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ABSTRACT

Network Identification by Deconvolution (NID) mettias used to capture the heat
cumulative effect in the homodyne configuratiortted Pump-Probe Transient
Thermoreflectance (PPTTR) experiment. This cumusagiffect is very important in the
interpretation of the PPTTR which is becoming wydased for the extraction of thin film
thermal conductivity. We show that this intrinsehavior can be introduced as a cumulative
effectweight functionn the time constant spectrum of the structuresuistudy. We show how
the main features of this weight function changemive change the laser repetition rate and/or
the laser pump beam modulation frequency, and hegetchanges may affect the extraction of
the thermal properties of the sample under studstiqularly the thermal conductivity and the
interface thermal resistance. Numerical simulatiointhe PPTTR experiment are used to
validate the application of NID method. Limitatiookthe method will also be discussed.

INTRODUCTION

Pump-Probe Transient Thermoreflectance (PPTTR) istaresting technique whose first
utilization to study thermal transport experimelytalas reported by Paddock and Eesley [1].
For nearly two decades, PPTTR technique has beeffestive tool for studying thermal
transport in thin films, low dimensional structufesultilayers and superlattices) [2] and recently
liquids [3]. In contrast to thes8method [4], PPTTR allows for the distinction beénehe
thermal conductivity of thin film and the metaltsglucer-semiconductor interface thermal
resistance [2]. In this technique, an intense dasdr pulse “pump” is used to heat the film, and
a delayed weak (soft) short laser pulse “probeisisd to monitor the top free surface reflectivity
change induced by the cooling of the thin film a#ibsorption of the pump pulse. The pump and
probe can come from the same primary laser osmiltdurce, a configuration callé@modyne
PPTTR[5], or they can be issued from two locked laseillador sources, a configuration called
heterodyne PPTTE]. Because in a PPTTR technique, high laser repetitites are generally
used, in many situations, the system under studg dot have sufficient time to return to its
equilibrium state between two successive laseregulBhe effect of the multiple pulses
accumulates and the measured thermal decay caficgigtly differ from the response to as
single pulse. Many authors have tackled the questicthe accumulation phenomenon in
PPTTR experiments in the past. The cumulative effexs first described by Capinski and Maris
[7] in terms of the impulse response of the samptle time domain assuming a one-
dimensional thermal transport model. Later CaBilldave an equivalent description in the
frequency domain by taking into account radial hesatsfer in layered isotropic media. Cahill’'s
intuitive idea to analyze the ratio of in-phase antiof-phase signals, which is referred to as



time-domain transient thermoreflectance (TDTR)asv becoming widely used to extract thin
film thermal conductivity. Recently Schmidt et 8] have extended the analysis to the case of
anisotropic layered media.

In a recent work, we showed that Network Identtfma by Deconvolution (NID) method
has a great potential to be adapted and used lyzartae thermal signal in a PPTTR experiment
[10]. The main advantage is that NID is a dired¢tison for the inverse heat conduction problem
and it does not require a specific layer structart the experimental results. However the
previous analysis was restricted to the case ofntierent impulse response of the sample and
neglected the accumulation effect. This occurs wdrenuses low repetition rate pulsed lasers in
which case the time between two successive ladseqli, becomes large enough compared to
the main thermal time constant of the sample. Tirpgse of this paper is to extend the NID
analysis to shed light on the accumulation phena@meari the PPTTR set up in the homodyne
configuration. We show how this might affect theragtion of thermal properties and the
interpretation of the results.

CUMULATIVE WEIGHT FUNCTION

In a PPTTR experiment, the duration of the optdses produced by the laser source (e.g.
Ti:Sapphire femtosecond laser) are much shorter tti@atime scales of interest in the thermal
model so that we can approximate the train of sittoat laser pulses by a Dirac delta comb
function. In the homodyne configuration of the PIRTtEchnique, the main laser output is split
into two trains; the first intense pulsed lasermhéthe pump” is modulated at a reference
frequencya, while the second soft pulsed laser beam “thegiribseparated in time with
respect to the pump by an adjustable del&y each time delay, the probe pulses are reftecte
off the sample under study into a photodetectohn ait intensity proportional to the surface
temperature of the sample induced by the pump pufséck-in detection is used to extract
only the components of the measured signal in &remely narrow band around the reference
signal modulation. An interesting review of theezd&al elements and principle details of the
homodyne configuration of the PPTTR can be foun8dhmidt et al [9] and Stevens et al [11].

The lock-in amplifier measures the fundamental comemt of the probe signal at the
modulation frequencyu, and rejects all other harmonics. The output cbel@ither the
amplitude and phase or the real and imaginary pattse signal. Mathematically the solution
can be represented in two ways. The first givelhginski and Maris [7] is in terms of the
impulse response of the sample in the time donaaid the second equivalent one given by
Cahill [8] is in terms of the response in the freqay domain. Here we consider the time domain
expression of the PPTTR signal seen by the loadmplifier in the homodyne configuration that
can be written as:

(e = "2LS 1 e (3
q=0

WhereQp, Qs andt are the energy per pump pulse, energy per prolse,mand time delay
between the pump and the probe, respectivetgpresents the impulse response of the system
that is assumed to be linear and time invariant)lafid /" is a phenomenological constant that
includes the thermoreflectance coefficient, thegdithe different electronics (photodiode,



resonant filter, lock-in amplifier, etc.) as wed the time constant of the lock-in amplifigsF*
is the period of the laser oscillator source wherg the repetition rate, and=2xf,, wherefy, is

the modulation frequency. We multiply Eq. (1) b flactord“* | then we integrate the real part
of the product and apply the mathematical procedtiliD approach [10, 12] to this integral
function. We get the following result in the logamic time z = log(t) domain:

W:/\R*(Z)D W( 3 where W }= exp z exp )3
1-cog(e,T) exf-Te?) i (2
1—2005(me) ex;é—Te‘f)+ exb_ Ie—{) whereé = logr

R (&)= R(¢)x (&) with @ (&)=

In this expression represents the symbol of convolution. After decduation with the fixed
weight functionW(z) the result will be a time constant spectm®mthat is the natural product of
the impulse time constant spectréand a weight functio® that describes the cumulative
effect of the homodyne PPTTR technique. TQisnulative Weight FunctiofCWF) is
independent of the properties of the sample undelysand is function only of the intrinsic
properties of the PPTTR set up experiment; theodest the pulsed laser oscillator source and
the modulation frequency of the laser pump beam.

DISCUSSION

The behavior of the CWF as a function of the laanic time is reported in Figs 1, for
different laser repetition ratés[Fig 1(a)] and modulation frequencigs(Fig 1(b)], respectively.
CWF shows a very interesting bell shape feature. CWF tends to 1 &s—-x (1—0) which
corresponds to very short time scales, while itl$eto 2 a§—+oo (T—+x), which corresponds
to very long time scales.
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Figure 1 : Variation of the cumulative weight function (CW&3 a function of the logarithmic
time for different values of the pulsed laser seugpetition rat€& (a) and the laser pump beam
modulation frequenci, (b). The inset in (b) represents the behaviohef@WF for large values
of fm. () shows the variation of the optimum time canst,, of the CWF as a function &f for
different values of, and as a function df, for F=80MHz



An important feature of the CWF is the existencambptimum time constam, that
corresponds to the maximum amplitudg.can be obtained easily by calculating the derveati
of @ and making it equal zero. The analytical expressior,, is given by:

Eop = Iog{T[arcosl’( co@me)_lﬂ_l} =T, = T[ arcoséh c(nsomT)_l)]l ()

Where “arcosh” refers to the inverse hyperbolidr@$unction.

As we can see in Fig 1(a), for a fixkg decreasingr results in a considerable change in both
the maximum amplitude and width of the CWF. While position of the optimum time constant
Top Stays constant, the maximum amplitude decreasetharbell shape of the CWF curve
shrinks as we decreabeOn the other hand, whénis fixed, we see in Figs 1(b) that, by
increasing,, the maximum amplitude and the width of the ble#ige curve of the CWF
decrease. Furthermore, the position of the optirhioma constanty, as well as the right tail of
the bell shape curve shift to the left towards shore scales af, increases. If we keep
increasingm, the bell shape features in terms of the optimume tonstant,, and maximum
amplitude disappear; the CWF decreases smoothlyagidly from 1 to %2 in time. This change

in the behavior is governed by the conditionacn‘osk{ co(sme)‘lJto stay a real positive quantity,

which in turn requiresos(«,T) being positive. This leads to a relationship betweandf, for
the CWF to keep its bell shape cuffyec /4T = F/ 4. This behavior is reported in the inset of Fig
1(b).

We report in Fig 1(c) the variation of the optimtime constant,, of the CWF as a function
of F andfy,. As we mentioned above,, is almost insensitive to the variationfofor a fixedfy,
We can see however that a slight dependence siappear whefi, becomes a significant
fraction ofF; the mean value ak, decreases ds increases, and for hidh, 7o, increases
slightly with F to stagnate rapidly @&becomes high. On the other hand, for a fiked,,
decreases enormouslyfagncreases. As we can see in Fig 1(c), there ariation of almost
four orders of magnitude in, whenfy, is varied over a 20MHz interval.
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Figure 2 : Variation of the real parts and imaginary pamséts) of the PPTTR signal as a
function of time for sample configurations 1-4 éd 5-9 (b).



To be able to validate the application of NID te ttase of a laser pulse-train function
excitation including the cumulative effect [10], Wwave considered mimicking a real situation of
the PPTTR experiment using a time delay®157pswith alpstime resolution in measurement.
The time delay corresponds to a laser repetitimmotF=76MHz and is taken to be the time
range of the transient thermal decay. We assumsstigle to be an 80nm Si/SiGe superlattice
(SL) layer deposited on a semi-infinite Si substiatd covered by 30nm thick Al film. The
thickness of the sample is chosen small enougatisfg the relation=1/F=13157ps127s_

[10], wherers =d?s)/as is the calculated time constant of the SL layahafknessds, and
thermal diffusivityas;. The thermal conductivitgs,, thicknesds,, Al/SL interface thermal
resistancd« and the external modulation frequency of the lasenp beanf, are varied to
create 9 different configurations as shown in Tdble

In Figs 2(a) and 2(b) we show the calculated redlimaginary parts of PPTTR signals for
the different configurations as a function of tii&e calculation is based on thermal
Quadrupoles Method [13] and assumes a full 3D tnaasport model where the Al film
transducer is assumed to act as a thermal capacindrich the temperature is spatially uniform.

Table 1 :Sample and PPTTR set up parameters used to sinminaelifferent configurations
for the NID analysis.

Configuration SL Layer SL layer Al/SL Laser repetition Modulation
Thermal Thickness | Interface thermal rate F (MHz) frequency
conductivity (nm) resistance frn (MHZ)
(W/mK) (K.m2/W)
1 10 80
2 15 80 10°
3 15 100 1
4 10°
5 76 0.1
6 0.7
7 10 80 10° 5
8 10
9 20
5 o = i
¢ | B P )
E 1000 |1 E i £
i b & g i
SE0] 3 i
EE | E : i
2 <0 il 2 E ‘
= 11 =
g 0.001 B g =
B i1 E - £ g
107 il 5 0" ‘ s ‘ /10" : : :
10" 0 50 100 150 200 0 50 100 150 200

Time (s) Cumulative thermal resistance (K/W) Cumulative thermal resistance (K/ W)

Figure 3 : Time Constant Spectrum function and CWF (inset)Camulative Structure
Function (b) and Differential Structure Functiof felative to the analysis by NID of the PPTTR
thermal signals of configurations1-4.



In order to use these graphs to identify the thépraperties of the layers in the structure,
we apply modified NID method using mathematicahgfarmations to include the cumulative
effect [EQ. (2)]. The first step is the calculatioiithe Time Constant Spectrum (TCS).

The result is reported in Fig 3(a) for the firstif@onfigurationsAs we can see in this
figure, two main peaks are clearly distinguishdbleeach configuration; these peaks represent
the dominant time constants in the response fumeti@ can be attributed to the SL layer
including the Al/SL interface thermal resistari®eand to the silicon substrate. The second step
of the analysis consists in the evaluation of in@wlative structure function (CSF) and the
differential structure function (DSF) referred &wisture function in brief. We first plot the
cumulative thermal capacitan€g as a function of the cumulative thermal resistdRcféCSF)
along the heat flow path and then we plot the @eirre of this graph (DSF). The results are
reported in Figs 3(bAnd 3(c), respectively. For each configuration netv@ugh there is noise
because of the deconvolution process in NID [1(, th2 DSF shows two distinguishable
thermal resistance regions; two peaks that correspmR« and to the SL layer. The peaks
become even clearer ag Rcreases. Peaks; lénd K correspond t&=10K.n?/W and
R«=10"8K.m?/W, respectively while peaks A, B, C and D refertte SL layer. Because, PPTTR
calculated signals assume arbitrary scaling fa@odsdo not represent absolute temperature
rises, a quantitative comparison between NID CSF8F data and the input data of thermal
properties of the different layers, cannot be madé; a qualitative analysis can be done. The
NID output results however, scale correspondintpéoinput data change. This shows that with a
calibrated PPTTR signals, NID is able to distinguise main thermal resistances and
capacitances in the structure even when the cuivelletfect due to the laser pulse train
excitation is taken into account.

In the second series of configurations (5-9), wet ikee same thermal and geometrical
properties of the sample structure and we changbdtiee modulation frequendy, of the laser
pump beam. We perform the same NID analysis tcaf®ilated PPTTR signals. The results in
terms of the CWF, TCS and DSF are reported in &g} 4(b) and 4(c), respectively.
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Figure 4 : Cumulative Weight Function CWF (a), Time Constdpectrum Function TCS (b)
and Differential Structure Function DSF (c) relatio the analysis by NID of the PPTTR
thermal signals of configurations 1, 5-9.

Over the time range of the thermal transi¢n18157p3, Fig 4(a) shows that the CWF
remains constant equals to 1 up to a delay of 4i804hd at higher delays either the CWF
increases or decreases dependinf,0After removing the effect of the CWF using thedified
NID approach [Eg. (2)], the TCS reported in Fig)4gbows that ak, is increased, a third time
constant starts to appear at the left of the mvamtime constants, and that all time constant
seem to shift to shorter time scales. We see thdow f,, (configuartions 1, 5, 6), the far left



time constant is almost negligible, and it tendb@éanore pronounced &sgets higher to be a
considerable fraction of the laser repetition fat&ig 4(c) reports the DSF curves corresponding
to the TCS in Fig 4(b). We see here too that byeasing,, all characteristic peaks shift to the
left and the total thermal resistance decreasads.|ast result is compatible with the reduction of
the surface under the real part of the PPTTR sigpatcreasind, as we can see in Fig 2(b).

First, we tried to find a relation betweh- Ri-andr/gs,z , wherer = Jag,/7f ,is the thermal

penetration depth into the Si substrate whose thleconductivity isBsu,and thermal diffusivity
is asun R}, the total thermal resistancg;-the thermal resistance corresponding to the SLrlaye

(peaks A-D in Fig 4(c)), and8 is the laser pulse illuminated area. No clearedation can be

seen. Second, the shift to the left in the posstioithe peaks in the TCS and consequently the
thermal resistance peaks in the DSF, raise quassibaut the effect of the modulation frequency
fm but at the same time shows how imporfans in a PPTTR experiment. The shift shows that
depending on the sampfg,is to be chosen in certain interval for betterastion of the thermal
properties. In fact, recent PPTTR measurement dyatal Cahill [14] have shown a
surprisingly frequency-dependence behavior of tleemal conductivity of semiconductor alloy
materials when the modulation frequerfigys varied.

The variations in the features of the CWF as atfon®f F andf,, are a clear indicator on
how the PPTTR's experimental parameters can affiecextraction of the thermal properties of
the sample under study. From the CWF bell shapacure see that for a fixe# (f) pair, the
intrinsic parameters of the PPTTR experiment infeesthe identification of the thermal
resistances of the samples, specifically those e/hio®e constants lie underneath the bell shape
curve. While there is no effect at short time ssallke CWF introduces a factor of ¥ at long time
scales. The most significant effect of the CWF es@roundr,, where the amplitude becomes
much higher than 1. This is the same factor thdtipties the peak amplitudes (main thermal
resistances) of the TCS of the sample under stadgsponding to the time constants arougd
[Eq. (3)]. A careful manipulation of the CWF suchthe one proposed here using modified NID
approach is needed in order to analysis more amtuthe PPTTR data. The choicefgiplays a
vital role in a PPTTR technique experiment. Of seuthe current study and the NID analysis
have been developed in conventional diffusion (Fewureat conduction) regime. If there are
ballistic heat propagation effects, this furthemgdicates the analysis of the PPTTR experiment.
However, even in the latter case, the CWF couldcathe identification of the “diffusive”
component to the heat conduction equation andserdes further analysis.

CONCLUSIONS

With the use of the mathematical tools of the Nekwdentification by Deconvolution
(NID) method, a very interesting weight functiomtldescribes the intrinsic accumulation
phenomenon in the Pump Probe Transient Thermotafiee (PPTTR) technique in the
homodyne configuration has been identified andahiced. This cumulative weight function
(CWF) sheds light on how the PPTTR experimentahpaters may affect the extraction of the
thermal properties of the sample under study ¥ @@ not handled carefully. It brings to light
once again the fundamental role of the modulatieguencyf, for a correct operation of the
PPTTR technique set up and an accurate analy#ie afata. The CWF can be used to normalize
the input data and NID could be applied. This pwerful tool and an alternative way for the
analysis of the thermal parameters in the PPTTRmxent. In the standard implementation, the



exact temperature rise (i.e. calibration of theriwreflectance coefficient and the input power)
are needed. Future work will focus on the ballistatributions to the heat transfer.
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