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Abstract: A Time Domain Thermo-Reflectance technique (TDTR) is used for the non-destructive evaluation 

of thermal and acoustic properties of Si/SiGe superlattices (SL) at room temperature. In particular, this technique 

allows the determination of the SL cross-plan thermal conductivity, the thermal boundary resistance at the 

interface between the metallic film and the SL, and the longitudinal sound velocity inside the SL. We discuss the 

effect of both transducer thickness and pump power on the measurements and then on values of the extracted 

thermophysical properties of the superlattice. 

 

I. Introduction 

The control and the stabilization of temperature 

are essential in microelectronics and 

optoelectronics, because quality and reliability of 

IC chips are heavily dependent on chip temperature. 

The temperature control of these components is 

typically accomplished with thermoelectric (TE) 

coolers. TE coolers have become essential in 

modern optical telecommunications to control the 

characteristics of laser sources, switching/routing 

elements, and detectors used in wavelength division 

multiplexed systems. Cooling requirements in 

microelectronic applications have also risen 

dramatically in recent years due to the increase in 

clock speed and the reduction in feature size. 

Generally, as these devices have become smaller, 

faster, and denser, the power density has greatly 

increased. Conventional Bi2Te3 TE coolers are 

incompatible with integrated circuits fabrication 

technologies, essentially silicon technology, and 

therefore limited in how small they can be 

manufactured [1]. Thus it will be very interesting if 

we could use silicon as efficient thermoelectric 

material to realize on-chip cooling solution. The 

existing barrier is that silicon is a very poor 

thermoelectric material with very low figure of 

merit (Z). Fortunately, recent studies [2-4] showed 

the possibility to enhance this parameter by 

introducing low dimensional structures. This has 

been supported by development of epitaxial growth 

techniques such as molecular beam epitaxy and 

special kinds of chemical vapor phase epitaxy that 

allow the control of individual semiconductor 

layers on an atomic scale. This achievement 

provides a strong basis for designing semiconductor 

materials with tailored band structures and 

consequently tailored electronic and optical 

properties. The combination of different composites 

in the form of ultra thin layers have opened up 

exciting possibilities for novel devices, and it has 

also increased basic understanding of electronic 

behavior in reduced dimensions. Thermoelectricity 

was one of the first domains to be interested in 

these structures. Several measurements [5-8] have 

been done on different SLs in order to study their 

thermal and electric properties, and all agreed on 

the fact that these structures have a high 

thermoelectric power and a low thermal 

conductivity, compared to bulk or solid solution 

alloys. 

Si doped Ge must receive a particular attention 

considering its physical properties and its very easy 

monolithic integration with microelectronics and 

optoelectronics components, this kind of SL could 

hence be a potential candidate to replace the 

conventional Bi2Te3 thermoelectric materials used 

until now. In fact SiGe has become one of the most 

attractive thermoelectric materials especially for 

high temperature applications. In this paper, we use 
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TDTR technique to study the thermal conductivity 

of two Si/SiGe superlattices at room temperature. 

This technique has a temporal resolution <1ps, 

which is necessary to the study of fast physical 

phenomena, in particular thermal phenomena. 

Moreover, it has a nanometer-scale depth resolution 

[9], and therefore is well suited for measurements 

on very thin layers, such as SLs. More specifically, 

this method can isolate the effects of interface 

conductance from the thermal conductivity of a thin 

layer [10]. 

The main objective of our work is to determine 

simultaneously at room temperature, the effective 

cross-plan thermal conductivity of Si/SiGe SL, 

Kapitza resistance at the interface transducer/SL, 

and the longitudinal sound velocity inside the SL. 

Besides, we discuss the effect of the transducer 

thickness and the effect of the pump power on the 

temperature decay into the structure after 

absorption of the pump energy. These effects 

directly influence the quality of the fit, and then the 

value of the extracted thermophysical properties. 

II. Sample description and Experimental 

set-up 

Two samples of 1µm Si/Si0.7Ge0.3 and 

Si/Si0.75Ge0.25 SL are grown on about 500µm silicon 

substrate, and coated by 100nm and 12nm Al film 

respectively which serves as a transducer. The term 

“transducer” is used to specify the role of the 

metallic film: it converts light energy into heat 

which creates an acoustic wave propagating deeply 

in the active structure. By this way, the transducer 

creates the acoustic vector necessary for the 

analysis of the acoustic contribution in the pump-

probe signal. Between the SL and the substrate is 

grown a 2µm buffer layer to reduce mechanical 

stress between both materials due to lattice 

mismatch between silicon and germanium which is 

of about 4.2% [11]. Experimental set-up is shown 

in figure 1. A laser beam from a 80MHz Ti: 

Sapphire laser with a Full Width at Half Maximum 

(FWHM) of 100 fs is separated into two beams 

with an intensity ratio of 10:1 by a nonpolarizing 

beam splitter. The intense pump beam is used to 

heat the film, while the weaker probe beam is used 

to monitor the reflectivity variations of the film 

surface which can be related to its temperature 

variations. The pump beam passes through an 

Acousto-Optic Modulator (AOM) that creates a 

pulse train at 574 kHz. The pump beam is focused 

to about 20µm. The probe beam is reflected off a 

retroreflector mounted on a mechanical translation 

stage to increase the optical path length of the probe 

beam and hence the time delay between the pump 

and the probe pulses. The probe, which is centered 

in the heated area created by the pump pulse, is 

focused to about 6µm at near normal incidence. A 

polarizer, oriented such that only the probe beam 

can cross it, is positioned before the photodiode 

which monitors the probe beam reflection off the 

sample. To improve the signal to noise ratio, the 

detector response at 574kHz is then monitored by a 

lock-in amplifier, locked on 574kHz, and analyzed 

by a computer. 

 

Figure 1: Experimental set up of the TDTR 

technique. 

III. Heat transport theoretical modeling 

In a TDTR technique, the determination of the 

thermal conductivity and interfacial thermal 

resistance is made by comparing the experimental 

cooling curve to the theoretical model and 

optimizing the free parameters. For all thin metal 

films, the temperature is homogeneous in the zone 

delimited by the optical penetration depth. The 

surface temperature variation ∆Tf(t) can be 

calculated using one-dimensional heat flow since 

the thermal diffusion length is usually much smaller 

than the radius of the pump beam spot. Figure 2 

shows a schematic diagram (not at scale) of the 

studied structure with a spatial coordinate in the 

cross plan direction normal to the surface. Because 

there are two different Al film thicknesses, 

theoretical modeling of heat will be different from 

one sample to the other. 

 

Figure 2: Schematic diagram of the whole studied 

structure. 
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1. Thin metallic film on SL 

In this case, the Al film is only 12 nm thick, 

which is about twice the optical penetration depth 

ξ=7nm at the wavelength of the experiment 

λ=780nm. After absorption of the laser pulse, all 

the film will be heated at the same time, and the 

temperature distribution will be uniform. Fourier 

classical heat diffusion formalism gives the 

following expression of the cooling of the 

transducer in Laplace domain: 
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 where R is the reflection 

coefficient of Al film, Q is the pump pulse energy, 

df is the Al film thickness, and S is the illuminated 

area of the Al film surface. (ρC)S, and (ρC)f are the 

specific heat per unit volume of Si/SiGe SL and Al 

film respectively. sβ ⊥
 and RK are the cross-plan 

thermal conductivity of the SL and Kapitza 

resistance at the interface Al/SL respectively. 

The application of Laplace inversion theorem 

[12] gets a compact formula of the Al film 

transducer cooling in the time space: 
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2. Thick metallic film on SL 

In this case, the SL is covered by a 100 nm Al 

film and diffusion of heat into the transducer can 

not be neglected. Such as in the 12 nm Al case, 

theoretical modeling of heat propagation into the 

structure after the laser pump pulse is absorbed, is 

based on solving heat Fourier equations in Laplace 

domain. We have used Thermal Quadrupoles 

Method (TQM) [13], where we have done these 

three assumptions: (i) The characteristic time of 

macroscopic thermal phenomena is much greater 

than the laser pulse duration (about 100 fs), then the 

heat flux due to the laser pulse is considered to be a 

Dirac function of amplitude unity : ( ) ( )t tϕ δ= , (ii) 

Due to the fact that the optical penetration depth in 

Aluminum (ξ=7nm) is small compared to the 

thickness of the film, the latter is supposed opaque, 

and we neglect the penetration of the light energy 

into it, (iii) The hypothesis of small thermal 

diffusivity of the SL allows us to consider the latter 

as a semi-infinite medium: neither buffer-layer, nor 

substrate will influence the temperature variation on 

Al film top surface during the time scale of the 

experiment. After some algebra, we find this 

expression of the temperature variation in Laplace 

domain: 
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f f f
 are respectively the cross-plan thermal 

diffusivity, conductivity, and effusivity of the Al 

film, 
s
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 is the thermal effusivity of the SL. 

In the approximation of short time scale 0t → , 

(3) can be expanded with respect to 
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, the inverse Laplace transform is 

then applied term by term, and we get these two 

expressions for the first order ( ),
FO

fT d t−  and the 

second order ( ),
SO

fT d t−  of this expansion 

respectively in the time domain: 
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complementary error function. Then, the Al film 

top surface temperature variation, corrected to the 

second order in Γ , is given by:  
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We must note here that this expansion is valid for 

the case Γ<<1, which is equivalent in Laplace space 

to  
24

f

f

p
d

α ⊥

>> , or 

24
f

f

d
t

α ⊥
<<  in time space. 

We have studied the sensitivity of the 

temperature variation on Al film top surface ∆Tf to 

both Kapitza resistance Rk at the interface Al 

film/Si/SiGe SL, and thermal diffusivity 
s

α ⊥  of the 

SL, using numerical Laplace inversion [13]. This 

study has shown that for the 100 nm Al film, the 

temperature variation is more sensitive to Rk than to 

s
α ⊥ . But for the 12 nm Al film, the cooling is more 

sensitive to 
s

α ⊥  than to Rk. In the latter case, 

numerical calculation has shown a very small value 

of Rk. We can then consider a perfect thermal 

interface between the Al film and the Si/SiGe SL, 

in this case 0
R

τ → , and equation (2) becomes: 

( ) ( )exp  7  f

sf sf

t t
T t T Erfc

τ τ

  
 ∆ = ∆     

   
. 

Since we measure the reflectivity change 

instead of the temperature variation, we must now 

link these two quantities, but it is well known [10] 

that for small temperature range, the change in 

reflectivity on the surface of most metals is 

proportional to the temperature variation: 

( ) ( ) ( ), ,  8f f

R
d t T d t

R
κ

∆
− = ∆ −  

where κ is the thermoreflectance coefficient. 

IV. Results and discussion 

Figure 3 shows the relative optical reflectivity 

variation on 100nm, and 12nm Al films as a 

function of time. We should note here that we have 

used normalized curves to be able to compare 

experimental and theoretical curves. Experimental 

curves depend on experimental conditions via some 

parameters that we cannot include in the modeling, 

for instance, the thermoreflectance coefficient 

between temperature variations and relative 

reflectivity variations. The absolute change in the 

relative reflectivity depends on the pump-power, 

but in our case; it was in the range 10
-4

-6×10
-3

. The 

curves show a thermal decay on which are 

superimposed some spikes. These spikes arise from 

acoustic echoes bouncing back and forth inside the 

structure. The propagation of the elastic strain 

inside a layer alters the optical properties of this 

layer, in particular those of the transducer; these 

changes appear by consequence in the measured 

reflectivity signal when the elastic strain reaches 

the free surface and gives an echo. For the 100 nm 

Al curve, there is a fast thermal decay characteristic 

of the diffusion of heat inside the Al film, followed 

by a slow decay, characteristic of the diffusion of 

heat inside the SL. In the opposite, the 12 nm Al 

curve shows only one thermal decay which 

describes diffusion of heat inside the SL. 

 

Figure 3: Experimental thermoreflectance signal of 

100nm, and 12 nm Al film on Si/SiGe superlattice. 

 

1. Thin metallic film on SL 

Let us first analyze the acoustic contribution to 

the thermoreflectance signal. The first echo arrival 

time, in conjunction with the knowledge of the 

thickness of the Si/Si0.75Ge0.25 SL allows us to get 

the sound velocity inside it we found a 

value
0.75 0.25/ 7782 /Si Si Gev m s� . The use of harmonic 

average [14] allows us to estimate the sound 

velocity inside Si/SiGe superlattice: 

( )0.75 0.25 0.75 0.25

0.75 0.25 0.75 0.25
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/

     9
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Si Si Ge Si Si Ge
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= +

0.75 0.25 0.75 0.25/, ,Si Si Ge Si Si Ged d d are respectively the 

thickness of Si layer, Si0.75Ge0.25 layer and 

Si/Si0.75Ge0.25 bilayer. 

0.75 0.25 0.75 0.25/, ,Si Si Ge Si Si GeC C C are the longitudinal elastic 

constants of each layer, 
2

j j j
C vρ= , where 

j
ρ is the 

density, and 
j

v is the longitudinal sound velocity 

inside the layer j. 
0.75 0.25/Si Si Geρ is also given by 
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By this way we estimate the sound velocity 

inside the Si/Si0.75Ge0.25 to be 

0.75 0.25/ 7262 /Si Si Gev m s� , this value is only about 7% 

less than the measured value. 

In addition to this echo, we can also see an other 

echo, at t=327ps, which is the signature of the 

buffer layer. 
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Figure 4 shows comparison between 

experimental thermoreflectance signal and 

theoretical modeling of the 12 nm Al film case, 

where we have used equation (7) to fit 

measurements using the value of 
s

α ⊥  obtained by 

Least square Method (LSM). We founded 

[15] 6 25 10 /
s

m sα ⊥ −×�  which corresponds 

to ( ) 1 1
8.5 

s s s
c Wm Kβ α ρ⊥ ⊥ − −= × � , the specific heat 

s
c of the SL can be found using the same formula 

(10) by replacing ρj by cj. The value of the cross-

plan thermal conductivity found is in good 

agreement with that found by Huxtable et al [16] 

using 3ω method [17]. 

We should note here that the small discrepancy 

between theoretical curve and experimental signal 

can be explained by the fact that a quantity of light 

energy crosses the Al film and reaches directly the 

SL [15], which is not taken into account in the 

model discussed above. 

 

Figure 4: Comparison between experimental 

thermoreflectance signal (solid-line), and 

theoretical modeling (dashed-line) for the best fit in 

the case of a 12nm Al transducer, on a 

Si/Si0.75Ge0.25 superlattice 

 

2. Thick metallic film on SL 

Similarly, we start analyzing the acoustic 

contribution. In this case, from the first echo arrival 

time (34 ps) and the knowledge of the bulk sound 

velocity in Al film (vAl≈6400 m/s), we can extract 

the Al film thickness. We found df=108 nm at the 

impact point which is in good agreement with the 

assumed value of 100 nm. From the second echo 

arrival time and the thickness of the SL, we can 

extract the sound velocity inside it, we 

find
0.7 0.3/ 9000 /Si Si Gev m s� . Then we can compare 

this measured value to the one estimated using 

harmonic average [14] 
0.7 0.3/ 7793 /Si Si Gev m s� . In 

this case the estimated value is about 13% less than 

the measured value. 

Figure 5 shows comparison between 

experimental thermoreflectance signal and 

theoretical modeling of the 100 nm Al film case, 

where we have used both numerical Laplace 

inversion transform (dashed line), and analytical 

inversion based on the approximation at short time 

scale (6) (dotted line). As we can see the two curves 

are quite superimposed (curves 2 and 3) at short 

time, and then the analytical solution diverges. This 

is the reason why we have used numerical inversion 

to fit experimental result using LSM. We see that 

we have a good agreement for long time greater 

than 100 ps. The parameters used for the best fit 

are: 108 
f

d nm= , and
4 2

 1.47 10 /
f

m sα ⊥ −×� . This 

implies that 

24
317

f

f

d
ps

α ⊥
≈  and explains why the 

analytical solution diverges after ~140 ps as the 

validity condition (

24
f

f

d
t

α ⊥
<< ) does not hold at this 

time scale. 

Let us note that the value of cross-plan thermal 

diffusivity of Al film is very high compared to that 

of bulk material. In fact we should have a small one 

due to the small thickness of the metallic film, but 

this value could be understood if we take into 

account the low specific heat of electrons, and their 

large thermal penetration at the first tens 

picoseconds [18]. Due to the fact that the Al film 

surface temperature variation is more sensitive to 

Rk than to
s

α ⊥ , we have used for
s

α ⊥  the value 

obtained from the case of 12nm Al film above. 

Although the compositions of the two SL are 

different, we make the assumption that the slight 

difference between the SL does not cause a large 

difference between their thermal conductivities. 

Using all these parameters in conjunction with the 

LSM allows us to get the following value for 

Kapitza resistance: Rk≈2.25×10
-8

m²K/W. 

Figure 5: Comparison between experimental 

thermoreflectance signal and theoretical modeling 

for the best fit in the case of a 100nm Al transducer, 

on a Si/Si0.7Ge0.3 superlattice. 
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This value is in reasonable agreement with that 

found in literature [19, 20]. We should note here 

that the Kapitza resistance is highly dependent on 

several parameters, as it was intensively discussed 

by R. J. Stoner and H. J. Maris [20]. It depends on: 

the difference of Debye temperatures between the 

two solids, the nature of the heat transfer process 

across the interface, in such a way that it can 

involve only phonons or both phonons and 

electrons, the anharmonicity of lattice potential, and 

the nature of the diffusion process at the interface, 

in such a way that it can be elastic or inelastic. In 

table 1, are listed all identified properties. 

Properties 100nm 

thick 

transducer 

12nm 

thick 

transducer 

Transducer thickness 

(nm) 

108 12 

Thermal conductivity 

(W/m/K) 

8.5* 8.5 

Thermal boundary 

resistance (m².K/W) 

2.25×10
-8

 // 

SL sound velocity 

(m/s) 

~9000 ~7782 

Table 1: Different properties of the two samples 

identified by comparison of experimental and 

theoretical curves, * not identified. 

 

The discrepancy observed for the first 100ps, 

could be explained by the large electron thermal 

penetration. When the pump light is absorbed, its 

energy is at first communicated to electrons near 

the front surface of Al film which is excited to 

higher energy states. These hot electrons quickly 

diffuse away from the Al surface, but are confined 

to the Al film by the Schottky barrier at the 

interface Al/SL. Within several picoseconds, the 

hot electrons transfer their energy to the lattice by 

emission of phonons or electron-phonon collisions, 

slightly raising the temperature of the Al film. The 

depth over which electrons are able to diffuse 

before completely transferring their energy to 

phonons bath has been estimated by G. Tas and H. 

J. Maris to be approximately 100nm [18]. By 

contrast other works [21, 22] have shown that time 

over which the electron gas will be completely 

thermalized within the phonons bath is about 5ps. 

After this time the Al film can be characterized by 

one temperature which is that of the lattice. Then 

Fourier heat classical equation can properly be 

applied.  

Another assumption to explain the discrepancy 

is the effect of the pump power. In fact, in the 

majority of the models used in TDTR to extract 

thermophysical properties, we assume that the 

properties of the structure are temperature 

independent. The high value of the pump peak 

power (about 10 kW) in conjunction with the slow 

cycle rate due to the modulation of the pump beam 

could modify the film properties via an increase of 

its temperature. To check this effect, we have done 

some measurements on the same structure 

following the same experimental process and 

varying the pump power. The results are shown in 

figure 6.  

Figure 6: Experimental thermoreflectance signal of 

100nm Al film on Si/SiGe superlattice with 

different pump powers. 

 

As we can see, the influence of the pump 

power does not seem significant as the thermal 

decay does not vary much. We are making new 

experiments to be sure that the thermal decay does 

not depend on pump power. 

We are now working to make more 

experimental measurements to explain the 

discrepancy on the first 100ps and to develop an 

accurate modeling of the energy transport in thick 

metallic film at short time scale which must include 

microscopic interactions between electrons 

themselves and between the phonons bath, as well 

as the temperature dependence of the physical 

properties. In this case, a possibility to access 

absolute temperature measurement on the sample 

will be more difficult since the relation between 

reflectivity change and temperature change will be 

more complicated. 

V. Conclusion 

In this paper, two Si/SiGe superlattices 

structure, with slight different compositions, 

covered by different thickness Al transducers were 

studied using TDTR technique. Taken into account 

the short time scale of the experiment, we have 

shown the influence of the transducer thickness on 

the sensitivity of the measurement to the 

thermophysical properties of the underlying 

superlattices. By this way we were able to measure 

both cross-plan thermal conductivity of the SL and 
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the Kapitza resistance at the interface 

transducer/SL. We were also able to estimate the 

sound velocity inside the Si/SiGe SL from the 

arrival time of acoustic echoes. This technique 

therefore proved to be a useful tool to characterize 

both thermophysical and mechanical properties of 

thin film multilayers. The preliminary results show 

that the discrepancy between experimental and 

theoretical curves observed in the case of thicker 

transducer, could not be explained by the effect of 

the pump power. Diffusion of electrons and then 

the penetration of the heat source seems to be 

responsible for this behavior. A more precise model 

which takes into account this effect should be the 

convenient solution.  
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