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ABSTRACT

This article presents an overall evaluation of the transient thermo-reflectance
technique as applied to the measurement of thermal properties of electronic materi-
als. First, a specific highly-effective implementation of the method is presented.
Then, the focus is placed on a systematic characterization of the performance of the
thermoreflectance technique in which the influences of the most important system
parameters on the accuracy of the TTR measurements are ascertained [1]. Finally,
the power of the TTR measurement technique and its optimization are demonstrated
through representative measurements, first of bulk materials [2] and then of thin-
film materials. The experimental investigations address the effects of doping, iso-
topic purity, interface resistance, deposition/growing methods, and film thickness
on the thermal properties of the selected bulk and thin-film layers.

INTRODUCTION

The continual high demands in modern consumer and industrial electronics
have pushed the manufacturing of 1Cs to unforeseen scientific and technological
limits. Miniaturization leads to increased heat generation densities, requiring so-
phisticated thermal analyses. In order for numerical analysis to be useful in the pre-
diction of performance and reliability of integrated circuits, accurate thermal prop-
erty data are required. With the drop of the thickness of thin-films into the submi-
cron regime came the realization that bulk and thin-film thermal properties differ
noticeably [3]. However, since no universal behavior is expected for these differ-
ences and since they cannot be predicted from theory [4], the properties of each ma-
terial must be measured separately. Since deposition techniques differ by manufac-
turer, it is important to measure the properties of deposited film in situ [5]. Also, as
films are typically layered, and the tendency is to use thinner films of higher ther-
mal conductivities, a point is reached where the intrinsic thermal resistance of each
film is comparable to the interface resistance between the stacked layers, thus mak-
ing essential the measurement of such interface thermal resistances.

Among measurement approaches, optical non-contact techniques, such as the
transient thermo-reflectance method (TTR) [6], are desirable. The main advantage
of the TTR method is that it is a non-contacting and non-destructive optical ap-
proach, both for heating a sample under test and for probing the variations of its
surface temperature [7]. Until recently, the main drawback of the TTR method has
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been its extreme sensitivity to hardware and design of samples under test. For ex-
ample, when measuring transparent materials investigators ended up depositing an
opaque absorption layer on top to absorb the heating laser radiation. Taking a
broader view, one can say that TTR measurements can be hindered by less-than-
desirable optical properties of the top layer material (i.e., low thermo-reflectance
coefficient, low reflectivity, high transparency, surface roughness), which degrade
the measurement performance of a given system. To eliminate these difficulties,
investigators have resorted to the use of the absorption layer on top of the material
under test. Metal films are used because they exhibit high absorptivity and their op-
tical properties are usually well known (e.g., Au in [8], Al in [9, 10] and Mo in
[10]). The optimum thickness of the absorption layer can be determined by the use
of an optimization approach, as will be described later in this article.

TTR MEASUREMENT TECHNIQUE AND SYSTEM

The basic principle of the transient thermal reflectance method is to heat a sam-
ple by laser irradiation and probe the changes in the surface reflectivity of the
heated material. The source of energy in the TTR method is normally provided by a
pulsed laser with short pulse duration. During each pulse, a given volume below the
sample surface heats up due to the absorbed laser light energy. The depth of the
volumetric heating is determined by the optical penetration depth, which is a func-
tion of laser wavelength and surface material properties. After each laser pulse, the
sample cools down to the initial ambient temperature. During this process, a prob-
ing CW laser light reflected from the sample surface at the heating spot center is
collected on a photodetector (1 ns maximum rise l ]
surface reflectivity. The changes in surface refleg
tional to the changes in surface temperature wit
range [11], are recorded by an oscilloscope (at ratd  *

The result of the experiment is a transient 1"
which represents the overall heat transfer behaviof -
ing the unknown material under test. To extract {*
recorded temperature response, an identical mathg
responding physical measurement problem is solved
thermal properties with the intention of matching the experimental and numerical
transient normalized temperature responses. A mathematical optimization tech-
nique makes it possible to systematically vary the desired unknown properties and
compare each resulting numerically-obtained response to the reference experimen-
tal data until the error between them is minimized in the RMS sense. The final nu-
merical solution hence yields the desired unknown parameters, which represent the
best fit to the actual thermal properties of the physical sample. By using a two-
parameter optimization technique, the method described in this work yields not only
the thermal conductivity of the material under test but also the interface resistance
between this material and the absorption layer on top of it.

Figure 1 shows a schematic and picture of the second generation experimental
system used to obtain the transient thermo-reflectance (TTR) measurements herein.
The heating source is an Nd:YAG pulsed laser with 30 Hz repetition rate, 532 nm
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Figure 1. Schematic and picture of the TTR experimental system built at SMU

wavelength, 6.1 ns pulse duration and up to 0.5 mJ pulse energy. A HeNe CW laser
with 632 nm wavelength is used for probing. The heating and probing spot dimen-
sions for a 20X objective lens are around 200 um and 15 pm, respectively.

METHOD OPTIMIZATION

Maximizing the performance of TTR measurements can be approached from
two equally important perspectives. First, the TTR setup itself can be optimized, by
adjusting the various characteristics of the components of the TTR system. The
most important parameters are the pulse-width of the heating light source and the
wavelengths of both the heating and probing light sources. Second, the TTR meas-
urements can be optimized through proper adjustments of the structure and geome-
try of the sample under test. It is desirable to use a metallic coating on tested sam-
ples, but an optimal thickness of coating should be used in order to attain the best
performance of the TTR setup. If the absorption layer thickness is not properly cho-
sen, the performance of the TTR measurements of a coated sample could be lower
than those of an uncoated sample.

Since the TTR system consists of the heating subsystem delivering power to ini-
tiate a temperature response, and the probing subsystem tracking a change in reflec-
tivity of the sample corresponding to the temperature response, the authors have
introduced an overall performance coefficient, 7 = Rs, x C,; , which can be used

to characterize the quality of a thermal conductivity measurement system. The first
parameter in the product, Rsk, represents the responsivity of the TTR thermal con-
ductivity measurements, which characterizes the sensitivity of the temperature re-
sponse to heat generation and transfer within a sample. The second parameter, Crg,
is the thermoreflectance coefficient of the sample surface, which characterizes the
signal-to-noise ratio in the reflectivity measurements.
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Figure 2. Responsivity of bulk: (a) Silicon and (b) Gallium Arsenide
Responsivity of the TTR Measurements

The responsivity, Rsk, of the thermal conductivity measurement is defined as
Rs, = K(d®/dK ),.., where @ is the normalized temperature response of the sam-

ple surface and K is the thermal conductivity of the material. The responsivity Rsk
is calculated at the non-dimensional time T where d@/dK is maximized. Indeed, Rsk
is directly connected with the accuracy of the method by the equation

o, =Rs, 'o,, where oy is the random measurement uncertainty of the thermal
conductivity, K, and og Is the random apparatus uncertainty related to detecting
the temperature response. While o depends on the apparatus signal-to-noise ratio

and can be considered as a conservative value for a particular setup, the latter equa-
tion shows that the measurement uncertainty, o , of the TTR technique decreases

with increases in the responsivity value, Rsk. Hence, the responsivity, Rsk, which
depends on the properties and geometry of the materials making up a sample, and
the TTR system parameters, can characterize the performance of the TTR method
and be useful for optimizing a given experiment. By solving the heat equation for &,
it is possible to compute Rsk and to bring out important aspects used to assess the
performance of the TTR technique (see [17] for a detailed uncertainty analysis).

The calculated responsivities of a bulk silicon sample and a bulk gallium ar-
senide sample covered with various layers of metals are shown in Figures 2(a) and
2(b), respectively. Only metal films were investigated because they exhibit high ab-
sorptivity and their optical properties are usually well known. The responsivity of
the uncovered samples is also shown in Figure 2 as a horizontal dashed line (Rsk =
0.091 for Si and Rsk = 0.048 for GaAs). The responsivity of measuring metal-
covered silicon samples is higher than the responsivity of the uncovered sample if
the thickness of the metallic coating is between 2,500A and 5,000A. Covering the
GaAs sample with any of the 16 metals considered here will produce a significant
improvement in the responsivity. The thickness of the absorption layer needs to be
precisely controlled in order to achieve the maximum accuracy of the TTR meas-
urements. For example, depositing 6000A of gold or copper on GaAs will more
than double the responsivity of the TTR thermal conductivity measurements.



The Thermo-Reflectance Coefficient

The sensitivity of the thermoreflectance technique is determined by the extent of
the change in the reflectivity with changes in the temperature. The measure of this
variation is called the thermoreflectance coefficient, Crr. For materials used in elec-
tronic devices, the values of the thermoreflectance coefficient vary over several or-
ders of magnitude above and below 10™* K™. Furthermore, the thermoreflectance
coefficient varies widely with the wavelength of the light irradiation used for prob-
ing the change in the reflectivity of the sample.

Since the signal-to-noise ratio is directly proportional to the thermoreflectance
coefficient, when looking into increasing the performance of the TTR measure-
ments, one should choose the probing light source that will yield the maximum
thermoreflectance coefficient. However, numerical values of Ctr for specific mate-
rials over a wide range of laser wavelengths are scarce or nonexistent in the litera-
ture. So, one must measure Crg in situ for a specific material at different wave-
lengths. The authors have developed a system specifically designed for this task,
and will report on their measurements in future publications.

As depicted in Figure 3, the change in the thermoreflectance coefficient with
wavelength does not exhibit a systematic behavior [12-14]. First, the Ctr coefficient
is highly dependent on the wavelength of the probing irradiation, as expected. Per-
haps less anticipated, however, is the fact that the magnitude of the variations is
significant even for small changes in wavelength. Second, practically for all metals,
Cqr exhibits a change in sign for certain values of the wavelength.

The overall Performance Coefficient of the TTR Measurements

The following overall performance coefficient is proposed to characterize the
performance of the TTR measurements: 77 = Rsk ><|CTR | To minimize the uncer-

tainty of the TTR measurements the above-defined coefficient must be maximized.
The coefficient 1 has been computed using the specific characteristics of the TTR
system built at SMU, namely for a HeNe probing laser (632 nm) and a YAG heat-
ing laser with a pulse-width of 6.1 ns and wavelength of 532 nm, and is plotted in
Figure 4 for a bulk silicon sample covered with a copper, aluminum, or silver ab-
sorption layer. It is evident that a layer of copper (5,500A) will produce the minimal

-~ Au- Tessier (2001 n (109 5 :
6 [~ o A Shakou (20())1) _mm === Copper |
F--—-—ATi ® Au- NETSL Data 0.8 |reeeeees ; : e
4 F---- -e-Ni - Hanus (1967) 7/
- —- Al -Rosei (1972)
X T 06 SR / ....................
ol /
& 04 g P i A
/ 7 -
02 [t A
/// Silver
4 ‘ ! ! ! ! ! 1 0
400 450 500 550 600 650 700 750 800 0 2000 4000 6000 8000 10,000
Wavelength, nm Thickness of absorption layer, h (&)

Figure 3. Thermoreflectance coefficient [12-14] Figure 4. Overall performance coefficient



uncertainty of the TTR measurements.

Surprisingly, the results shown here indicate that in order to achieve the best re-
sponsivity of thermal conductivity measurement using a TTR system, any metal can
be used to cover a semiconductor or amorphous dielectric sample, as long as the
optimum thickness is deposited. Therefore, in order to obtain the smallest uncer-
tainty one should use an absorption layer that maximizes Crg and then compute the
optimum thickness of that layer by maximizing the responsivity of the TTR system.

The results presented herein are useful in two important ways. First, when one is
designing a new TTR system, this work can be used to choose the best possible
probing and heating lasers. This is especially helpful when measuring samples of
similar nature (e.g., measuring the thermal conductivity of materials embedded in a
device using gold contacts as an absorption layer). Second, for existing TTR sys-
tems, one can use the results of this work to fully design the TTR measurements
(i.e., test samples). Specifically, the present study will help one decide on the metal
that needs to be used as an absorption layer. The appropriate thickness of the ab-
sorption layer can be then calculated using the results presented here. Certainly,
there is also a third inherently instructive value to gaining a fuller understanding of
the overall efficiency of the thermo-reflectance measurement technique.

MEASUREMENT RESULTS
Bulk Materials

The TTR method was used to measure (i) the thermal conductivity of natural
silicon and isotopically-pure silicon-28 layers that are epitaxially grown on natural
silicon substrates; (ii) the thermal conductivity of the oxide of natural and isotopi-
cally-pure silicon; and (iii) the influence of doping type and level on the thermal
conductivity at room temperature (300 K).

Seven 4-inch, 635 um-thick, silicon wafers with a 5 um-thick epitaxial layer of
either natural silicon or isotopically-pure silicon-28 (TABLE 1) were considered in
this investigation. All samples were covered by a gold layer. The measured values
of the thermal conductivity for the epitaxial material and the thermal interface resis-
tance between the gold and epitaxial layers for the seven samples are presented in

TABLE I. THERMAL CONDUCTIVITY AND INTERFACE RESISTANCE MEASUREMENTS

Sample | Material | Doping Type | Doping Level GOI%’B%OVH K+ GK()W/m' R(t:jnélgvﬁ\:l)c
1 Si Boron (P) Low (1-10") | 4,070+25 | 148+86 7.4£0.23
2 Si Boron (P) | High (2:10%%) | 4,010£25 | 12274 6.5+0.92
3 Si®8 Boron (P) Low (1-10%) | 5130+25 | 227+129 5.5+0.37
4 Si® Boron (P) | High (2-10") | 5,010 + 25 190+ 5 5.5+ 0.57
5 Si Phosphorus (N) | High (2:10") | 5,040+25 | 125+4.8 5.8 +0.46
6 Si® | Phosphorus (N) | High (2:10%) | 5,120+25 | 194+126 5.6 +0.24
7 Si | Phosphorus (N) | Low (3:10"%) | 4,960+25 | 150+ 4.6 10.6 +0.36




the two rightmost columns of TABLE I, along with the associated percentage
uncertainty values. The uncertainty values for each measured silicon and Si%®
sample were obtained by calculating the standard deviation of at least 5,000
measured temperature responses. The uncertainty values for the oxide covered
sample were obtained by calculating the standard deviation of twenty measurement
trials, each consisting of 2,000 measured temperature responses at the same
physical location. The average uncertainty in the thermal conductivity is around
5%, while for the interface resistance, the average uncertainty is around 7%.

The effects of isotopic purity, dopant level, and dopant type on the thermal con-
ductivity are presented in terms of percentage changes in TABLE Il. Isotopically-
pure silicon (Si*®) is appreciably (55%) more thermally conductive than the natural
silicon, both at the lower as well as at the higher levels of doping, for both n-type
and p-type doping [2]. The effect of doping level on the thermal conductivity of Si®
is similar to that observed with both the p-doped and n-doped natural Si samples
and is a decrease of ~18% in the thermal conductivity. The effect of doping type on
the thermal conductivity of the samples investigated here is undetectable within the
uncertainty of the TTR measurements. Thus, the qualitative and quantitative behav-
iors of the n-type and p-type dopants on the thermal conductivity are identical.

Thin-Films

Thermal properties of thin films, such as SiO,, can vary considerably from bulk
values. Thus, a better understanding by direct measurement of those properties (as
well as the interface resistance between SiO, and adjacent layers) is critical. In this
section, TTR thermal measurements are shown for thin-film SiO; layers.

TABLE Il. EFFECTS OF ISOTOPIC PURITY, DOPING LEVEL,
AND DOPING TYPE ON THERMAL CONDUCTIVITY

Csoanr:qppalzesd Reference Sample Compared Sample MEa)ngggité%al ChKarEOg/(?)m
1&3 | Low p-doped Natural Si Low p-doped Si*® (Ka-K1)/Ky 54%
2&4 | High p-doped Natural Si High p-doped Si*® (Ka-Ko)/K; 56%
5&6 | Highn-doped Natural Si High n-doped Si*® (Ke-Ks)/Ks 55%
1&2 Low p-doped Natural Si High p-doped Natural Si (Ko-Ky)/Ky -18%
3&4 Low p-doped Si® High p-doped Si® (Ka-Ks)/Ks -20%
7&5 Low n-doped Natural Si High n-doped Natural Si (Ks-K7)/K5 -17%
1&7 Low p-doped Natural Si Low n-doped Natural Si (K7-Ky)/Ky 1.4%
2&5 High p-doped Natural Si High n-doped Natural Si (Ks-K2)/K; 2.5%
486 High p-doped Si*® High n-doped Si*® (Ke-Ka)/Ky 2.1%




A total of 20 silicon samples were divided into four sets of five samples each.
Silicon oxide was thermally grown (TG) on two sets and ion-beam sputtered (IBS)
on the other two. One set of each type of SiO, samples was covered with a thin
layer (100 + 30 A) of Cr. Finally, all the samples were covered with a layer of Au
(with an optimum, pre-computed thickness of Au). The thickness of the gold layer
was chosen such that the uncertainty of the TTR system is minimized.

The measurement procedure used to determine the thermal conductivity of the
oxide layer (Ksim) and the thermal interface resistance (R;) was as follows. The sam-
ples were tested using the TTR setup to find the transient surface temperature. The
geometric and optical parameters were tested independently using the profiler and
ellipsometer. Next, the acquired TTR temperature response was matched by the so-
lution of the heat equation by varying the thermal resistance caused by the silicon
dioxide layers, Ri. The thermal resistance Ry, was then plotted versus the thickness
of silicon dioxide. The Ry, plot was extrapolated to zero thickness of SiO, and the
intercept, which represents the interface thermal resistance, was estimated. The
slope of the Ry, versus h line, which represents the inverse of the intrinsic thermal
conductivity of the SiO, film, was also extracted.

For TG SiO, films, the interface thermal resistance was found to be R, =
1.68x10"* m?-K/W. When a Cr film was deposited between the gold layer and the
thermally grown oxide, the interface thermal resistance of the TG SiO; films de-
creased to R, = 0.78x10~* m%-K/W. For IBS silicon oxide films, the interface ther-
mal resistance was found to be R, = 2.58x10°* m?-K/W, and when a thin Cr layer
was deposited between the oxide and the metallization layer, the value of the inter-
face thermal resistance was reduced to R, = 1.15x10™® m*-K/W. Given the above,
one may conclude that (a) the interfacial resistance was dependent on the film fabri-
cation process, and (b) a thin layer of Cr deposited between the metal and the di-
electric layer will result in more than a two-fold decrease in the interface resistance.
Similar reductions in the interface resistance by the use of ultra-thin layers (50A to
150A) of other metals (e.g., Ni, Ti, Ni-Cr alloys) have not been investigated, but
were expected since such thin layers improve the adhesion of the metallization layer
to the underlying dielectric.

From the standpoint of thermal management of electronic devices, the effective
thermal conductivity Keg is the most useful parameter since it is required in engi-
neering computations. Thus, it is beneficial to investigate the variation of K of the
SiO;, layer as a function of the thickness of that layer, h. The effective thermal con-

ductivity Kes can be computed asK,, =[1/K,, + R, /h]", where Kiy is the intrinsic

thermal conductivity of the film, R, is the interface thermal resistance and h is the
thickness of the silicon dioxide film. A plot shown Keff is presented in Figure 5 for
both TG and IBS silicon oxide layers (with and without an interfacial Cr layer). The
solid curves in Figure 5 represent a polynomial fit of the corresponding effective
thermal conductivity data. As expected, a significant decrease in the effective con-
ductivity of the film is observed with the decrease in the thickness of the SiO; layer.

Once the effective thermal conductivity and the interface resistance are known,
the intrinsic thermal conductivity of the deposited films K, can be easily computed
from the equation (definition of thermal resistance): R, =h/K, =h/K, +R,
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where h is the thickness of the oxide layer, K is the effective thermal conductivity
of the oxide layer, and Ki is the intrinsic thermal conductivity of the oxide.

The resulting intrinsic thermal conductivity is shown in Figure 6, and indicates
that the intrinsic thermal conductivity of the thin dioxide films tested here is indeed
thickness-independent and is less than the value reported in the literature for the
bulk silicon oxide Kpyx = 1.4 W/m-K. The intrinsic thermal conductivity of the TG
oxide tested here is found to be around 90% of the widely published value, while
the intrinsic thermal conductivity of the IBS silicon oxide is about 75% of the pub-
lished value. Specifically, the average intrinsic thermal conductivity of the TG sili-

con oxide layers is K. '® = 1.27 + 0.05 W/m-K and the intrinsic thermal conductivity

int

of the IBS silicon oxide layers is K> = 1.05 + 0.04 W/m-K, for thin-film silicon
dioxide layers whose thicknesses are between 100 A and 1000 A. The values of Ke
and Ky presented above show that thermal transport properties of the SiO, layer are

indeed dependent on the method used to deposit the film.

CONCLUSIONS

In this work several relevant measurement results were presented with the pur-
pose of addressing a number of important issues associated with the thermal proper-
ties of electronic materials as well as the TTR methodology itself. A systematic
characterization of the performance of the thermoreflectance technique was made
by addressing the impact of the parameters of the measurement system as well as
the geometry and composition of the sample under test. TTR measurement results
were presented with emphasis on the effects of doping, isotopic purity, interface
resistance (use of glue-layers), deposition/growing method, and film thickness on
the thermal characteristics of bulk and thin-film layers.

An approach for optimizing the TTR measurement of thermal properties was
presented. The influence of the most important parameters of the system on the ac-
curacy of the TTR measurements were investigated and discussed. An overall per-
formance criterion was defined based on the responsivity of a given system and the
thermoreflectance coefficient of the sample under test. It was shown that in order to
obtain the smallest measurement uncertainty one should use a metallic absorption



layer with the highest possible thermoreflectance coefficient and then compute the
optimum thickness of that layer by maximizing the responsivity of the TTR system.

Measurement results were presented both for bulk and thin-film layers. In order

to study the effects of doping and isotopic purity, the TTR method has also been
used to measure the thermal conductivity of bulk natural silicon and isotopically-
pure silicon-28 layers. Thermal property measurements of silicon dioxide films
were also carried out with the optimized TTR method and were presented here. The
results were used to assess and discuss the influence of the deposition/growing
method, and film thickness on the thermal characteristics of thin-films.
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