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bstract

A new method, straight-line fitting, is proposed for measuring neutral radicals in plasma by a residual gas analyzer. Compared to threshold-
onization mass spectrometer, the proposed method is suited to all mass spectrometers, even if the minimum electron energy of the mass spectrometer
s larger than the ionization threshold of the radicals. Moreover, the effects of the formation of daughter ions in the mass spectrometry ionization
hamber are discussed. The results show that the effects of neutral radicals being ionized into fragment ions can be neglected during the course of

educing plasma depletion fraction within the deviation of the statistical fluctuation. In order to estimate the feasibility and reliability of this method,
iHn (n = 0–3) radicals in an SiH4 plasma and SiCln (n = 0–2) radicals in an SiCl4 plasma are measured. The experimental results demonstrate that

his newly proposed method is universal and more accurate than the previous one.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Plasma created by radio frequency (rf) glow discharges for
hemical vapor deposition (CVD) process are widely used in
he preparation of amorphous silicon (a-Si) and polycrystalline
ilicon (poly-Si) films due to their successful applications in
arious optoelectronic devices, such as thin film solar cells, thin
lm transistors, and switching devices [1–4]. The diagnosis and
easurement of the primary particles in deposition and etch-

ng processes make it possible to understand the mechanism of
lm deposition and etching, which can improve the quality and
hotoelectric characteristics of films.

Both optical emission spectroscopy and broadband UV
bsorption spectroscopy are powerful plasma diagnostic tech-
iques with high accuracy and spatial resolution. SiHn (n = 0–3)
nd SiCln (n = 0–2) concentrations in deposition and etching
rocesses of films have been measured by them successfully in
arlier studies [5–11]. However, both the absorption and emis-

ion spectra of these radicals generally cover a wide range,
rom the ultraviolet spectral region to the visible light spectral
egion. Consequently, all radicals in plasma cannot be measured

∗ Corresponding author. Tel.: +86 373 3326151; fax: +86 373 3326151.
E-mail address: zhaokuiwang@163.com (Z.K. Wang).
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y only one optical spectrometer. Mass spectroscopic analy-
is is a simple and useful technique for plasma diagnosis. It is
uperior to optical spectroscopic diagnosis in identification of
lasma components and in the measurement of particle con-
entrations in plasma vapor and in the interaction between the
lasma and surfaces, and it can measure simultaneously rele-
ant species covering a large mass range. Mass spectrometry has
een widely used for gas component identification and plasma
nalysis, particularly for detecting ions and neutral radicals. In
revious studies, it was necessary to disperse the mass spectro-
etric signals at the different ionization thresholds of the neutral

adicals [12–15], resulting in a significant measurement error.
In previous studies, the abundances of neutral radicals gener-

ted by plasmas have been measured using mass spectrometry
12,16,17]. In this paper, we give a new method to measure
he radical abundance. First, we propose a straight-line fitting

ethod to deduce the depletion fraction of the plasma by using
he mass spectrometric signals of a residual gas analyzer (RGA).
t is well known that the neutral radicals in the RGA ionization
hamber will be ionized into both parent ions and fragment ions.
herefore, the effects of the formation of fragment ions need to

e addressed. The feasibility and the reliability of a straight-line
tting method is evaluated. As examples, SiHn (n = 0–3) radi-
als in an SiH4 plasma and SiCln (n = 0–2) radicals in an SiCl4
lasma were measured.

mailto:zhaokuiwang@163.com
dx.doi.org/10.1016/j.ijms.2006.07.012
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Fig. 1. Schematic of experimental apparatus for on-line mass spectroscopic
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nalysis of neutral radicals in plasma.

. Experimental arrangements

.1. RGA and mass spectrometry sampling apparatus

The mass spectroscopy signals of the gas species from a
lasma are detected by a residual gas analyzer (SRS RGA-100)
ith a minimum detectable partial pressure of 6.7 × 10−12 Pa.
he SRS RGA is a mass spectrometer consisting of a quadrupole
robe, and an electronics control unit (ECU) which mounts
irectly on the probe’s flange, and contains all the electron-
cs necessary to operate the instrument. The probe consists of
hree parts like other type mass spectrometers: the ionizer, the
uadrupole filter and the ion detector. Positive ions are pro-
uced in the ionizer by bombarding gas molecules with electrons
erived from a heated filament. The ions are then directed toward
he entrance of the quadrupole mass analyzer where they are sep-
rated based on their mass-to-charge ratio. Ions that successfully
ass through quadrupole are focused on the detector by an exit
perture held at ground potential. The detector measures the ion
urrents directly (Faraday cup) or, using an optional electron
ultiplier detector, measures an electron current that is pro-

ortional to the ion current. The ECU completely controls the
peration of the RGA and handles and transmits its data to the
omputer for analysis and display. The instrument is operated by
RGA Windows software package that runs on IBM compatible
C’s.

The mass spectrometry sampling apparatus is depicted in
ig. 1. A thin glass tube with an inner diameter of 1 mm is located
etween the plasma electrodes. One end of the glass tube is used
s a sampling aperture on the central symmetry axis of the par-
llel electrodes. The other is inserted into the upper column of
oaxial Teflon tubes. The bottom part of the column is linked
o the RGA ionization chamber through a stainless steel tube
ith an inner diameter of 3 mm. The inner column and its outer

ube consisting of the coaxial Teflon tube are well matched and
he inner column can slide smoothly in the outer tube allowing

he sampling position to be changed along the central symmetry
xis from the bottom electrode to the upper electrode. Because
he glass tube immersed in the plasma is so thin, disturbance of
he discharge plasma is negligible.
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.2. Plasma enhanced chemical vapor deposition system

The discharge chamber is equipped with two parallel plate
lectrodes made of stainless steel. The glow discharge plasma
n the chamber is generated by a capacitively coupled rf power
ource and confined in the space between the parallel electrodes
ith a gap of 30 mm for SiH4 and SiCl4 plasma. The flow rate
f source gas is controlled by a mass flowmeter. The sampled
as species from the plasma region are leaked into the RGA ion-
zation chamber via the above-mentioned movable gas sampling
pparatus. Due to the fact that the filament of the RGA must be
perated under a high vacuum environment, it is important for
he differentially pumping system to keep the RGA ionization
hamber at a stable pressure less than 10−2 Pa.

. Computational methodology

.1. Extrapolation of the plasma depletion fraction

In SiH4 and SiCl4 plasmas, there are electrons, ions, neutral
adicals, SiH4 and SiCl4 molecules. Only the neutral radicals
ere sampled by mass spectrometry. The ions were removed by

dding a suitable electromagnetic field at the sampling aperture.
he mass spectroscopic signals with the plasma off, Sn

off(Ee),
nd with it on, Sn

on(Ee), were measured on the RGA, where Ee
s the ionizing electron energy. Sn

on(Ee) can be generally written
s

n
on(Ee) = Sn

ion + Sn(Ee) + (1 − f )Sn
off(Ee), (1)

here Sn(Ee) is the mass spectroscopic signals of SiHn and
iCln radicals sampled from the glow discharge chamber, Sn

ion
orresponds to signals of SiHn

+ and SiCln+ which were created
n the discharge chamber and leaked into the RGA, and f is
efined as the depletion fraction of the plasma.

In our experiments, with the RGA filament off, the leakage
on signals were too weak to be detected even if the RGA was
et at maximum sensitivity, perhaps due to ion collisions with
he wall of the gas sampling tube. Consequently, Eq. (1) reduces
o

n
on(Ee) = Sn(Ee) + (1 − f )Sn

off(Ee). (2)

When the electron energy of the RGA was varied over the
ange of 50–100 eV, the contribution of Sn(Ee) to Sn

on(Ee) was
egligible and the ratio of Sn

on(Ee)/Sn
off(Ee) was almost a con-

tant regardless of the rf power and the discharge pressure. Eq.
2) then reduces to

n
on(Ee) = (1 − f )Sn

off(Ee). (3)

This gave us a simple method to obtain the plasma depletion
raction by the following equation at high electron energy:

Sn (E ) − Sn (E )
= off e on e

Sn
off(Ee)

. (4)

obertson et al. had measured the depletion faction of the SiH4
lasma by this method [12,16,17].
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Table 1
The ionization cross-sections σn(Ee) of SiCln (n = 1 and 2) radicals (10−16 cm2)

Electron energy (eV) Ionization cross-section (in 10−16 cm2)

SiCl (IPa: 10.93 eV) SiCl2 (IPa: 10.93 eV)

15 0.33 0.46
20 1.63 1.88
25 2.74 3.59
30 3.54 5.06
35 4.19 5.99
40 4.66 6.76
45 5.03 7.54
50 5.36 8.13
60 5.82 9.03
70 6.14 9.59
80 6.37 9.86
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90 6.52 10.08
00 6.63 10.22

a Assumed ionization potential (IP).

Although the plasma depletion fraction is a constant under
ertain discharge conditions and sampling position, all the inten-
ities of Sn

off(Ee), Sn
on(Ee) and Sn(Ee) are changing with the elec-

ron energy of the RGA because the ionization cross-sections of
he neutral radicals are functions of electron energy. Hence Eq.
2) becomes:

n
on(Ee) = αn(Ee)Sn

0 + (1 − f )Sn
off(Ee), (5)

here αn(Ee) is defined as

n(Ee) = σn(Ee)

σn max(En
em)

, (6)

n(Ee) and σn max(En
em) are the ionization cross-sections at elec-

ron energy (Ee) and the maximum ionization cross-section
orresponding to the electron energy (En

em) for SiHn and SiCln
adicals. The values of σn(Ee) of SiHn radicals are cited from
he data of Ref. [18], the values of σn(Ee) of SiCln radicals are
alculated using the theoretical models and calculation method
f Joshipura [19] and expressed in Table 1. Sn

o is defined as the
ass spectroscopic signal of SiHn and SiCln at electron energy
n
em corresponding to the maximum ionization cross-section.
Eq. (5) can be simplified to

n
1 = −Sn

0 + fCn
2 , (7)

here, Cn
1 = (Sn

off(Ee) − Sn
on(Ee))/αn(Ee) and Cn

2 = Sn
off(Ee)/

n(Ee). The values of Cn
1 and Cn

2 can be calculated over the
hole electron energy range of RGA. According to Eq. (7), we
ropose a straight-line fitting of Cn

1 and Cn
2 corresponding to

he whole electron energy (>25 eV) range of RGA. The slope
f the line is f. Due to the smaller mass range of RGA-100 only
he SiHn

+ (n = 0–4) signals and only the SiCln+ (n = 0–2) signals
ere detected by it. In our experiments, the depletion fraction
f the SiH4 plasma was deduced by the continued SiH, SiH2
nd SiH3 mass spectrometric signals and the depletion fraction

f the SiCl4 plasma by the SiCl and SiCl2 mass spectrometric
ignals.

Since Cn
1 versus Cn

2 were obtained over the whole electron
nergy ranges of the mass spectrometer, the new method is uni-

t
s
t
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ersal compared with the existing one that is applicable only
t high electron energy. Because the contribution of Sn(Ee) to
n
on(Ee) was not neglected, the new method should be more
ccurate than the existing one.

.2. Effects of the formation of daughter ions in the RGA
onizer

For a given target radicals impacted by electron there exists
parent ionization process and a dissociative ionization pro-

ess. The neutral radicals will ionized into corresponding parent
ons and fragment ions by electrons emitted from the filament.
lthough the dissociative ionization cross-sections of the radi-

als are smaller than the ionization cross-sections of the radicals,
hey have the same magnitude.

Take the SiH4 plasma as an example. SiH3 radicals are ion-
zed into SiH3

+ and dissociatively ionized into SiH2
+. Analo-

ously, SiH2 radicals are ionized into SiH2
+ and dissociatively

onized into SiH+, SiH radicals ionized into SiH+ and disso-
iatively ionized into Si+. Generally, both the ionization cross-
ection and the dissociative ionization cross-section of SiHn are
unctions of electron energy. Hence, another parameter βn(Ee)
hould be introduced in the course of deducing the plasma deple-
ion fraction:

n(Ee) = σn(Ee)

σn(Ee) + σn′ (Ee)
, (8)

here, σn′ (Ee) is the dissociative ionization cross-section of
iHn at the electron energy Ee.

Thus, for SiH3, S3
on(Ee) can be expressed as follows:

3
on(Ee) = S3

0α3(Ee)β3(Ee) + (1 − f )S3
off(Ee) (9)

n the right of Eq. (9), the first and second terms are the contri-
ution of SiH3 radicals and SiH4 molecules sampled from the
iH4 plasma on the SiH3

+ mass spectrometric signals, respecti-
ely.

Analogously, for SiH2 and SiH, S2
on(Ee) and S1

on(Ee) can be
xpressed as Eqs. (10) and (11), respectively,

2
on(Ee) = S2

0α2(Ee)β2(Ee) + S3
0α3(Ee)(1 − β3(Ee))

+(1 − f )S2
off(Ee) (10)

1
on(Ee) = S1

0α1(Ee)β1(Ee) + S2
0α2(Ee)(1 − β2(Ee))

+(1 − f )S1
off(Ee) (11)

n the right of Eq. (10), the first and third terms are the contri-
utions of SiH2 radicals and SiH4 molecules sampled from the
iH4 plasma on SiH2

+ mass spectrometric signals, respectively,
nd the second term is the contribution of SiH3 radicals being
issociative ionized into SiH2

+ ions.

In the right of Eq. (11), the first and third terms are the con-

ributions of SiH radicals and SiH4 molecules on SiH+ and the
econd term is the contribution of SiH2 radicals being dissocia-
ively ionized into SiH+ ions.
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Table 2
The values of αn(Ee) and βn(Ee) for SiHn (n = 1–3) radicals

Ee (eV) α1 α2 α3 β1 β2 β3

25 0.6946 0.5400 0.5530 0.8107 0.7068 0.7413
30 0.7459 0.6907 0.7280 0.7688 0.7175 0.7424
40 0.8459 0.7867 0.8560 0.7417 0.7248 0.7572
50 0.9459 0.8827 0.9348 0.7479 0.7356 0.7594
60 0.9892 0.9680 0.9783 0.7500 0.7469 0.7643
70 1.0000 1.0000 1.0000 0.7475 0.7470 0.7651
80 1.0000 0.9973 0.9918 0.7490 0.7480 0.7636
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From Ref. [19], we can see that the dissociative ionization
cross-section is generally a quarter of the parent ionization cross-
section of SiHn (n = 1–3). If the SiHn densities in the mass spec-
trometer have the same magnitude, the mass spectrometric signal
90 0.9811 0.9920 0.9864 0.7485 0.7516 0.7642
00 0.9622 0.9760 0.9755 0.7479 0.7531 0.7671

Furthermore, Eqs. (9)–(11) can be simplified as the following
orms:

3
1 = −S3

0 + fC3
2 (12)

2
1 = −S2

0 + fC2
2 (13)

1
1 = −S1

0 + fC1
2 (14)

here

3
1 = S3

off(Ee) − S3
on(Ee)

α3(Ee)β3(Ee)
, C3

2 = S3
off(Ee)

α3(Ee)β3(Ee)
(15)

2
1 = (1 − β3(Ee))α3(Ee)S3

0 + S2
off(Ee) − S2

on(Ee)

α2(Ee)β2(Ee)
,

2
2 = S2

off(Ee)

α2(Ee)β2(Ee)
(16)

1
1 = (1 − β2(Ee))α2(Ee)S2

0 + S1
off(Ee) − S1

on(Ee)

α1(Ee)β1(Ee)
,

1
2 = S1

off(Ee)

α1(Ee)β1(Ee)
(17)

n Eq. (15)–(17), Sn
off(Ee) and Sn

on(Ee) of SiHn (n = 0–3) rad-
cals are measured by the residual gas analyzer, the values of
n(Ee) and βn(Ee) are calculated through Eqs. (6) and (8) and
ollected in Table 2. The ionization and dissociative ionization
ross-sections of SiHn (n = 1–3) radicals are cited in Refs. [18].

Using Eq. (12), we carry out a linear fit on C3
1 versus C3

2
orresponding to the whole electron energy range of the mass
pectrometer. The slope of the line yields f . Simultaneously, the
alue of S3

0 can be obtained from the intercept.
In the same way, using Eqs. (13) and (14), we obtain the SiH4

epletion fraction which is deduced from the SiH2 and SiH mass
pectrometric signals. In the course of deduction, S3

0 and S2
0 is

erived from Eqs. (12) and (13), respectively.
Fig. 2 shows the curves of SiH4 depletion fraction (deduced

y linear fitting method and revised linear fitting method, respec-
ively) versus sampling position at chamber pressure P = 10 Pa

nd rf power Prf = 10 W. In most sampling positions, the values
f the depletion fraction deduced are close except that there is
maximum discrepancy 9% at a position 15 mm away from the
athode.

F
(

ig. 2. The comparison of SiH4 depletion fractions deduced by linear fitting
ethod and revised linear fitting method (�, by linear fitting method; �, by

evised linear fitting method).

It is known that parent ionization is the dominant process
nd the most prominent dissociative ionization channel is the
ne in which one H atom is removed, i.e., SiHn → SiHn−1

+ + H.
ig. 3. The graphs of straight-line fit of Cn
1 vs. Cn

2 corresponding to SiH2 for
a) and SiCl for (b).
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ntensities of SiHn
+ should be close no matter what. The SiHn

ensities in the plasma usually have the same magnitude as has
een verified by our previous experimental measurement [20].

In all, the effects of the formation of daughter ions can be
eglected only of the radical concentrations in the plasma have
he same magnitude.

.3. Feasibility and reliability of the extrapolation method

From Eq. (7), it is obvious that Cn
1 is a simple function of Cn

2
nd there should be a good linear relation between the values
f Cn

1 and Cn
2 . We calculated many groups values of Cn

1 and
n
2 using Sn

off(Ee) and Sn
on(Ee) mass spectrometric signals of

eutral radicals. Fig. 3(a) and (b) show the straight-line fit of Cn
1

nd Cn
2 corresponding to SiH2 and SiCl. In Fig. 3(a), there is

0% maximum error between the value of Cn
2 calculated from

he SiH2 mass spectrometric signal and the value deduced by
inear fit at Ee 60 eV. In Fig. 3(b), the values of Cn

2 calculated
rom the SiCl mass spectrometric signals are generally in good

greement with that deduced by the linear fit except that there
s 9% maximum error at the Ee 70 eV. A good linear relation of
n
1 and Cn

2 demonstrates that the straight-line fitting method to
educe the depletion fraction of the plasma is feasible.

ig. 4. (a) Depletion fractions of SiH4 deduced by SiH, SiH2 and SiH3 mass
pectrometric signals (�, by SiH mass spectrometric signal; �, by SiH2 mass
pectrometric signal; �, by SiH3 mass spectrometric signal). (b) Depletion frac-
ions of SiCl4 deduced by SiCl and SiCl2 mass spectrometric signals (�, by SiCl

ass spectrometric signal; �, by SiCl2 mass spectrometric signal).

Fig. 5. (a) Depletion fractions of SiH4 deduced by the new method and the exist-
i
(
o

s
t
o
S
z
(
v
f
s
t

p
a
d

f
m
s
e

f

ng one (�, f′ by the previous method; –�, f by the straight-line fitting method).
b) Depletion fractions of SiCl4 deduced by the new method and the existing
ne (�, f′ by the previous method; �, f by the straight-line fitting method).

Theoretically speaking, the depletion fraction of the plasma
hould be a constant no matter which neutral radical mass spec-
rometric signal is used to deduce it. Fig. 4(a) shows the curves
f SiH4 depletion fraction f (deduced from the SiH, SiH2, and
iH3 mass spectrometric signals, respectively) versus position
, and Fig. 4(b) shows the curves of SiCl4 depletion fraction f
deduced from the SiCl and SiCl2 mass spectrometric signals)
ersus flow rate. It is obvious that although the plasma depletion
ractions are deduced by different neutral radical mass spectro-
copic signals, they are very close and within the deviation of
he statistical fluctuations.

Fig. 5(a) shows the SiH4 depletion fraction versus sampling
osition deduced by the new method and by the existing one,
nd Fig. 5(b) shows the SiCl4 depletion fraction versus rf power
educed by two methods.

From Fig. 5(a) and (b), we can see that the plasma depletion
(by the straight-line fitting method) and f′ (by the previous
ethod) are almost equal, and f is slightly larger than f′ under the

ame experimental conditions. f is obtained using the following

quation which is directly derived analogous to Eq. (4):

= Sn
off(Ee) − Sn

on(Ee) + Sn(Ee)

Sn
off(Ee)

. (18)
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he contribution of Sn(Ee) on Sn
on(Ee) is not neglected in Eq.

18). Comparing Eqs. (4) and (18), f is larger than f′ naturally.
his demonstrates that the new method is more accurate than

he existing one.
In a word, a good linear relation of the extrapolation formula

f the plasma depletion fraction was verified by the experimental
esults, the straight-line fit method is feasible and reliable to
educe the plasma depletion fraction. The proposed new method
f measuring plasma depletion fraction is universal and more
ccurate than the existing one.

. Spatial distributions of neutral radicals

n n
Define S (Ee0) as the S value at electron energy Ee0. Then,
n(Ee0) can be given as following:

n(Ee0) = Sn
on(Ee0) − (1 − f )Sn

off (Ee0). (19)

ig. 6. (a) The axial distribution of SiHn (n = 0–3) relative densities in SiH4

lasma (�, for SiH3; �, for SiH2;�, for SiH;�, for Si). (b) The axial distribution
f SiCln (n < 3) relative densities in SiCl4 plasma (�, for Si; �, for SiCl; �, for
iCl2).
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bviously, Sn(Ee0) characterizes the abundances of neutral rad-
cals in the plasma.

Utilizing Eq. (19), at Ee0 = 40 eV, we calculate the abundances
f the SiHn (n = 0–3) and SiCln (n = 0–2) radicals under differ-
nt experimental conditions. Fig. 6(a) and (b) show the axial
rientation distribution of SiHn (n = 0–3) and SiCln (n = 0–2)
bundances, respectively.

From Fig. 6(a), we can see that there are abundance peaks
t position 13 mm (near the middle of two parallel electrodes)
or SiH, SiH2 and SiH3 and at 10 mm for Si. Generally, in

silane plasma, SiH2 and SiH3 are the dominant species
mong the SiHn (n = 0–3) radicals, Si is secondary, and SiH
s the least abundant radical. This suggests that SiH2 and SiH3
re the major primary species forming the amorphous silicon
lm.

From Fig. 6(b), it is obvious that the abundances of the SiCln
n = 0–2) radicals have peak values 10 mm away from the rf
owered electrode along the axial orientation. And we can see
hat Si is the most abundant radical in a SiCl4 plasma, SiCl
s next, and SiCl2 is less than SiCl. Hence Si and SiCl are
he dominant precursors in forming the polycrystalline silicon
lm.

These measured spatial distributions of SiHn (n = 0–3) and
iCln (n = 0–2) radicals can provide useful data for research-

ng the plasma spatial reaction process and understanding the
eposition and etching mechanism of thin films. Moreover, fur-
her research on the spatial distribution of SiHn (n = 0–3) and
iCln (n = 0–2) radicals is useful for improving the quality and
hotoelectric properties of thin films.

. Conclusions

The paper proposes a new method, straight-line fitting, to
educe the plasma depletion fraction by a residual gas analyzer.
he effects of the formation of daughter ions is minimized, and

he experimental data demonstrate that the parent ionization
rocess dominates if the various radical concentrations in the
lasma have the same magnitude. The new method is suitable
or all mass spectrometers even if the minimum electron energy
s larger than the ionization thresholds of radicals formed. What
s more, the new method is feasible, reliable, and the newly
roposed method is universal and more accurate than the exist-
ng one. Finally, utilizing the depletion fraction of the plasma,
e measure the spatial distributions of SiHn (n = 0–3) in a SiH4
lasma and SiCln (n = 0–2) radicals in a SiCl4 plasma. The infor-
ation is beneficial to researching the spatial reaction process

n plasma and understanding the deposition mechanism of thin
lms.
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