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a b s t r a c t
As typical emission spectroscopy involves chord integration along the line of sight, a local measurement with
high spatial resolution is attempted using simple lens optics in this work. In the experiment, chord integrated
optical plasma emission proﬁle was measured by moving a scanning lens located outside the plasma. The
measured emission intensities were spatially reconstructed by employing a geometry-dependent system
function, and the local (i.e., only from the lens focal point) emission intensities were obtained with all outfocused emissions subtracted. The 34 different Ar I emission lines spatially reconstructed in this way were
used to determine excitation temperature (Texc) of the argon plasma by the Boltzmann plot method. Being
different from the plasma driven at 13.56 MHz where a rather uniform proﬁle was obtained, the spatial proﬁle
of Texc from the plasma driven at 90 MHz showed a hollow proﬁle, which is similar to that of the electron
temperature (Te) measured by a Langmuir probe. This hollow proﬁle is attributed from the electromagnetic
phenomena such as skin effect and standing wave effect. The similar spatial tendency of Texc and Te implies
that Texc can be a representative of Te. This is particularly useful for the cases in which conventional Langmuir
probe measurements are limited, such as in large size plasmas.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Large area capacitive discharges driven at frequencies higher than
the conventional 13.56 MHz have recently attracted much attention in
both plasma physics and in the semiconductor and display industries
as processing plasma sources [1–4]. Large size plasma sources are
required in such areas for the large size panel fabrication of LCDs and
photovoltaic solar cells (for instance, the glass substrate size for the 8th
generation LCD panel is such as 2200 mm × 2500 mm, and the size of
the processing plasma is larger than that). At large plasma sources
where the plasma dimension becomes comparable to the wavelength
of the driving radio frequency (rf), physical phenomena such as
standing wave and skin effects are found to occur, which do not take
place at lower driving frequencies [5]. These electromagnetic
phenomena tend to diminish the degree of plasma uniformity
[2,5,6]. At large size, therefore, achieving high spatial uniformity of
the plasma and measuring this with high accuracy have become
important research issues [7–9]. As one of the most prevalent and
versatile means of measuring spatial uniformity, optical emission
spectroscopy (OES) is a useful diagnostic tool, but it inevitably involves
chord-integrated measurements along the line of sight. Hence, either
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inversion or tomographic reconstruction is required to obtain
spatially-resolved local information inside the plasma [10].
In this paper, we introduce the technique that enables to measure
the spatial proﬁle from the chord-integrated optical emission from the
plasma using only simple lens optics. It was found that with the
spatially-resolved excitation temperature compared with the electron
temperature obtained by a rf compensated Langmuir probe, the
electromagnetic phenomena were observed at the 90 MHz driving
frequency.
2. Experimental
A schematic diagram of the experimental setup for visible
emission measurement is presented in Fig. 1. The argon plasma
generated in a rectangular chamber is a typical capacitively coupled
type with the rectangular electrode size of 300 mm × 200 mm. The
distance between the top and the bottom electrodes was ﬁxed at
40 mm, so that the vertical (or z-directional) plasma size Lz is 40 mm.
The top electrode was powered by a rf generator at either 13.56 MHz
or 90 MHz at 300 W, while the bottom one was grounded. The
collection optics consists of two circular lenses (CVI, AAP-500.0-50.8)
made of BK7 and SF2 of 500 mm focal length and 50.8 mm diameter in
order to collect the plasma emission. Both lenses had achromatic
coating to avoid the chromatic aberration in obtaining wavelengths
from 415 nm to 810 nm. The two lenses were placed on a linear rail to
scan the emission light, and the whole collection optics was contained
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converted into the multiplication of the two functions of F(κ) and H(κ)
by the convolution theorem of the Fourier transform,

X

GðκÞ = F ðκÞ⊗H ðκÞ;
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Fig. 1. Schematic of the experimental setup (side view, not in scale). The capacitive
plasma was produced between the rectangular top and bottom electrodes
(300 mm × 200 mm) with the gap distance of 40 mm. The plasma emission was
measured in the X direction by moving Lens 1, while Lens 2 was used to focus the
emission to the entrance slit of the spectrometer. A Langmuir probe was inserted inside
the plasma to obtain electron temperature proﬁle, i.e., Te(x).

in a black metal housing of 1 m length to block the unnecessary stray
light. The emission proﬁle was scanned by Lens 1, of which travel
length was as large as 500 mm. The long scanning length of the
collection optics was demanded in order to scan the large size plasma.
A spectrometer (CHROMEX 250is) and a charge-coupled device (CCD)
detector (SBIG, ST-9XE) were used to obtain the argon atomic line
intensities. The entrance slit size of spectrometer was set at 0.05 mm
(width) × 20 mm (height), and a pin-hole of 1 mm in diameter was
placed in front of the entrance slit. The excitation temperature was
measured by the Boltzmann plot method using the relative line
intensity ratio of Ar I emission lines [11], while the electron
temperature and density were measured by a commercial Langmuir
probe (PLASMART, SLP2000).
3. Results and discussion
3.1. Reconstruction procedure: preliminary tests of the system function
In the case of chord-integrated collection of the emission, the
emission detection only at the lens focal point is essential for
measuring the spatial proﬁle of the emission with high accuracy. In
this study, an improvement of spatial proﬁle measurement is made by
employing a technique of eliminating the out-focused emission by
applying a geometry-dependent system function to the measured
chord-integrated plasma emission data. The system function was
obtained in advance from a simple optics setup consisting of two
achromatic lenses, a mercury lamp, and a spectrometer.
The purpose of the system function is to ﬁnd a local intensity
proﬁle f(x), which is the intensity proﬁle only at the lens focal points,
out of the measured chord-integrated intensity proﬁle g(X), which is
the proﬁle contributed both from the lens-focused intensities and the
out-focused intensities, from a large size emission source. The
measured intensity g(X) can be expressed as convolution of two
functions, f(x) and h(X − x):
∞

g ð X Þ = ∫ f ðxÞhðX−xÞdx ;

ð1Þ

−∞

where X and x are the position domains in the image and object
planes, respectively, and h(X − x) is a geometry-dependent system
function determined based on the optical setup. In Eq. (1), g(X) can be

ð2Þ

where κ is the wave number, and G(κ), F(κ), H(κ) are the Fourier
transformed functions of g(X), f(x), h(X − x), respectively. Consequently, F(κ) can be obtained from Eq. (2), and f(x) is ﬁnally obtained
from the inverse Fourier transform of F(κ) as follows:
1
∞
−iκx
f ðxÞ = pﬃﬃﬃﬃﬃﬃ ∫ F ðκÞe
dκ:
2π −∞

ð3Þ

The procedure for obtaining the local intensity proﬁle f(x) mentioned
above is deﬁned as “reconstruction” in this paper. Since f(x) is obtained from the chord-integrated intensity g(X) using the system function h(X −x), it is important to deﬁne h(X− x) prior to the reconstruction.
In order to experimentally determine h(X − x), we used a
combination of a mercury lamp (ACTON, MS416) and an aperture of
1 mm diameter that was small enough to be considered as a point
source (i.e., the light source much smaller than the sight line or the
plasma dimension). The diameter and its focal length of the collection
lens were 50 mm and 500 mm, respectively. The measured intensity
by moving the lamp and aperture combination along the lens axis is
presented as circles in Fig. 2a, and we used this proﬁle as h(X − x). As
expected, the largest intensity is shown at the lens focal point (0 mm
position in the ﬁgure) and the out-focused emission intensities
quickly drop from the lens focal point. This result can be explained by
both the projected solid angle of the point source emission and the
broadened image area of the point source on the entrance slit. The
measured intensity proﬁle shown in Fig. 2a is also known as the
system étendue function [12]. It is noted that the system function
h shown in Fig. 2a is the arithmetic average of the intensities of
476 nm, 696 nm, and 810 nm Hg lines.
The reconstructed intensity proﬁle f(x) by letting g = h showed a
delta-function type as expected. On the other hand, the dashed (—)
curve shown in Fig. 2a indicates f(x) reconstructed with letting g(X) be
the 810 nm intensity. Other 476 nm and 696 nm lines showed the
similar f(x) proﬁle. As depicted in an inset of Fig. 2a, the proﬁle f(x) has
full width at half maximum (FWHM) of about 12 mm with base width of
about 20 mm. This could be attributed to the followings: ﬁrstly, ﬁnite
focal spot size (showing the uniform lamp intensity in the direction
normal to the lens axis around the lens focal point, which was about
10 mm under our experimental setup). Secondly, the ﬁnite size of the
light source (extension of the Hg lamp in the x direction being about
5 mm). Thirdly, generally good but imperfect achromatic condition of
our collection optics system. Anyhow, the out-focused emissions are
eliminated considerably by the reconstruction, showing the intense
lamp emission only near the focal point of the lens. It is also worth
noting that the fact that the resolution of reconstructed intensity proﬁle
is about 12 mm is probably the best-case scenario because the source is
a point source and there is no other emission from other locations along
the line-of-sight (x-axis) integration, i.e., a very clean background.
The system function h discussed here is ‘one-dimensional’ since it
was obtained as the lamp (point source) was moved along the lens axis.
However, it should be ‘three-dimensional’ for large emission sources
such as volumetric plasmas because the emission reaches the collection
optics in the three-dimensional way (both up-down and left–right), as
illustrated in Fig. 2b. To account for this, Eq. (1) is extended as
g ð X Þ = ∭f ðxÞf ð yÞf ðzÞ·hð X−x; Y−y; Z−zÞdxdydz
h
i
yðxÞ
zðxÞ
= ∫ f ðxÞ ∫yðxÞ f ðyÞ·∫
f ðzÞ·hðX−x; Y−y; Z−zÞdydz dx
∞

−∞
∞

≡∫

−∞

−zðxÞ



f ðxÞh ð X−xÞdx;

ð4Þ
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whereas S+ and S− represent those when focused on the plasma
edges. As shown in Fig. 2b, the Y-directional ﬁnite length of uniform
intensity ΔUy should be considered in reconstruction because the
detecting size of the plasma through the lens (in the case of S+)
becomes comparable to the Y-directional plasma size Ly. On the other
hand, the Z-directional component is ignored because the measurement span through the lens along the Z-direction (e.g. electrode gap
of 40 mm) is much smaller than the lens focal length (e.g. 500 mm
in this experiment). Furthermore, since the MSF includes the
Y-directional plasma emission f(y), the half of the plasma is assumed
to give uniform emission intensity along the Y-direction, i.e., f(y) = 1.
In addition, we measured ΔUy of the lamp intensity by moving the
light source in the y-direction at ﬁxed x and then the same procedure
was repeated at different x positions, i.e., by a full 2-dimensional scan
of the light source in both x and y direction. It was found that the
system function h(X − x,Y − y) remained the same, irrespective of
ΔUy, or h(X − x, Y − y) is constant at least within the measured ΔUy.
Therefore, the MSF in Eq. (4) becomes


h ð X−xÞ = ∫

yðxÞ

−yðxÞ

f ð yÞ·hð X−xÞdy;

ð5Þ

= hð X−xÞ·ΔUy :
With the three-dimensional effects in Eq. (5), the measured
intensity proﬁle h⁎(X − x) is presented as circles and the reconstructed intensity proﬁle is shown as the dashed (—) curve in Fig. 2c.
Fig. 2d shows the measured intensity proﬁle of 516 nm of Ar I
emission (open symbols) from the plasma and its reconstructed
intensity proﬁle (closed symbols) using MSF given in Eq. (5). Using
this technique, the spatially resolved excitation temperature of the Ar
emission from the plasma was obtained.
3.2. Application of the reconstructed intensity proﬁle to the plasmas

Fig. 2. (a) Measurement of the system function. The circles represent the measured
intensity proﬁle using a point source consisting of a mercury lamp and an aperture. The
reconstructed intensity proﬁle using the measured system function is plotted as dashed
(---) curve. The reconstructed proﬁle in an expanded scale is depicted as an inset. (b)
The measurement span of plasma emission through the lens when the lens is focused
on the plasma center and edges in top-view, respectively. (c) Measurement of the
modiﬁed system function. The reconstructed intensity proﬁle is plotted as dashed (---)
curve. (d) The measured intensity proﬁle of 516 nm of Ar I emission (open symbols)
and its reconstructed intensity proﬁle (closed symbols) as a function of lens focal point.

where Y, Z, y, and z are the position domains in the image (Y,Z) and the
object (y,z) planes, respectively. In Eq. (4), h⁎(X − x) is the modiﬁed
system function (MSF).
In Fig. 2b, the boundaries of measurement span through the
collection lens are represented as S⨂, S+ and S−. Here, S⨂ indicates the
measurement span when the lens is focused on the plasma center,

Fig. 3a and b represent the horizontal proﬁles (along the lens axis)
of the excitation temperature Texc and the electron temperature Te,
respectively, obtained from a 300 mm × 200 mm sized plasma driven
at very high frequency (VHF) of 90 MHz. The excitation temperature
was determined by the Boltzmann plot method [11] using the
measured 34 different Ar I emission lines. Each open circle in Fig. 3a
(for instance, at a certain x) was obtained based on the line-integrated
intensity g(X) with the lens focal point located at that particular
position x. In other words, the measured 34 Ar I lines were simply
used for the Boltzmann method to get Texc(x). On the other hand, the
closed circles in Fig. 3a were obtained based on the reconstructed
intensities f(x), i.e., 34 Ar I lines at x were all reconstructed ﬁrst, and
then they were used in the Boltzmann method.
A few ﬁndings are made from the result. First of all, a large
discrepancy is seen between the Texc proﬁle based on the lineintegrated intensity (open symbol) and that based on the reconstructed intensity (closed symbol) (Fig. 3a), in which the reconstructed one shows the more hollow proﬁle. The model accounting for
the substantial skin depth or standing wave effects is reported at
frequency higher than 70 MHz [2], and the electrode edge asymmetry
in rf plasma increases localized electric ﬁeld at the edge of the
electrodes. Therefore, the plasma becomes more intense near the
edges [13]. The inductive electric ﬁeld near the electrode edge also
creates strong plasma non-uniformity at high frequency [14]. The
increasing trend of both Te and Texc toward the electrode edge shown
in Fig. 3a and b is believed to be attributed from these physical effects.
Second, the fact that Texc is about three times lower than Te as
inferred from Fig. 3a and b and also the electron density in our
experiment (~1010 cm−3) is lower than the critical density given by the
Griem criterion [15] indicates that this plasma is in non-equilibrium.
Third, the reconstructed spatial proﬁle of Texc has the similar
tendency with that of Te. It is understandable because Texc ∝ I1(Ar)/I2
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hollow-shaped spatially resolved excitation temperature proﬁle (higher
Texc near the edge), which is attributed from the electromagnetic
phenomena. This proﬁle is consistent with the electron temperature
measured by a Langmuir probe. It is also conﬁrmed at 13.56 MHz that
both proﬁles of Te and Texc are consistent. This may be particularly useful
for the cases in which conventional Langmuir probe measurements are
limited, such as in large size plasmas.
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Fig. 3. (a) The spatial proﬁle of (a) the excitation temperature without (open symbol)
and with (closed symbol) the reconstruction, and (b) the electron temperature by a
Langmuir probe. The operating condition was Ar 300 mTorr and 300 W at 90 MHz.
(c) The excitation temperature proﬁle without (open symbol) and with (closed
symbol) the reconstruction at Ar 300 mTorr and 300 W at 13.56 MHz.

(Ar) ∝ R12(Te), i.e., the spectral line ratio (R12) corresponds to Texc and
is related to Te due to its impact excitation on argon atoms [16]. This
result implies that Texc can be a representative of Te in nonequilibrium plasmas such as the plasma under this experiment. This
is particularly useful for the cases in which conventional Langmuir
probe measurements are limited, such as in large size plasmas.
Fourth, Fig. 3c depicts Texc proﬁle of the plasma driven at
13.56 MHz in the direction of lens axis without (open symbol) and
with (closed symbol) reconstruction, respectively. At conventional
13.56 MHz rf frequency, Texc proﬁles are not considerably different
with and without the reconstruction, and they also showed the
similar tendency with the Te proﬁle. Therefore, by comparing the
reconstructed and the line-integrated proﬁles, the reconstruction
result in Fig. 3a implies the spatially non-uniform Te, such as the
hollow shaped proﬁle shown in Fig. 3b at 90 MHz, as opposed to the
spatially uniform electron temperature at 13.56 MHz.
4. Conclusion
We developed an accurate OES measurement technique for the
spatial emission proﬁle by eliminating the out-focused plasma emission.
This was accomplished by the simple lens optics and reconstruction
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