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Plasma Enhanced In Sitru Chamber Cleaning
Evaluated by Extracted-Plasma-Parameter Analysis

Kazuhide Ino, Iwao Natori, Akihiro Ichikawa, Raymond N. Vrtis,
and Tadahiro Ohmi, Member, IEEE

Abstract— We have demonstrated that high-efficiency in sifu
chamber cleaning with short gas residence time is possible for
Si0Q- etching chambers by use of NF; plasma, and that the end-
point determination of the cleaning is possible by monitoring the
optical emission intensities of CO or H. Nitrogen trifluoride (NFs),
which has a low N-F bond energy, can generate a plasma with a

high density of ions and radicals featuring low kinetic energy. The

cleaning efficiency of several halogenated-gas plasmas has been
evaluated based on extracted-plasma-parameter analysis. In this
analysis important plasma parameters, such as ion energy and
ion flux density, can be extracted through a simple rf waveform
measurement at the plasma excitation electrode. The accuracy
of this technique has been confirmed with a newly developed rf-
plasma direct probing method and by ion current measurements.

1. INTRODUCTION

ITH decreasing device geometry and increasing device
performance, the demand for perfect process control
becomes ever more important. In the plasma processes such
as reactive ion etching (RIE), electron cyclotron resonance
(ECR) plasma etching and plasma enhanced chemical vapor
deposition (PECVD), the process parameters, however, fluctu-
ate due to plasma sub-product buildup on the chamber walls
and internal fixtures and resulting contamination [1], [2]. The
parameters are also very susceptible to the chamber inner
surface condition [3]-[5]. Therefore it is a necessity to have
identical processing chamber conditions at the start of each
processing [6]. To this end, the condition of the chamber inner
surface must be absolutely clean, or must be stabilized with a
pre-deposition layer. The technique of intentionally forming a
film on the chamber walls, a pre-deposition layer, guarantees
near-identical conditions for subsequent processing; however,
such a technique has many problems. The biggest problem
is that of particle generation, which is considered one of the
major causes of device failures [1]. In order to achieve greater
process uniformity and device yield, the establishment of high-
efficiency in situ chamber cleaning technology is essential.
In the last few decades, a considerable number of studies
have been made on dry etching using fluorinated-gas plasmas.
Typically, CFy4 [7]-[11], CoFg [9], [10] and SFg [11], [12]
plasmas have been studied for the etching of Si, SiO» and other
materials, and have been used for in sifu chamber cleaning
in the microelectronics industry. In some cases, the addition
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of oxygen into these fluorinated-gases has been performed to
maximize the density of the fluorine atoms and, hence, the etch
rate. The plasma chemistry and the fundamental properties of
an NFj3 etchant gas discharge have been also studied by many
researches [13]-[18] and, in some cases, NF3 plasma has been
used for PECVD chamber cleaning [19]. Despite this, little
article has been published on cleaning characteristics of NF3
plasma and its use especially for in situ cleaning of etching
chambers.

Therefore, the purpose of this paper is to present high-
efficiency in situ chamber inner surface cleaning technology
using NF3 plasma that will allow for each process to be
carried out under identical conditions. According to our ex-
perimental results, NF; is the best choice for in situ chamber
cleaning due to its higher ion and radical densities and,
hence, superior cleaning characteristics compared to another
halogenated-gases, though somewhat expensive and toxic. In
this paper, first we describe a convenient plasma-evaluation
method, which is called extracted-plasma-parameter analysis
[20]-[23], for evaluating the cleaning efficiency of various
halogenated specialty gases. This method has enabled us to
monitor in situ the two important plasma parameters, ion
energy and ion flux density, through very simple rf waveform
measurements at the powered electrode without introducing
any contamination or external disturbances to the discharge.
Based on the results of this analysis, high ion and radical
density as well as low ion-bombardment energy plasma can
be realized. The accuracy of this analysis has been confirmed
by a newly developed rf-plasma direct probing method [24],
[25] as well as ion current measurements. We also demonstrate
that in situ chamber cleaning under a high gas flow rate and
a high pumping speed enhance the removal of sub-products
adhering to the inner surface of SiOy etching chambers, and
that the end-point determination of the cleaning is possible by
monitoring the optical emission intensities of CO or H.

II. EXPERIMENTAL

A. Experimental Setup

The apparatus used in these experiments, which has been
described previously [20], is a parallel-plate capacitively cou-
pled RIE equipment with an excitation frequency of 13.56
MHz. The interelectrode distance is 3 cm. The design of I
this RIE system is based on the Ultra Clean Technology
concept [26]-[29]. The electrodes and the chamber are made
of stainless steel with mirror-polished. surfaces to minimize
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outgassing and are covered with quartz fixtures to suppress
metallic contamination due to physical sputtering.

Optical emission spectroscopy (OES) (IMUC-7000 spec-
trometer) with argon as an actinometer was used to measure
the relative atomic fluorine concentration [30]. The resolution
of the system is 0.15 nm. The emission lines studied are 750.4
nm and 703.7 nm for Ar and F, respectively. The spectral
range covered is 195 nm large and allows the simultaneous
following of the Ar and F emission lines. Optical emission
spectra were also used to evaluate the chamber inner surface
condition.

B. Extracted Plasma Parameter Analysis

Several plasma parameters were extracted from the voltage
waveform of the powered electrode in order to estimate the
electrical characteristics of rf-generated discharges, especially
that of positive ions, since the cation has the most important
role in plasma processing [31]-[34]. The theoretical back-
ground of the analysis has been discussed in detail previously
[20], so only a cursory description related to the extraction of
the parameters will be given here.

The rf waveforms appearing at the plasma excitation elec-
trode were observed by an oscilloscope using a high voltage
probe (Tektronix P6015). The probe was attached directly to
the back of the electrode in order to minimize stray impedance
effects. The instantaneous voltage of the plasma excitation

electrode is expressed by
Vie(t) = Vigo sin(wt) + Ve,  (Vac < 0) ey

where V¢, is the amplitude of the rf waveform, w is the

angular rf driving frequency, and Vj, is the self-bias voltage

of the powered electrode. The time-averaged plasma potential
Vp was estimated using the well known equation [35], [36] in
these experiments,

I/rfo + ‘/dc

‘/I’ = 2 ?

(Vdc < 0) (2)
The ion energy (Ejon) bombarding the substrate surface can
be defined as the difference between the time-averaged plasma
potential and the self-bias voltage of the substrate electrode

Eion =q(Vp — Vac) (Vac <0) (3)
where ¢ is the charge of an electron. In addition a new
parameter called ion flux parameter is introduced as a measure
of ion flux density incident on the substrate surface

Ion Flux Parameter = —i 4)
Vop
where P is the rf power delivered by power supply and
Vop = 2Vis,. Since P/Vy, has the dimensions of current and
is related to the plasma density, the parameter can be taken to
be a measure of ion flux density [22], [37].

By using these extracted-plasma-parameters, we compare
the electrical characteristics- and the cleaning efficiency of
various halogenated-gas plasmas in Sections IIILA and B,
respectively.
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Fig. 1. Schematic diagrams of the advanced Langmuir probe used to measure
the time-averaged plasma potential (a), and the newly developed probe used
to measure the instantaneous plasma potential (b).

Al Mesh

C. Probe Measurements

In order to confirm the accuracy of the plasma potential
estimated by use of (2), the 1f plasma potential has been
directly measured by a newly developed rf-plasma probing
method [24], [25]. In this method we have used two types
of probes. One is an advanced Langmuir probe that is used
to measure the time-averaged plasma potential Vj,, as shown
in Fig. 1(a). The other is a newly developed probe used
to measure the instantaneous plasma potential V),(¢), shown
in Fig. 1(b). Here the instantaneous plasma potential means
the rf component of the plasma potential. The probes were
located centrally within the discharge, with their tips parallel
to the electrode surfaces. Normally, probe measurements in rf
discharges have severe problems with rf interference [38], [39].
These problems, which are caused by the fluctuating voltage
across the probe-plasma sheath, induce a large distortion in
the probe characteristics. In order to suppress this type of
problems, the rf voltage across the sheath must be minimized
by ensuring that the impedance of the sheath is small compared
to the impedance between the probe and ground [40]. There-
fore, the newly developed probes are designed based upon
two fundamental concepts for forcing the probe potential to
follow the instantaneous plasma potential. One is increasing
the probe-plasma sheath capacitance in order to decrease the
sheath impedance, and the other is increasing the impedance
between the probe and ground.

The advanced Langmuir probe illustrated in Fig. 1(a) has a
0.5 mm diameter platinum wire as the probe tip. In order to
increase the sheath capacitance, an aluminum tube is connected
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Fig. 2. Relationship between the extracted plasma parameters (Ejqp, ion flux
parameter) and the externally adjustable parameters (rf power, gas pressure)
for NF3 plasma. ’

to the wire via a 1000 pF capacitor. Moreover, the impedance
between the probe and ground can be maximized by adjusting
the variable impedance circuit, which is a parallel LC circuit.
Therefore, the rf voltage across the sheath can be minimized
by use of this probe, and it yields undistorted characteristics.

The newly developed probe used to measure the instanta-
neous plasma potential is illustrated in Fig. 1(b). This probe
has an aluminum mesh (3 cm X 3 c¢m) in order to increase
the sheath capacitance. Chip-resistors (1 k€ x 5), which have
no dependence on frequency below 100 MHz, are connected
between the mesh and the probe body in order to increase
the probe impedance, as shown in Fig. 1(b). The probe body
is formed by a semi rigid coaxial cable with characteristic
impedance of 50 (2. The cable is connected to an oscilloscope,
whose input impedance is adjusted to 50 €. Therefore the
probe tip (i.e., the aluminum mesh) automatically follows
the instantaneous plasma potential, and the waveform of the
plasma potential can be observed on the oscilloscope. As a
result, this probe acts as a passive voltage-probe with a signal
attenuation of 101x.

III. RESULTS AND DISCUSSION

A. Plasma Characteristics of Halogenated-Gases

Fig. 2 shows the relationship between the extracted plasma
parameters (Fi.,, Flux Parameter) and the externally ad-
Jjustable parameters (rf power, gas pressure) for an NF3 plasma.
The plasma parameters were extracted from the voltage wave-
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Fig. 3. Relationship between the extracted plasma parameters (Ejoyn, ion flux
parameter) and rf power for various halogenated-gas plasma at 90 mTorr.

form of the powered electrode by use of (3) and (4). By
examining this figure we can get a better understanding of
the behavior of ion energy and flux density in an NF3 plasma.
In addition, if the parameters such as the etch rate of sub-
products representing the cleaning efficiency are plotted on
this figure, they will greatly aid in understanding the cleaning
process. These parameters, ion energy and flux density, are
more physically meaningful than rf powers or gas pressures.
The results of this analysis are discussed in Section IIL.B.

Fig. 3 compares the relationship between the extracted-
plasma-parameters and rf power for various halogenated-gas
plasmas at 90 mTorr. From these plasma characteristics, the
halogenated-gases can be roughly classified into two groups
[23]: One group is consist of CyF¢, CFy4, HCI, and HF gases,
and the other is consist of SFg, HBr, and NF3 gases. In the first
group, both ion flux and energy increases as rf power increases.
In these plasmas, 1f power is dissipated by both generation and
acceleration of ions. On the other hand, the behavior of ion
flux and energy is different in the second group. As rf power
increases from 34 W to 130 W, only ion flux density increases
while there is little effect on ion bombardment energy. As rf
power more increases from 186 W to 292 W, conversely, only
ion energy increases while the flux density remains almost
constant.

Table I indicates molecular structure, bond distance and
mean bond energy of various gas molecules:[41]. The mean
bond energies of CyFg, CFy, HCI, and HF, which belong
to the first group, are larger than those of \SFG, HBr, and
NF3, which belong to the second group. From these results,
it is speculated that the plasma characteristics are strongly.
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TABLE 1
MOLECULAR STRUCTURE, BOND DISTANCE AND MEAN
BOND ENERGY OF VARIOUS GAS MOLECULES [41]

Molecular Bond Distance | ., ™ean
Structure Molecule (A) g‘\’;};;gz;glz)

N2 N~N: 1.087 9.76

CD 02 0-0: 1.207 5.12

Ho H-H: 0.741 4.48

Cl2 Cl-Cl: 1.986 2.48

HF H~F: 0.917 5.87

() [ HC |H-Cit27a | 443

HBr H-Br: 1.414 3.76

C@ NF3 N-F: 1.371 2.83

SiF4 Si-F: 1.553 6.14

CF; C-F: 1.323 5.02

SiCls Si-Cl: 2.019 411

CCls C-Cl: 1.767 3.35

@3 SFs S-F: 1.561 3.34

C-C: 1.5645
&% CoFe |SC188 | g

depend on bond energies of gas molecules. The relationship
between the plasma parameters and bond energy of various
halogenated-gases are discussed in detail in Section IIL.B.

B. In Situ Chamber Cleaning

First we will describe how dramatic changes in plasma
characteristics can occur when sub-products are deposited on
a chamber inner surface. Fig. 4 shows the optical emission
spectra of an Ar discharges at Fig. 4(a) an initial condition,
where the chamber inner surface was completely cleaned by a
wet cleaning, and Fig. 4(b) after SiO etching using a CF4/Hs
plasma for 90 min. When the chamber is clean, only Ar
peaks are observed as is seen in Fig. 4(d). However, after
SiO, etching, SiF and SiFs peaks are observed as shown in
Fig. 4(b). Peaks corresponding to CO, COt, and CO; are also
observed after SiO; etching, although the intensity of those are
small compared to that of SiF or SiFs. These peaks appear to
originate from the sub-products adhering to the chamber inner
surfaces. This is known because analysis of the sub-products
using X-ray Photoelectron Spectroscopy (XPS) shows their
composition to be mostly carbon, fluorine, oxygen and silicon
with some other minor components. These results suggest
that the condition of the chamber inner surface can strongly
affect that of the discharges. Therefore it is necessary to have
identical processing chamber conditions at the start of every
process in order to realize fluctuation-free processing.

Next we have evaluated the etch rate of a mixture of
photoresist TSMR8900 (Tokyo Ohka Kogyo Co., Ltd.) and
an OCD silica solution (Tokyo Okha Kogyo Co., Ltd.), which
were spin-coated onto a silicon wafer and then postbaked at
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Fig. 4. Optical emission spectra of Ar discharges at initial condition (a),.
and after SiO2 etching (b).

130°C. We chose to look at these films in order to model
the sub-products found in SiO; etching chambers which are
notorious for severe particle generation [1]. Fig. 5 shows the
etch rate of the simulated sub-products using NF3, SFg C>Fg,
and CF4 plasmas as a function of bombarding ion energy and
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Fig. 5. Etch rate of a mixture of photo resist and silica solution modeling
sub-products of SiO2 etching chambers as a function of ion energy and flux
density for NF3, SFg, C2Fs, and CF4 plasmas.
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Fig. 6. Atomic fluorine concentration versus rf power for NFs, SFg, and
CFsplasmas at 100 mTorr.

ion flux density. In these experiments, the gas flow rate was
maintained at 50 sccm. From this figure it can be clearly seen
that the cleaning efficiency of the NF3 discharge is the greatest
among these fluorinated gases. In these experiments the sample
wafer was located directly on the powered electrode. This
means that the sample experienced higher ion bombardment
energy than what would be experienced at the chamber walls.
However, we hope that similar trends can be extrapolated to
the situation at the chamber walls. Thus we can evaluate the
cleaning efficiency of various specialty gases using these type
of graphs.

Fig. 6 shows the atomic fluorine concentration in a 100
mTorr discharge as a function of rf power for three different
fluorinated gases as measured by actinometry [30]. From
this figure we can see that the atomic fluorine concentration
. observed in an NF3 plasma is at least one order of magnitude
higher than that observed in CF,4 or SFg plasmas. This is one of
the reasons why the etch rate is so much higher for NF3. This
figure also suggests that the discharge is much more effective
at dissociating the NF3 than the CF4 or SFg, presumably due to
the lower bond energy of the NF3 molecule as indicated in Ta-
ble II [13], [42], [43]. Of course, electron-induced dissociation
is related to the cross section for excitation to a dissociative
state for which the threshold is not just the bond energy for the
process. However, we hope to discuss the dissociation of vari-
ous gases by using the bond energy as one measure [14], [23].

TABLE 1I
BoND DiSSOCIATION ENERGY OF VARIOUS DISSOCIATIVE
REAcCTIONS IN NF3, SFg AND CF4 DISCHARGES

Bond .
Reaction Dissociation Reference
Energy
[eV/molecule]
NE;+e—=> NF,+F+e 2.6 . 13
NF,+e—>NF+F+e 25 13
NF+e—>N+F+e 3.6 42
SF,+e—>SF,+F+e 4.0 . 43
SFs+e—>SF,+F+e 23 ‘43
SF,+e—>SF,+F+e 3.7 43
SF;+e—>SE,+F+e 27 43
SF,+e—>SF+F+e 40 43
SF+e—»S+F+e 3.6 42
CF,+e—+CF;+F+e 5.6 13
CF;+e—»CF,+F+e 3.8 13
CF,+e—>CF+F+e 54 13
CF+e—>C+F+e 5.7 42

Pressure: 100mTorr §

NF3

Atomic Fluorine Concentration (a.u.)

Oxygen Fraction (%)

Fig. 7. Atomic fluorine concentration versus percent oxygen for NFs; SFg,
and CF4 gas mixture plasmas at 100 mTorr pressure and 180 W rf power.

Fig. 7 shows the effect of adding oxygen into NF3, SFs
and CF, discharges on the atomic fluorine concentration. The
gas pressure and rf power were maintained at 100 mTorr and
180 W, respectively. This figure indicates that although the
atomic fluorine concentration in CF4 discharge increases as
up to 20% oxygen is added, the atomic fluorine concentration
is still two times lower than that seen in NF3 discharges. We
can also see from Fig. 7 that there is some slight chemical
interaction between SFg and oxygen which causes an increase
in the atomic fluorine concentration at high levels of oxy-
gen. From these results it has been confirmed that NFj is
the most suitable gas for in sifu chamber cleaning among
these fluorinated gases. The NF3 plasma is also advantageous
because the possibility of re-deposition of side-products is
lower. By contrast, CF4y CyF¢ or SFg discharges are often
undesirable because of the carbonaceous or sulfurous chamber
inner surface contamination.

Fig. 8 shows the relationship between the mean bond energy
and plasma parameters for several fluorinated gases (Fig. 8(a))
and halogenated gases (Fig. 8(b)). The filled triangles (aA)
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Fig. 8. Relationship between the mean bond energy and estimated plasma
parameters, such as ion bombardment energy (O ), ion flux parameter (Hl) and
the time-averaged plasma potential (A) for several fluorinated gas plasmas
(a), and halogenated gas plasmas (b).

indicate the time-averaged plasma potential, the open circles
(O) indicate ion bombardment energy and the filled squares
(M) indicate the ion flux parameter. The pressure and rf power
were maintained at 90 mTorr and 130 W, respectively, in
these experiments. These plasma parameters were extracted
from the voltage waveform of the powered electrode by use
of (2)—(4). It is interesting to see that these plasma parameters
seem to depend on the mean bond energy. As the bond energy
decreases, the ion bombardment energy also decreases. On the
contrary, the ion flux density increases with decreasing the
bond energy. However, the time-averaged plasma potential
dose not appear to be strongly depend on the bond energy.
These results lead to the conclusion that the optimal gases for
in situ chamber cleaning are halogenated gases with low bond
energy such as NF3, CCly, and HBr that can generate a high
density of ions as well as radical species in the plasma.
Next we examined the cleaning efficiency of NF3, CCly,
and HBr plasmas as is shown in Fig. 9. It can been seen from

NF 3 CCl, HBr
SE 400
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zo ™ e % 'o ,;,f
&& 7 0 &
88 oA A S
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Fig. 9. Etch rate of simulated sub-products of SiO2 etching chambers as a
function of ion energy and flux density for NFs, CCL4, and HBr plasmas.

TABLE III
BOND ENERGY OF SEVERAL HALOGENATED
SILICON IN A DiaATOMIC MOLECULE [42]

Bond Energy [eV/molecule]

Si-F 57
Si-Cl 4.2
Si-Br 3.8

these graphs that the etch rate of simulated sub-products is
the greatest when fluorinated gas is used, while chlorinated
gas and brominated gas provide only slow etching. When the
sub-products are etched by the halogenated gases, one of the
main. reaction-products would be halogenated silicon, Si—X
(X; halogen). Table III indicates a list of the chemical bond
strength of halogenated silicon in a diatomic molecule [42].
The higher the chemical bond strength is, the more easily
diatomic molecules are formed. Si-F exhibits a higher bond
energy than Si—Cl or Si-Br. Thus NF3 plasma could achieve
higher etch rate than CCly or HBr plasma. Based on these
results, NF3 is the best choice for in situ chamber cleaning.

Fig. 10 shows the etch rate of the simulated sub-products as
a function of the NF3 gas residence time 7, which is calculated
using the following equation [44].

pS @

Here, V is the chamber volume, S is the pumping speed, p is
the gas pressure, and @ is the gas flow rate. The gas pressure
and the rf power for these experiments were maintained at
10 mTorr and 150 W, respectively, thus the ion bombardment
energy was fixed at 320 eV. Reduction in the gas residence
time resulted in a dramatic increase in the etch rate. The
reason for the increased etch rate is that the reduction in the
gas residence time causes the effective evacuation of reaction
products, and that the increase in the flow rate provides
sufficient active etching spices [45]-[48]. It is also expected
that the effective evacuation will suppress sub-products re-
deposition onto chamber walls and internal fixtures. Therefore
it is confirmed that in situ chamber cleaning with a high gas
flow rate and a high pumping rate can enhance the removal
of the sub-products adhering to chamber walls and internal
fixtures. However, the flow rate of the cleaning gas must be
optimized in order to realize both the sufficient etch rate and
the minimum gas consumption.
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Fig. 10. Etch rate of simulated sub-products of SiO2 etching chambers as -

a function of gas residence time for NFz plasma at a constant pressure of
10 mTorr.

Fig. 11(a) shows a photograph of a grounded electrode after
SiOy etching using CF4/Hg plasma for 10 h, where the total
pressure was 45 mTorr and the flow rates of CF4 and Hy
were 15 and 10 sccm, respectively. The grounded electrode
appears brown due to adhered sub-products. Fig. 11(b) shows
the same electrode after in siru chamber cleaning with NF3
plasma for 30 min. It can be clearly seen from this photograph
that the sub-products have been completely removed from
the electrode. The cleaning conditions were 1f power of 300
W, NF; gas flow rate of 50 sccm, and a pressure of 100
mTorr. This again confirms that high-efficiency in situ chamber
cleaning is possible for SiO, RIE chambers by using NFj
plasma. -

Fig. 12 shows the optical emission spectra of Ar discharges

at various chamber innér surface conditions, where the gas -

pressure and rf power were maintained at 100 mTorr and
150 W, respectively. The spectra shown in Fig. 12(a) and

(b) are the same as those shown in Fig. 4(a) and (b), re- .

spectively. Fig. 12(c) shows the optical emission spectrum
of Ar discharge, which was measured after in sifu chamber
cleaning with NF3 plasma for 15 min. Even after the plasma
cleaning SiF and SiF, peaks are observed. The peak intensity,
however, decreases. These peaks are thought to originate from
the residual fluorine adsorbed onto the quartz fixtures because
the sub-products are completely removed by the cleaning
as demonstrated in Fig. 11. During in situ chamber cleaning
with NF3 plasma, the emission intensities of CO and H were
measured as a function of time. Fig. 13 shows the variation in
the CO and H peaks during the NF3 plasma cleaning, where
the measured emission lines are 483.5 nm and 486.1 nm for
CO and H, respectively. Fig. 14 shows the optical emission
spectra of the NF3 plasma measured at 1 min 30 s (a) and 10
min (b) after the discharge was struck. These results suggest
that the sub-products were removed by the cleaning after about
5 min, and that the OES measurement of the CO or H emission
Jlines makes it possible to determine an end-point of the in situ
chamber cleaning. Thus it is reasonable to suggest that the
SiF and SiF; peaks shown in Fig. 12(c) are originated from

0]

Fig. 11. Photographs of the grounded electrode after SiOs -etching for 10 h
(a), and after in situ chamber cleaning with NFs plasma for 30 min (b).

the residual fluorine adsorbing onto the quartz fixtures and not
from the sub-products. Following the NF3 plasma cleaning, an
Ar/H; plasma cleaning was performed for 10 min, which is
a highly reducing ambient. The gas flow rates of Ar and H,
were 50 and 25 sccm, respectively, the total gas pressure was
100 mTorr and the 1f power was 150 W. Fig. 12(d) shows the

spectrum of Ar discharge measured after the Ar/Hy plasma

cleaning. The spectrum is almost identical with the initial one
shown in Fig. 12(a). Therefore, in situ chamber cleaning is
possible for SiO; etching chambers by use of a NF; plasma
cleaning followed by a Ar/Hy plasma cleaning. This cleaning
technique would also be applicable for etching, sputtering and
PECVD chambers for silicon or silicon compounds.

C. Plasma Parameter Measurement

In order to verify the accuracy of extracted-plasma-
parameters such as the time-averaged plasma potential, ion
energy and ion flux parameter, the electrical characteristics
of rf discharges have been precisely measured. Fig. 15 shows
the waveforms of the plasma potential V,(t) and the powered
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Fig. 12. Optical emission spectra of Ar discharges at initial condition (a),
after SiO2 etching for 90 min (b), after NF3 plasma cleaning for 15 min (c),
and after Ar/Hz plasma cleaning for 10min (d).

500

electrode voltage Vi¢(t) at 60 mTorr in an Ar discharge,
where the rf input power is 15 W. By use of the two newly
developed probes illustrated in Fig. 1, the plasma potential has
been measured accurately. The dc component of the plasma
potential, which represents the time-averaged plasma potential,
was measured by the advanced Langmuir probe illustrated in
Fig. 1(a). The rf component of the plasma potential, which
represents the instantaneous plasma potential, was measured
by the newly developed mesh probe and an oscilloscope as
shown in Fig. 1(b). Using these two probes and a high-voltage
probe connected to the powered electrode, the relationship
between the plasma potential and the rf electrode voltage has
been clarified. The important point to note is the distortion of
the plasma potential and the phase shift between the plasma
potential and the rf electrode voltage. In general, it is thought
that the waveform of the plasma potential is sinusoidal and in
phase with the 1f electrode voltage for the simplified capacitive
model of the sheath [36]. Thus a distortion of the measured
waveform, namely, the existence of the harmonic components
seems to be caused by the increased conductive current (i.e.,

RF ON RF OFF
} b
)
g_ CO 483.5nm
£
&
> .
P
c
(3] ,
£
H 486.1nm
1 1] | | L i L i I
0 2 4 6 8 10 12 14 16
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Fig. 13. Optical emission intensities of CO (483.5 nm) and H (486.1 nm)
as a function of time during NF3 plasma cleaning.

‘ NF3 plasma cleaning
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Fig. 14. Optical emission spectra at 1 min 30 s (a) and 10 min (b) during
NF3 plasma cleaning.

the positive ion current and the electron current) flowing
directly through the sheath [36], [49], [50], which is significant
compared to the displacement current for the resistive model
of the sheath. The phase shift between the plasma potential
and the 1f electrode voltage suggests that there are resistive
components in the discharge [51] between the grounded
electrode and the point where the probe was located. (The
probe was located in the middle of two electrodes).

Fig. 16 compares the rf power dependence of the time-
averaged plasma potentials obtained by two different methods,
here the Ar gas pressure was 60 mTorr. The open squares ()
indicate points measured using the advanced Langmuir probe,
while the filled circles (o) indicate points estimated from the
voltage waveform of the plasma excitation electrode by use
of (2). As can be seen in the graph, values estimated from
voltage waveforms are in good agreement with those which are
accurately measured by the new Langmuir probe. Therefore it
is confirmed that the time-averaged plasma potential can be
estimated through a simple rf waveform measurement.
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Fig. 15. Waveforms of plasma potential V}(t) and plasma excitation elec-
_trode voltage V;¢(t) at 60 mTorr in argon. The rf power is 15 W.
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Fig. 16. The 1f power dependence of the time-averaged plasma potential-
which was measured by the advanced Langmuir probe (00) and estimated
from the voltage waveform of the plasma excitation electrode by use of (2)

(o).

Next, in order to discuss the slight difference between
the two values shown in Fig. 16, the time-averaged plasma
potential V,, measured by the advanced Langmuir probe is
re-plotted versus Vi¢, + Vi in Fig. 17 for 20, 60, and 100
mTorr of Ar. The floating voltage V; of the Langmuir probe
is also plotted in the graph, where the probe impedance was
maximized. The dashed line indicates the estimated plasma
potential 1/2(Vigo + Vae) based on (2). When Vigo + Ve
is small, (2) is a relatively poor representation of V,. The
reason for this is that the potential difference between the
plasma potential and the floating voltage (V, — V) and
the phase shift between the instantaneous plasma potential
V,(t) and the rf electrode voltage Vi¢() were omitted when
(2) was derived for the simplified capacitive model of the
sheath [36], however, there is a potential difference and phase
shift as indicated in Fig. 15. Also, the potential difference
Vp — V; is almost constant at the same gas pressure. Thus,
it becomes significant in comparison with smaller Vi, + Vic
at lower-power . levels. There are also slight discrepancies

5
D -
| | \.” . | V
| L - .\‘.’_./k'.
= lin]-r rr : . | m
0 “ l I I I n L L

0 10 20 30 40 50 60 70
Vrfo+Vdc (V)

Fig. 17. Time-averaged plasma potential V}, measured by the advancedLang-
muir probe is plotted versus Vi, + Vac. The floating voltage Vy ofthe
Langmuir probe is also plotted. Values obtained from (2) is shown by the
dashed line. .
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Fig. 18. Relationship between ion flux parameter estimated by use of (4)
and the measured ion current.

between the measured plasma potential and the dashed line
representing 1/2(Vys, + Vac) at higher-power levels. This
discrepancy would be caused by the increased positive ion
current flowing through the sheath. As the conductive current
increases in magnitude relative to the displacement current,
the waveform of the plasma potential becomes the distorted
one [36], [49], [50]. As a result, the time-averaged plasma
potential V, is decreased at higher-power levels. When these
slight discrepancies become significant problems, the time-
averaged plasma potential should be estimated using the graph
shown in Fig. 17. However, in most cases the ion energies
are much higher than the discrepancies, therefore, the time-
averaged plasma potential and the bombardment energy of
ions incident on the substrate surface can be estimated using
(2) and (3), respectively.

Fig. 18 shows the relationship between the ion flux pa-
rameter calculated using (4) and the ion current fed into the
f electrode for NFs, CCly, and Ar. The ion current was
determined by measuring the saturation current while the dc
voltage of the electrode was continuously changed to the side
of negative bias. The ion current is almost proportional to the
flux parameter, therefore, by use of this new parameter we
can estimate the ion flux density. However, the straight line
drawn in the graph does not pass through the origin. If the flux
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parameter indicates the ion flux density, the line would indeed
pass through the origin. The precision with which V,, are
measured in this work is adequate to eliminate measurement
uncertainty as the reason for the nonzero intercept in Fig. 18.
The most likely explanation for the failure of the line to pass
through the origin is that the rf power measured at the rf
generator includes not only the power-loss in the discharge
but also that of a matching network and parasitic resistance.
The ion flux parameter, however, can be used as a measure of
ion flux density. Therefore the accuracy of extracted-plasma-
parameter analysis has been confirmed.

1V. CONCLUSION

We have demonstrated that high-efficiency plasma-enhanced
in situ chamber cleaning with short gas residence time is
possible for SiOy etching chambers using NF3 gas which has a
low N-F bond energy, and that the end-point determination of
the NF3 plasma cleaning is possible by monitoring the optical
emission intensities of CO or H. If the residual fluorine remain-

_ing in the chamber after the cleaning causes severe problems,
" it can be removed by employing an Ar/H, plasma cleaning.
The accuracy of extracted-plasma-parameter analysis, which
was used to evaluate the cleaning efficiency of various gases,
has also been verified by the accurate characterization of rf-
generated plasmas using a new probe measurement technique
and by ion current measurements. Moreover, the rf-excited
plasma potential has been measured directly by the probe
method, which has clarified the relationship between the
plasma potential and the 1f electrode voltage.
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