pulse function excitation, we have chosesample
configuration typically used in a PPTTR experimdfigure 2

shows a schematic diagram of the structure, whichssumed
to be composed of a thin semiconductor Si/SiGe riaftiee
(SL) of different thicknesses and thermal conduiitis
deposited on top of a silicon substrate. In eacke cthe thin SL
film is covered by a 30 nm thick Al film that wikct as a
thermal capacitor and temperature sensor, in whicé
temperature distribution is assumed to be unif@mThe thick
silicon substrate is supposed to be semi-infinite.
Ti-sapphire pulsed laser sources are usually ctexiaed
by a laser frequency of 76MHz, which corresponda feeriod
of about 13.158ns. However, to study a wide timestant
spectrum, we consider the frequency of the lasdretoariable
and the longest time delay could be up to 500nsiciwh
corresponds to a frequency of 2MHz. Longer delags be
achieved experimentally using, for example, puledgrs.
There is also a variety of picosecond and nanoskgatsed
laser sources which can reach microsecond or gilthisd
repetition periods. The time dependent temperataration of
the metal transducer is calculated using Thermad@upoles

Method (TQM) [19] and assuming one dimensional heat

transport in the cross-plane direction. This apjpnation is

justifiable considering the scale of the time dg@®0ns) and a
large size of the laser spot, which can easily gaouhundreds
of ums. The dimension of the laser spot is takebedarger
than the thermal diffusion length of the samplearstudy. We
consider a laser spot of radigslOpum

Delta pulse
excitation

Al metal film GO

Si/SiGe SL layer

Semi-infinite
Si substrate

Figure 2: Schematic diagram of the structure under study

deposited on a semi-infinite substrate.

Heat transport in the cross-plane direction of strecture
is governed by the following set of equations:

(b) 8 Z=p ] +n(19 ©)

ot

This equation describes the energy conservatitimeainterface
between the metal transducer and the thin semicbodiayer

(SC). (pC), and d are, respectively, the specific heat per unit

volume and the thickness of the metal filf. is the cross-

plane thermal conductivity of the SC layer, dhdepresents the
input flux which is given in the time domain by:
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n(1.0)= =0 %y @

where R is the reflection coefficient of the mdilh top free
surface at the wavelength of the las@r,is the laser pulse
energy, and> is the illuminated area by the input flux at the

metal film top free surface = 7rr?.

The interface metal transducer/semiconductor lagts as a
thermal barrier and thus, there is a jump in thapterature
profile given by:

oT,

T -T.= _BLD Ry E) (8)
220

where R is the thermal boundary resistance or Kapitza
resistance at the interface.

Within the thin SC layer, and the silicon substratee
temperature obeys the following equations:

2

0 -I;L :imai (Thin SC layer

0z a_ ot )
2

9 -l;s =%% (Substrate)

0z og ot

where a and ag are the cross-plane thermal diffusivities of

the thin SC layer and the silicon substrate, respedy.
The interface between the thin SC layer and théosil
substrate is assumed to have no appreciable theesiasiance.
To the above equations, we add the initial and Haon
conditions given by:
T, (t=0)=T (t=0)=T(t=0=0
Ts(z=w)=0
Solving this set of Egs (6-10) becomes easier ipldae
domain using TQM. One can express the input tentyperaf
the metal film@" as a function of the input flug® in Laplace

domain. The final relation is given by [21]:

(10)

ein= ZSubAL+BL+ZK(ZSubCL+DL) in
' defzq‘zl:zsubAL + BL + ZK (ZSubcL + DL):I + ZSubCL+ DL (11)
¢ =(1-R)Q
wherep; is the thermal conductivity of the metal filrg? =P ,
af

p is Laplace variable and¢Zs the thermal resistance of the
interface between the metal film and the thin SC
layerz, :% . The heat transfer matrix coefficients of the SC

layer and the silicon substrate are given by:

AL B cosh q 4] %CLZQ]
(CL DL]_ ) . Bra.
BLqLZXSInr{ q Q] COS[‘ el Ld (12)
1
As Bs _ 1 ZSusz
(Cs Dsj_ BsasZ
0 1
whereq, ¢ = %

LS
A numerical inverse Laplace transformation is fipalsed to

get the time domain temperature variatigh(t) . T,"(t)
represents the input signal to be analyzed by tRermethod.

RESULTS AND DISCUSSION

Table 1: Geometrical and thermal properties as well as the
calculated thermal resistances and capacitanctse dfifferent
layers in the structures under study.

layer Si/SiGe SL| Si substrate|

150 NA
Thickness d (hm) 200

300

10 130
Thermal conductivity 15
B (W/m/K) 20
Density p, (kg/m3) 2478.7 2329
Specific heat ¢(J/kg/K) 681 700

3.8 (SL) NA

6.7 (SL)
Time constantt, (ns) 15.2 (Sk)

2.5 (Sly)

1.9 (Sk)

47.7 (Sly) | NA
Calculated thermal 63.7 (SL)
resistance Rk, (K/W) 95.5 (Sk)

31.8 (SL)

23.9 (Sk)
Calculated thermal 7.9 (SL) NA
capacitance Ct, x10™ (J/K) | 10.6 (Sk)

15.9 (Sl)

7.9 (Sly)

7.9 (Slk)

In Fig 3, we show the calculated temperature decays
T;"(t) of a SL structure, over a time range of 500ns aith

10ps time resolution after application of a delbavpr function

to the top free surface of the structure. An aragkt of 10°W

is assumed. We have considered five different gonditions of
the structure with different thicknesses and thérma
conductivities: Sk (150nm, 10W/m/K), Sk (200nm,
10W/m/K), Sl; (300nm, 10W/m/K), Sk (150nm, 15W/m/K)
and Sl (150nm, 20W/m/K). We have also assumed zero
interface thermal resistance at the metal transésCelayer
interface. Table 1, recapitulates the physical erigs of the
different layers in the structure.

The temperature decay reflects the transient heatds it
penetrates through the whole structure (top meilh f
transducer + SC layer + Si substrate). In ordemge the
thermal decay to identify the thermal propertieshef layers in
the structure, we apply NID method using matheratic
transformations.
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Figure 3: Calculated temperature decays over a 500ns time
range with 10ps time resolution after applicatidhaodelta
power function of amplitude 10 to the top free surface of
the five structures under study.

The first step is the calculation of the time canst
spectrum (TCS). This is obtained after integratidrthe delta
impulse response function, transforming the reguoltthe
logarithmic time scale, differentiating it numelligaand finally
deconvolving it by a specific weight function [128], using
noise optimized Bayes iteration [13]. The resultaported in
Figs 4(a) and 4(b).

As we can see in Figs 4(a) and 4(b), two main peaks
clearly distinguishable for each sample; these peakresent
the dominant time constants in the response fumciod they
can be attributed to the SC layer and the portiothe silicon
substrate that heat flow penetrates over the 50@rsrange. In
addition, the logarithmic representation in Fig )y4¢hows one
more peak with small amplitude at early times. T9@sondary
peak could be attributed to the temperature trabsighin the
metal transducer.

The second step of the analysis consists of thuatan
of the cumulative structure functions and the défgial
structure function referred adructure functionin brief [12].
We first plot the cumulative thermal capacitance & a
function of the cumulative thermal resistangeafong the heat
flow path and then we plot the derivative of thiagh. G and
Rs are defined respectively by the following equations

C; =[pc(y)z(y)dy
0
(13)
R :Tidy
T oB(Y)Z(y)
x=0 represents the top free surface of the straciurere
the excitation is applied. Evaluation of both grajé based on
the discretization of the time constant spectrungét Foster
representation of the RC network, then transformiiasgter
representation into Cauer-ladder representation clwhis

suitable for physical interpretation [12-18]. Thesults are
reported in Figs 5(a) and 5(b), respectively.
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Figure 4: Time constant spectrums of the five structures aver
time range of 500ns, obtained using NID method; &olid
line), SL, (solid-dashed line), SL(dashed line), SL (short
dashed line) and Sl(dotted line). All with 10ps time resolution
and starting at 10ps. Log-lin representation (ajl #g-log
representation (b).

As we can see in these figures, each layer of tiuetare
(dominant thermal resistance) is characterized blppe in the
cumulative structure function or a peak in the etéhtial
structure function, from which we can extract btite thermal
resistance and capacitance of the SC layer. Howeeehave
found that the characteristic features shift byngiiiag the time
range of the thermal transient [18].

In Fig 6, we show the differential structure functiof the
sample 1 (Sb, over different measurement time ranges all
starting at the same time 10ps and with the sanps fithe
resolution, but truncated at different final timeBhe total
thermal resistance increases by increasing thertimge of the
thermal transient due to heat diffusion within tk#&icon
substrate. Based on the values of the total theresitances,

we can easily verify the heat diffusion law
L os(t-Tg)
RI*-R¥=—S=YX >+ _ > where lg, Bs, and ag are the
Th Th BSZ BSZ LS BS S

penetration depth, thermal conductivity and therdifilisivity

Copyright © 2009 by ASME



2
of the silicon substrate, respectivety, = Osc , Osc, andagc are
GSC

the calculated time constant, thickness and thediffalsivity
of the SC layer, t is total time range of the tharitnansient,
andx is the cross section area of the input flux.
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Figure 5: Cumulative structure functions (a) and differential
structure functions (b) of the five structures oaetime range
of 500ns; Sk (solid line), Sk (solid-dashed line), SlL(dashed
line), SL, (short dashed line) and Skdotted line). All with
10ps time resolution and starting at 10ps.

We can distinguish two peaks in the structure fioncthat
we attribute to the thermal transient of the metatsducer and
the SC layer, respectively. We can see also thatewhe
position of the first peak in the structure funaotis almost
unchanged, the position of the second peak thatascteristic
of the SC layer, shifts left to smaller times bycdmsing the
transient measurement time range. This is a coeseguof the
shift in the TCS [18].

The fact that the peaks of the TCS or the strudiumetion
shift by changing the time range, affects the vabiethe
extracted thermal resistance and capacitance oS@dayer.
That means that we have to find a time range iatetivat
allows us to extract the accurate thermal propemiethe SC
layer using NID method. This analysis will be cootal later
in the discussion.
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Figure 6: Differential structure functions of the sample Han
study (Sly) over different time ranges; 500ns (solid lin€)Qas
(solid-dashed line), 50ns (dashed line) and 13her{sdashed
line), all with 10ps time resolution and startirtglaps.

EFFECT OF THE METAL/SC LAYER INTERFACE THERMAL
REISISTANCE ON THE NID RESULTS
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Figure 7: Time constant spectrums (a), cumulative structure
functions (b) and differential structure functiofs) of the
sample 1 (Sh over two transient measurement time ranges
500ns (solid and solid-dashed lines) and 13ns @thahd short
dashed lines), all with 10ps time resolution, amarteig at
10ps. Two different interface thermal resistanaescansidered
R«=0 and R=10°K.m*W.

250

Previously, we neglected the effect of the metall&gr
interface thermal resistancex,Rand we have taken this
resistance to be zero. In this paragraph, we wdtuss this
effect. Figure 7(a) shows the TCS of the sampleth %i/SiGe
SL layer under study (S) over two different transient
measurement time ranges, 500ns and 13ns, stattthg aame
time 10ps and with the same 10ps time resolutiar. dach
time range, we consider two configurations; (=R, and (ii)
R«=10%K.m?W. We can see the slight shift to the right of the
first peak in the TCS whenRs different from zero. The shift
is even clearer for a thermal transient over atdiroe range.

In Figs 7(b) and 7(c), we have reported the curiugat
structure functions and the differential structuitenctions
corresponding to the TCSs in Fig 7(a), respectivelyer both
transient measurement time ranges, the effect efinterface
thermal resistance is clear. The thermal resistaricéhe top
layer is increased by an amount correspondinggt@ Rithout
affecting the extracted superlattice thermal rasist. This
result proves the potential of using NID methocektract the
interface thermal resistance between the metakdrerer and
the thin SC layer.

EFFECT OF NORMALIZATION ON THE NID RESULTS

So far in this discussion, we have shown the piateof
using NID method to analyze thermal transients wua delta
function excitation using raw (calibrated) datatefmperature
variationAT at the top free surface of the structure undeyst
In a PPTTR experiment, we measure the relativeatian of
the reflectivity of the surfacAR/R,, which can be converted to
a variation of temperature using a calibration pesc[4].
Often, in the analysis of the PPTTR signals, ndbcation is
used and the signals are normalized with respeittetio initial
values assuming a proportionality relation betwA&iR, and

AT. We shall discuss in this paragraph the effect of
normalization on the NID analysis.
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Figure 8: Cumulative structure functions of the Sétructure
for raw (calibrated) and normalized delta functiexcitation
signals over two transient measurement time rarig@@ns (a)
and 13ns (b), all with 10ps time resolution, aradtsig at 10ps.
Two configuration are considered#0 (solid and solid-dashed
lines) and R=10%K.m%W (dashed and short dashed lines).

We show in Figs 8(a) and 8(b) the cumulative strect
functions of the calibrated and normalized deltanction
excitation signals over two different time rangg80ns (a) and
13ns (b) starting at the same time 10ps and walsttime 10ps
time resolution. Two configurations are consideiadeach
case, (i) R=0 and (ii) R=10°K.m%W. As can be seen in these
figures, when normalized signals are used, theceff@ the
NID results is the introduction of a simple scalifegtor m,
where m is the amplitude of the signal at the ahitime of the
thermal transient. In terms of cumulative thernedistances,
cumulative thermal capacitances and structure iumst the
results of NID are scaled according to the threlations:

Ry (Nor) = R (Calibrate% , Cy,, (Nor) = mC,, ( Calibrated and
K&, (Nor) = m*K, (Calibrated . Also we can see that because of

the scaling effect introduced by the normalizatiotie
difference of the total thermal resistance betwé#®n cases
Rk=0 and R+#0 is also reduced. However it is possible to

7 Copyright © 2009 by ASME



extract the value of R using the

relation R% = MRE"(Nor, R, # 0)— m Tﬁt( Nor,R = ()) '

where m and M are the amplitudes of the signahatinitial
time of the thermal transient in the case=8 and R#0,
respectively.

NEEDED TIME RANGE IN A PPTTR EXPERIMENT TO EXTRACT
THE THERMAL PROPERTIES OF THE THIN SC FILM USING NID
METHOD

In the previous discussion of the NID method amplie
the case of a semi-infinite substrate, which idisga during
the time delay in a PPTTR experiment, we have shihahthe
characteristic peak of the SC layer in the strgctiumction
varies by changing the time range of the thermahsient
measurement. There is a need to find a time rang@val
within which the position of the peak will be thivgest to the
real value, and will allow determination of bothetlthermal
resistance and capacitance of the SC layer, fronthwvthe
thermal conductivity and specific heat per unitwoé of this
layer can be extracted. To determine this timerwatle we have
considered a Si/SiGe SL layer deposited on a sefinite
silicon substrate and covered by a 30nm thin A filith
Rx=0. The thickness and thermal conductivity of thel&/er
are varied to create three different configurationkich are

(150nm, 10W/m/K), (150nm, 15W/m/K), and (100nm,
15W/m/K).
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Figure 9: Differential structure functions of the superladtic
sample with R=0 for a delta function excitation over different
time ranges, 1&c (solid line), 12s¢ (solid-dashed line), IQc
(dashed line), T (short dashed line) and & (dotted line), all
with 1ps time resolution, and starting at 1ps. {&pnm thick
and 10W/m/K thermal conductivity SL, (b) 150nm thiand
15W/m/K thermal conductivity SL and (c) 100nm thiekd
15W/m/K thermal conductivity SL.

The differential structure functions correspondio@ delta
function excitation for the three different configtions of the
structure under study are shown in Figs 9(a-c) ofies
different time ranges of the thermal transientrstb 12,
10tse, 71sc, and 5sc whereTsc represents the calculated time
constant of the SC layer. For the three examplég t
characteristic peak of the SC layer varies by chenthe time
range. We have found that a time range betweeanr:l&nd
15tsc will allow determination of both the thermal rdaisce
and capacitance of the SC layer with an error enttiermal
resistance 2-3% for 15 and up to 20% for Q. This error
increases by decreasing the time range. We shaikel mere
that even though the input signals to the NID métlame
calculated analytically for each structure, th@ean extracting
thermal resistances and capacitances come fronditfezent
steps in the NID program parameter identificatiomo key
factors are the deconvolution and the number ofpe@s used
for the discretization of the time constant speutru

CAN WE EXTRACT SIMULTANAOUSLY THE THERMAL
CONDUCTIVITY OF THE SC FILM AND THE METAL/SC FILM
INTERFACE THERMAL RESISTANCE FROM A SINGLE PPTTR
EXPERIMENTAL SIGNAL USING NID METHOD?

In order to answer this question and based onrailipus
discussions, we consider a real situation of thelTHP
experiment using a time delay of 13158ps with a fipe
resolution, which is the state of the art of theehedyne
configuration without changing the frequency of tHA&
sapphire pulsed laser sources [7]. This time dslagken to be
the time range of the transient thermal decay due delta
excitation of the top free surface of the strucumder study.

8 Copyright © 2009 by ASME
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Figure 10: (a) Calculated temperature decays at the top free
surface of the structure with an 80nm thick Si/Si&e layer
deposited on a semi-infinite silicon substrate aodered by a
30nm thick Al film, with R=0 (solid line), R=3x10°K.m*W
(solid-dashed line), R5x10°K.m%W (dashed line), R=7x10
°K.m?/W (short dashed line) and«®10®K.m%W (dotted line),
after excitation by a delta laser pulse with anrgnd 0°J over
a time range of 13ns with 1ps time resolution atadting at
1ps. Cumulative structure functions (b) and diffeiad
structure functions (c) corresponding to the terapee decays
in (a).

According to the conclusion of the last sectionareling
the time range of the thermal transient, we asstimaesample
to be an 80nm Si/SiGe SL layer deposited on a &&finite
silicon substrate and covered by a 30nm thick khfiThe
thickness of the structure is small enough to satige relation
t=13158ps12tsc. Five different values of the metal/SC layer
interface thermal resistance are considered; @0R (i)
Rc=3x10°K.m%W, (iii) Rx=5x10°K.m%W, (iv) R¢=7x10
K.mYW and (v) R=10°%K.m%W. As we have mentioned
before, this is a typical PPTTR experiment.

Figure 10(a) illustrates the calculated temperatieeays
AT at the top free surface of the structure aft@itation of this
surface by a delta laser pulse of energyJlOncreasing R not
only raises the amplitude &T, but changes the temperature
decay behavior over the first 10ns after wherecinwes start
to overlap.

The cumulative structure functions and the difféiedn
structure functions corresponding to these fivefedint
configurations are reported in Figs 10(b) and 10(c)
respectively. The effect of increasing x Ris clearly
demonstrated in these figures where we can seepparition
of a new slope in the cumulative structure funct@na new
peak in the differential structure function whiobriesponds to
an interface thermal resistancg#R. The peaks A, F, G, H and
| correspond to the SC layer. The extracted themesiktance

of the SC layer at the peak A RS, =22.3K/Wand the

corresponding thermal capacitance after subtractbnthe
initial value and the thermal capacitance of thar8Qhick Al

film (~2.3x10™J/K) isCSC = 5x 10 J /K. These values are in

very good agreement with the theoretical values.5/RAN,
4.24x10"J/K). On the other hand, the peaks B, C, D andeE ar
the characteristic peaks of «B8x10°K.m%W, R¢=5x10
K.mAW, R¢=7x10°K.m%W and R=10%K/W/m? respectively.
The values at theses peaks may include also tketedf the
thermal transient of the metal transducer. The fiesk O in the
case R=0, is attributed to this thermal transient alo& can
see also that in all caseg#, the total thermal resistances are
increased exactly by the amount equal (&R

These results show clearly the potential of appibcaof
NID method to extract both the thermal resistant¢he SC
layer and the metal/SC layer interface thermaktasce from a
single PPTTR measurement in which no cumulativeceffs
needed to model the thermal transient [18]. We khowote
however, that while the error on the extracted rtiar
resistance of the SC layer is <12% in the caseORthis error
increases in the case#. On the other hand, the interface
thermal resistance variatichRx can be easily determined by
comparing the total thermal resistances values fritm
cumulative or differential structure functions. @eally, a
comparison with a reference structure for whichkwew either
the interface thermal resistance or the thermatigotivity will
allow determination of the second parameter mocerately.
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CONCLUSION

We have discussed in this paper the possible atiolic of
NID method to the extraction of the thermal projesrof a thin
semiconductor layer deposited on a semi-infinitdsgate,
based on a PPTTR experiment in which the excitatim be
modeled by a delta function and the cumulativectftan be
neglected. We have discussed many configurationghef
structure under study. One limitation of the metlodhe case
of a semi-infinite substrate is the choice of timet range
interval for the thermal transient. A time rangdéween 10-15
times larger than the thin semiconductor layerrttaresponse
time is needed to extract both the thermal resistaand
capacitance of the thin layer with an error less1tB0%.

We have demonstrated that within this time intervhé
NID method can be of great interest to extract ibéhthermal
conductivity of the thin semiconductor layer as was$ the
metal transducer/semiconductor layer interface ntlaér
resistance from a single PPTTR signal. A compariaith a
reference structure for which we know one of theapeeters
will allow determination of the second parameteerevmore
accurately. The beauty of NID method is that itglnet assume
any given structure a priori (number of layers wteifaces).
Peaks in the differential structure function shdwe different
thermal resistances that can be separated. Ifdayervery thin,
their thermal resistances will be combined and wa only
extract the average property of the layers.
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