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Thermal Diffusivity Measurement of Isotopically
Enriched 28-Si Single Crystal by Dynamic
Grating Radiometry'

Y. Taguchi** and Y. Nagasaka?

In the past decade it has been suggested that the isotopic enrichment of 28-sili-
con enhances its thermal properties. Thus, 28-silicon is suitable as a heat sink in
large-scale integrated circuits. Although some studies have focused on the mea-
surement of isotopically enriched silicon’s thermal properties, accurate experi-
mental data are not sufficient because of this material’s high conductivity and
large heat capacity which make measurement difficult. However, the dynamic
grating radiometry (DGR ) method has been successfully developed to measure
the thermal diffusivity of 28-silicon. In the DGR method, the sample is heated
by interference of two pulsed laser beams, and the temperature decay is
monitored by an infrared detector. By analyzing the temperature changes of the
peaks and valleys of the thermal grating, the thermal diffusivities parallel and
perpendicular to the sample surface are obtained simultaneously. In this paper,
the optimum conditions of the experimental setup for measuring isotopically
enriched silicon are discussed. The comparison of thermal diffusivities between
28-silicon and natural silicon (with a thickness of about 100 pm) is presented,
and the applicability of DGR to isotope engineering is reported.

KEY WORDS: dynamic grating radiometry; high-conductivity thin film;
isotope engineering; isotopically enriched 28-silicon; thermal diffusivity.

1. INTRODUCTION

In recent years, the thermal properties of electronic devices have become
increasingly important in the thermal design of large-scale integrated
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circuits in which the density of heat sources increases exponentially
(~ 100 W-cm™). However, it is very difficult to measure the thermal
properties of micro-scale device configurations (i.e., heat sinks and semi-
conductors) because of the high conductivity and anisotropy that is caused
by their production processes. Therefore, we have developed the dynamic
grating radiometry (DGR) method to measure the anisotropic thermal
diffusivity of high-conductivity films in situ in electronic circuits. We have
also described the applicability of DGR for measurements on orthotropic
graphite sheets and highly oriented diamond films [1, 2].

In isotope engineering [3], it is theoretically expected that the thermal
properties of isotopically enriched 28-silicon (28-silicon: 99.924 at%) are
superior to those of natural silicon. Isotopically enriched silicon can be
applied as a substrate of ultra large-scale integration (ULSI) for heat dis-
sipation purposes. The mechanisms of phonon scattering in silicon are as
follows: (1) scattering by the isotope (29-silicon and 30-silicon); (2) scatter-
ing by the sample boundary; (3) pointing defects or lattice imperfections;
(4) obeying the normal process; and (5) obeying the Umklapp process.
Thus, in isotopically pure 28-silicon, the effect of isotopic composition
(descending the phonon scattering by the isotope) may affect the enhan-
cement of its thermal properties. However, only few accurate data have
been reported concerning the significant difference of thermal properties
between 28-silicon and natural silicon because of its small light absorption
coefficient, large heat capacity, and its high conductivity which make it
difficult to measure. Moreover, there has been no contact-free technique
to measure the thermal properties of semiconductors and insulators, which
can be applied for in-process control. Hence, a technique for the in situ
measurement of thermal properties is required to satisfy these demands.

In the present paper, the optimum experimental setups of DGR for
measuring 28-silicon are reported. By using the focused Gaussian laser
beam in the heating process, the heat loss toward the outside of the heating
area and the influence of oxidization are significant. In addition, the effect
of the noise factor, which impacts the dispersion and deviation of the
experimental results, is described. Finally, we will discuss the difference
in results between 28-silicon and natural silicon for the experiments using
DGR. The applicability of DGR to isotope engineering is also studied.

2. MEASUREMENT THEORY

In the DGR method, the sample is heated by the interference fringe
pattern of two laser beams. The temperature change due to the two-
dimensional heat conduction parallel and perpendicular to the sample is
monitored as a change of an infrared signal (Fig. 1). In order to consider



Thermal Diffusivity of Isotopically Enriched 28-Si Single Crystal 461

the two-dimensional heat conduction, we assume that the sample surface is
uniformly and instantaneously heated by the laser grating, and the bound-
aries of the semi-infinite sample surface are adiabatic. In this case, the
solution of the two-dimensional heat conduction equation is described as
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where 7T; is the mean initial temperature rise, 7; is the spatial temperature
distribution, 4 is the fringe space, and 7 is the time constant of each direc-
tion, which are defined with the thermal diffusivities @, , and light absorp-
tion coefficient a [1]. The AT;(0, ) is the temperature rise that occurs due
to the effect of sample thickness [2].

However, it is impossible to determine both time constants in Eq. (1),
because the equation is the product of two simple decays. By utilizing the
pattern of sinusoidal temperature distribution, which is monitored by the
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Fig. 1. Principle of dynamic grating radiometry (DGR). (a) The sample is heated by the
interference fringe pattern of two pulsed laser beams. The fringe space A4 is around 200 to
500 pm. (b) The temperature distribution of the sample is monitored via infrared thermometry
as a function of two-dimensional heat conduction.
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scanning system of two laser beams, we are able to separate the thermal
diffusivities parallel and perpendicular to the plane in Eq. (1). When the
reflectors condense the emission from both extremes of the peaks and
valleys of the sinusoidal temperature distribution, the exact shapes of the
temperature changes are expressed as

TP = T;cz(O’ 05 t)’ TV = 7;2(/1/29 O’ t)’ (2)

where 7, and 7, are the temperature decays of a peak and valley, respec-
tively. Then, the heat conduction in the z- and x-directions are separated
by using a peak and valley (Egs. (2)) of thermal grating as follows:
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Fig. 2. Typical example of temperature change. Upper diagram: The inset shows the thermal
grating detected by scanning thermometry. (a) is defined as a peak and (b) as a valley of the
interference pattern. Lower diagram: Non-dimensional temperature change includes the
information regarding heat conduction parallel to the sample surface.
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By using the decay signals of the temperature distribution of the two
extremes (the peak and valley), the non-dimensional temperature change
that includes information on the horizontal thermal diffusivity is deter-
mined by Eq. (4). Figure 2 illustrates (a) the typical temperature distribu-
tion of the results of scanning and the temperature changes at the extreme
of thermal grating, and (b) the non-dimensional temperature change
analyzed by Eq. (4). Hence, with DGR, we can extract the thermal diffusi-
vities parallel and perpendicular to the plane separately.

3. EXPERIMENTAL APPARATUS

A schematic image of the present experimental apparatus is illus-
trated in Fig. 3. To create the transient thermal gradient instantaneously,
a Nd: YAG Q-switched pulse laser (NEW WAVE Res.: power 50 mJ-5 ns ™"
at 532 nm wavelength with a repetition rate up to 10 Hz) is adopted.
A beam expander, which has a diopteral controller, is employed to generate
a high-contrast sinusoidal temperature distribution on the sample surface
which is composed of a material having a large heat capacity and small
absorption coefficient, such as silicon. A pulsed high-power laser beam is
divided by a beam splitter into two beams of equal intensity. Two beams
are intersected on the sample surface by mirrors under an angle 6 (0 is
determined from the distance between M3 and MS5) and generate an optical
interference fringe pattern whose intensity distribution is spatially sinusoi-
dal. In order to monitor the decay of the temperature distribution caused
by the heat conduction process, we employ infrared thermometry by mea-
suring the thermal radiation emitted from a spot on the sample surface.
The nano-order moving system, which shifts the position of the heated area
on the sample, is used to scan the sample surface and to observe the exact
shape of the interference fringe pattern. Off-axis paraboloidal mirrors (the
spatial resolving diameter ¢ is estimated to be 80 to 100 um) condense the
emission from a sample to the LN,-cooled HgCdTe infrared detector
(Fermionics: PVA-500-20), and the weak signal is amplified by a current-
voltage preamplifier (bandwidth of 20 MHz) and voltage-voltage amplifier
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Fig. 3. Experimental apparatus of DGR.

(cutoff frequency of 200 MHz). The detected signal is averaged for a
hundred laser pulses in order to significantly improve the S/N ratio.

4. OPTIMUM CONDITIONS FOR MEASURING SILICON

4.1. Effect of the Gaussian Distribution of the Heating Laser

For the purpose of measuring the thermal diffusivity parallel to the
plane, it is postulated in the idealized theoretical condition that the sample
be heated uniformly by a pulsed-laser beam, and the effect of the non-
uniform laser heating caused by the Gaussian laser distribution has not
been considered. However, in the case of local area heating using a TEM g,
laser beam, especially 4~ w/2 (w: Gaussian radius of heating laser),
the influence of heat loss toward the outside of the heating area is not
insignificant.

In order to solve the heat conduction equation, which is considered the
effect of the Gaussian radius of the heating laser, Green’s function at
(x, y, z) at the time ¢ is adopted [4]. Green’s function is most conveniently
defined for the closed surface as the potential that vanishes over the
surface. The assumptions of two-dimensional heat conduction parallel
to the plane are as follows: (1) the sample is a semi-infinite solid
(—o<x<o, 0<z<o), (2) there is no inner heat source in the sample,
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and (3) the sample surface boundaries are adiabatic. In this case of two-
dimensional heat conduction, Green’s functions in a sample are given by
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The initial temperature distribution on the x-axis ¥, (x) and z-axis ¥, (z)
are given by the following equations:
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where Vi is the visibility of an interference fringe pattern. The exact profile
of the temperature distribution on the sample surface is described as
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According to Eq. (9), the time constant 7, and the fringe space A are
expanded by W, and the span of detection time may directly affect the
results of the curve fitting analysis. In using the procedure to separate the
thermal diffusivities parallel and perpendicular to the plane (see Section 2),
it will be complicated to estimate the error that occurs from heat leaking
into the unheated region. In order to evaluate the thermal diffusivity error
due to the Gaussian intensity distribution of the heating laser, numerical
data of non-dimensional temperature change, which is calculated by
Eq. (9), is fitted by the ideal Eq. (4). Comparing the theoretical value and
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Fig. 4. Effect of the Gaussian intensity distribution
of the heating laser beam as a function of Ax/A at
A=373 um for a typical example of Gaussian radius
w=1.14mm. Ax is the distance from the center of the
laser beam, and the error is calculated as the thermal
diffusivity. Error = (a5 — @eory )/ Atheory % 100.

the results of curve fitting, the interrelationship between the effect of heat
loss toward the outside of the heating area and the position of the detected
signals is confirmed. In Fig. 4, the error of the thermal diffusivity is inver-
sely proportional to the distance from the center of the heated area Ax/A.
Thus, by analyzing the signals of the peak and valley that are close to the
center of the beam, we can eliminate the influence of non-uniform Gauss-
ian heating.

4.2. Effect of Signal/Noise Factor

In fitting the signal that has normal-mode noise, white noise may have
practically no influence in the results. In the DGR method, for the purpose
of reducing the background noise (e.g., background radiation, the pointing
stability of the heating laser, and electronic noise), the infrared signal is
electrically averaged for a hundred laser pulses (e.g., up to 40 dB at a low
signal of silicon) by means of a digital storage oscilloscope. However, in the
procedure to separate the thermal diffusivity parallel and perpendicular to
the sample (see Eq. (4)), the influence of its noise is conspicuous. More-
over, it is predicted that the results of analysis may have dispersion or a



Thermal Diffusivity of Isotopically Enriched 28-Si Single Crystal 467

deviation of the time constant and thermal diffusivity. In this section, the
effect of the noise factor is considered, and the optimum condition of the
averaging number of laser pulses is reported.

In order to estimate the dispersion or deviation of the thermal diffu-
sivity, the numerical model of the temperature distribution including the
normal-mode noise (based on Eq. (9)) is considered. The numerical data
(the peak and valley signals close to the center of the heating area) are
analyzed as a non-dimensional temperature change by Eq. (4). Figure 5
illustrates the numerical simulation of natural silicon based on Eq. (9) for
various signal/noise ratios (S/N ratio). In the case of a low S/N ratio (i.e.,
30 dB, 100 averaging points), the analyzed thermal diffusivities are very
widely dispersed. In addition, under these circumstances, the mean thermal
diffusivity is 12% smaller than the theoretical value. On the other hand, at
a high S/N ratio (i.e. 40 dB, 1000 averaging points), the dispersion of
results are within 5%, and the deviation of the mean value of the thermal
diffusivity is within about —2%. As mentioned above, whereas the devia-
tion of the mean thermal diffusivity is improved by increasing the S/N
ratio, the reproducibility of fitting results is not dramatically improved. In
the present work, the number of averaging points is set to ~ 1000 to reduce
the influence of the noise factor.
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Fig. 5. Influence of noise factor. The numerical data
that includes the normal-mode noise are analyzed by
Eq. (4). The mean value of the thermal diffusivity paral-
lel to the plane and standard deviation of the mean are
demonstrated.
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5. RESULTS AND DISCUSSIONS

Natural silicon is composed of three different isotopes: 28-silicon
(92.2 at%), 29-silicon (4.7 at%), and 30-silicon (3.1 at%). Takyu et al. [6]
have successfully grown an isotopically enriched 28-silicon by using the gas
centrifuge technique to separate 28-silicon stable isotopes, and the floating-
zone method (FZ) for the subsequent growth of an isotopically enriched
bulk 28-silicon crystal. In this section, the applicability of DGR to measure
the thermal diffusivity of isotopically enriched 28-silicon is discussed. For
the experimental investigation of the possible enhancement of the thermal
properties by isotopic enrichment, specimens of 28-silicon and natural
silicon (whose specifications are listed in Table I) are demonstrated at
room temperature.

In order to produce a high-contrast thermal image of the interference
fringe pattern and achieve a high visibility of the detected signal, a new
optical system (i.e., laser focusing lenses and two apertures) and a new
monitoring system (i.e., a voltage-voltage amplifier and electrical averaging
component) are utilized. A typical scanning image of silicon under the new
experimental setup is illustrated in Fig. 6, showing a drastic improvement
in the modulation transfer function (MTF). Comparing the image of the
thermal grating with that of the optical image of a CCD camera, the spatial
resolving power is estimated to be about 80 um.

The experimental results for 28-silicon and natural silicon are summa-
rized in Table II. Figure 7 compares the data regarding the thermal diffu-
sivity of natural silicon and 28-silicon. The signals of a peak and a valley
are located at the center of the laser beam in order to mitigate the effect of
the Gaussian temperature distribution with modeling described in Sec-
tion 4.1. First of all, attending to the results of natural silicon, the data
spread of thermal diffusivity (experimental standard deviation of the mean;
experimental SDOM) is within +6%, and the repeatability of DGR is
confirmed. As mentioned in Section 4.2, for the condition of S/N = 38 dB,
the experimental SDOM is theoretically calculated as +4%; thus, the
experimental results are in agreement with the predictions obtained by

Table 1. Specifications of Isotopically Enriched 28-Silicon

Isotope composition [6]

Thickness (pm) 28-silicon 29-silicon 30-silicon

natural silicon (nominal) 130 92.2 at% 4.7 at% 3.1at%
28-silicon (nominal) 120 99.93 at% 0.07 at% 0 at%
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Fig. 6. Improvement of contrast in the case using the
condensing lens in order to increase the density of the
heating energy. The visibility of the thermal grating is
clearly increasing compared to the case without the con-
densing lens. The optical image is observed by a CCD
camera at the same time. Vi = 0.62 and 4 =205 pm.

numerical simulation. The uncertainty of the present work for measuring
natural silicon is estimated to be about +9% (based on GUM). Under
such noisy conditions, according to Fig. 5, it was assumed that the mean
value of the thermal diffusivity would be 7% smaller than that of the rec-
ommended value. However, the deviation of the experimental results was
slightly larger than its predicted value. Due to the high power laser beam
adsorption (i.e., silicon dioxide and carbon adsorber) and the emissive heat
loss (silicon is transparent in the near-infrared region), the thermal diffu-
sivity may have a tendency to be inferior to that of the predicted value. In
DGR, considering the ideal condition of uniform laser heating, the emissive
heat loss 4T, in the z-direction is expressed as

ems
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Table II. Experimental Results Regarding Natural Silicon and 28-Silicon

Thermal diffusivity (mm?-s~')  Reproducibility®

Present work natural silicon 65.5 a, +6%

28-silicon” 116 ra, +8%
TPRC [5] natural silicon 88 Ta, N/A
Rufetal. [7] 28-silicon® 143 ‘a, N/A
Gusev et al. [10] 28-silicon® 95.3 a, N/A
Ttohetal. [11] 28-silicon’ 111 ‘a, N/A

¢ Composition of isotope silicon; 28-silicon (99.93 at%y), 29-silicon (0.07 at%), 30-silicon
(0 at%).

® Composition of isotope silicon; 28-silicon (99.859 at%), 29-silicon (0.127 at%), 30-silicon
(< 0.2 at%).

¢ Composition of isotope silicon; 28-silicon (99.896 at%), 29-silicon (0.09 at%), 30-silicon
(0.014 at%).

4 Composition of isotope silicon; 28-silicon (99.9 at%).

¢ Experimental standard deviation of the mean.
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Fig. 7. Comparison of the experimental results regard-
ing natural silicon and 28-silicon. The fringe space
A=373 uym and the Gaussian radius w =1.14 mm. The
results are dispersed by the noise factor (see Section 4.2).
Other experimental results and the results of simulation
are also shown.
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Thus, by using the procedure to separate the thermal diffusivity parallel
and perpendicular to the sample (Eq. (4)), the heat loss AT, is
negligible in a non-dimensional temperature change. Moreover, it is pos-
sible to reduce the effect of oxidization and adsorption by controlling the
energy of the heating laser beam. In the case of 28-silicon, the S/N ratio of
signal is estimated to be 25 dB; thus, the dispersion of experimental results
is calculated as +6% by numerical estimation (see Section 4.2). The repro-
ducibility of this experimental result agrees with the numerical estimation.
Ruf et al. [7] have measured the 28-silicon (composition of isotope silicon:
28-silicon (99.859 at%), 29-silicon (0.127 at%), and 30-silicon (< 0.2 at%))
using a steady-state heat-flow method, and they have indicated a 60%
enlargement of thermal conductivity by isotopic enrichment. In addition,
by using a transient pump-probe method (Capinski et al. [8]), a 60%
enhancement of thermal conductivity at 300 K has been observed.
However, Inyushkin et al. [9] have suggested that isotopic enrichment will
not dramatically affect the improvement of thermal properties. Also, Gusev
et al. [10] have revealed a 7% difference of thermal conductivity between
natural silicon and 28-silicon based on experimental results by using a
steady-state method. In an earlier numerical simulation of isotopically
enriched silicon (Itoh et al. [11]), the increase in thermal conductivity of
28-silicon has been estimated to be 25% at room temperature. In the
present work, assuming that the measurements of natural silicon and
28-silicon have the same systematic error of laser beam adsorption, the
thermal diffusivity parallel to the sample surface of 28-silicon was 77%
larger than that of natural silicon. Although there is ample scope to discuss
the absolute value of the thermal properties of 28-silicon, we can confirm
the applicability of DGR to measure isotopically enriched 28-silicon within
a 9% uncertainty and the validity of our method for application to isotope
engineering.
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