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COMMUNICATIONS.

RAMAN SPECTROSCOPY — A POWERFUL ANALYTICAL
TECHNIQUE FOR MICROELECTRONIC INDUSTRY

Jan Janik — Alexander Kromka

We present ex-situ Micro-Raman monitoring of the surface temperature of silicon wafers. The induced Raman shift (RS)
and the full width at half-maximum (FWHM) of the silicon line have been measured in temperature range from 20 to 350 °C
at air conditions. The Raman signal was collected from the back side of silicon, thus from a relatively rough surface. The
obtained results revealed a linear dependence of the line shift and of FWHM on temperature. A possible use of RS as an
ez- and/or in-situ technique working at various environment conditions is briefly viewed, where RS is shown as a powerful
technique becoming “widely” used in monitoring and control of the growth processes for microelectronic industry.
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1 INTRODUCTION

Precise and reproducible process control plays a key
role in microelectronic industry. One of the most im-
portant parameters in the growth of thin films (TF) is
the substrate temperature. The measuring of ”true” sur-
face temperature of the substrate surface is not a sim-
ple and easy task. Physical and/or chemical vapor de-
position (PCVD) processes are mostly carried out in
harsh and hostile environments, which are i) aggressive
or i4) not-acceptable for placing the measuring probe
in. The standard methods like i) thermocouple method
(contact method, the thermocouple is placed on the back
side of the substrate and does not measure the true
substrate temperature due to the temperature gradient
across the bulk of the substrate) or i) infra-red method
(non-contact method which is limited by the unwanted
background emission) are not satisfactory for PCVD pro-
cesses used in microelectronic industry.

The industrial requirements are to use a technique
which ¢) minimally influences the “TF growth environ-
ments” and i) is sensitive enough to the measured signal.
Raman spectroscopy is one of promising techniques which
could satisfy the conditions described above. The Ra-
man effect belongs to a class of molecular-scattering phe-
nomena. It is based on inelastic light-scattering arising
from the interactions of photons with lattice vibrations
or phonons. Lattice vibration is Raman active when the
vibration changes the polarizability of molecules. Some
photons could be emitted from the induced oscillating
dipoles, which are either of the same frequency as the
incident beam (elastic Rayleigh scattering) or have been
frequency shifted by an amount equal to the vibration fre-
quency of the lattice (inelastic Stokes or anti-Stokes scat-
tering). The shifted frequency is attributed to the Raman
scattering which was named after Sir C.V. Raman, who

discovered the effect in 1928 [1]. The Stokes scattering
(the normal Raman effect) is produced when energy is ex-
tracted from the light beam to the crystal and sets it into
vibration, whereas the anti-Stokes scattering arises from
the annihilation of the existing thermally-excited vibra-
tion. What is most important, the vibration modes are
dependent on the atomic bonding type and an arrange-
ment of the matriz.

In this paper we present a dependence of the Raman
line-shift and FWHM of silicon on its temperature. The
obtained results indicate a linear dependence of the Ra-
man response in the measured temperature range.

2 EXPERIMENTAL

The surface temperature was measured by the K-
type thermocouple and by Raman spectroscopy, Fig. 1.
The thermocouple was placed on the front side of a
non-polished silicon wafer. The silicon wafer was resis-
tively heated up to a temperature of 350°C and then
cooled down in air conditions. Micro-Raman measure-
ments were performed using ISA Labram equipment
(Jobin/Yvon//Spex/Dilor, Horiba Group) installed at
the Department of Microelectronics FEI STU, Bratislava
[2]. This spectrometer operates with the 632.817 nm
line from a HeNe laser in the backscattering geometry.
A “x50” microscope objective was used to focus the
laser onto a spot of approximately 1 um in diameter and
to collect the scattered light, which then passed through
the spectrometer onto a CCD detector. Furthermore, a
confocal hole with a diameter of 200 um, a spectrograph
entrance slit of 150 um, and a 1800 grooves/mm diffrac-
tion grating were employed.
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Fig. 1. Schematic view of temperature measurement setup
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Fig. 2. Raman spectra of Si wafer as a function of temperature
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Fig. 3. Raman shift and FWHM of silicon line vs temperature

All spectra were recorded using the same laser power
and integration times and are presented without making
any offset or scaling of the data. It is important to note
that all data were fitted using software LabSpec V2.08
(fy. DILOR). Automatic calculation of the baseline was
applied with deviation value of 0.5%. (The deviation
is to say the residual difference between the calculated
baseline and the optimal one). All spectra were fitted to
Gaussian/Lorentzian curves by computer deconvolution
of the data points and each of the peak positions was
determined automatically.

3 RESULT AND DISCUSSION

Figure 2 presents Raman spectra of a Si wafer for three
different temperatures, 20, 127 and 350 °C, respectively.
It could be observed that i) the Raman characteristic
line of silicon shifts to lower wave number values with
increasing temperature (7s;), ) the FWHM becomes
broader with increasing Ts;, and #ii) the area below the
Raman line decreases as Tg; increases.

The dependence of the Raman shift and of FWHM
of the Si line is shown in Fig. 3. Small “hysteresis” in
the Raman shift and FWHM is observed for tempera-
ture increase and decrease. The different results the heat-
ing up and cooling down are assumed to be caused by
“non-stability” of the system during its heating up (non-
linearity is observed mainly during heating up). This is
because the system has been tested in the “fast response
reliability” (Raman measurement for ~ 10s) and the
thermocouple was not able to follow the changes in tem-
perature within 10 s. The measurements during cooling
down (by self cooling in the lab) are stable and linear,
which could be explained via long time temperature sta-
bilization (cooling down was slower).

The observed results are in good agreement with the
calculations made by Cowley [3] and the measurements
made by Hart et al [4]. In a simple model, we can imagine
that the increasing of temperature causes an increase of
the amplitude of atom oscillations from the off positions
and the Raman line shifts to a lower value of the wave
number (= to higher frequencies). However, a more appre-
ciative explanation requires quantum-mechanical calcula-
tions of the potential energy of atoms [3,4]. The FWHM
as a function of temperature could be written [4] as

2

FWHM(T) = FVHM(0) (1 Ao ) (1)
2kpT

where T is the sample temperature, kp is the Boltzmann
constant, and FWHM(0) = 2.1cm™! corresponds to a
mean free life time of 7 = 2.5 x 107'2 5. Our data fit this
curve in its “linear region”, ie for temperatures above
0°C.

These results demonstrate that a relatively simple and
fast technique could be used in determining the true
surface temperature. In the case of unwanted radiation
(for example from plasma), we must use a pulsed laser
beam operating in a synchronized mode with the detec-
tor. In such an arrangement, the detector is only active
for the duration of the laser pulses, and the intensity of
the pulsed Raman signal is increased in comparison with
the continuous light from the plasma. Thus the amount of
“background” emission is reduced to a negligible level as
compared with the Raman signal [5]. Furthermore, the ac-
tual surface temperature could be calculated also from the
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intensity ratio of Stokes (Is;) and anti-Stokes (anti-st)
Raman lines, which is written as [6]

Isy (vl—v0)4e (hvo) @)
Tanti-st vt TP\RT
where v; is the central frequency of the excitation source,
vg is the phonon frequency, and h is the Planck constant.
It is also well know that the Raman shift line depends
also on induced stresses into the bulk of thin films. There-
fore, we have to be careful in identifying the true substrate
temperature during the thin film growth. However, this is
not our case. In such a case, the measurement of intensity
ratio of Stokes and anti-Stokes Raman lines could be very
powerful and the surface temperature could be calculated
from this ratio [6].

The main advantages of Raman spectroscopy are:
i) non-destructive and non-contact nature i) relatively
fast (required time 1-10s), 4ii) does not require sam-
ple treatment, iv) acceptable for any environments and
does not require vacuum conditions, and v) able to scan
micro-dimensions. For the microelectronic industry, Ra-
man spectroscopy can provide a lot of useful information
about: i) true surface temperature and induced stresses
in thin films (Raman shift vs temperature), i) crys-
tallographic quality (crystal size and order vs FWHM),
i41) impurities and chemical composition (position of Ra-
man line) and iv) semiconductor conductivy type (com-
parison of LO and TO line intensities, luminescence shift,
etc). Furthermore, Raman spectroscopy is used in detec-
tion and identification of chemical and biological mate-
rials, in geology (gases in rocks), pharmacy (drugs) and
environment measurements (gas composition), which are
not discussed here in detail due to a lack of space.

The main disadvantages of RS are: i) possible damag-
ing of temperature sensitive samples (by “too high” laser
beam irradiation), i¢) detection limit for continuos thin
films with a thickness of tens of microns, ii:) technolog-
ical requirements on laser system and optics (UV, VIS,
macro sample imaging) and v) requires an optical ac-
cess for the incident laser beam and the collector of the
scattered light.

CONCLUSIONS

Non-contact and non-destructive measurement of tem-
perature of a Si wafer was performed by Raman spec-
troscopy. A non-polished Si wafer was heated up to a
temperature of 350 °C and then cooled down in air con-
ditions. As calibrated by the thermocouple, the Raman
line-shift and FWHM showed a linear dependence in the
measured temperature range. Finally, the main advan-
tages and disadvantages of RS for microelectronic indus-
try were summarized. RS was shown as a promising an-
alytical technique with multifunctional uses not only for
the scientific community but also for industrial and com-
mercial uses in the Slovak Republic.
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