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Abstract It is well established that interface resistances do usually exist in layered
structures, and their values strongly depend on their origin. They may arise from dif-
ferent vibrational properties of the layers, nonharmonic processes at the interface,
surface chemical contamination, interfacial defects, etc. Numerous studies have been
published to evaluate their values, most of the time, in a perpendicular heat diffu-
sion scheme. In this paper, the effect of interface resistances on the lateral modulated
surface temperature of a layered structure for cylindrical symmetry heat diffusion is
studied. The thermoreflectance microscope is a particularly convenient tool to record
heat lateral diffusion from a surface modulated heated point and thus to evidence
the presence of such resistance interfaces. In a first part, the theoretical model of
heat diffusion in cylindrical symmetry, in a layered structure exhibiting an interface
resistance between the layer and the substrate, is briefly described. In a second part,
the C/I configuration (good conductive layer deposited on an insulating substrate,
with an interface resistance) is investigated. Experimental results illustrate the the-
ory. In the third part, the reverse case I/C (insulating layer deposited on a conduc-
tive substrate, with an interface resistance) is discussed. To conclude, all the cases
and the ability of the lateral diffusion to recover interface thermal resistances are
compared.
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1 Introduction

It is well established that interface resistances are most of the time present in layered
structures. Their values are strongly dependant on their origin. They are smaller in the
case of a crystalline lattice difference (case of super lattices deposited on semicon-
ductors) than in the case of microstructure differences/nature of the two 1ay&ls [
These interface resistances perturb the heat diffusion in the two directions, parallel
and perpendicular. Numerous studies have been published to take into account their
presence, most of the time, in a perpendicular heat diffusion schggile The 3
omega methodq], for instance, is particularly sensitive to these interface resistances.
Most of the time, several samples with different thicknesses have to be studied. With
the hypothesis of the same interface resistance for all the samples, it is straightfor-
ward to find the value of the interface resistance. In this paper, we study the effect
of these interface resistances on heat lateral diffusion in the case of heat-modulated
diffusion and show that lateral heat diffusion could be a particularly convenient tool to
evidence the presence of such resistance interfaces. In a first part, we describe briefly
the theoretical model of 3D heat diffusion in a layered structure and introduce the
case of an interface resistance between the layer and the substrate. In a second part,
we demonstrate the influence of the interface resistance for lateral heat diffusion in
the case of a good conductive layer deposited on an insulator substrate. Experimental
results illustrate the theory. In the third part, the reverse case (insulator deposited on
a good conductive layer with an interface resistance) is discussed.

2 Theoretical Approach

In order to generate heat lateral diffusion, the size of the heat source has to be small
compared to the thermal diffusion length. Thermoreflectance microséefi§ one
of the setups using a small heat source. In this experiment, the sample is illuminated
with an intensity modulated focused pump beam (less tham Hiameter). Light
being totally or partially absorbed, the light power is converted into heat which diffuses
around the source. The spatio-temporal temperature field is detected at the surface of
the sample with a second laser beam (probe beam) which is reflected by the heated
surface. Lateral scans allow following lateral heat diffusion ap 60 from the heat
source.

In the case of a semi-infinite bulk sample (thermal conductkgtyv - m—1. K1),
thermal diffusivityDg (m? - s~1), the 3D modulated surface temperature in real space
is obtained after the integration df][
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whereQ is the pump power (W) absorbed by the surface sandpethe diameter at

1/€? of the Gaussian pump beamy = /12 + E—‘”O is the wave vector in the Hankel
space, and is the pulsation of the pump beam. As a result, the temperature amplitude



in real space is the convolution of the Gaussian beam by a spherical thermal wave
SXRI/10) | \wherey is the thermal diffusion lengthd = 2o,

If a layer (thicknesshy, thermal conductivityke, and thermal diffusivityDy) is
deposited on the substrate (thermal conductigtsgind thermal diffusivityDg), Eq.1

becomes9]
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When an additional layer (thickneks, thermal conductivityk;, and thermal diffu-
sivity D1) is present between the layer and the substrate? Bgcomes
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If we suppose that the intermediate layer is very thin & hy), that its thermal

properties are very low compared to those of the substrate and laker ko, ko)
and if we noteR; = % (the interface resistance), Egjis written as
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This expression demonstrates that, in the presence of an interface resRiamnee
have just to replackooo by R 0"° in all the equations. Note that Eq.can also
be obtained directly by con3|d1er|ng a temperature jump between the layer and the

substrate proportional to the flux.

3 Good Thermal Conductor Layer on Insulator Substrate

In [10], we have established that the solution of Eés achieved with the integration
along a contour excluding the branch point associated #gttThe solution corre-
sponds to a sum calculated for all the poleg)(and a term corresponding to the
integration around the branch point:

exp(iinf) eXp(_”\/Dz)
T(r,0,0)~ D A ﬁ” +B =

with ¢ = exp(iZ). In our case (good conductor on insulator), the second term is
negligible except for extremely thin films or very low modulation frequencies.
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Approximations of the poles in Eg.can be numerically found. However, in the
case where the ratia = k% is small, they can then be found by expanding the
denominatoo g + o2th(hoo?) in a power series of this parameter. The asymptotic
behavior corresponds to the pole which exhibits the smallest imaginary part:

w w w
M= —i— —sa — (up to the first order i 6
0 D, V Dy~ D, (up ) (6)

It is then straightforward that the asymptotic lateral heat diffusion corresponds to a
radial-plate-like regime with a complex diffusion length:
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When aninterface resistance is suspected, we have to réptaosith Hké)—ﬁ%cm inthe
denominator of EqR. In the following, we consider that the presence of the interface
resistance is a perturbation of the previous system.
The poles are now calculated with the perturbed equation:
a00(1 — Rikgog) + o2th(hoop) = 0. (20)

The asymptotic behavior corresponds again to the pole which exhibits the smallest
imaginary part:
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The asymptotic lateral heat diffusion corresponds again to a radial-plate-like regime:
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A comparison of Eqs8 and9 and Eqs13and14 shows that the measurement of the
thermal conductivity is not affected by the presence of the interface resistance while
the effective thermal-diffusivity measuremeny@g) has to be corrected to find the
thermal diffusivity D2 andR;.

Figurela, b shows the experimental data for five modulation frequencies, for a
55 nm thick aluminum layer deposited on fused silica. The thermal conductivity and
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Fig. 1 Thermoreflectance microscope (a) amplitude and (b) phase signal for 55nm thick Al layer on a
semi-infinite fused silica substrate, recorded at five frequencies (75, 150, 300, 450, and 6C§)hbdis
experimental pointsLines fits obtained with effective values (thermal diffusivity—3.4510~4m?.s~1
and thermal conductivity—154W7rl -K~1y or with the corrected values (thermal diffusivity—
0.6x1074m2.s71, thermal conductivity—154Wm~1.K~1 and R —5 x10~8m2.K.w~1). Both
sets of lines are superimposed



the thermal diffusivity of the layer were deduced frqmmandq values (Eqs8, 9)
because the thermal properties of the substrate and the thickness of the layer are
known. We can remark that the thermal conductivity (154! . K1) is smaller
than the thermal conductivity of a bulk aluminum sample (237! . K—1), while
the thermal diffusivity (3.45< 1074m?-s 1) is larger (0.95x 104 m2-s ). Itis
well known that the value of the thermal conductivity decreases when the thickness of
the layer decreases, but the value of the thermal diffusivity is largely overestimated.
Aluminum deposition presents a very small adhesion, and an interface layer is likely.
Equationsl3 and14 should then be used to determine the thermal properties of the
layer and to evaluate the thermal resistance. The thermal conductivity being determined
with Eq. 13, a common hypothesis is to keep the raig D, constant L1], which is
equivalent to the reasonable assumption that the volumetric heat capacity is a material
constant. So, it is possible to know the value of the interface resistance frotal.Eq.
The thermal properties of the layer are estimated tokpei54W.m~1.K~1 and
D, = 0.6 x 107%m?.s 1 and the value of the interface thermal resistance t&Rpe
=5x108m?.K . w1

In conclusion, when an interface resistance is present (weak adhesion, for instance)
the heat is more confined in the layer than expected and a high value of the thermal
diffusivity is deduced from the “reduced” model of the lateral heat diffusion. In this
case, the second model taking into account the resistance has to be used.

4 Poor Thermal Conductor Layer on Good Thermal Conductor Substrate

In this case, layer 2 affects the spatio-temporal temperature field mainly around the
heat spot12]. The lateral diffusion being weak in the layer, a spherical thermal wave
is developed in the substrate which heats the surface through the thin layer far from
the center. In this case, the contribution of the layer to the lateral heat diffusion is a
perturbation with respect to the substrate one. If the thickness of the layer is small,
Eq. 2 can be developed:
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Up to the first order, the contribution of the layer is linear with respebpt®hen an
interface resistance is suspected, we have just to re%l%geyﬁ + Ry in Eq. 16.
Then, the following equation has to be taken into consideration:
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Fig. 2 Calculated thermoreflectance microscope (a) amplitude and (b) phase signal. Influence of an inter-
face resistance of 1& m? - K - W~ 1between a 80 nm Ti layer and a silicon substrate at 80 kHz modulation
frequency. The equivalent resistance value of the Ti film is Reqpe 0 2m? . K - W1, Dotted line Ti

layer on silicon without interface resistan&ashed line Ti layer on silicon with the interface resistance.

Full line bare silicon substrate
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An interface resistance behaves always as an insulator layer, but in this case this is
apparent in the mathematical expression of Eq.Its contribution appears mainly

near the heating spot and disrupts the perpendicular diffusion schemaaHy. In

a previous article2], we have studied the behavior of asymptotic lateral diffusion
and demonstrated that an insulating layer deposited on a good conductor affects very



slightly the heat lateral diffusion. The presence of a thermal resistance will have the
same effect, and it is practically not possible to extract its value from the lateral
behavior of the heat.

5 Conclusion

The presence of an interface resistance affects differently the behavior of the heat lateral
diffusion depending on the contrast of thermal properties of the substrate and the layer.
In the case of a good conductor deposited on an insulator, the heat is more confined
in the layer than expected and an overestimated value of the thermal diffusivity is
deduced from the “reduced” model of the lateral heat diffusion. This is a “thermal
signature” of the thermal resistance. In this case, a model which takes into account
the resistance has to be used, and it is possible to obtain both the thermal properties
of the layer and the value of the thermal resistance. In the opposite case (insulator on
good conductor), there is little evidence of the presence of the thermal resistance on
the lateral behavior of the heat diffusion. The interface resistance affects clearly the
perpendicular diffusion, and its presence can be seen only close to the heating spot.
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