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Abstract Thermal diffusivity (TD) of p-Si and Ag/p-Si sam-
ples were measured by photoacoustic technique using open
photoacoustic cell (OPC). The samples were annealed by
heating them at 960, 1050, 1200, and 1300 °C for 3 h in air.
The thermal diffusivity of Ag-coated samples was obtained by
fitting the photoacoustic experimental data to the thermally
thick equation for Rosencwaig and Gersho (RG) theory. For
the single layer samples, the thermal diffusivity can be ob-
tained by fitting as well as by obtaining the critical frequency
f.. In this study, the thermal diffusivity of the p-Si samples
increased with increasing the annealing temperature. The
thermal diffusivity of the Ag/p-Si samples, after reaching
the maximum value of about 2.73 cm?®/s at a temperature of
1200 °C, decreased due to the silver complete melt in the
surface of the silicon.

Keywords Thermal diffusivity - p-type silicon -
Photoacoustic technique

1 Introduction

The first demonstrations of photoacoustic (PA) and
photothermal effects were made in the nineteenth century.
The development of photothermal techniques started in the
1970s, particularly through the work of Rosencwaig [1, 2].
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The cell acoustically isolates the microphone from external
noise and contains a window enabling the modulated light to
illuminate the sample [3]. The theory of the PA effect in solid
sample was first described by Rosencwaig and Gersho (RG)
[1]. According to this model, the heat generated in the sample
will diffuse from the sample to the gas in immediate contact
with the sample. An important parameter involved is the ther-
mal diffusion length of the sample y5 which can be defined in
terms of the thermal diffusivity [4, 5],

o=\ s (1)

where f is the modulation frequency of the incident light.
From the above equation, it can be seen that the 115 decreases
with the increasing modulation frequency. The modulating
frequency is termed as characteristic frequency f; (f=f.), when
the thermal diffusion length becomes equal to sample thick-
ness I (us=15), the thermal diffusivity (TD) as given by

as = chlg (2)

TD can then be obtained by applying Eq. 2 [6, 7], which
corresponds to the situation (;=ps). According to the RG
theory, the rear sample periodic pressure variation in the air
chamber is given by [8, 9],

 Polo(agar) s erd)
" 2nToloksf  sinh(lsay)

(3)

with O given by Eq. 3. T, , and P, are constants referring to
temperature, ratio of air for heat capacities, and ambient pres-
sure, respectively. k; is the thermal conductivity of sample s,
and the subscripts g and s represent gas and sample, respec-
tively. Now, if the sample is thermally thin (i.e., [a;< 1), Eq. 3
becomes
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Fig. 1 Cross section of an open photoacoustic cell (OPC)
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That is, the amplitude of the PA signal decreases as /.
The sample is considered thermally thick (i.e., Las» 1) if
the PA signal written as,

_ Polo(agas) 2 VAT

wt*”/zflsus)
Q= ik, 7 ¢ ®)

This equation means for the thermally thick sample the
amplitude of PA signal from the rear sample decreases expo-
nentially with modulation frequency as [3, 6, 10],

Oix ="/ ,Exp (~=b3f) (6)

where b = ls\/% and /; is the thickness of sample.
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Fig. 3 PA signal vs frequency for the samples under annealing
temperature a 1050 °C and b 1200 °C

TD decreased linearly with a slope of b. Hence, the TD of
the sample can be easily evaluated from the signal

Fig.2 Experimental set-up of the
open photoacoustic cell detection
technique
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7 g properties. The measured TD value for p-type silicon (p-
é Si) in room temperature wafer is 0.900-0.300 cm?*/s [18].
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Fig. 4 Modulated frequency as function to /nPA signal to find £, under
annealing temperature a 1050 °C and b 1200 °C

amplitude plot. However, a necessary condition to employ
the open photoacoustic cell (OPC) configuration is that the
sample should be optically opaque solids at the incident
wavelength (/3«1); for the thermally thick solids case (u
<l, n>13), where the (1) is thermal diffusion length, /5
absorption optical length can be obtained by /;=(1/3) and
(/) the physical length. The OPC configuration can not only
be used for the study of solid samples, but liquid samples
can also be characterized using this configuration.
Commonly used approach in the study of liquid samples
using OPC configuration is by keeping the liquid in contact
with a thermally thin solid sample, the thermal properties
of which are known. Crystalline silicon has been widely

@ Springer
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2 Methodology

The samples used in this study are p-Si wafer which has ori-
entation (100) and 537-um thickness for the silicon obtained
from Si Valley Microelectronics Company. The wafer was cut
into a square form (2x2 cm), and to coat the silver onto it, a
silver foil with a thickness of 250 pum was firmly pressed onto
it. All samples were annealed by heating in air from 960 to
1300 °C. The annealing or heating time at each temperature is
3 h to diffuse the silver foil onto the silicon surface.

Figure 1 shows the cross section of an open OPC. This
represents the main part of the photoacoustic spectroscopy
where the cell function is to generate and detect the acoustic
signal. The PA cell chamber was developed from aluminum
and has an outer diameter of 8.30 cm and height of 3.50 cm.
The inner cylindrical chamber is 1.20 cm in breadth, 2.50 cm
in length, and 0.60 cm for the diameter of the circular opening
of the cell. The cell was built with electrets microphone in the
chamber as it is mounted at the second metal plate. The mi-
crophone (electrets microphone COM-08635 ROHS) acts as a
pressure sensor to detect the acoustic signal.

The PA setup used continuous wave (CW) light source,
He-Ne laser beam (Melles Griot, model 0SLHR828) which
has an output power of 75 mW, and wavelength 632 nm light
source was modulated with mechanical optical chopper
(SR540) from 4 to 4 kHz, Fig. 2. The signal detected by a
microphone is amplified by a low noise per-amplifier (SR560)
with a variable frequency bandwidth and gain that has filter

Temperature (°C )

ranges from 0 to 5000 kHz. The amplified photoacoustic sig-
nal (PAS) then is passed to a lock-in amplifier (SR530) to
analyze and convert it into PAS amplitude and phase. The
LabVIEW software was used to collect the magnitude and
phase data and finally, an Origin lab 8 software was used to
analyze the data.

TD for Ag-coated samples can be obtained by fitting the
experimental data with Eq. 6 of thermally thick region for b
and from it TD can be evaluated from Eq. 7 [6]. For single
layer samples, the TD can be obtained by fitting as well as by
obtaining the critical frequency f;, Eq. 2. TD measurements
were carried out by the PA technique using OPC technique
and repeated three times to ensure the consistency of the value
at room temperature. The morphological characterizations of
the sample surface were carried out by using X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy dis-
persive X-ray (EDX).

3 Results and Discussion

TD measurement of the p-type Si (p-Si) samples which has a
thickness of 537 um were measured using OPC technique
cell. The chosen heating temperatures are 960, 1050, 1200,
and 1300 °C, and the heating time is 3 h. The Fig. 3a, b for the
PA signal amplitude of p-Si samples varies with modulation
frequency under heating temperatures 1050 and 1200 °C that

Table 1 Thermal diffusivity p-

Si, thermal diffusivity Ag/p-Si Anneling temperature TD of p-Si TD of Ag/p-Si Thickness of Ag/p-Si
’ ’ o 2 2
and thickness for Ag/ p-Si with (§®) (cm/s) (cm?/s) (pm)
the different heating temperature
Room temperature 0.401 -
960 0.662 0.688 720
1050 0.679 0.691 690
1200 0.689 2.730 687
1300 1.770 0.594 565

@ Springer
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Fig. 8 XRD spectra for Ag/p-Si 16000
under annealing temperature a . o )
1050 °C and b 1200 °C for 3 h 14000 (a Si/Ag1050°C
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Fig. 9 SEM images for the
sample under annealing
temperature 1200 °C. a P-Si as
scale 5.00 um. b Ag/P-Si as scale
10.00 pm
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is clear; the PAS is decreased exponentially with increasing
modulation frequency.

At room temperature, TD of unheated p-Si sample by
fitting is 0.401:£0.005 cm?s". For the heating sample at tem-
peratures 960, 1050, 1200, and 1300 °C, the TD were 0.662+
0.005, 0.679+0.006, 0.689:£0.004, and 1.770+0.005 cm’s ",
respectively.

Similar TD results can be obtained by finding f; and using
Eq. 2. For the information, the f; of unheated sample, and
samples heating at 960, 1050, 1200, and 1300 °C were 44.3,
73.1,75.04, 76.10, and 196.06 Hz, respectively. Typical plots
of In(PAS) as function to modulation frequency for similar
sample under heating temperatures 1050 and 1200 °C can be
seen in Fig. 4.

The results show that the TD increases with annealing
temperature for p-Si. Figure 5 explains the relationship
between TD and temperature for p-Si with the different
temperatures. Careful observation showed differences
among the results of TD for p-Si due to the different
temperatures used. The TD increased with increasing
heating temperature for p-Si.

For the two layer Ag/p-Si sample, the typical PAS versus
modulation frequency can be seen in Fig. 6 under heating up
to 1200 °C. The TD is obtained by fitting experimental data
with Eq. 6. For samples of heating temperatures 960, 1050,
1200, and 1300 °C in a period of 3 h, the TD were 0.688+
0.009, 0.691+0.008, 2.730£0.004, and 0.594+0.009 cm’s ",
respectively.

Figure 7a showed differences among the results of TD for
Ag/p-Si due to the different temperatures used the value of TD
is increased with increasing heating temperature up to heating
temperature 1200 °C then decreased. The TD is decreased
after complete melt of the silver. In Fig. 7b, the comparison
between p-Si and Ag/p-Si could be clearly distinguished from
the graph presented. The TD values of p-Si and Ag / p-Si
samples are tabulated in Table 1. The melting point of pure
silver is 961 °C [19]. The result show the melting point of the
silver is within the range from 960 to 1200 °C (two-layer
sample) [20]. The decrease of silver thickness means the
silver atoms distributed through diffusion inside of the bulk
of the silicon as well as evaporation of silver atoms into

keV

atmosphere. This diffusion then will limit the electron mean
free path hence will lead to the decrease of TD.

The morphological characterizations of the samples surface
structure were carried out by using X-ray diffraction (XRD),
scanning electron microscopy (SEM), and energy dispersive
X-ray (EDX).

Figure 8a, b shows the XRD analysis performed on the
sample at temperatures of 1050 °C (a) and 1200 °C (b) for
3-h annealing. The peak of Si (111) and Ag (111) phase ap-
peared at 38.09° for all silicon (Ag/p-type Si).

Figure 9 shows the image of the SEM spectrum, Fig. 9a the
sample under 1200 °C the surface of silicon without silver,
and the Fig. 9b the surface of silicon coated with silver under
heating temperature 1200 °C after the silver complete to melt
in the surface of silicon. Figure 10 EDX analyses showed
strong presence for silver and has strong peak in the surface
of the silicon.

4 Conclusion

In this study, the TD of the p-Si samples and Ag/p-Si samples
heating at annealing temperature were successfully measured
using PA technique. The results show the thermal diffusivity
of the p-Si samples increased with increasing annealing tem-
perature. However, the thermal diffusivity of the Ag/p-Si sam-
ples, after reaching the maximum value of about 2.73 cm?/s at
a temperature of 1200 °C, decreased due to the silver complete
melt in the surface of silicon.
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