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Analysis of relative standard deviation of spectral line
intensity and intensity ratio in laser-induced
breakdown spectroscopy using Culn;_,Ga,Se, thin
film sample

Jung-Hwan In, Chan-Kyu Kim and Sungho Jeong

The precision of laser induced breakdown spectroscopy (LIBS) measurement is influenced
by both the shot noise of detector and the shot-to-shot fluctuation noise of laser plasma.
Since both types of noise are related to the variation of photon number, it is hard to clearly
estimate the degree of influence by each noise on the measured LIBS signal. In this work, to
quantitatively estimate the shot noise of an intensified charge-coupled device detector, a
model in which the detector noise is linearly correlated to signal intensity is developed.
Using a stable light source for intensity calibration, the correlation parameter of detector
noise is determined. By subtracting the relative standard deviation (RSD) of detector shot
noise from the RSD of measured LIBS signal intensity or intensity ratio, the variation of
RSD due to plasma fluctuation alone was obtained. From LIBS analysis of Culn;_,Ga,Se,
thin film at various experimental conditions (laser energy: 0.16 ~ 2.9 mJ, gate delay: 0.12 ~
3.6 us, spot size: 42 and 104 um), it was found that the plasma-fluctuation-induced RSD of
absolute intensity tended to increase with gate delay and to decrease with laser fluence. The
plasma-fluctuation-induced RSD of intensity ratio, however, tended to initially decrease
with gate delay to a minimum value before starting to increase at longer gate delay. The
observed behavior of plasma-fluctuation-induced RSD of intensity ratio is understood to be

related to the spectral properties of emission lines and elements of interest.

Introduction

The application of laser induced breakdown spectroscopy
(LIBS) to industry for process monitoring during thin film
manufacturing, metal scrap sorting, liquid slag analysis, drill
dust analysis, coal ash content monitoring, etc.'® has been
expanding recently due to its intrinsic advantages of no sample
preparation, in-air measurement and rapid analysis®'?. In LIBS
analysis, measurement parameters (laser energy, gate delay,
gate width, etc.) are optimized typically into a direction to
improve the limit of detection and/or to minimize relative
standard deviation (RSD)*!''"°. For an application in which the
analysis of major elements is concerned such as the
concentrations of Cu, In, Ga, and Se in Culn;.,Ga,Se, (CIGS)
thin film solar cell, the improvement of precision by
minimizing RSD is more important than limit of detection®. The
RSD of LIBS signal may be roughly classified into detector
noise (shot noise + dark current noise + readout noise)?' and
shot-to-shot plasma fluctuation noise (flicker noise). Detector
noise is governed by input photon number (shot noise), detector
sensor temperature (dark current noise), and the configuration
for signal amplification. For an intensified charge coupled
device (ICCD) detector, dark current noise and readout noise
are negligible and thus shot noise dominates the detector

This journal is © The Royal Society of Chemistry 2013

noise?". Generally, shot noise is known to decrease with the
increase of input photon number®?. On the other hand, plasma
fluctuation noise due to the stochastic shot-to-shot variation of
laser-material interaction and/or the fluctuation of plasma
evolution is closely related to measurement conditions like laser
energy, gate delay, gate width, etc. Because a change in
measurement conditions also causes shot noise change,
precision analysis of LIBS signal in previous studies was
typically done for the resultant RSD rather than the individual
contribution of detector noise or plasma fluctuation noise®'*'*,
Although limited, however, study for the behavior of individual
noise source influencing the precision of LIBS data is
increasing recently. For example, from the analysis of 750-shot
LIBS data of steel sample, Mermet et al.*? identified that drift
was the main contribution to RSD. To improve the precision of
LIBS measurement, it is necessary to systematically examine
the variation of plasma fluctuation noise with respect to major
LIBS measurement parameters.

In this study, the variation of RSD due to plasma fluctuation
with respect to signal intensity and major measurement
parameters (laser pulse energy, spot diameter, and detector gate
delay) is investigated. The RSD of plasma fluctuation noise was
isolated from the RSD of overall signal by subtracting the shot
noise component estimated with an experimental model for
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ICCD detector. Using the LIBS data of CIGS thin film, the
variation of RSDs of absolute intensities or intensity ratios due
to plasma fluctuation was examined with respect to signal
intensity and measurement conditions.

Theory

Shot noise of ICCD

Fig. 1(a) shows a schematic diagram of the LIBS setup that
adopts an ICCD detector. The photons emitted from the laser
plasma are collected by the collection lens and delivered via an
optical fiber bundle to the spectrometer. The dispersed light is
then amplified in the ICCD consisting of a photocathode,
multichannel plate (MCP), and phosphor screen as shown in
Fig. 1(b). Provided that the photons falling onto the
photocathode is assumed to have a delta-function like spatial
profile, the spatial distribution of photons incident on the CCD
would become broadened during the amplifying process as
illustrated in Fig. 1(b)*. The amplified photons are then stored
in the CCD as charges, the observed signal. Then, the stored
charge number (S) (or the signal intensity) in the whole CCD
columns can be represented by

SZJQpcGEQCCD M

where J is the number of photons within the delta-function like
spatial profile, Q,. is quantum efficiency of the photocathode,
G is gain of the MCP, E is an electron-photon conversion
efficiency of the phosphor screen, and Qccp is quantum
efficiency of the CCD detector.

In a cascade system like ICCD, noise of the stored charge
number is determined by the probability distribution at each
stage (J, Oy, G, E, and Qccp). Provided that dark current noise
and readout noise are negligible but photon noise (shot noise) is
dominant, the variance (o;°) of stored charge number can be
expressed by Burgess’ variance theorem®* % as

2 12
Os = (O-J Qp(' GEQ ccp ) + J(O-Q,,L GEQ ccp )Z @)
+ JQpL' (O-GEQCCD )2 + JQpcG(O-EQCCD )2
Since it can be assumed that the number distribution of J has
the Poisson distribution (UJ2 =J), Oy, E, and Qccp have a

. . . . . . 2
binomial distribution, that 1is, o 0, = Qpc (1_Qpc) and

532 nm ns laser

0EQccz>2 =EQ (1—EQCCD) , and G has an exponential

distribution (an =G*)*? Eq (2) can be simplified to

O'S2 = (2GEQCCD)S (€)

Also, because G, E, or Qccp of an ICCD is typically unknown,
Eq. (3) may be rewritten using a single unknown detector
parameter as

oy =a,S )

where a, =2GEQ.p- Then, the RSD of stored charge number S

12
Os _ [“oj 5)
S S
Note that the number of pixels on a CCD varies with device

size; for example, the one used in our experiments had
1024x256 pixels and one column (1x256) of CCD pixels
corresponded to one data point (or one wavelength) in the
measured spectra. Provided that the spatial distribution profile
of the charges on the CCD remains the same during repeated
measurements, the RSD of the charge number stored on each
CCD column becomes equal to the RSD of the total charge
number (S) stored in the whole CCD and thus the RSD of the
charge number on column i (S;) can be written as

& _ (aojl/Z (6)
S, S

i

becomes

Since the line spread function (f) of an ICCD satisfies the
following relations

S,
L, = @)
yTre

the variance of S; becomes

/=

o’ =a,Sf? ®)

1

When there exist multiple input photon columns as shown in Fig. 2
where each photon column corresponds to the photons from each

) Photocathode Phosphor CCcb
Collection lens —
& optical fiber hv - :
e
‘ ’ hv e > EN :
Objective lens ES s | == ee i-1
\ \ —> = > __leeee i
\\\ ——3| | = eeeel il
N\ —> lee~ .
S &7 :
I .
ek Ampae .y Spectrometer MCP Fcigig)l&téc
(a) Moving stage (b)

Fig. 1 (a) Schematic diagram of the LIBS setup and (b) the configuration for signal amplification in an ICCD

2| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 2012

Page 2 of 13



Page 3 of 13

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

j Photon columns
N N
S, -1 37, ~0

N
][]y

1 1
U \
1 5 \
r T
’ \

’ \
’ AN

Lolrl S

CCD columns

\ Y i |
N
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wavelength, each photon column contributes with different level to
the generation of charge on a CCD column due to spreading. Then,
the variance of stored charge number on column i by the j-th input
photon column (S;;) can be written similarly as

. S,‘ i
Gi’jz = aOSfl.’zj with fi, = S"j and Zf” =1 ©)

and the variance of stored charge number on column i by all
input photon columns as

2 2 2
OCitor = Zo-i,j = aOSZfi,j (10)
j j

It can be further shown that the variance of total charge on N
number of CCD columns by all input photon columns (all j)

becomes
Cnot. :aOSN{Z[ZN: fw) / N} (11)

In the case that the photons from column j fall mostly on the N
CCD columns, the function inside the bracket in Eq. (11)
becomes equal to unity, whereas that becomes zero if the
photons mostly fall on the region outside the N columns (see
Fig. 2).

As an example, Fig. 3 shows that the function inside the
square bracket in Eq. (11) (denoted by ) estimated with the
Lorentz function approaches unity as n increases, where n is
the multiple of the full width at half maximum (). Therefore,
when the number of CCD columns is sufficiently greater than
the full width half maximum of the distribution function (N>>
9), B value becomes nearly independent of position and Eq.
(11) can be approximated to

GN,mtz ~a,Sy (12)

where Sy represents the signal intensity measured with
sufficiently large N.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 Integrated distribution function () with respect to CCD
column width (n=N/¢) calculated using the Lorentz function

Eq. (12) suggests that when the spectral intensity is measured
by integrating the signal over sufficiently large number of CCD
columns, an accurate prediction of the detector parameter o
can become possible. It should be noted, however, that ¢ can
change drastically if only small number of CCD columns are
included in the integration (that is, for small n in Fig. 3).

Isolation of plasma fluctuation noise

Since shot noise has the Poisson distribution for which 0'§ =J,
the variance of overall photon number incident on the

photocathode (o) can be written as a superposition of the shot
noise and plasma fluctuation noise components as

o =J+o, (13)

where o, is the standard deviation of photon number due to
shot-to-shot plasma fluctuation alone. By substituting oy in Eq.
(2) byo’;, the variance of overall stored charge on the CCD due
to shot noise and plasma fluctuation noise can be represented
by

2
ol = (O:]") S*+a,S (14)

From the above equation, the RSD of photon number caused by
plasma fluctuation only is obtained by

r\2 V2
% _|[Os] _ % (15)
J S S
In LIBS analysis, the ratio of emission intensities rather than
absolute intensity is frequently used to reduce the effects of

measurement conditions. When o7/S; <1 and 0»/S, <1 are

satisfied, the RSD of S,/S; by shot noise becomes equal to the
sum of the RSDs of S; and S, as?"®®

1/2
Osis, | [“0 +0‘o} (16)
shot Sl S2

SI/SZ
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Table 1 Spectrometer and ICCD parameters for shot noise
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Number = ; [
(nm) (grooves/mm) (ms) S5 e ¢
25000 -} j , i}
1 310 ~ 360 2400 15~360 4 | \
1I 330 ~ 450 1200 6~128 - 55600 In : X |
111 490 ~ 590 1200 1.5~32 < qeu f | :
_ , 215000 ! -
Then, the RSD component due to plasma fluctuation alone in g ! \ '
the measured LIBS signal intensity ratio S,/S, is expressed by 8 10000 | ‘
subtracting the shot noise component as = E ‘
5000 : i
) 12 . | '
()- U ¥ /I/' T * T ¥ T A € T b
SIS || S ] | % % (17) 320 330 400 410 420500 510 520 530
S,/S, Dlasma S/, ], S8, Wavelength (nm)
Fig. 4 The spectral lines of the three wavelength regimes
measured in LIBS analysis of a CIGS thin film
Experiments film>® which also have been often used for estimation of plasma

Measurement of detector shot noise

For the estimation of detector shot noise, an intensity
calibrated deuterium-halogen light source (AvaLight-DH-CAL,
Avantes Inc., wavelength 200 nm~1099 nm, Max. Drift
+0.5%/hr) was coupled to the collection lens side end of the
optical fiber bundle in Fig. 1(a). Then, intensity measurement
was carried out over three different wavelength regimes of
interest. The spectrometer and ICCD parameters such as MCP
gain, grating density, wavelength range, slit width, etc. for shot
noise estimation were set to the same values as those for LIBS
measurement. Table 1 shows the grating density and gate width
for each wavelength regime. To evaluate the detector parameter
() in Eq. (12), gate width was varied over a wide range as a
way to change signal intensity. For each gate width condition,
signal intensity was measured fifty times from which the
average intensity and standard deviation were estimated. Drift
in the successively measured intensity data was subtracted after
a second order polynomial fitting.

Spectral line selection

Table 2 shows the properties of spectral lines selected for
plasma RSD estimation from the LIBS spectra of CIGS film,
lying within the three wavelength regimes of interest. These
spectral lines were carefully selected based on our earlier
study'??%3% Specifically, the intensity ratios of Cu 324.7 nm to
In 325.6 nm and Ga 417.2 nm to In 410.2 nm were known to be
little influenced by measurement conditions'?’. The Cu lines
(510.6 and 515.3 nm) were for depth profiling of CIGS thin

temperature’®>'*. Fig. 4 shows an example of these selected
spectral lines measured during LIBS analysis of CIGS thin film.

LIBS measurement

The CIGS thin film layer of a commercial CIGS solar cell
module fabricated on glass substrate by sputtering was used as
the LIBS measurement sample (5 cm x 5 cm). To directly
ablate the CIGS layer, the transparent conducting oxide and
buffer layers on top of the CIGS film were removed by etching
in a dilute hydrochloric acid solution.

For LIBS analysis, the CIGS thin film sample was irradiated
by a scanning laser beam (Nd:YAG laser, 532 nm, 5 ns, 5 Hz,
top-hat profile) at the velocity of 0.75 mm/s. The ablation was
carried out with two different laser spot diameters of 42 and
104 pm and varying laser pulse energy (0.16 ~ 2.9 mJ). The
pulse-to-pulse variation of laser energy was verified to be less
than 2% using a laser energy meter (PE25BF-DIF-C, NOVA II
meter, Newport) and little drift was observed. For the analysis
of RSD, LIBS spectra were successively collected from 114
points (38 points x 3 scan, spot-to-spot separation=150 pm).
Again, the drift in signal intensity and intensity ratio was
subtracted after a second order polynomial fitting. The possible
change of RSD due to signal drift was estimated to be less than
2%.

For the ICCD detector (PI-MAX3, Princeton Instruments),
MCP gain was set to a fixed value of 5% during the
measurements and gate delay was varied from 120 ns to 3600
ns at which the emission almost completely disappeared. Gate
widths were adjusted to the values in Table 2 so that either the
detector did not become saturated at short gate delay conditions

Table 2. Spectral lines selected for RSD analysis ***°
Tonization
length t Wavelength
W::;f:eg v?l?l tfl Element az,::n?)]g E; (eV) Ex (eV) Ayi g % Ayigk energy
(eV)
50 ns Cul 324.754 0.000 3.817 1.395E8 2 4 5.58E8 7.73
I ,
100 ns Inl 325.608 0.274 4.081 1.30E8 4 6 7.80E8 5.79
40 ns. 80 Inl 410.175 0.000 3.022 5.00E7 2 2 1.00E8 5.79
i ’
ns Gal 417.204 0.102 3.073 9.45E7 4 2 1.89E8 6.00
150 ns Cul 510.554 1.389 3.817 2.00E6 6 4 8.00E6 7.73
111 ’
300 ns Cul 515.324 3.786 6.191 6.00E7 2 4 2.40E8 773

4| J. Name., 2012, 00, 1-3
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or sufficiently high spectral intensity could be achieved at long
gate delay conditions (>800 ns). Since the photon fluence of the
deuterium-halogen light source used for the determination of
shot noise coefficient () was significantly lower than that of
the LIBS plasma, it was checked and verified using neutral
density filters that the detector signal was linearly increasing
with respect to photon fluence, up to the highest photon fluence
condition of current experiments, which confirmed the validity
of ¢ estimated with the deuterium-halogen light source for the
shot noise analysis of LIBS plasma. The ICCD detector was
triggered by the Q-switch signal of the laser. The gating jitter of
the ICCD provided by the manufacturer was 35 ps and the jitter
of the laser (Polaris II, New Wave Research) was +1 ns. It
seemed that the contribution to RSDs of the jitters was
negligible.

Results and discussion

Estimation of detector noise parameter ()

To determine the detector shot noise parameter ¢, in Eq. (12),
intensity of the calibration light source was measured over wide
ranges of gate width and integration width. Fig. 5(a) shows the
spectra for varying gate widths over the wavelength regime III.
Since o approaches a stationary value as N increases, the
variation of ¢ with respect to N was examined by increasing
the integration width around the spectral line of interest, e.g.,

100000
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1.5ms
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——3.0msH
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—32ms

10000 ﬁt

Intensity (Arb. Unit)

1000
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1
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-g - e @ 100 columns
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©
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the width by red vertical solid lines around 515.3 nm in Fig.
5(a). For each gate width and integration width, the intensity of
calibration light source was measured repeatedly and then drift
correction was made as shown in Fig. 5(b). Fig. 5(c) shows the
measured variance with respect to signal intensity in log scale.
The data points were well fitted into straight lines with the
slope of 1/2, which confirms that the variance is linearly
proportional to intensity as predicted by Eq. (12) regardless of
integration width. From the linear fitting of variance data with
intensity, the detector parameter « at varying integration width
was determined. As the integration width increases, «
approaches a stationary value () as shown in Fig. 5(d) which
shows nearly the same trend as that in Fig. 3 predicted with the
Lorentz function. The ¢ values for the wavelength regimes |
and II were estimated similarly. The ¢ values for all three
regimes were determined to be 16.8, 13.9 and 15.4 for the
regime I, II and III, respectively. The difference in ¢, values
between wavelength regimes could be due to the non-
uniformity of MCP gain (G) or the quantum efficiency (£ or
Occp) of phosphor and/or CCD?°.

RSD of LIBS signal intensity

Fig. 6 shows the RSD (after drift correction) of absolute
intensity of the spectral lines in Table 2 over wide range of
spectral line intensity and two different laser spot diameters (42
um and 104 pm). The intensity of each data point was

370000 ; i ‘ ‘
=
Sony | A
365000
g R P VI T
[
< f LY
- ¥ A\
2" 360000 |
g !
2
c —=— Raw Data
~ 355000 —o—Corrected Data |
= = 2nd order polynomial fitting
T T .

T
0 10 20 30 40 50

Measurement Number
()

20 T T T

° 0 5'0 1(I)O 151'70 200
Integration Width (N)
(d)

Fig. 5 (a) Spectra of the calibration light source in the wavelength regime III, (b) drift correction of the measured spectral intensities
(50 measurements), (c) determination of detector parameters for different integration widths and (d) the variation of detector

parameter with respect to integration width.
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Fig. 6 The measured RSD and shot noise RSD of the intensities of six spectral lines at two spot size conditions (42 pum and 104 pm)

determined by varying laser energy and/or gate delay. The RSD
of detector shot noise was calculated by Eq. (5) by using the «
values obtained above. Note that the difference between the
measured RSD and shot noise RSD represents the RSD by
plasma fluctuation. As the signal intensity decreases, detector
shot noise increases and the difference is reduced, implying that
detector noise becomes increasingly significant for low
intensity LIBS measurement. In general, the tendency of RSD
variation with respect to signal intensity remained similar
between different spot diameter conditions and spectral lines. A
further detailed inspection of the RSD, however, revealed that
RSD values were greater at the highest laser irradiance
condition (29.9 GW/cm?) of this study for the smaller spot

6 | J. Name., 2012, 00, 1-3

diameter (42 pm). The reason for the increase of RSD at high
laser irradiance for small spot diameter condition needs further
investigation.

Fig. 7 shows the behavior of RSD of the absolute intensity due
to plasma fluctuation alone for varying laser irradiance and gate
delay conditions. It is observed that the RSD by plasma
fluctuation starts increasing as the laser irradiance drops below
a certain level, for example, 1.26 GW/cm’ in the present
experiments. Also, the RSD by plasma fluctuation tended to
increase for increasing gate delay. This behavior of RSD by
plasma fluctuation may be associated with the ablation and
temperature characteristics as follow.

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 The RSD by plasma fluctuation of the intensities of three spectral lines at two spot size conditions (42 pm and 104 pm)

It can be shown that the relative variation of spectral line intensity
due to plasma fluctuation is expressed by (see Appendix A for

details)

AJS

E,~(E) £+HWS%+&1S_V) (18)

JS

where J° is the spectral intensity of an atomic line represented by the

k,T T n nv

e

Boltzmann equation®’

This journal is © The Royal Society of Chemistry 2012

he A xSk exp(— £, /k,T)W* %

. Sy (19)
azh, " "Us(1) "

JS =

where 7 is the Planck constant (6.626x107* m’kg/s), ¢ is the speed of
light (2.998x10% m/s), 4, is the wavelength of the light emitted by
atomic transition from state & to state i, 4y; is transition probability,
n’ is total atom number density (neutral atoms-+ions), #* is the ratio
of neutral atom to total atom densities, g; and E; are the statistical
weight and energy level of state &, respectively, kz is the Boltzmann
constant (1.381x10%  J/K), T is plasma temperature, ‘U° is a
partition function of neutral atoms, V' is plasma volume, n, is plasma
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Fig. 8 The measured RSD and shot noise RSD of the intensity ratios of three spectral line pairs at two spot size conditions (42 um and

104 pm)

density, /" is the ratio of singly ionized atoms, superscript S

represents a species, and

exc

ion

<E5>51WS<1ES >+HWS|:<HE5;¢C>+2]€BT+E~S } (20)

with

z ZEkgk exp(—ZEk /kBT)

and Z=[ or II

<ZEech>= k

8| J. Name., 2012,

2Us(r)

00, 1-3

where the superscripts / and /7 stand for neutral atom and singly

ionized atom, respectively, and E,,5 is the first ionization

energy of species S, <“ES,..> is the average excitation energy of

a single atom of species S at ionization state Z in the plasma.

The first term of Eq. (20) is the product of the neutral atom

fraction and the average excitation energy per neutral atom. The

second term is the product of ion fraction and the average

energy of an ion which is represented by the terms inside the

bracket as the sum of average excitation energy of singly

ionized atom, kinetic energy of electron, and first ionization

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 The RSD by plasma fluctuation of the intensity ratios of three spectral line pairs at two spot size conditions (42 pm and 104

pm)

energy. In short, <E> represents the average energy that a
single atom possesses in the plasma satisfying local
thermodynamic equilibrium (LTE) condition, excluding the

kinetic energy of the atom itself.
Note that the first term on the right hand side of Eq. (18) represents
the contribution of plasma temperature fluctuation to the RSD of

spectral line intensity. Because the value of < ES> increases with

plasma temperature, the coefficient of the first term (
E, - < ES>) / kyT ) increases for decreasing plasma temperature.

This journal is © The Royal Society of Chemistry 2012

The second and third terms of Eq. (18) represent the contributions of
plasma density fluctuation and the fluctuation in ablation mass (#°V),
respectively. When the laser irradiance is close to ablation threshold,
the variation of ablated mass will become greater, leading to the
observed increase in plasma-fluctuation-induced RSD at low laser
irradiance. As the gate delay increases, the coefficient of the first
term increases due to temperature decrease, again leading to an
increase of plasma-fluctuation-induced RSD as observed in Fig. 7.
Eq. (18) also predicts that the RSD due to plasma fluctuation
increases with upper level energy. In fact, it was shown that the
RSDs of Cu 515.3 nm line with a higher upper level energy

J. Name., 2012, 00, 1-3 | 9



©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

Journal of Analytical Atomic Spectrometry

(E;=6.191 eV) was greater than that of Cu 510.6 nm line (£,=3.817
eV) as shown in Figs. 6(e) and 6(f). Note that self-absorption was
assumed to be negligible in Eq. (18). However, the spectral lines in
Table 2, except Cu 510.6 and 515.3 nm, are expected to be highly
self-absorbing due to their low lower level energy, high transition
probability, and the high elemental concentrations of In (~17 at%),
Ga (~8 at%) and Cu (~25 at%). It can be shown that the RSD of
highly self-absorbing plasma can be represented by a similar
expression with the consideration of optical depth (see Appendix B
for details).

RSD of LIBS signal intensity ratio

Fig. 8 shows the RSD of intensity ratio between the selected
spectral lines in each wavelength regime with respect to signal
intensity. For these intensity ratio data, it is clear that the
difference between the RSD values of measured LIBS data and
those of shot noise decreased significantly as compared with
that of absolute intensity in Fig. 6. These results confirm that
the influence of plasma fluctuation can be reduced in LIBS
analysis by using intensity ratio rather than absolute intensity.
Especially, it is noteworthy that the measured RSD of the
intensity ratio of Ga 417.2 nm to In 410.3 nm became nearly
the same as the shot noise RSD as the signal intensity decreased,
whereas the measured RSD of other pairs of spectral lines had a
finite difference from shot noise RSD even at low intensity.
The plasma-fluctuation-induced RSD of intensity ratio in Fig. 9,
calculated by Eq. (17), also showed that the RSD of Ga 417.2
nm / In 410.2 nm intensity ratio, especially Fig. 9(d), remained
nearly constant for all gate delay conditions while the RSD of
other line pairs in Figs. 9(a), 9(b), 9(e) and 9(f) was
continuously changing. This difference in RSD behavior of
LIBS signal intensity ratio between spectral line pairs is
understood to be related to the spectral line properties of the
elements as discussed below.

For the intensity ratio of two spectral lines of different species
A and B, denoted by n=/3/J,, the relative variation of 7 can be
written by using Eq. (18) as

Al_AJB _AJA

n JE g

Ef-E} (E")-(E")|ar e
k

kT T | T

n (11WB_11WA )% n A(nBB/nAA)
n, n / n

Each term on the right hand side of Eq. (21) corresponds to the
contribution by fluctuation in plasma temperature, plasma
density and the density ratio of ablated mass, respectively. The
first term for plasma temperature decreases if both the upper
level energies of the spectral lines and the ionization energies of
the elements are similar. The second term decreases if the
ionization energies are similar. The different RSD behavior of
Ga 417.2 nm / In 410.2 nm intensity ratio in Fig. 9(d) from
those in Figs. 9(b) and 9(f) is due to the similarity in upper level
energies of the selected spectral lines (Ey g, 4772 1m=3-07 €V and
Ei 104102 nm=3.02 eV) and in ionization energies of the elements
(Eion,64=6.00 eV and E,,, ,=5.79 eV). The third term for ablated
mass in Eq. (21) is represented by density ratio of the elements
(n®/n™), whereas the corresponding term in Eq. (18) for absolute
intensity includes ablated mass (#°F). Since the ratio of ablated

10 | J. Name., 2012, 00, 1-3

mass between elements remains much consistent than the
absolute mass for varying laser fluence, it is expected that the
RSD of intensity ratio is less influenced by lowering the laser
fluence. Again, self-absorption was ignored in Eq. (21), and the
equation for highly self-absorbing lines is shown in the
Appendix B.

In addition, Fig. 9 shows that unlike the absolute intensity case,
the plasma-fluctuation-induced RSD of intensity ratio in Figs.
9(a), 9(b), 9(e) and 9(f) decreased initially to a minimum value
for increasing gate delay and then started increasing rapidly at
longer gate delay conditions. This result indicates that the
behavior of plasma-fluctuation-induced RSD of intensity ratio
is not the same as that of absolute intensity which increases
monotonically with gate delay.

The results for LIBS signal intensity ratio in Figs. 8 and 9
demonstrate that to minimize plasma-fluctuation-induced RSD
the line pairs needs to be carefully selected considering their
spectral properties and the optimal gate delay may be
determined at a slightly longer value than the possible shortest
gate delay in experiments.

Conclusions

To investigate the influence of signal intensity and
measurement parameters on the precision of LIBS analysis, the
contribution of shot-to-shot fluctuation of laser plasma to the
RSD was quantitatively estimated by subtracting the detector
shot noise portion from the overall RSD of the measured LIBS
signal intensity or intensity ratio. It was demonstrated that the
detector noise can be represented by a linear relation to signal
intensity and the proportionality coefficient can be determined
experimentally. Using the analysis of LIBS spectra obtained
with CIGS thin film sample over widely varying laser
irradiance and gate delay conditions as well as two different
spot diameters, it was (i) confirmed that the magnitude of
plasma-fluctuation-induced RSD of absolute intensity is greater
than that of intensity ratio and (ii) found that the plasma-
fluctuation-induced RSD of intensity ratio initially decreases
and then increases with gate delay, whereas that of absolute
intensity increases monotonically. It was further shown that the
plasma-fluctuation-induced RSD of intensity ratio can be nearly
independent of gate delay or laser irradiance for properly
selected spectral line pairs. It is expected that the proposed
approach for separate analysis of detector and plasma
fluctuation RSDs could be useful to understand the influence of
individual measurement parameter on the precision during
LIBS analysis.
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Appendix A: Derivation of Eq. (18)

For optically thin and spatially uniform plasma with a volume
V, the spectral intensity of an atomic line is expressed by the
Boltzmann equation as’

JS = he A, & exp(— Ek/kBT)XI WS xSy (Al)
47, 'Us(T)

The relative variation of line intensity can then be derived to

This journal is © The Royal Society of Chemistry 2012
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AJ® _ |:gk exp(_Ek/kBT):|/|:gk exp(_Ek/kBT):|
s A Ir7rS Ir7rS
J U*(r) Us(r) (A2)
LA AlY)
'wit 'V

In Eq. (A2), the first term on the right hand side (RHS) is a
function of plasma temperature only. The numerator of the first
term can be rewritten as

feotyp

(A3)

_| BT d'UST)|AT g, exp(-E,/k,T)
k,7 'US(r) dr | T 'Us(1)

By the definition of partition function, the second term inside
the square bracket on the RHS of Eq. (A3) becomes

'U* =Y g, exp(-E, [k,T) (A4)
k
T d[US(T) ZEkgk exp(_Ek/kBT) 1
_ & —
'ws(r) dr "Us(T) k,T  (AS)
('Eec)

where <’ Ei (~> is the average excitation energy of neutral atom

of species S in plasma. By using Eq. (A3) and (AS5), the first
term on the RHS of Eq. (A2) is simplified to

& exp(— Ek/kBT) 8k exp(— Ek/kBT)

A{ 'U*(r) }/{ 'U*(r) } (A6)
_Ek_<[E:;c>£

kT T

Provided that LTE condition is satisfied in the plasma, the
relation between the ionic species density and neutral species
density follows the Saha equation®’ as

s 3/2 s
L (27zm k,T)"? 27U (T)eX
U (T)

e Ins h3

_Es] (A7)
kB

where m, is electron mass, n® is neutral species density and “n®
is ionic species density. If the second and higher order
ionizations are negligible and the ratio of ionic species density
to neutral species density, denoted by X(#,.,7), can be written as

.S
X(ne’T)E 1:5
~ 2(2727’}’[ng )3/2 . 11US(T)T3/2 exp(— E;n /kBT) (A8)
YR 'Us(r)

= R(n,)O(T)

This journal is © The Royal Society of Chemistry 2012
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and the fraction of neutral species as

I S
n 1

WS+TpS 1+ X

W = (A9)

Using Eq. (A9), the second term of Eq. (A2) can be rewritten as

A'w? 1
s AX
w 1+X (A10)
_ s T QAT dR an,
Qdlr' T Rdn, n,
Since
IS IS s
dgz < Eexz‘>_< Eexr>+3kBT/2+Eian Q (All)
dT kT T
and
dR __2Qmmk,)"” R (A12)
dn, n’h’ n,
Eq. (A10) can be rewritten to
A'W?
TS
w (A13)
s ("Eo)—("ES)+3ks T2+ E} AT an,
k,T T n,

By substituting Egs. (A6) and (A13), Eq. (A2) is rewritten as

A wﬂgfws An, +M (A14)

J?S k,T T n nv

e

exc

<ES>EIWS<1ES >+]1WS|:<11EiC>+zksT"'Eiin:l (Al4a)

Z ZEkgk eXp(_ZEk/kBT)

<ZEESXC> _ _k ZUS(T) (Al4b)

Appendix B: Equations for highly self-absorbing
lines
The intensity of a highly self-absorbing line (J’) can be written
by38’ 39

N
T

57046
JvS:JS|:1_eXp(_T ):| (Bl)
where J° is the intensity of optically thin plasma in Eq. (A1)
and 7° is optical depth®® **. When the photon energy is much
greater than the plasma temperature (i.e. exp[-(E;-E;)/kT|<<1)
and Stark broadening is dominant and proportional to plasma

density, 7 can be written as* %

J. Name., 2012, 00, 1-3 | 11



P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Journal of Analytical Atomic Spectrometry

/1 y 8 2 glexp( E/kT)IWanSVx Mo (B)

e ! v (r ( ) Son Wy

87w g
where c is the speed of light, E; is the lower level energy, S is
the characteristic area of the plasma (V=Sy/, [/ is the
characteristic plasma length), n, is the reference plasma
density and wy; is the electron impact width at the reference
plasma density. When #° >>1 (i.e. exp(-7’) = 0), Eq. (B1) can
be approximated to

J'S N JS L 0.46
TS

Thus, the relative variation of intensity of a highly self-
absorbing line (J”%) can be modified into

(B3)

1S S N
AN 0462

va - Js z_s

(B4)

Similarly to those in Appendix A, A7%/7° can be simplified to

A7r® _ Ei_<ES> £+(11Ws_1)%+A(nsV)_ﬂ (B5)
73 kBT T n nsv SO

e

From (B4) and (BS5), the relative variation of the intensity of a
highly self-absorbing line is written by

AJS | E,—046E,~0.54(E") | AT
Je k,T T
[o.46+0.547 w5 ]A% (B6)
G I )
n nl

For the intensity ratio of two spectral lines of different species
A and B, denoted by 7n=/3/J,, the relative variation of 77 can be
written by using Eq. (B6) as

Ay _| B - Bt -oaslg! - E!)_  (E")-(E") |aT

n k,T kT | T
vo548"/n)

n, n’/n

B7)

o.54(mre 1) Ae
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