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1 Introduction culties of having to fabricate a measuring device into a sample,

The performance of electronic and telecommunication devic Qd then having to isolate and exclude the influence of that mea-

. . : . ring device.
depends heavily on electro-thermal interactions, making the' . _—

: . ! : Of course, newly developed materials present an initial hurdle
knowledgﬁ of m?terlal pro;;]ertltte)s funde:qmentglbto the ?e3|gn P the TTR metho)(; becaufe of the poorpavailability in the open
cess. Higher performance has been achieved by significant rediic- ; ; ! .
tions in the size of active features as well as by the introductiondI rature of required material properties. But even when available,

innovative materials. Miniaturization leads to increased heat gen-R measurements of the thermal conductivity can still be hin-

eration densities, which further underscores the importance do(?red by less-than-desirable optical properties of the top layer

thermal analysis. But, in order for the numerical analysis to rgaterlal(l.e., low thermoreflectance coefficient, low reflectivity,

useful in the prediction of performance and reliability of inte- igh transparency, surface roughnesshich degrade the mea-

grated circuits, accurate thermal property values are requir«? rement performance of a given system. More specifically, most

With the use of submicron devices came the realization that bq(l'(e\:fhcigl'f nT:;irsla:ﬁ;at\fea L;‘g’ ‘t’raalgg ng:ﬁ te(;(ttlﬂgtli??ag?zﬁrgﬁleo?t‘a
and thin-film thermal properties differ marked|y]. However, hé ting laser. If the li hty enetrationpde th of the irradiati®n
since no universal behavior is expected for these differences an /4 gk is Iér or thag thg aver thicknegs the laser liaht cany-
since they cannot be predicted from the2y, the properties of s 9 Y , 9

each material must be measured separately. Also, as films 39(;1‘ heat the layer under test, and thus the TTR method does not

typically layered and deposition techniques differ between manW-Ork' The next important problem is associated with the value of

A . . thermoreflectance coefficient of the top layer material, which
;etlg::li(ree(;sl,a)l/telrséé]mportant to measure the interface resistance qoeﬁ‘ines the rate of change in the reflectivity as a function of the
There are many expermental et can b used o STEETAI® cf the samae suce, Th coefient necas i be
determine the thermal conductivity of thin-film and multi-layereé o i thy 9 ts. Usually. it pp tpb hi hg thar® 10
materials, including the thermal comparatbr6], embedded elec- rafio in the measurements. Usually, 1t must be higher tha

trical resistance bridge§7,8], micro-fabricated thermocouplesPer Kelvin. In addition to the requirement for the thermoreflec-
[9-12, IR thermographyi13,14, 3-w technique[15—17], X-ray tance coefficient, the range of linear behavior between changes in

reflectivity [18], and ac calorimetrj19—23, among others. How- reflec_tivity and changes in temperature has to include t_he range of
ever, the transient thermoreflectance metkio@R) [24] is pre- transient temperatu_res expe_rlenced by the surface_durlng the mea-
ferred among experimental techniques used to determine the tffsfements. Otherwise, nonlinear effects could entirely distort the
mal conductivity of thin-film and multi-layered materials. Thefansient temperature response of a sample during analysis. An-
main advantage of the TTR method is that it is a non-contactifjner difficulty connected with the optical properties of the top
and non-destructive optical approach, both for heating a samf#¥€r iS the changing of those properties with time due either to
under test and for probing the variations of its surface temperat(p89-term oxidization at room temperature or to accelerated oxi-
[19]. Because the method is noninvasive, it is attractive for tfdzation at the higher temperatures experienced during laser irra-
measurement of the thermal properties of thin-layer materifation pulsing. These chemical modifications of the top layer add

whose investigation by contact methods would present the difflince”air_‘ft_y tt)cl) the measurement procedure since they are not eas-
ily quantifiable.

Contributed by the Heat Transfer Division for publication in tf@BNAL OF In order to eliminate these difficulties, investigators have re-

HEAT TRANSFER Manuscript received by the Heat Transfer Division December 2630rted to the use of a so-called metal “absorption” layer on top of
2001; revision received July 24, 2002. Associate Editor: G. Chen. the material under tegfor instance Au in[25], and Al in [3]).

Journal of Heat Transfer Copyright © 2002 by ASME DECEMBER 2002, Vol. 124 / 1



Metal films are used because they exhibit high absorptivity and
their optical properties are usually well known. Although the use

of other metals as an absorption layer has not been widely con-
sidered, gold seems to be a particularly attractive material for use

as an absorption film because of good stability in its refractive :

indexes(n andk) in a normal laboratory environment, linear de- _____J_-_.'_"t&.

pendence between reflectivity and temperature changes in the H‘:‘:"“;::‘;/’ H

range of up to 200 K, and sufficiently high thermoreflectance i Ochuck
coefficient. t

Because of the transient nature of the laser heat source in the| Sample
TTR method, the duration of a laser pulse and the wavelength of
the laser light are essential parameters for analyzing the applica-
bility of the TTR method to a particular situation. Although a
number of publications have reported on the use of the TTRg. 1 Schematic of the heating and probing spot positioning
method for measuring different composite mater[@6], a sys- on the sample
tematic investigation of the influence of the essential parameters
in the TTR method on the uncertainty of the measured thermal

conductivity of bulk semi-infinite layer samples has only recentlgbe : :

h . N ys an exponential decay law, as described later. After each
been studied by the authdra7]. The present investigation repre-jsar ise is completed, the sample begins to cool down to the
sents the next step in the complexity spectrum of a sample un fial ambient temperature. During this process, the probing CW
test, and is focused on the TTR measurements of samples faab, jight reflected from the sample surface at the heating spot

haVE ?t least two Iﬁlygrsﬂ, one of V]:'hrifh if) the a_bsolrption Iaytra]r. Tménter(probing spot on Fig. llis collected on a photodetector that
work focuses on the influence of the absorption layer on the pek, s the instantaneous surface reflectivity. The changes in surface
formance of the thermal conductivity measurements by analyzi

Pectivity are linearly proportional to the changes in surface tem-
the thermal response of dielectric ($)Qsemiconducto(Si), and y y prop 9

. ' ' . . erature, within a wide but finite temperature range.
highly-conductive(Diamond materials to the pulsed heating use(P Th i : ITTR he SMU SETS Labo-
in the TTR method. It should be pointed out, however, that tl“[% € existing experimenta system at the SMU SETS Labo

tory is depicted schematically in Fig. 2. The heating source is

three materials considered in this investigation are representa vided by an Nd:YAG pulsed laser whose wavelength is 532
of a wide variety of other materials for which the results obtain pulse width is é.6 ns, and maximum pulse energy is 0.5 mJ.

herivk\]/ould be alpplic?ble. %Iso,Gwhilekt]he TTE sdysltem usgd in thise aser power and output aperture are computer controlled, but
work has a single pulse widi8.6 ns, the methodology and con- y,o 404,41 energy level delivered by each pulse is also measured

clusions are largely applicable to other pulse widths and materiglss 5 o\ er meter. The heating spot of the YAG was characterized
whose thermal behavior is governed by the one-equation Fourgy ~cp imaging and fast photodiode detection, and was found to
heat model. The values of the thermal conductivit) and have good spatial uniformity and a Gaussian temporal distribu-

Ochuck

thermal diffusivity (@) for the materials used are as follows: Aution namely:

(K=314 W/m-K,a=1.27x10" % m?/s), Si (K=148 W/m-K,« ‘

=0.94x 10 * m?/s), Sio (K=1.4W/m-K,a=4.9 2F w2

X107 m?/s), and diamond (K 2,000 W/m-Ka=11.1 ()= Tt o @

X104 m?/s).
The motivation for this study arose from the discovery of &lere,F is the fluence of laser irradiatioty= 9.6 ns is the time at
special behavior in the course of an experimental investigation \&hich the intensity reaches its maximum value, ane8.6 ns is
gold-covered Si@ samples. This interesting behavior was latethe “duration of the laser pulse(defined as the full-width of the
confirmed by a thorough numerical analysis for samples of diffepulse at 1¢-heighy.
ing thicknesses of SiQand Au. It was suspected that this behav- The probing light source is an Ar-lon CW laser with a linearly
ior might be caused by the significant difference between the th@elarized, single-mode irradiation beam at a wavelength of 488
mal conductivity of Au and Si®, or in other words, that the nm. The beam is delivered to the microscope assembly via a po-
thermal behavior is governed by the ratio of the thermal condulgwization preserving, fiber optic cable with Tiyimode. The
tivity of the underlying material and the metalization layer. Tdnicroscope objective lens focuses the laser light on the sample
shed light on this hypothesis, numerical studies were pursued fsirface concentrically with the heated spot. The probing beam
two underlying materials for which the thermal conductivity ratidgeflects from the heated surface back along its optical path to the
would be closer to unityi.e., S and much larger than unitj.e., Sensitive area of a pre-amplified silicon PIN photodeteétise
Diamond. The studies led to the conclusion that the special b&me=<1 ns) through a fiber optic cable. The intensity of the re-
havior exists for any thermal conductivity ratio as will be deflected light depends on the reflectivity and temperature of the

scribed in the results section below. sample’s surface. The photodetector signal, representing the varia-
tions in surface reflectivity, is acquired with an 8-bit resolution via
2 Experimental Procedure a digital oscilloscope at a rate of 2 Giga-samples per second.

o . ) Several microscope objective lenses are available, but the one
The schematic in Fig. 1 depicts the square heating and rouiéed here is 20X, providing heating and probing spots whose
probing spots produced by the TTR system in the SMU Submijameters are 22am and 2.4um, respectively, on the surface of
cron Electro-Thermal SciencesSETS Laboratory (http:// 5 sample under test. The sample under test is placed on a thermal
www.engr.smu.edu/sejsl The source of energy in the TTRchyck, capable of maintaining the bottom of the sample at an
method is normally provided by a pulsed laser with short pul§gsthermal condition, in the range of 0-200°C with increments of

duration. During each pulse, a given volume below the samplej°c. All components are computer interfaced for control and
surface heats up to a temperature level above ambient due to §3g; acquisition.

laser light energy absorbed into the sample. The heating area is
specified by adjusting the pulsing laser aperture and the optics pf
the system. The depth of the volumetric heating, on the other Heat Transfer Model

hand, is determined by the optical penetration depth, which is aThe governing mathematical equation used to model the tran-
function of laser wavelength and surface material properties. Thient thermal process in the sample is the heat conduction equa-
heating energy distribution through the penetration depth) ( tion [28]:
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Fig. 2 Schematic of the experimental setup  (http: //www.engr.smu.edu /setsl)

07== Ochuck (6)

a0 .
C —)zV KV6)+Q(r,zt 2
p p( at ( +Q ) @) where 0,k iS the temperature of the thermochuck and can be

wherep is the material densityC, is the heat capacity is the adjusted between 0 and 200°C. The initial condition=a0d is

material thermal conductivity, an® is the heat source term 6c— 0= Bambient 7
which is a function of radial positior, depth,z, and timet. The

laser light absorbed by the sample acts as a volumetric he
source,Q, such that:

The heat equation is then discretized by the use of central finite
ifferences for spatial derivatives and a generalized Rgoke dif-
ferentiation scheme for the time derivative. The Phdsed three-
Q(r,z,t)=1(t)(1—-R) ye~ "Flagr) (3) point-ba_lgkward sch_eme is used be_cause of_its higher accuracy and
. i . . unconditional stability. The resulting algorithm is second-order
wherel(_t) is defined _by Eq(l)_, R is the reflectivity of the top accurate in both space and time.
layer, y is the absorption coefficient of the top layer, and Flag is |nitial computations of the heat penetration depth during the
the heat spot flag, such that: heat transfer proces®(=0.01), &, indicated that the mini-
1 inside the heating spot mum required thicknes@neasured from the top of the sampig
. . (4) 26 wm. A fine computational resolutiof20 pointg inside the
0 outside the heating spot smallest characteristic scale of the problem, which is the light
Because of the nature of the problem under considergtieat penetration depth into the absorption lay&y, requires that the
spot, structure of the layer, etccylindrical coordinates would grid size,AZ, be 10 A. In order to estimate the uncertainty of the
normally be preferred. However, since the samples under stugymerical simulation, a grid convergence study was conducted by
are isotropic in theg-direction, the problem can be reduced to a@btaining nondimensional temperature responses of a representa-
axially-symmetric, two-dimensional domain. Further simplificative problem with different values akZ. The problem consisted
tions can be obtained by considering that the area of the heat spban Si substrate covered withgm of SiO,, which in turn was
is much larger than the probing spot area and that the diameteicovered with 1.5um of Au. The resulting response curves are
the heating laser is much larger than the heat penetration degiotted in Fig. 3 and the maximum error relative to the results
8% . In such cases, it is possible to solve a much simpler, on@btained with the smallest grid spacin§Z=10 A, is shown in
dimensional probleni29,30. The fact that the problem can bethe legend for each grid spacing. It can be seen that not only does
considered one-dimensional has been confirmed by initial comg€ temperature response curve converge, but negligible error lev-
tations (the results obtained with one-dimensional and twd?ls Of 0.04 percent are obtainedeZ =20 A. Therefore, all sub-
dimensional cylindrical coordinates show excellent agreemengeduent computations were conducted with a spatial step size of
The boundary condition a&=0 (the upper surface of the sample 10 A.
is

Flagr)=

=0 ©) The absorption layer within a substrate is depicted schemati-
cally in Fig. 4. Only three length scales are sufficient to uniquely

while the boundary condition at=« (the lower surface of the describe the heat transfer problem during pulsed laser heating in

sample is the TTR method; namely, the thickness of the absorption ldyer,

((70) 4 Results and Discussion
z=0

9z
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Fig. 3 Uncertainty of the numerical simulation for a Si sub- 0 10 20 30 40 50 60
strate covered by the 1  um layer of SiO , and the 1.5 um layer of Nondimensional time, T
Au. Maximum relative errors at the different spatial step AZ are
shown in the brackets. Fig. 5 Thermally-Thick Layer: Temperature responses of a

SiO, bulk sample covered with Au, whose thickness is higher

than the heat penetration depth, &y
the optical penetration depth of the heating light; and the heat
penetration depth during the pulse wid#, . Since the only ab-
sorption layer material considered in the present article is gold with a (hypothetically infinite thickness of gold and the other
is reasonable to assume that the heat penetration depth is mwith a layer of gold whose thickness is exadily=6.35um. The
bigger than the light penetration depth, i.8,> 5, (this assump- results of this comparison, obtained by numerical simulation, are
tion is also applicable to all metals subjected to nanosecond-pusgwn as the lower two curves in Fig. 5. Some discrepancy can be
laser heatiny It is equally reasonable to consider that the physicabserved between these two curves toward their tail ends, which
thickness of the absorption layée.g., gold is bigger than the is due to the influence of the Sj@n the heat transfer through the
light penetration depth, i.eh> ¢, . Otherwise, the top layer finite gold layer. Nevertheless, it is clear that the gold layer con-
would be inappropriate for light energy absorption within thé&rols the majority of the temporal variations in temperature under
scope of the TTR measurement approach. Therefore, if one wislies surface of the sample. Thus, the thickne3sdefines the
to analyze the heat transfer process in a gold-covered sample, angximum possible thickness of gold to be used as an absorption
two length scales need be consideredind 6, . After the intro- layer; thicker layers of Au will hide the influence of the thermal
duction of the above reasonable limitations for the geometricptoperties of any underlying material on the surface temperature
parameters of the problem, one can consider two ranges of variesponse in the TTR method.
tion for h, one larger thard, and the other smaller thaf), . For . . .
the former case, whenis larger thans,, , a practical upper limit _ 41 Behavior of Thermally Thick Absorption Layer for
must be placed on how thick the gold layer needs to be. To plagid2: [N categorizing the heat transfer process in a layer of ma-
a practical limit on the required thickness of the gold absorptidfia!; @ distinction is made between layers that are thermally thin
layer, h* , it is useful to think in terms of the distance traveled byind 1ayers that are thermally thick. When the thickness of the

a heat pulse through the sample until the temperature respo Qéorptlon Iayer‘n,' IS Iarger than the heat penetration depip,

falls below ten percent of its maximum value. For the case OFc layer has sufficient internal thermal resistance to support tem-

gold, h*, would be equal to 6.35m [27] ' perature gradients, i.e., the gold layer behaves as a thick plate.
AU . .

. " Thus, such a class of absorption layer is referred to as thermall
In the present work, a comparison is made between the te[ﬂfck’ P Y y

perature responses of two samples of thick Si@ne covered A typical normalized temperature response for thermally thick

layers of gold bp,=2 um) is also shown in the middle part of
Fig. 5. It is interesting to point out in reference to several of the
Light penetration region Heat penetration region curves in Fig. 5 that the temperature decay exhibits a sharp change
Sll of slope. The slope change corresponds to the time when the heat
front reaches the less thermally conductive oxide layer, and is
caused by the high temperature gradients developed at the inter-
face between the highly conductive gold layer and the more resis-

N A s

Sy

b tive silicon dioxide layer. As expected, the time required for the
' N heat front to reach the underlying oxide layer is longer for thicker
Absorbtion Layer Y absorption layers. At the upper limit, when the thickness of the

L absorption layer is bigger thdr, the response shows that there
is very little, if any, heat flow in the silicon dioxide layer, indicat-
ing that the bulk limit of the material has been reached.

The preceding discussion dealt with the thermal responses as
the thickness of the Au absorption layer was decreased from in-
finity to 2 um. While the curve forh=c represents the lower
limit for the thermal response at the surface of the sample, the

Layer Under Investigation

)

1QY
D)

LGN

Substrate four upper curves in Fig. 5h(=0.5, 0.6, 0.7, and 1.04m) rep-
resent the upper range. Further reductions in the thickness of the
Fig. 4 Schematic of the absorption layer on the substrate gold absorption layer will produce curves that fall below this up-
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Fig. 6 Thermally-Thin Films: Temperature responses of a SiO ,

bulk sample covered with Au, whose thickness is smaller than

the heat penetration depth, éy
regime between the thermally thin and thermally thick regimes is
evident. For the specific materials considered here, this transition

per range, depicting the behavior of thermally-thin absorption lagccurs in the range of 04H=2.

ers. The thermally-thin and transition regimes are discussed nextSimilar numerical experiments were conducted for pulse widths
equal to 86 ns and 0.86 ns, thus bracketing by an order of mag-

4.2 Behavior of Thermally Thin Absorption Layer for hitude the 8.6 ns pulse width of the current system. The results

Si0,. When the thickness of the absorption layer is smaller thgR0t shown indicate that the transition occurs in the range of

the heat penetration depth during the heating pulse, the layer Ra&=H=2, exactly like for the case of the 8.6 ns pulse width.

insufficient internal thermal resistance to support temperature gra-T he existence of the three regimes defined above was shown for

dients, and as a result, the instantaneous temperature field is rélgtallized silicon dioxide samples. In the next two sections, the

tively uniform throughout the material. Consequently, this type ¢€sults are presented for Si and diamond, proving that the defined

absorption layer will be referred to as a thermally tiaso regimes can be' |Qentlfled for materials within a wide range of

widely known as “lumped capacity’layer. thermal conductivity.

Characteristic temperature responses for thermally thin layers

are shown in Fig. 6, bracketed from above by the curvehfor 4.4 Thermal Behavior of Gold-Covered Bulk Si and Bulk

=0.6 um and from below by the curve fdr=c. The latter curve Diamond. The transient surface temperature characteristic of

is included for reference purposes and may not necessarily regreermally thick and thermally thin layer regimes are presented in

sent the absolute limit for all materials. The temperature decayRgys. 8 and 9, respectively. The computed normalized temperature

visibly faster as the thickness of the absorption layer decreasesponses are plotted in Fig. 10 for different nondimensional time

and all temperature responses lie above the response for buikt/7. As previously observed for gold-covered silicon dioxide

gold. The light penetration depth of the heating lagkgr, is the samples, behavior consistent with the thermally thick regime is

lower limit for the thickness of an absorption layer. Thereforegvident forH=2, while behavior consistent with the thermally

layers thinner thard, are not considered since they are impractithin regime occurs foH=0.4. Transition between the thermally

cal for the TTR method. thin and thermally thick regimes for the gold-covered silicon
sample is clearly visible and occurs again in the rangez®i4

4.3 Transition (Intermediate) Regime Limits for SiO,. =2.

The discussion below can benefit from the use of the Fourier

number defined as Foar/h? wherea is the thermal diffusivity

of gold andr is the pulse width of the heating laser. It turns out .

that the reciprocal of the square root of the Fo numper., AR : ! ! !

Jar o1 \Fo

The computed normalized temperature responses for gold-
covered silicon dioxide are plotted in Fig. 7, where a nondimen-
sional time based on the pulse width has been introduced, such =
thatT=t/7. In these plots, the temperature responses from Figs. 4

Fo Y?) represents the ratio between the thickness of the absorp- LR e S S =0 E
. N . L 1 ' ' v |- = —=— h=h=6.35um|
tion layer,h, and the heat penetration depth during a single laser 1 ; : N hes,=1.04 um | |
pulse width,éy . The above-defined ratio can also be interpreted ¢ ¢ gHb------- b I  h=06um |
as the dimensionless thickness of the absorption layer: ' ; ; , 5 ]
h h 1 0.6 -_.V.‘ ........ J

H=— — 8) ; ]

o
'S
]
|
)
|
|
)
J
1

Transition Regime ]

ormalized temperature, ©

T
'

0.2

and 5 are shown at specific time instances, beginning with a time Infinite = ' === .
equal to twice the pulse width, i.eT=2, and ending withT T T
q P akec it g 0.9, 10 20 30 40 50 60

=50. This view of the results makes it possible to more easily
identify the three different regimes which are entirely defined by
the nondimensional thicknedd. Behavior consistent with the fig. 8  Thermally-Thick Layer: Temperature responses of a Si
thermally thick regime appears fét=2, while behavior consis- bulk sample covered with Au, whose thickness is higher than
tent with the thermally thin regime occurs fa=0.4. A transition the heat penetration depth, &,

Nondimensional time, T
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smaller than the heat penetration depth, oy

_ Corresponding results for gold-covered diamond are preseniggh e while increasing the thickness of Au in the thermally thick
in Figs. 11-13. Two major differences from the results showRgime results in the raising of the temperature curve. The lowest
above for Si and Sipare observed. First, all of the transient, e exists in the transition regime. This behavior is the opposite
surface temperature responses lie below the bulk gold di:e ¢ \what was observed in the cases of Si and,SiBove. Finally,

h=«). Second, increasing the thickness of Au in the thermal

should be noted that the behavior observed for gold-covered

thin regime results in the lowering of the transient temperatufgamond should be expected for all combinations of underlying
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higher than the heat penetration depth, oy
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material and metalization cover layer whose thermal conductivity
ratio is much higher than unity.

4.5 Experimental Results. To validate the temperature re-
sponse behavior observed in the numerical results presented above
for the thin and thick absorption layers, experiments were carried
out for different thicknesses of the absorption layer deposited on a
given semi-infinite thickness of SO

In order to determine the minimum required thickness of,SiO
that behaves thermally as a semi-infinite material, an additional
numerical investigation was carried out for seven samples of dif-
ferent thicknesses of Sirovered by 1.5um of Au. The results,
shown in Fig. 14, indicate that the transient surface temperature
response is indistinguishable for layers of SiBicker than 5000
A. Therefore, it was decided to thermally growumm of SiO, on
five standard, 4-inch, silicon wafers, and then cover each of them
with a metallic layer by a process of chemical vapor deposition.
The actual thicknesses of Si@r the five samples were measured
with an ellipsometer and found to vary between 1.2 andgirh
all of which are well above the minimum required 5000 A.

Normalized temperature, ©

10'

107 10" 10
H=h (ot) ™

Fig. 13 Heat transfer regimes in gold covered diamond
samples
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sible to select the best fit between the experimental data and nu-
merical curve within the envelope for each curve. The worst av-

erage uncertainty in the curve-fitting procedure was equal to 2.2
percent and occurred for Sample 5.

The behavior of the temperature responses of samples 1-3 is
consistent with the previously discussed behavior of thermally
thin absorption layergFig. 15, where the gold layer thickness is
considerably smaller than the heat penetration depth during the
pulse, and the cooling phase of the temperature response is com-
pletely dependent on the thermal properties of SiChe decrease
in the level of the temperature response evident as the gold layer
becomes thinner is explained by the fact that the amount of energy
accumulated during the pulse decreases accordingly with the re-
duction of the thermal capacitance of the absorption layer.

Samples 4 and 5 exhibit a behavior consistent with the ther-
Fig. 14 Influence of the SiO , thickness on the normalized tem- mally thick regime whereby the diffusion of heat through the un-
perature response of the gold covered  (h,,=1.5 um) samples  derlying oxide layer is discernable by the presence of an abrupt
change of slope at small values ®f(T=2.5 for sample 4 and
T=3.5 for sample & In this case, both the TTR heating and the

As previously discussed, the metal of choice for the top layer ginn_ing_of the_TTR_ cooling phases occur vyithin the gold _Ia_y_er,
gold sri)nce golgis chemically stable, has known optical gndyth(?,\}sf ich is highly diffusive for the heat propagation. Thus, the initial

: ; : - f the temperature response exhibits a considerable slope
mal properties, and has a high thermal reflection coefficient. Ho ecay o '
: : e hich corresponds to the TTR response of the bulk gold. Contrar
ever, very large thicknesses of gold are inherently difficult a \Hto the behavi%r of the initial decaypthe remainder ofgthe tempera)-/
expensive to deposit. Alternatively, a thinner layer of gold w fye response forms a nearly “flét" curve, whose slope corre-

deposited on a thicker layer of aluminum, creating the desir nds to the slow diffusion of the energy in the Sidedium.

metallic thickness while preserving the advantages of the use 3¢ . . 2
P 9 9 1‘%0 part of the normalized response is lower for thicker layers of

gold as a surface layer. In order to assess the influence of the u : I
of some aluminum in the metallic layer instead of using solel; old because the .accumulated energy during a pulse dissipates
to the gold for thicker gold layers.

gold, numerical simulations were performed for the scenario

pure gold and a corresponding case of gold on top of aluminum.4,6 Responsivity of the TTR Method. To further assess the
The simulation results indicated that as expected the differenggsformance of the TTR method, it is useful to introduce a param-
between the temperature responses for pure gold and gold on &tér whose value could directly characterize the accuracy of TTR
minum were negligible (RMS 0.6 percent) since the two metalsmeasurements. We suggest the use of the respondigtyf the
have similar thermal properties. thermal  conductivity —measurement  defined asRs
The experimental and corresponding numerical results are peek (d®/dK).,, where ® is the normalized temperature re-
sented in Fig. 15. The thickness of the coating gold layer for eagfonse of the sample surface dtds the thermal conductivity of
sample was measured by the use of a stylus profiler with an uRe material. The responsivifgsis calculated at the nondimen-
certainty of 5 percenfwhich is essentially due to the nonunifor-sional time® whered6/dK is maximum. IndeedRsis directly
mity of the coating process rather than the low accuracy of th®nnected with the accuracy of the method by the equatign
profiler). The thickness of the absorption layer measured by thers 14 , whereoy is the random measurement uncertainty of
profiler is shown in the legend of Fig. 15 for each sample as thge thermal conductivityk, and o is the random apparatus un-
sum of the thicknesses of the Au and the Al layers. For eagRrtainty related to detecting the temperature response. While
sample, two temperature response curves were obtained numggpends on the apparatus signal-to-noise ratio and can be consid-
cally in order to bound the variations in the response that woulfeq as a conservative value for a particular setup, the latter equa-
correspond to the 5 percent uncertainty band in the metal thigkgn shows that the measurement uncertaioty, of the TTR
ness. Then, it was found that the experimental data falls within tlf@:hnique decreases with increases in the responsivity Vkie,
envelope formed by two response curves. Hence, it became pagnce, the responsivitRs which depends on the properties and
geometry of the materials making up a sample as well as the
parameters of the TTR system, can characterize the performance

Thickness of SiO, layer

0 1b 20 30 40 50 60
Nondimensional time, T

14 _ ‘ T o17oh of the TTR method and be useful for optimizing an experiment.
B ' ' O Bestrioy HeatEq, By numerically solving the heat equation f6¥, it is possible to
TEg e A _ 4 2:2}‘;?5;’;*;;22?” computeRsand to bring out an important issue that could be used
0.9 §8 - prmeeoeoess Feeeee s gggl;gg;';;;;gf’“ to assess the performance of the TTR technique.
© osE B S . v _ Sampledhy-sslad The influence of the thickness of the gold absorption layer on
§ _L B ; T samplesih o 17224 A the responsivity of the thermal conductivity of three gold-covered
g oTpYy Ry v — Best Fitby Heat Ba. samples(silicon, silicon dioxide, and diamonds shown in Fig.
g o6Fds 16. In addition, the responsivity valu&6=0.091) for an uncov-
5 0.5 E % ered bulk silicon sample is shown as a dashed horizontal line for
g 04 B reference purposes. For thermally-thick absorption layers, it is ex-
E “E pected that the responsivity of the gold-covered silicon sample
5 03F will be worse than the responsivity of an uncovered silicon sample
Z 02 q because a very thick layer of gold will essentially hide the influ-
! ence of the thermal properties of the underlying silicon material.
01F o . . =
1 ; : : ; E In the transition and thermally-thin regimes, the responsivity of
0 : e e T SEnas= the gold-covered silicon sample is significantly higher than that of

10 20 30 40 50

Nondimensional Time. T the uncovered silicon sample, except when the thickness of the

gold cover becomes smaller thag,=2,150 A (H=0.207). The
Fig. 15 Measured and computed temperature responses of a improvement is as high as 40 percent at the specific optimal thick-
SiO, layer covered by different thicknesses of gold ness of goldh,,=5,700 A, which corresponds tél=0.558.
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" it i~k
w010 p . | Here, o ; is the relative uncertainty of parametérof the layer
'ﬁ R IV S S S S, S ——d0.091 j used in the numerical simulatiof is the number of sample
£ ;‘ | see layers; n is the particular layer under testy , is the relative
§ i : uncertainty of the thermal conductivitig, of the layer under test,
g : | ' 1 n. By substitutingo,,, into Eq. (9), the uncertainty of the TTR
... ¥ ' |=————— Uncovered Si e .
o 0.05 [ ! A ) - thermal conductivity measuremerty ,,, can be re-written as
| u covered Si | )
| | PRPvovem Au covered SiO, 1 4 N 1/2
¥ : -——————— Au covered diamond | | Okn= RSZ,%U("): RSZ% o'fzit+ ngp+ E E (Rs,jo'i,j)z
| ¢ | ) | 1 i j#n
L L , it i=K
0005 0207 0403 0.50558 [ _pioye 1 12)
As evident from Eq(12), the uncertainty of the measurements
Fig. 16 Influence of thickness of Au absorption layer on the ok n is directly connected to the responsivis Since the uncer-
responsivity of thermal conductivity measurements for Si, SiO 2 tainty og is an intrinsic parameter of the TTR system, an increase
and diamond samples in the responsivity will produce a decrease in the uncertainty of

the measurementsy ,. Thus, the best uncertainty is obtained for
the maximum value of responsivitigs Calculating the various
terms in Eq(12) for the present investigation reveals that the total
Based on this investigation, one can conclude that it is not adviseasurement uncertainty is less than 6 percent for the five
able to use absorption layers that are in the thermally-thin regireamples considered.
(i.e., H<0.207) since these layers result in much lower respon-
sivity values. Furthermore, in attempting to measure lower thiclg Conclusions

nesses of the absorption layer one can expect to incur higher lev- " _ ) )
els of uncertainty. The influence of the thickness of a metallic absorption layer on

By increasing the thickness of the gold layer on an S the performance of the transient thermo-reflectance method has
diamond sample, the responsivity exhibits a similar behavior akgen investigated. The maximum practical thickness of gold that
noticeably higherRs values. However, unlike silicon, Sj0and needs to be used as an absorption lay&n (was determined, and
diamond are transparent materials; so, if it were not for the préswas concluded that using thicker layers would hide the influence
ence of the metallic layer, the heating laser would not have beehthe thermal properties of any underlying material. Conversely,
able to heat the SiQand diamond test samples. Therefore, it ighe lower limit for the thickness of an absorption layer is the light
impossible to estimate the accuracy gain resulting from the usepsfnetration depth of the heating laséy,, since layers thinner
a gold cover for an SiQor diamond sample. than 6, do not absorb enough irradiation energy in order to gen-

) . ) erate the heat source required in the TTR method.

4.7 Measurement Uncertainty. As described earlier, the  por thicknesses of the absorption layer between the lower and
TTR measurement procedure_ consists of t_)oth experlme_ntal qﬁg%er limits (i.e., 5_<h<h*), the numerically and experimen-
numerical parts. The experimental part includes heating theyy optained transient surface temperature responses differ ac-

sample under test and detecting a change in the surface reflectiy ding to the ratio between the absorption layer thicknesand
caused by the temperature change in the heated area, while {i¢ oot penetration deptisy, during a laser pulse. The two

thermally thin. In the thermally thick regime, a decrease of

b absorption layer thickness enhances the normalized tempera-

temperature responses. On the basis of the uncertainty anal ; ; : oo ;
developed by Kiine and McClintock31] and revised later by ¥SF response and shortens the time during which the initial rapid

Hol 221 th di b h . temperature decay takes place. In contrast, the normalized tem-
olman[32], the average discrepancy between the expenmenf@é?ature response on top of a thermally thin layer exhibits the
data and the numerical fitting curve is given by:

opposite behavior. Specifically, a decrease of the layer thickness
o2=|02 + o N ) leads to a lower normalized temperature response, but while
ft exp T nd lower, it remains above the temperature response for bulk gold,

Here oy, and o, are the experimental and numerical unceréven at thlcl_<nesses close&_g. Between the thermally thick and
tainties, respectively. Since systematic errors do not exist in tHeermally thin layers there is a range of layer thicknesses where
experimental techniqueye,, is tied to the signal-to-noise ratio of their influence on the temperature response is minimal. The tem-
the TTR system and can be estimated by calculating the standBffiature response behavior associated with this range of thick-
deviation of an adequately large number of transient responsesnfisses has been referred to as a transition regime.
order to estimater,,, the responsivityRs introduced in the ~ The analysis performed in the present work has led to the as-
previous section is used. The responsivity of the normalized tragPciation of the Fourier numbefFo) or the nondimensional thick-
sient temperature response for a small relative variation of a giss of the absorption layér) with the different regimes of the

rameterV; of aj-layer of a sample under test is normalized temperature response behavior. The thermally thin,
thermally thick, and transition regimes have been associated with

00 H=0.4,H=2, and 0.&£H=2, respectively.
RS,,:Vi(;—Vi (10) The responsivity of the TTR measurements characterizes the

performance of the TTR method, and makes it possible to recom-
whereV; can be one of the following variables: thermal conduanend optimal thicknesses for a metallic absorption layer. The nu-
tivity K, specific heapC,, extinction coefficienk, or thickness merical simulations carried out for the gold-covered Si, Siénd
of the layerh. Then, assuming that the truncation errors resultindiamond samples revealed that the responsivity values in the ther-
from the discretization of the heat transfer equation are negligilieally thick regime are too low for the measurements to be suffi-
as compared to those associated with the previously listed variently accurate. The same holds true for lower valued af the
ables, the uncertainty analysis yields thermally thin regime. However, for the range &H=2 that
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