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ABSTRACT
Quadrupole mass spectrometry (QMS) has been widely used in the semiconductor industry to monitor plasma radical or ion species, but the
signal used in QMS is mostly not quantified. To quantify QMS signals to radical density measurements, the signals should be calibrated by a
reference. During this calibrating process, it is important to apply a proper signal proportional coefficient between the signal of QMS and the
particle density of the plasma, which is known to be strongly related to the mass of the particle, but is not precisely well known one until now.
In this work, we propose a simple approach to obtain reliable signal proportional coefficients of different masses by using with standard gases,
which are precisely specified components through gas manufacturing. This approach is expected to raise the reliability of quantifying QMS data,
contributing to an advance in plasma database development.
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1. Introduction
Plasma processing in manufacturing semiconductor devices has attracted enormous interest due to its various advantages [1, 2]. Especially, in the etching process, plasma has played an essential role in
fabricating fine structures on wafers for decades [3–6]. The manufacturing high-aspect-ratio features of NAND flash memory devices,
for example, has a challenge to etch the substrate through narrow and
deep holes patterned on the mask, for which plasma provides radical neutrals and bombarding ions to the substrate, enabling highly
anisotropic etching to be feasible [7, 8]. In these processes, it has been
shown that plasma radicals and ions have a synergetic effect on etching, namely that chemical reactions between radicals and the substrate
are enhanced by energetic ion bombardment [9]. Therefore, knowing
radical and ion information such as their density, distribution, etc. is
highly important to control and optimize the process [10].
There are various methods (and equipment) to measure radical and
ion densities. Optical emission spectrometry provides radical species
information by analyzing the light emitted from de-excited radicals
that has different wavelengths according to the electron energy levels
of each species [11, 12]. A retarding field energy analyzer is widely
used for measuring ion energy distribution as well as ion density, and
it employs multiple electrodes where different bias voltages are properly applied so that electrons are repelled and ions are filtered according to their energy [13]. One of the most powerful equipment is a
quadrupole mass spectrometer (QMS) that, as its name implies, measures radical densities according to their mass using a quadrupole electrode [14]. These devices are widely used in semiconductor industry
because they are compact, easy to use, and cost-effective.
However, there are some challenges to obtain precisely quantified
radical densities because QMS signals represent only the partial pres-

sures of each species having different masses. Thus, there has been
many studies reporting methods to convert QMS signals to absolute
radical density values in plasma [15–17].
Singh et al. suggested that a QMS signal can be represented as below:
𝑆 = 𝛼𝐼𝑒 𝜎𝑖 𝑛
(1)
where 𝑆 is the measured QMS signal intensity and 𝛼 represents the
signal measurement efficiency (ME) that is a function of the mass-tocharge ratio of each species generated in the QMS ionizer. 𝐼𝑒 is the
emission current flowing through the filament in the ionizer, 𝜎𝑖 is the
ionization cross section of the target species, and 𝑛 is the number density of the target particle inside the ionizer. The ME 𝛼 is the product
of the extraction efficiencies of the ions from the ionizer, the transmission efficiencies of the quadrupole mass filter that depends on the
species mass-to-charge ratio, the detection efficiencies of the channeltron detector that also depends on the species mass-to-charge ratio,
and lastly the length of the ionizer cage [17].
A measured QMS signal represented as above is calibrated with a
reference signal to eliminate the unknown parameters such as the filament emission current, and then quantified to absolute particle number densities [18]. In this process, it is important that the ME is properly determined for each QMS since the difference between equipment geometries as well as ionizer structures causes various ion extraction efficiencies from the ionizer, transmission efficiencies in the
quadrupole mass filter, or detection efficiencies of the Faraday cup detector. Kessels et al. suggested that the transmittance of the mass filter
in their device was best estimated as a decrease with ion mass inversely
proportional to the square root of the mass, and also that the detection
efficiency of the channeltron decreases similarly, leading to an overall mass discrimination inversely proportional to the ion mass [15].
However, this mass dependence of the ME proposed by Kessels et al.
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was not derived with rigorous theoretical analysis so that employing
it directly to one’s QMS data quantification can cause inevitable errors. Singh et al. concluded that the optimum mass dependence of the
measurement efficiency of their instrument was represented as the ion
mass to the power of –0.81, which was obtained by fitting their experimental data [17].
In this paper, we propose a method to obtain a proper ME for
high-reliability quantification of QMS data using a standard gas, which
refers to a mixed gas in which each proportion of every component is
exactly specified. Standard gases can be useful to determine an ME
in QMS measurements since it has various gas species with different
masses, allowing the ion mass dependence of an ME to be easily estimated in a wide range of ion masses. Moreover, the specific component information of a standard gas can provide useful reference data
for calibrating QMS signals since one can calculate the absolute density
of each component by the ideal gas law, all of which can be used as a
reference signal for the calibration. Our approach is expected to make
QMS data processing easier as well as improve the reliability of plasma
QMS diagnostics. Our experimental setup and details are described in
the next section, followed by a description of the new approach, discussion, and conclusions.

2. Experimental details
As shown in Fig. 1, the vacuum chamber used for the experiments
has a cylindrical structure; the diameter is 340 mm and the height is
145 mm. This geometrical information is used when we calculate the
gas density by the ideal gas law, and the volume occupied by electrodes
and other components is not considered. Gases are injected into the
chamber through a shower head with diameter of 300 mm. The chamber vacuum is maintained by a turbomolecular pump supported by a
rotary-vane oil pump, and the base pressure is approximately on the
order of 10−5 Torr.
A Hiden Analytical PSM QMS is mounted on the chamber sidewall and evacuated by a differential pumping unit consisting of a turbomolecular pump and a rotary-vane oil pump. The QMS chamber is
maintained in vacuum on the order of 10−7 Torr. The orifice at the end
of the QMS probe has a diameter of 150 μm that separates the QMS
chamber from the main chamber, keeping the pressure of the QMS 2
orders of magnitude lower than the main chamber. During our experiments, the ionizing electron energy, emission current, and secondary
electron multiplier voltage of PSM are set to be 70 eV, 1 𝜇A, and 2100
V, respectively.
The standard gas used in this work is a mixed gas of various noble
gas species, consisting of 0.3854 % of Xe, 4.6902 % of Kr, 21.1039 %
of He, and 73.8205 % of Ne, and its quality was certified by the Korea
Research Institute of Standards and Science in Oct 2007 [19].

Figure 1. Schematic of the vacuum chamber equipped with QMS (Hiden, PSM).
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The QMS data is acquired under various pressures 25, 34, and 46
mTorr of the main plasma chamber. The experimental sequence is as
follows: the standard gas is injected into the main chamber and a small
amount of them is picked up to the QMS via orifice of it. Then, they
are ionized and extracted to the quadrupole mass filter region, and the
partial pressures of each mass are obtained through detector. According to a reported signal library for quadrupole mass spectrometry, the
masses we consider to represent the partial pressures of each component of the standard gas are 4 amu for He, 20 amu for Ne, 84 amu for
Kr, and 129, 131, and 132 amu for Xe [20].

3. Results and discussion
Figure 2 shows the measured QMS signals of the standard gases
under different pressures. According to Eq. (1), the differences between QMS signal intensities of each species can be caused by their
MEs, ionization cross sections, and number density proportions. The
filament emission current here is independent of gas chemistry. The
ionization cross section of each species is 0.296, 0.457, 3.749, and 4.67
in 1016 cm−3 for He, Ne, Kr, and Xe, respectively [21]. Even though
the cross section of Kr and Xe are 10 times higher than that of He and
Ne, the relative number density of Kr and Xe is much lower (10 – 100
times) than that of He and Ne, leading to the huge difference between
the signal intensities of them.
By normalizing a signal intensity represented based on Eq. (1) of
species 𝑋 (𝑋 = He, Kr, or Xe) with that of Ne, we can obtain normalized
ME (referred to 𝑘𝑋 ) for species 𝑋.
𝛼 𝜎 𝑛
𝑆𝑋
= 𝑋 𝑋 𝑋
𝑆𝑁𝑒
𝛼𝑁𝑒 𝜎𝑁𝑒 𝑛𝑁𝑒
𝜎 𝑛
≡ 𝑘𝑋 𝑋 𝑋 .
𝜎𝑁𝑒 𝑛𝑁𝑒

(2)
(3)

Figure 3 shows the calculated 𝑘𝑋 under various conditions. As
shown in Fig. 2, the ME of each species is not significantly affected
by pressure but a strong function of mass. Therefore, via the fitting
process 𝑘𝑋 data with a mass function, we arrive at the simple result as
follows,
ME (𝑚) = 2.4 × 𝑚−0.44 ,
(4)
where 𝑚 is the mass of each species. Eq. (4) can be applied for mass
in the range of 4 to 131, where it is very common in processing using CxFx gases. The ME obtained by fitting our experimental data
also showed the mass dependence that decreases with increasing mass,
similar to that in refs. [9, 11, 21], lower transmission probability for
higher mass. This may be attributed to the longer travel time in the
mass filter of a QMS of heavier particles that may indicate a higher

Figure 2. QMS signals of each component of the standard gas at different pressures.
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Figure 5. Illustration of an ion trajectory that changes according to the existence
of collisions between the ion and background gas.
Figure 3. Normalized proportional coefficients of each component of the standard gas at different pressures and a fitting curve representing the normalized
proportional coefficients as a function of a particle mass.

potential for particles to collide with background gas, which leads to
a decrease in an ME.
We examined the proposed approach to quantify QMS signals by
measuring Ar gas density in the vacuum chamber. Ar at 50 sccm was
injected into the chamber and the chamber pressure was controlled
by a throttle valve. We obtained QMS data on the changes in a signal intenstiy of Ar with pressure increase. To verify the reliability of
our method, the obtained QMS signals were converted to Ar density
with various MEs: one obtained by the new approach and the others referred from previous research [15, 17]. According to Eq. (4), 𝑘𝑋 ,
which is the ME of Ar normalized with that of Ne, is 0.47. Referring
to [15], the ME is inversely proportional to a mass, leading to 𝑘𝑋 of
0.5. Another 𝑘𝑋 value proposed by Singh et al. is the Ar-to-Ne mass
ratio to the power of –0.81, which is 0.57. Using these different values
of 𝑘𝑋 , we estimated the Ar gas density in the chamber under different
pressures; the comparison result is shown in Fig. 4. It should be noted
that Ar densities under various pressures calculated by the ideal gas
law are assumed to be true values.
With increasing pressure, the difference between the true values
and estimated values also increases. This may be due to the fact that
an increase in the QMS pressure raises collisions between the transmitting ions and background gases, leading to an increase in the error
of the transmission efficiency. However, it is shown in Fig. 4 that our
results are closer to the true values than the others.
Analysis on this comparison result is as follows: It is reasonable that
the trajectory of an ion passing through the space of the quadrupole

electrode can be distorted by collisions between the ion and the background gas, as shown in Fig. 5. The possibility of the collisions is approximately proportional to the transit time of the ion, which is inversely proportional to the ion velocity. In other words, the probability
of the collisions 𝑃 is proportional to the ion velocity, as
𝑃 ∝ 𝑣−1 .

(5)

Meanwhile, every ion that has entered the quadrupole region is accelerated by the same voltage applied to the detector (see Fig. 5). This
means that all energies of ions traveling through the quadrupoles are
even regardless of ion mass. Therefore, ion velocity is proportional to
the inverse square root of the ion mass as shown below:
𝐸=

1 2
𝑚𝑣 = const. → 𝑣 ∝ 𝑚−1/2 .
2

(6)

This leads to the relation between the probability of the collisions in
the quadrupole region and the ion mass, which is 𝑃 ∝ 𝑚1/2 , which
reflects the quadrupole transmittance is inversely proportional to ion
mass m.
Koizumi and Chihara showed that the detection efficiency of a channelelectron multiplier, which corresponds to the type of the PSM detector
used in our work, does not depend on both the mass and charge of an
impinging ion in the energy regime of a few kilovolts [22], which is
consistent with our PSM operation condition. Note that their result is
surely different from that proposed by Kessels, et al., which is inversely
proportional to the square root of mass.
We can now approximately obtain the relation between an ME and
an ion mass,
ME ∝ 𝑚−1/2 .
(7)
It is noted that in the comparison result shown in Fig. 4, the ME in
our approach and previous research [15, 17] is proportional to the ion
mass to the power of −0.44, −1, and −0.81, respectively. Referring to
the rough scaling in Eq. (7), we concluded that our work showed best
estimation since its scaling factor, −0.44, is closest to that in Eq. (7),
−0.5. This indicates that MEs in QMS measurements even simply obtained using a standard gas may allow quantifying results to be improved.

4. Conclusions

Figure 4. QMS data quantization result with the proposed approach (red) and
with traditional approaches proposed in [15] (green) and [17] (blue), compared
with calculated values by the ideal gas law (black).
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We proposed a simple approach to obtain MEs of QMS signals with
a standard gas. After measuring the QMS signals of all components of
a standard gas and calculating the MEs using Eq. (1), one can obtain
the MEs as a function of mass by fitting the calculated data. Quantification results with proposed MEs showed the best agreement with the
results calculated by the ideal gas law, compared with those with different MEs from previous research. This reflects that MEs in QMS signals
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can simply be estimated using the QMS signals of standard gases. It
should be noted that using standard gases consisting of some molecular gases may raise uncertainty in the measured QMS signals due to
signal dispersion generated from molecular dissociation. Our results
are expected to increase the reliability of data measured by QMSs, contributing an improvement to plasma database development.
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