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An inductively coupled oxygen radio-frequen¢$3.56 MH32 discharge is investigated based on
modeling and experiment. Experimental measurement is done at a range of gas pressure of 1-30
mTorr, and rf power of 100—-1000 W. We measure most of the important plasma parameters such
as the densities of charged species, electron temperature, plasma potential, and electron energy
distribution function. The measured values are compared with the results of the spatially averaged
global model. We observe a generally good agreement between the modeling and the experiment.
The scaling features, the transition of the operating region, and the radial distributions of charged
species are also discussed. 2001 American Institute of Physic§DOI: 10.1063/1.1354633

I. INTRODUCTION generally exhibits different scalings of the operating param-
eters.

Oxygen plasmas have found numerous applications in In a previous articlé® we explored the scaling relations
plasma processing such as plasma-enhanced chemical-vagor a low-power region, and observed that the experimentally
deposition, reactive sputtering, dry etching of polymer, oxi-measured scalings of the charged species are in agreement
dation, and resist removal of semiconductors. Negative ionwith the predictions of the spatially averaged global model.
are found in electronegative gases such as oxygen, chloringye observed the scaling laws to hold in a medium power
and fluorocarbons, which are used extensively in dischargemegion.17
for various applications of plasma processing. In this article, we measure most of the important plasma

The presence of negative ions complicates the dischargearameters such as the densities of charged species, electron
phenomena. Negative-ion sources can be applied ttemperature, plasma potential, and electron energy distribu-
charging-free-ion implantation in semiconductor manufacion function over the range of pressure and power that is
ture, and negative-ion-assisted etching is found to reduce tHgpical of those used currently in the industry. The measured
charging of substratésThere is considerable scientific and values are compared with the results of the global model.
technological interest in electronegative plasfidsand so  Specifically, we investigate the scaling features and the tran-
in the determination of negative-ion density. sition of the operating region for a low-pressure inductively

Langmuir probes, mass spectrometry, ion acoustic wavesoupled oxygen plasma in normal operating regions of sev-
and optogalvanic photodetachment are usual methods for ifgral hundred watt power. Along with that, we perform the
vestigating negative ions in plasrtfa. Negative-ion- ~Mmeasurement of the radial distribution of the charged species
containing plasmas are generated in a variety of energyl the chamber which indicates the level of uniformity in a
coupling methods such as &, rf capacitivel? rf  Processing reactor.
inductive/® and hollow cathodéd'* discharges.

There has been an increased demand to understand tHeEXPERIMENT
scaling of the plasma constituents with control parameters
for such multicomponent systems. The scaling of plasm%vit
variables(charged-particle densities, sheath width, eIectrorb7
temperature, and plasma potentialth the operating param-
eters gives useful information for the design and analysis o

The plasma chamber consists of a stainless-steel cylinder
h a 28 cm diam and 34 cm length. A 1.9-cm-thick by
-cm-diam tempered glass plate mounted on one end sepa-
rates the planar one-turn induction coil from the plasma. Fig-
Lre 1 shows a schematic of the planar inductive plasma

plagma sources. The operating region; were classified'in the urce and Langmuir probe diagnostics system. A disk-type
entire control parameter spateThe discharge properties Langmuir probe made of tungsten with a single side of 6 mm

such as the ratio of the negative-ion density to the electrOtaiam is located 11 cm from the window on the axis of the
density, the spatial profile of charged species, and the pres,amper to measure the floating and plasma potentials, posi-

vailing particle loss mechanisivolume recombination l0SS 6 and negative saturation current, and electron tempera-
or ion flux loss to the wall due to diffusigralso depend on

the operating region. Thus, in various regions, the discharge :I'he plasma chamber is evacuated by a diffusion pump

backed by a rotary pump giving a base pressure o6f°10
3Electronic mail: thchung@plasma.donga.ac.kr Torr. The equilibrium gas pressure in the chamber is moni-
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Window ion mass. It is assumed that the Bohm criterion for the for-
aas i PR [ mation of a stable sheath holds even if negative ions exist. In
[_23,",’:.; L estimating the ion saturation current, the edge effects are
fas | Substrate i x] |y considered by considering the correction equatfon.
Holder Ramp . . . .
Gonarator| | Oscilloscope We have a density balance between negatively and posi-

tively charged particles given by.+n_=n, . By measur-

FIG. 1. Schematic of a planar inductively coupled plasma source and Langj-ng the pOSitive'ion saturation current, one can estimate the

muir probe diagnostics system. densities of positive ions and negative ions. This method has
the advantage of avoiding determining the negative-ion tem-
perature.

. . . . Itis known that the abundance of the atomic positive ion

tored with a penning gauge. The operating gas pressure 5+ depends on the surface recombination rate, gas pressure,

controlled by adjusting the mass flow controlig&FC 50). and absorbed power. In this study, we assume thaisGhe

The flow rate of the oxygen gas has a range of 10-20 SCCrTPﬁajor positive ion, O is the major negative ion, and that the

The oxygen gas pressure is varied in the range 1-30 mTorp, lecul far f : letelv di iat
The induction coil is made of coppdwith water cooling gnxygen molecules are far from being completely dissociated,

q ted t Lot " ichi work ue to a very high oxygen atom recombination frequency on
and connected 1o an L-ype capacitive matching NEwork ang,» reactor walld? However, it has been found that the de-
a rf power generatofENI OEM-12).

The L ; be i dby a K biool gree of dissociation increases with the rf powey. iOns are
'he Langmuir probe IS powered by a Repco bipolar Op'produced by charge-transfer processes in the collision"of O
erational power supply amplifier. A triangle ramp wave

swept from—50 to +50 V at 300 Hz is fed into the Kepco ions with O,. The G, density is known to be much smaller

from a homemade ram nerator. Th rrent m rom trr]1tan the O density in the operating region of this study.
om a homemade ramp generator. the curre easurement \ye have compared the measured values to those calcu-

IS ddone ac(rjossta 2t(10 fr(;-[,\ﬁlstlgr placed bﬁt.weeﬁhthe comrtnonca:ted by a spatially averaged global model. The set of the
and ground outputs of th€ Kepco amplilier. The current anq, .., reactions, the reaction coefficients, and the formula-

voltage signals are collected on a HP54645A digitizing OSiions are found in our previous stu#The rate constants,

cilloscope. which have a critical influence on the formation of negative

Experiments were conducted at several pressures and, " o pased on the work of Lee and co-workérE]lias-
powers. In order to allow the chamber to reach an equilib-__

. the ol t d d all dt f son and Kogelschat?, and Panda, Economou, and
fum, the plasma was turned on and aflowed 1o run for a eyyapparf! One difference is that in this study the sheath

tively simple Lanamuir orobe techni ¢ timate th ?)'otentialvS is determined by equilibrium fluxes of positive
€ly simple Langmuir probe technique to estimate the, 4 negative species to the wall instead &f

negative-ion density. The results of the Langmuir probe mea__ 1 /| L .
: = N(Mg,/27rm). Another thing is that this study uses
surements are compared with the results of the global mode| 2 InMo,/2rm) 9 y

The second derivative of the measured probe curtént, the _h_'- and hR_f_actors_, which are the ratios Of sheath edge
is related to the electron energy distribution function POSItve densities(axial and radigl to those in the bulk

(EEDP), f(e), as follows: plasma according to those suggested by Lee and Liebefman.
_2m(2eVv\? ll. RESULTS AND DISCUSSION
f(f)—eTS - 1)

Figure 2 shows the positive-ion density as a function of
wheree is the electronic charg&is the probe areanis the ~ Pressure. The variation of the positive-ion density with pres-
mass of the electrony/ is the probe potential referenced to SUre is in agreement with the other experimental res8its.
the plasma potential, anelis measured in units of eV. The We observe that the positive-ion density increases with pres-
electron density and the effective electron temperature argure at a low-pressure range, has a maximum, and then de-
calculated with the measured EEDF as follows: creases slightly. This behavior seems to be related to the
transition of the dominant loss mechanism of charged par-
€max 2 [ emax ticles in electronegative plasmas. In the low-pressure range,
Ne= fo f(e)de, Teﬁ:afo ef(e)de, (2 the dominant loss of charged particles is due to diffugioa
€ call this range the ion-flux-loss-dominated regiowhile in
wheree ., is determined by the dynamic range of the EEDFthe medium- or high-pressure range, the loss takes place
measurement. The electron temperature can also be detenainly via the volume recombinatiofthe recombination-
mined from the slope of the probe IV curve in the ex- loss-dominated regionThe increase of the volume recom-
ponential regionfrom the point where the probe current is bination makes the charged-particle density decrease with
zero to where the slope of the curve begins to decjefée  pressure since the more charged particles a discharge pro-
observe that the both methods yield almost the same valueduces the more recombination it results in. The increase of
The positive-ion saturation current is recombination loss along with the diffusion loss makes the
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FIG. 2. Positive-ion densities as a function of pressurePigg=300, 500, ) ) ) )
700, and 900 W. FIG. 4. Plasma potential as a function of pressure. Comparison is made

between experimental values and calculated values. Hgggs 500 W.

charged-particle density decrease. This behavior was also ob-

served in a pulsed oxygen dischafgeThe simulation of  mental results. The negative-ion density rises with increasing
Shibata, Nakano, and Mak&Beshowed a peak on the;O  pressure up to 20 mTorr, and this is also in agreement with
(dominant positive iopdensity and the experiment of ca- the experimental results. The residence time of negative ions
pacitively coupled oxygen discharge done by Stofélal*® i, the chamber can be estimated from the gas pressure, flow
showed a peak in the electron density with pressure. Froffate, and chamber size. The estimated residence time is about
Fig. 2, we can note that the transition from the ion-flux-0ss-3 5 s, The reason for the substantial formation of negative
dominated region to the recombination-loss-dominated rejons in this short period of stay is that negative ions are
gion takes place at a specific value of pressure. The origin gfroduced via a variety of mechanisms which include the dis-
this transition and the scaling laws at each operating regioggciative attachment of low-energy electrons to the meta-
were fully discussed in our previous papér. stable and excited oxygen molecufég!In the pulsed-mode
The transition points are about 26 mTorr for 300 W in- gperation of oxygen discharge with a gas pressure and flow
ductive power, 20 mTorr for 500 W power, and 16 mTorr for rate comparable to those of this study, a negative-ion density
900 W power. The transition point moves to a lower pressur¢n the order of 16! cm 3 was observe&?2’ However, the
value as the absorbed power increases. This can be agtobal model does not explain that the negative-ion density
counted for by considering that enough positive and negatiVRas a maximum which indicates the transition of the operat-
ions which are produced in higher-power conditions makgng region.
the recombination loss dominant at lower pressure. In Fig. 4, the calculated and measured plasma potential
Figure 3 shows the comparison of the negative-ion denyre shown with varying pressures. The experimental results
sity between the results of the global model and the experizre obtained from measurements done at 500 W inductive
power. The discrepancy may be due to it being very difficult
” to determine the plasma potential from the prob¥ curve
—~ 10 T T for the negative-ion-containing plasma. In this study, we de-
QT 0 termine the plasma potential by the value of the probe volt-
age where the second derivative of the probe current van-
/'\ ishes. The presence of negative ions complicates the
u-® » characteristics of the probleV curve. Negative ions contrib-
; \ ute to the probe current in the exponential region, and the
10" Vi " amount of the contribution gets larger when the probe volt-
\ - age approaches the plasma potential. In addition, the fluctua-
- tion of the collected probe current due to rf oscillation makes
/ j;jg’l‘gs:l"m‘ézll the |-V curve difficult to interpret.
g Although not shown in the figures, the behavior of the
ratio of the negative ions to the electron density is qualita-
O S S S S S S tively consistent with the experimental results by
0 4 8 12 16 20 24 28 32 Tuszewsk® and Gudmundssofi. The ratio increases with
Pressure ( mTorr ) increqsed pressure, and decreases with increased power.
Figure 5 shows electron temperature as a function of
FIG. 3. Negative-ion densities as a function of pressurePfgr=500 W. pressure at input powers of 300, 500, 700, and 900 W. A
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FIG. 5. Electron temperature as a function of pressure at several input

powers of 300, 500, 700, and 900 W. depletion. It was observed by Tyrdrihat below 10 mTorr
the neutral depletion is proportional to the gas pressure and

] o ) above 10 mTorr the depletion is inversely proportional to the
decrease in electron temperature with increasing pressure ds pressure, and that higher power results in severe deple-

typical and is in agreement with the previously reported rejon These observations are in agreement with the results
sults. However, for relatively higher powers, there exists aghown in Fig. 5.
region arqund 10 mTorr where the electron temperature be- Figure 7 shows the EEPF at several pressures at an input
comes quite large. We can note that over the region of 7-1g4yer of 500 W. We can observe that at low pressure, the
mTorr the electron temperature increases when the INPUYEpE s close to a Maxwellian. The 4 and 10 mTorr distri-
Power 1S increased. This behavior has been recently,iions are somewhat bi-Maxwellian over the region of
reporteof This can provide a significant implication for the »_15 ey, The effective electron temperature has different
plasma-induced damage because the damaging dose into thends for collisional and stochastic heating-dominated re-
thin gate oxide increases with both electron temperature angimes, The effective electron temperature in the collision-
plasma density. _ dominated regim¢20 and 30 mToprdecreases slightly with

~ The main causes of the increase of electron temperatUuigicreasing pressure and input power. Quite oppositely, for
with increasing power are the increase of the effective actihe stochastic heating-dominated regitb@nd 4 mTor}, the
vation energy for ionization and the heating of the ¢@sd  effective electron temperature grows slightly with increasing

the resulting decrease in the neutral number densftie  ressure and input power. These can be observed directly in
former is reflected in the results obtained by the global mOdFig. 5. This behavior was also observed in capacitively
eling, as in Fig. 6. But, this effect is not dominant. The 'attercoupled rf discharge

seems more influential and is related to the neutral particle Figure 8 is the same figure at the input power of 700 W.

The EEPF above 8 mTorr increasingly deviates from the
Maxwellians. EEPFs above 10 mTorr show much sharper
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FIG. 6. Calculated electron temperature as a function of pressure. Here, the Energy ( eV )
surface recombination coefficient is 0.05. FIG. 8. Electron energy probability function at 700 W input power.
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10" : : , , : : V. CONCLUSION
"-’E Xw"X'-7-X“Xﬁgf’f—,‘%ﬁf?gij“"j"“”“'°““’°‘""°f--v. Electronegative indu_ctively coupled oxygen rf dis-
_ ©0r0mo” 070000, charges have been studied based on Langmuir-probe mea-
> surements and the results are compared with a spatially av-
= —a— 1mTorr : -
n O 20 mTorr eraged global model. The charged-particle densities, the
5 6| o 30 mTorr electron temperature, the plasma potential, and the electron
© 107°F - 40mTorr 3 energy probability function are obtained and the behaviors of
g these parameters are discussed. The experiment and the mod-
'5 '\"k-—._._._.\_\ eling are over all in agreement except that the global model
> ", predicts more or less overestimated quantities of the charged-
-"5; \'\- particle densities. A transition from the ion-flux-loss-
O dominated region to the recombination-loss-dominated re-
o 10" O 2 4 6 * é : 1'0 : 1'2 14 gion aroundp=20—40 mTorr is observed. Each region has a
different scaling of plasma variables, which proves to be in a
Radial distance (cm) good gualitative agreement with the predictions of the global
(a) model® The effective electron temperature has different
trends for collisional and stochastic heating-dominated re-
—_ - - T - - T T gimes. The effective electron temperature in the collision-
(?E dominated regiméwhich corresponds to the recombination-
= X"'"X""‘“”“"":’:if_ffj_ijgjj_jg;«@_, . dominated region from the view point of the particle-loss
> orOroor 'O’"Tg“%amn mechanism decreases slightly with increasing pressure and
D . ﬁ-.s,‘;_:f input power. Quite oppositely, for the stochastic heating-
5 107°F —_a— 1mTorr & dominated regiméwhich corresponds to the ion-flux-loss-
T | o~ 20 mTorr dominated regiop the effective electron temperature grows
g & 30 mTorr slightly with increasing pressure and input power. It is ob-
s v 40mTorr served that the positive ions have flattop profiles at relatively
8 e a, higher pressuregecombination-loss-dominated regjosnd
i 10} "\'—'\.\_\. 1 that with decreasing pressure the profile becomes parabolic.
N For all the pressure cases, the radial distribution of electrons
L L - - L is similar to the solution of the diffusion equation.
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