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on a surface of material has been recently imperative to be carried out especially in

material industries. In this study, sophisticated setup of laser-induced breakdown spectroscopy has been arranged
and demonstrated by employing vaporization technique for the trace elemental analysis on a surface of material
without ablating the material i

directed and defocused at +5 mm on a Si surface at inclining degree of approximately 25° to vaporize the trace

itself. Experimentally, a pulse transversely excited atmospheric COz laser was

metal element from the Si surface to the Pt mesh combined with Cu plate. The vaporized trace metal element then
attached and deposited on the mesh surface. The trace metal attached-Pt mesh was then bombarded by focused
laser beam to induce a luminous plasma and finally the trace element was identified. Results certified that sen
sitive trace elemental analysis of Cr deposited on the Si surface has been successfully carried out without any

ablation of Si surface. Good linear calibration curve of Cr with an intercept zero was produced, which results in

limit of detection of Cr of approximately 100 ppb.

1. Introduction

Trace elemental analysis is urgently necessary in various fields
including environmental field and material industries. In environmental
science, trace elemental analysis of soil has attracted interest many re-
searchers as reported in elsewhere [1, 2, 3, 4, 5]. The analysis of trace
element is also required in material industries because the trace con-
taminants in materials influence the electrical conduction of the material
itself [6, 7, 8, 9, 10].

One of standard spectroscopic techniques used for the elemental
analysis on the surface of material target is X-ray Photo-
electronSpectroscopy (XPS). This technique is based on the photoelectric
effect, which is able to identify the elements present within a material.
XPS has been applied to identify elements in inorganic compound, metal
alloys, and semiconductors [11, 12, 13, 14]. The other technique is X-ray
Diffraction Spectroscopy (XRD) [15, 16]. It offers rapid analysis, but the
detection sensitivity is quiet low.

The interesting method recently applied to the trace elemental anal-
ysis in materials is laser-induced breakdown spectroscopy (LIBS). In LIBS,
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a pulse Nd:YAG laser is commonly applied to generate a plasma on a
sample surface [17, 18, 19]. Some researchers used pulse COz laser to
generate plasma, which has long lifetime and large volume [20, 21, 22].
The LIBS method based on Nd:YAG and CO, lasers has been employed in
many kinds of materials [23, 24, 25, 26]. Recently, the LIBS system has
been employed for analysis of trace elements in liguids and semi-
conductors [27, 28, 29]. Compared to other standard conventional
method, LIBS is most rapid analytical technique and does not need
complicated sample preparation. However, it suffers from good sensi-
tivity because of the effect of sample matrix.

To improve the detection sensitivity, some researchers employed
double pulse laser induced breakdown spectroscopy (DP-LIBS), in which
one laser is applied to generate an initial plasma and the remaining one is
functioned to reheat the plasma induced by first laser [30, 31, 32, 33].
Many applications of DP-LIBS have been conducted including analysis of
various materials including metals and semiconductors [34, 35]. How-
ever, based on our experience, DP-LIBS applications for elemental anal-
ysis is tedious in experimental preparation and quiet expensive due to
requirement of additional laser system [36].
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In the other direction, unique circumstance happens when the radi-
ation source of pulse Nd:YAG laser is replaced by a pulse transversely
excited atmospheric (TEA) CO2 laser. Namely, long-lifetime and large-
volume plasma is generated because of longer wavelength and longer
pulse duration, resulting in higher plasma absoprtion [37, 38]. We have
used the TEA CO,, laser-induced breakdown spectroscopy (TEA CO, LIBS)
for many applications including analyses of soils, powders, and softwood
as presented here [39, 40, 41, 42].

Expanding the TEA CO3 LIBS technique, we further employed to trace
elemental analysis of silicon [43]. However, the technique is still lack of
sensitivity because the silicon material itself was ablated. Furthermore,
the ablation of the Si material makes the material itself damaged, which
is avoided in analysis of trace element on semiconductor material. To
overcome this issue, in this present paper, we proposed new technique of
vaporization utilizing a TEA CO, LIBS for trace elemental analysis of Si
material without damaging the material itself, which is necessary in
material industries. The technique consists of two steps, namely vapor-
ization and data acquisition. For vaporization, the trace metal impurity
attached on the surface of material was vaporized and deposited onto the
Pt metal mesh and metal subtarget by defocusing a pulse COz laser beam
on the material, which contains trace metal. In the second step, the
deposited trace metal elements was then irradiated by a CO, laser beam
to induce a plasma, obtaining emission spectrum of trace metal element.
Using new present technique, trace metal analysis on a surface of mate-
rial can successfully be carried out without damaging the material itself,
which is necessary in material industries. The detection sensitivity of
impurity element is also high in the order of sub part per million (ppm)
level.

2. Experimental procedure

The material target used was silicon wafers with a thickness of 0.5
mm and a diameter of 51 mm. The silicon wafers contain Cr at a various
concentrations as a trace element on its surface. For example, to produce
Cr film at a concentration of 1.25 mg/kg, the same procedure with the
previous experiment [43] was conducted.

The basic setup is illustrated in Figure 1(b) and (c). The setup con-
sisted of two steps, namely new vaporization technique (Figure 1(b)) and
data acquisition (Figure 1(c)). In vaporization technique, two sheets of
platinum metal mesh (wire diameter of 0.12 mm and lattice constant of
0.50 mm) were tightly attached on a copper plate (0.1 x 2 x 2mm®*). The
meshes were then placed at 10 mm in front of the Si wafer, which con-
tains impurity on its surface, as displayed in Figure 1(b). The Si wafer was
placed on a sample holder, which can be rotated during laser bombard-
ment. The TEA CO3 laser (10.64 um, 200 ns, 750 mJ) was directly
bombarded and defocused at +5 mm by using a ZnSe lens (200 mm in
focal length) onto the Si wafer surface. The irradiance of the laser beam
on the Si wafer surface was 0.09 GW/cm?. It should be mentioned thatno
plasma emission was produced during laser bombardment and only the
impurity on the 5i surface is vaporized onto the surface of the Pt metal
meshes. During laser bombardment, the wafer was continuously rotated
with a rotation speed of 2 rotations per minute (rpm). This procedure was
made to convince that the laser beam always attaches new position on
the wafer surface and therefore, the impurity optimally vaporizes and
moves to deposit and accumulate on the mesh surface. For data acqui-
sition, the meshes on which the impurity is deposited, was placed into the
alloy chamber (diameter of 12 cm). During acquisition, the impurity-
deposited mesh was rotated with a rotation rate of 2 rpm. He gas
(99.999%) was flown into the chamber with a flow rate of 10 L/min. The
pressure inside the chamber was kept constantat 1 atmospheric pressure.
The pulse TEA CO, laser with a laser energy of 1500 mJ was focused on
the mesh surface by using ZnTe lens with a focal length of 200 nm. The
laser beam irradiance on the mesh surface was 0.75 GW/cm?. A luminous
plasma was then generated just above the mesh surface.

The emission spectrum was obtained by multichamnel analyzer
(ATAGO Macs-320, 1024-channel detector, OMA) from the plasma
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Figure 1. Ilustration of Experimental setup used in this study (a) by inclining
technique, (b) and (c) by vaporization technique.

emission, which is sent into the optical fiber that connects to the OMA
system. The spectrum was gained by 10 shots of laser bombardment. In
experiment, delay time and gate width of OMA were 10 ps and 200 ps,
respectively. For plasma emission studies, a delay time was selected at 10
ps. This is because in laser plasma induced by a pulse TEA CO: laser
(10.64 um, 200 ns, 1500 mJ), the best spectral quality, namely narrow
full width at half-maximum (FWHM) and optimum signal to noise (S/N)
ratio with low background continuum emission is obtained at around 10
ps [38]. Below 10 ps, the FWHM is still quiet wide and background
continuum is still high. The background continuum emission, which is
produced by Bremsstrahlung effect (free-free) and recombination
(free-bound transition), has long lifetime up to around 10 ps compared to
that of plasma emission produced by Nd:YAG laser, which has back-
ground continuum emission up to around 1 ps. In laser-induced break-
down spectroscopy (LIBS), FWHM of emission line, 5/N ratio, and
background emission determine the spectral quality and thus influence
the sensitivity.

3. Results and discussion

Unique circumstance happens when the TEA CO, laser beam is
focused on metal sample. Namely, a large volume and long lifetime
plasma was induced without any ablation of the metal surface. The
plasma is most often contributed from the surrounding gas, not from the
material target, and therefore, we called “gas plasma” as reported in our
previous works [38]. By this present method, identification and analysis
of impurity in various sample target has been successfully made.

To extend the significance of the method, in this present study,
identification of trace metal element on a material Si surface was made.
As mentioned in introduction, analysis of trace element on a material
surface without any damaging the material itself is very necessary
especially in semiconductor industry. At initial study, to avoid the
ablation of Si itself by a laser bombardment, a platinum metal mesh (wire
diameter of 0.12 mm and lattice constant of 0.50 mm) was employed by
tight attaching the mesh on the Si surface and by directing a laser beam
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onto the Si surface at the angle 25”from the Si surface so that the laser
beam does not directly impinge on the Si surface. The pulse TEA CO»
laser beam (10.64 um, 200 ns, 750 mJ) was further focused onto the
surface of Pt mesh at inclining degree of 25 to induce a luminous plume
(Figure 1{a)). Mixed nitrogen and helium gases with a flow rate of 25 L
per minute were flowed during data acquisition process. Figure 2 shows
an emission spectrum obtained from the silicon surface containing trace
metal element of 1.25 ppm Cr at the wavelength region of 410 nm-440
nm. Typical neutral Cr lines at the wavelength of 425.4 nm, 427.4 nm,
and 428.9 nm are clearly identified together with neutral Ca line at 422.6
nm. Furthermore, a high-intensity broaden emission line at 434.0 nm
identified as H line. This result certified that even though the laser beam
was sent at the angle of 25" from the Si surface, the Cr impurity deposited
on the Si surface still can be vaporized and excited in the plasma region
indicated by detection of Cr lines as in the spectrum.

Further experiment was made to confirm whether any ablation hap-
pens from the Si surface. As mentioned above, the important goal of the
study is to identify and analysis of trace metal element on Si surface
without any damage on the Si material itself. Figure 3 displays an
emission spectrum taken from the same condition with Figure 2 at the
wavelength region ranging from 270 nm to 310 nm. Neutral atomic Si
line at 288.2 nm faintly appears together with high-intensity neutral He
line. The weak line of 5i 288.2 nm is most often because of experimental
setup, which we proposed in this study, namely, by inclining the laser
beam at inclining degree of 25"coming onto the Si surface, which is
attached by a metal mesh just on the Si surface. By using this technique,
the ablation of the material sample can effectively be reduced due to
shadow effect by a metal mesh as reported in our previous paper [43].
The existence of Si line verified that the Si material is still ablated by
direct laser bombardment in the present method, thus resulting in ma-
terial damaged. [t should be mentioned that when the inclining degree of
the metal mesh to the surface of the Si was reduced from 25" to 10", the
emission line of Si at 288.2 nm significantly decreased and almost dis-
appeared, which stated that the ablation of the Si material also
decreased. However, the reduction of the Si ablation also reduces
significantly the emission lines of Cr impurity at the wavelength of 325.4
nm, 327.4 nm, and 328.9 nm. Therefore, the present technique is not
sensitive to be employed for the detection of impurity deposited on the
material surface, especially Si surface. Furthermore, this technique
cannot effectively be employed to perform analysis of trace element on
material without damaging the material itself, which is required in
semiconductor industry.

A new devised technique was then proposed to overcome the problem
of the material ablation and reduction of the impurity emission lines. The
technique consists of two steps as shown in Figure 1(b) and (c), namely
vaporization and data acquisition. In the first step (Figure 1{b)), a
defocused laser beam at +5 mm was sent onto the Si surface to vaporize
the trace element from the Si surface to move on the Pt metal mesh. We
confirmed that completely no plasma was generated on the surface of 5i

Ca1422.6 mm H 14340 nm

50000

Cr14289 nm

Intensi

0 T T T |
400 410 420 430 440

Wavelength (nm)

Figure 2. Emission spectrum of Cr deposited on the surface of silicon wafer
containing 1.25 ppm Cr using inclining technique.
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Figure 3. Emission spectrum of Si taken from the Si wafer containing Cr at 1.25
ppm using inclining technique.

and no Si line at 288.2 nm was detected during defocusing of the laser
beam. Also, no ablation mark on the Si surface was observed by the
microscope. In the data acquisition step (Figure 1(c)), the trace-element
deposited-metal mesh and Cu plate was bombarded by the focused laser
beam to generate a plasma and to identify the trace element emission. It
should be stated that the mesh and Cu plate was not ablated by the laser
beam because the power density on their surface is not high enough to
ablate the metal as shown in our paper [40]. The plasma emission
induced was totally contributed from the surrounding gas and the trace
element deposited on the surface. We clearly observed the luminous
plasma and detected the emission lines of trace elementof Cr and H,
emission as shown in Figure 4. The H, emission line might be contributed
from the sugar solution used during sample preparation process as
described in experimental procedure. The sample used was Si wafer
containing Cr impurity on the Si surface at 4 ppm. Three typical emission
lines of neutral Cr at 425.4 nm, 427.4 nm, and 428.9 nm appears with
high intensity and quite low background emission even at low concen-
tration of 4 ppm level. These lines are contributed from the trace element
of Cr deposited on the Si surface. In addition, high-intensity and broaden
emission line of H, at 434.0 nm and neutral Ca line at 422.6 nm
contributed from the sugar solution and tap water clearly occurs.

Prior to semi-guantitative analysis of Cr trace element deposited on 5i
surface, the characteristics of plasma emission such as temperature and
electron density were calculated. By considering that the population
densities of the higher energy levels of two emission lines are in LTE
condition, the calculation of electron temperature (Te) can be derived by
the intensity ratio method [44]. In this study, the Te was obtained from
the hydrogen lines of Balmer region using Eq. (1) as follows,

AE
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Wapadidy]
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3

50000 -

Cr 14254 nm

Cr14274nm  § 14340 nm
Cal422.6 nm
~ Cr14289 nm

400 410 420 430 440
Wavelength (nm)

Intensity (arb.units)

Figure 4. Emission spectrum of Cr obtained from the Si wafer surface con-
taining Cr at 4 ppm using vaporization technique
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Figure 5. Reproducibility of H, emission obtained from the gas plasma pro-
duced on the surface of Si wafer containing 4 ppm Cr.
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Figure 6. Calibration curve of Cr deposited on the Si surface at various con-
centrations by using the vaporization technique.

where AE, i, L, A, g, and K are the energy difference between two levels,
wavelength, intensity, transition probability, statistical weighting factor,
and Boltzmann constant and respectively. Two hydrogen emission lines
of Balmer-y and Balmer-& were used and all parameter values were ob-
tained from the NIST database [45]. Based on Eg. (1), the electron
temperature was approximately 5000 K. The electron density was
determined using the stark broadening theory, The electron density (Ne)
was obtained from the linewidth of hydrogen lines using Eq. (2) as fol-
lows [46],

M b k Fr)
N, =8.02x10" [—'] (2)

1/2

where reduced wavelength a; » is a function of the electron density and
temperature and Ak, s is the linewidth of FWHM in angstroms. Reduced
wavelength o ;5 for the Balmer series is obtained from the report here
[47]. Using Eq. (2), the Ne was to be in the order of 107 a3,

Finally, a semi-quantitative analysis of Cr has been carried out by
using the Si sample containing different concentrations of Cr on Si wafer
surface. Prior to analysis, reproducibility of the gas emission was exam-
ined using the H, at 434.0 nm As shown in Figure 5, with the number of
laser shots at different places on the surface of metal mesh and Cu plate,
on which the Cr impurity was deposited, good reproducibility of the H,
emission is obtained. This graph certified that the plasma produced using
this present technique is quite stable and therefore it is feasible for the
semi-quantitative analysis of Cr trace element in the Si surface. The good
reproducibility of the H, at 434.0 nm was then used as a standard line for
making the calibration.

Heliyon 6 (2020) e04670

Figure 6 displays the calibration curve for Cr in the Si surface. In this
graph, Cr line at 425.4 nm was selected because this line has highest
intensity compared to other Cr line. Good linearity with zero intercept
was obtained between emission ratio of Cr to H, and Cr concentration
deposited on the Si surface. Using the same equation for calculating the
limit of detection (LoD) as reported here [48], the LoD of Cr was around
100 ppb; The LoD was derived from the emission intensity of analyte
which yielded 3 times the noise level because this was clearly identified
as ananalyte signal that could be distinguished from the noise. This result
stated that the present wvaporization technique is applicable to
high-sensitivity analysis of trace element on material surface.

4. Conclusion

A vaporization technique consisting of two step process utilizing a
pulse TEA CO, laser has been established and demonstrated for the
identification impurity element of Cr deposited on material surface of 5i.
Good stability of the plasma emission was investigated. Using the present
technique, a semi-quantitative analysis of Cr on a Si wafer surface was
successfully made. A good linearity calibration curve of Cr using H,
emission line as a standardization with an intercept zero was demon-
strated. The limit detection of Cr was approximately 100 ppb. The pre-
sent technique is potentially applied to analysis of impurity on material
surface in material science and industry.
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