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Low-k materials such as silicon dioxide 共SiO2兲 play an important role in the semiconductor industry.
Plasma has become indispensable for advanced materials processing. In this work a treatment of
SiO2 single crystal by direct current plasma discharge is studied in detail. Offline metrology is
conducted for silicon dioxide wafers by Raman scattering, energy-dispersive x-ray spectroscopy,
and ellipsometry. Broad Raman peak at around 2800 cm−1 is observed for the treated SiO2 wafers.
Effects of plasma treatment on position of this peak are reported in the paper. An analysis of this
correlation could be a framework for creating virtual etch rate sensors, which might be of
importance in managing plasma etching processes. © 2011 American Institute of Physics.
关doi:10.1063/1.3543838兴
The electronics industry often requires highly reliable
high-performance, miniaturized devices. This necessitates
the use of some high performance dielectric materials, such
as silicon dioxide 共SiO2兲. This is one of the critical materials
in the microelectronics industry and is widely used in the
manufacturing of integrated circuits. Silicon dioxide and
other low-k dielectric materials play an important role in the
semiconductor industry in general.1,2
Plasma technologies have become dominant in microelectronics manufacturing. Plasma processing of materials is
one of the most popular fields of both plasma and surface
science. Plasma is widely used tool for surface modification
of SiO2 layers.3–5 As the dimensions of electronic devices
decrease, the role of plasma etching techniques becomes
more crucial. Improving knowledge in this field is important
in optimizing and controlling plasma etching processes.
A specific and important etch control requirement is end
point detection with high sensitivity. In situ monitoring of the
plasma etching processes plays an important role in achieving this goal. End point detection typically consists of both
plasma and wafer surface metrology techniques, such as laser reflection interferometry, optical emission spectroscopy
共OES兲, ellipsometry, etc.6
Despite the fact that it is not often used as a surface
metrology technique for wafer inspection, in situ Raman
spectroscopy could be useful in plasma etching analysis.7
Raman spectroscopy is highly efficient due to the fact that
the Raman scattering processes involves electron-phonon interactions, which could provide highly relevant information.
However, Raman analysis of plasma treated SiO2 / Si system,
both in situ and offline, is poorly presented in literature.
Plasma processes which there is a direct current 共dc兲 bias
on the substrate are often used in the fabrication of semiconductor devices. Despite this fact, dc plasma treatment of materials is rarely analyzed in literature.8,9
In this paper, we describe Raman scattering measurements of single crystal silicon dioxide on silicon substrates.

We report on a correlation between the Raman spectra and
the thickness of the silicon dioxide layer. A broad peak at
around 2800 cm−1 that occurs in the Raman spectra is analyzed in detail. A high level of correlation between the position of that broad peak and the SiO2 layer thickness is
reported in this paper.
To perform the study, square shape wafers 共15 mm
⫻ 15 mm兲 are placed in plasma chamber 共discharge tube兲 as
shown on Fig. 1. The angle between the plane of the wafers
and a constructed channel is 45°. The plasma chamber is
equipped with an additional gas outlet placed directly above
the sample 共depicting in Fig. 1 was avoided to simplify the
picture兲. Wafers are immersed in the plasma flow during
plasma treatment. The dc discharge is produced in a Pyrex
tube of 5 mm inner diameter and an effective plasma length

a兲

FIG. 1. 共Color online兲 Plasma chamber with wafer shown 共a兲 along constricted channel and 共b兲 in the direction of constricted channel.
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tence of such broad peak in the Raman spectra could be
attributed to electronic Raman scattering.12
In general, the main process in electronic Raman scattering has single-particle and collective plasmon excitation.
Keeping in mind that silicon dioxide is an insulator, we assumed that no plasmons are present. Thus, we believe that
light scattering from single-particle excitations is crucial in
Raman scattering for the samples investigated in this paper.
It should be mentioned here that during the dielectric surface
exposure to the plasma, surface and volume charging may
occur in the sample. These surface charges could affect the
plasma sheath conditions. Despite these facts, we assumed
that the presence of surface and volume charging in SiO2 / Si
samples could be neglected. The main reason for such an
assumption is in the fact that a dc plasma was used in our
experiments. The appearance of charge imbalance in a single
crystal is followed by a relaxation processes. In the case of
dielectrics, this process occurs on a much longer time scale
due to the low conductivity. If some time-varying plasma
FIG. 2. 共Color online兲 Raman spectra of untreated SiO2 / Si wafer. The result
signal is applied 共for instance, pulsed dc兲 charge redistribuof application of deconvolution by Lorentz function is shown.
tion cannot be fully carried out, so surface and volume
charge play an important role in the process. This is not the
of 72 mm. The discharge tube is evacuated using a rotary
case if a dc plasma is applied.
vane pump that gives a background pressure of 2 Pa. The
Raman scattering spectra are often analyzed with the
working pressures from 50 to 266 Pa are achieved using a
help of a Lorentzian function or by the convolution of a
gate valve positioned above the rotary pump. Gas flow into
Lorentzian and Gaussian curve.13,14 In this work, we analyze
the chamber is controlled via mass flow controllers that prethe Raman spectrum fitted with Lorentzians. The same fitting
cisely determine the gas content in the discharge tube. The
procedure is applied for both untreated and plasma treated
working gas is sulfur-hexafluoride 共SF6兲 with flow rate up to
SiO2 / Si wafers. Line shapes obtained in this way are shown
40 sccm. The power supply used was a Keithley Model 248
in Fig. 2. The bottom green line from Fig. 2 belongs to the
high voltage supply with a maximum voltage of 5 kV and
Rayleigh scattering peak.
discharge current of 5 mA. In these experiments, the maxiAgreement between experimental results and the convomum voltage is 2.2 kV. The wafer processing time is 30 min.
lution curve obtained in this way is very good.
The relative position of the wafers and the plasma flow
Raman measurements were carried out for various posiis important, the plasma density increases in the sector near
tions 共spaced by 2 mm兲 of the plasma treated SiO2 / Si wafer
to the wafer, along the -axis 关see Fig. 1共b兲兴, causing insurface. All points lie on the straight line 关-axis from Fig.
creased etching efficiency. Therefore, etching/deposition
1共b兲兴.
of/to silicon dioxide layer varies along the -axis.
First, it should be emphasized that no additional Raman
In order to inspect the chemical composition of the
peak appears as a result of plasma treatment. Further, the
plasma treated wafers we used off-line energy-dispersive
broad Raman peak shifts to the low-energy side of spectra as
x-ray spectroscopy 共EDX兲. These experiments were carried
position on the -axis changes. As we mentioned before, the
out using a JEOL 840A instrument equipped with an INCA
etching efficiency of silicon dioxide wafer is increased from
Penta FETx3 EDX microanalyzer. We confirmed the absence
point to point along the -axis 关see Fig. 1共b兲兴. Due to the
of any additional ions 共such as sulfur, fluorine or other兲 in the
increase of etch efficiency along -axis, the thickness of the
structure of treated wafers; additionally there is no evidence
SiO2 layer decreases. The thickness of the silicon dioxide
of plasma sputtering.
layer has been determined by off line ellipsometry technique.
The Raman spectra were excited by the 532 nm line
We confirm that the thickness of SiO2 layer does not
of a Nd-YAG laser. We used a Chromex 2000 instrument
change with movement along any direction perpendicular to
共equipped with a charge coupled device camera, providing
the -axis. This is because of the fact that the plasma density
resolutions of 1 cm−1 to a range of 4400 cm−1兲. All Raman
is only slightly changed in the plane perpendicular to the
spectra were recorded offline at room temperature. Back-axis; therefore, etching efficiency for points that lie along
scattering geometry was used during the measurement. To
the same direction perpendicular to the -axis should be the
minimize coating of SiO2 surface by a native oxide, the
same.
samples were contained in a vacuum container.
A summary of the broad Raman peak position and SiO2
Figure 2 shows the Raman spectra for the untreated
layer thickness measured for various points along -axis is
SiO2 / Si wafer 共reference sample兲 obtained with the incident
presented in Fig. 3. Remarkably, the position of this peak
laser beam perpendicular to the SiO2 layer. Easily noticeable
shift to the lower energy as the thickness of SiO2 layer deare a narrow peak at 521 cm−1 and its second harmonic
creases. This correlation is obvious for the whole range of
above 1100 cm−1. The Raman peak around 521 cm−1 origi-axis, i.e., from higher to lower points along surface of
nates from silicon substrate. It is well described in the
treated wafer.
literature.10,11
The Raman lines for the phonon mode shift to the lower
The broad peak at around 2800 cm−1 can be observed
energies and broaden with increased temperature; this shift is
Si wafer,in the
also.
In these
exisfor untreated
SiOas2 /indicated
temperature range about 300–700
K.15 It to IP:
about
10terms
cm−1at:for
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wafer surface as well as the main plasma parameters. In
other words, the plasma etching process should not be perturbed significantly by the in situ Raman measurement.
These measurements could be conducted for more than one
spot on the wafer, simultaneously or in a short time window.
In light of these facts, we can conclude that a broad Raman
peak is a good representation of plasma surface interactions,
i.e., of main plasma processing parameters.

FIG. 3. Position of broad Raman peak and SiO2 layer thickness vs. position
along -axis. Lines should guide the eyes.

is easy to assume that the position of the broad Raman peak
described in this paper is T-dependent, also. Thus given that
the shift of the broad peak described in this paper is about
700 cm−1, one could conclude that the T-shift of the same
peak could not play a crucial role. In other words, the T-shift
of the broad Raman peak could not affect significantly an in
situ diagnostic application.
To conclude, we investigated treatment of SiO2 / Si wafers by dc plasma discharge. The main surface analysis used
was Raman spectroscopy. We focused on the Raman broad
peak around 2800 cm−1. This broad peak shifts to the lowenergy side of Raman spectra with decreasing silicon dioxide
layer thickness. The position of this peak is highly correlated
with layer thickness and other parameters of this peak 共as
integrated intensity, etc.兲 are irrelevant in this case. This fact
is important for any possible application of broad peak
analysis. Namely, it is well known that numerous problems
could appear in the in situ inspection of plasma etching process by using some incident light beam. One of the major
problems is interaction of the plasma with the incident light
beam, such as scattering and absorption. Using only the position of broad Raman peak as an etch rate virtual sensor,
most of these problems could be avoided. Furthermore, the
presence of the laser beam should not affect the condition of
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fellowship award funded by SFI Precision project, Ireland.
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