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A spatially averagedwell mixed) reactor model was used to simulate a power-modulgiatsed

high density oxygen discharge. Chemistry involving the high energy oxygen metastable molecules
OZM(A 3y /+C3A,+c3,) was included in the simulation. This chemistry was necessary to
capture the experimentally observed increase in then€gative ion density in the afterglow of the
pulsed discharge. As the electron temperature drops in the afterglow, the rate coefficient of electron
attachment with § increases several fold. The wall recombination probability of oxygen atoms
affected the O density drastically. For the conditions studied, the maximumdensity in the
afterglow increased with pressure, decreased with power, and showed a maximum with pulse
period. The time in the afterglow at which the peak @ensity occurred decreased with pressure
and power, and was independent of the pulse period. Knowing the temporal evolutioniftitz
afterglow may be important for applications requiring extraction of negative ions out of the
discharge. ©2000 American Institute of Physid$§0021-897@0)07512-5

I. INTRODUCTION Plasma rector modeling helps understand the underlying

. mechanisms and the effect of various process parameters.
Power modulated discharges have been used to obta P P

higher deposition rate and better quality of hydrogenated Sili_@everal modeling studies of pulsed plasmas have been re-

con films by plasma enhanced chemical vapor depositfon pprted n the I|tera.ture.. Park. and Econorfoused a one-

as well as suppression of particulaté€ In addition, it has dimensiona(1D) axial d|s_perS|on model to _a_nalyze a pulsed
been found that, for small pulse widths, the silicon etch ratdPlasma-enhanced ch.emlcal vapor _deposmon reactor. They
in power modulated plasmas is similar to that in continuoud®Und that, by selection of appropriate values of the pulse
wave (cw) discharges, thereby obtaining a higher etch rat®€rod and duty ratio, uniformity could be improved without
for the same average powdf. Law et al®® also found significant reduction in deposition _rate. S|m|I2ar findings were
higher GaAs etch rate for small pulse widths. Boswell and@pPorted for an etching reacttt.Jiang et al*® found that
Henry found that for a constant average rf power, the selecPulsing can alter the ratio of chemical species in, @#s-
tivity of etching Si over Si@ can be varied from 6 to 100 by charges, which in turn can affect etch selectivity. Overzet
reducing the pulse period while keeping a constant duty raand co-workers-** used a 1D fluid model for the electric
tio. Samukawa and Furoy&'? used a pulsed CHFhigh field and particle densities in the afterglow of an rf discharge.
density discharge to control polymerization during $iO They found that the attachment rate in the afterglow influ-
etching by controlling the generation of the reactive speciesenced the time dependence of the negative ion flux. Peres
to obtain high anisotropy, selectivity, and elimination of mi- and Pitchford® presented results from 1D and two-
croloading. Takahasteit al.'® also using a pulsed CHMigh  dimensional(2D) models to illustrate a type of attachment
density plasma, obtained controlled deposition of fluorocarinstability which can occur in glow discharges in electrone-
bon films by controlling the reactive species concentrationgative gas mixtures. Lymberopoules al?* used a 1D fluid
Fujiwara et al** reported notch depth reduction in power model to investigate the spatiotemporal dynamics of a pulsed
modulated GJ and HCI plasmas, depending on the durationpower inductively coupled plasm@CP) argon plasma. At-

of the discharge “off” time. Selective, anisotropic, and tention was paid to the extraction and acceleration of positive
notch-free polycrystalline silicon etching was obtained injons by an rf bias applied in the afterglow stage of the pulsed
power modulated chlorine plasm&s'® by controlling the  discharge. Midha and EcononfSiextended the spatially re-
ion energy distribution through the duty ratio, having a highsplved simulation to electronegative plasmas. Srattial?®

ion flux, and apparently eliminating charging by alternateysed a 1D particle-in-cell simulation to investigate the effect
bombardment of the wafer by positive and negative i0nsof pulsing on a low pressure capacitively coupled rf argon
Pulsed plasmas have also been used for negative i%]asma. Yokozawat al?’ studied a pulsed Gplasma using

7
sources. the Monte Carlo method and discussed the contribution of
negative ions to etching. Using a Monte Carlo technique,
dElectronic mail: economou@uh.edu Hwang and Giap#é studied high density pulsed plasmas and
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suggested a mechanism for pattern dependent charginghs) of Eq. (1) represent change due to flow, volume, and
based on the low energy part of the energy distribution ourface reactions, respectively. The homogeneous reaction
positive ions. Spatially averaged models have been used tateR;; is written as

study cw discharges ir;zoxygéqggnd chloginéo and pulsed izl -

discharges in chIor_m%l,' argon, and SE ‘gases. Oxygen_ Rij=(vi'}—vi'j) kfiH (pyi/Mi)V”_erH (py; IM)i |,
plasmas are used in the microelectronics industry for etching i=1 i=1

of photoresist and other polymers, for plasma oxidation 3]

and cleaning?® where v;; is the stoichiometric coefficient of speciésin

In this work, a spatially average@vell mixed model of  reactionj, with the single and double primes denoting reac-
a high density power modulaté@ulsed oxygen discharge  tants and products, respectiveky; andk;; are the forward
was developed. Special attention was paid to the effect ofng reverse rate coefficients, respectively, for reagtion

high energy metastable oxygen molecules on the discharge The plasma is assumed to be neutral and the electron
characteristics, especially the negative ion density. This\ymper density is obtained from

study was motivated by the experimental findings of Hayashi |
and Kadotd’ who observed a large increase in the negative

oxygen ion (O) density in the afterglow of a pulsed oxygen Ne= ;1 ani, ®)
discharge. Their experimental data could be explained by i .

including dissociative attachment of electrons to high energ)‘/"hereqi is the charge of speciés

metastable oxygen moleculesf A 33 F+C3A +¢c13,).

Our simulation results, which include new chemistry to ac-B. Thermodynamic relation
count for such metastable molecules, are consistent with 14 gverall gas densityy,

. ) L . o is calculated from
their experimental findings. The increase in @ the after-

glow cannot be captured using the traditional oxygen chem- :2 L (4)
istry employed so far in the literature. The new chemistry is P iZe Pi Pe.

useful for optimizing the O concentration and flux in pulsed -

oxygen discharges and for basic oxygen plasma kinetic — _pg i leYe 5
studies® g’ oP ;e Mi  Tg Me|’ ©®

wherep is the total reactor pressurgy is the universal gas
Il. MODEL constant, and ., is the electron temperature. In principle, the
contribution of the ion temperature can be incorporated in
The model provides for the analysis of a generic “high Eq. (5) separately, but its effect is negligible. Here, the ion

density” plasma reactor. Spatially averagédell mixed  temperature is assumed to be the same as the gas temperature
models provide the average species concentration and cannat,).

provide information on the spatial profiles and process uni-

formity as would multidimensiqnal models. The advantagecl Power balance

of spatially averaged models is that they are solved with

minimum computational resources. They provide a quicker ~Plasma power is treated as an input variable. In this spa-
path to studying the effect of process variablleswer, pres- tially averaged model, the nature of power deposition, mag-
sure etd, and complicated chemistry can be includ@din- netic fields effects, etc., are not included. Assuming a Max-
sight from spatially averaged models can be used in devewellian electron energy distribution functioEEDP), the
oping more rigorous multidimensional models. The plasmaower balance in the plasma is of the form

chamber considered here is a cylinder of radteand length d(nkT,)

L. Details of the model are given in the SAMPR Mantfal. 1'5VT= Pexi— Pe— P, —P_, (6)

A. Species mass conservation .
P where the rhs terms are the externally applied power, and

The mass balance for the ionic and neutral species ienergy lossegper unit time by electrons, positive ions, and
written as negative ions, respectively. Assuming the electron-ion vol-
ume recombination to be negligiblP,, is obtained from

dy; . .
PVd_tI:m(Yi,in_yi)J"VMiz Rij+AMi2k Sk, 1=1],
J 1) (Qeseln~ Qneeet Pe= VN2 RejH,
wherel is the total number of ionic and neutral speciess m
the mass density of the mixturg, is the mass fraction of -3 = Ve VNK(To—Ty) —2kTAT'=0. )
m g

species (with the subscript in referring to the inlet condi-
tions), mis the total mass flow rat®; is the molecular mass Q is the total flow rate given byn/p, e, is the mean electron
of speciesi, V is the reactor volume, and is the surface thermal energy € 3/2 kT, ,k being the Boltzmann constant
area.R;; is the molar homogeneous reaction of specigs N is the Avogadro numbeRg; is the rate of electron impact
reactionj and Sy, is the molar heterogeneous reaction of reactionj, H; is the corresponding threshold energyis the

specied in reactionk. The three terms on the right hand side mixture average mass,, is the electron elastic collision
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frequency, and’. is the electron wall flux. The terms in Eq. TABLE I. Reactions and rate coefficientsc/s.

8325

(7) represent electron energy inflow and outflow due to gas 1

: e+0,>0,+e: 4.7x10°8 T9®
flow, energy gain .from t_he ext.e.rnal power source, and en-, e+ 0,50 +O: 8.8x 10" Mexp(—4.41T,)
ergy loss due to inelastic collisions, elastic collisions, and 3 e+0,>20+e: 2.6x 108 exp(—9.97T,)
wall recombination of electrons, respectively. The electron 4 e+0,>0; + 2e: 9.0x10 0 T9%exp(-12.61T,)
flux to the wall is given by 5 e+0 >0+2e: 2.0x10" 7 exp(—5.5/T,)
6 e+0; >20: 5.2x10 9T,
Fe=(Aeit/ A)(NSB) v nexp —AP/KT,), (8) 7 0™ +0;>0+0;: 2X10°7(300/M)*®
8 O +0>0,+e: 5x10 10
whereAV is the sheath potential equal to the difference be- 9 0 +0;>30: 1x10°7

e+0,>0 +0"+e:

tween the plasma and wall potentials andey 10 O 71x107 1 e exp(-171T,)
= (8KTo/mmy) %% is the electron thermal velocitpey is an e+8z>02+02 F2e 5.3x10° T, Texp(-20Mo)
effective area to account for the deviation of sheath edge ion; ec; +;+>;O_e' gfiéﬂwg&;é p(-13.6M)
density from that at the discharge center 14 o++oz>o+b;: 2% 10" 4(300/T)05
15 e+0,>0% +e: 1.7X107° exp(—3.1/T,)
Aci=ArhgTALh,, A=Ag+A_ 9 16 eroi>O,te 5.6x10° exp(—2.2/T,)
) ) ) oo17 0% +0,>20,: 2.2x 10 *8(300/T)°8
with Ag and A_ being the areas of the radial and axial ;g 0% +0>0,+0: 1x10-16
sheaths, respectively. 19 e+0,>0+0" te; 5.0<10 ® exp(—8.4/T,)
The correction factorg andh, are* 20 e+0>0* +e: 4.2x10"° exp(—2.251T,)
21 e+0*>0O+e: 8x10°°
. 20 22 e+0*>0"+2e: 9Xx10°° T97exp(~11.61T,)
- 21-1/2 23 O +0>20: 8x10 12
hL:n“Lm_”To_SQ{&L LJF(%) , 24 0+0,50+0; 7X 10" 2exp(67T)
Nio 1+ aq 2\, 7y1D; 25 O* +0,>0+05: 1x10°12
(10 26 O +0,>05+e: 5x10°1°
27 e+0;>0, +0: 1x10°°
3aq 28 O +05>04+e: 3x10°10
n 1+ 7_ R 29 O +05>0, +0: 1x10° %0
hp=——R~ —TO.8({4+ — 30  0,+0;>20; 2X1077(300/M)°°
Nyo 1+as A 31 0, +O">0,+0: 2x10°7(300/T)%5
21—1/2 32 0;+0,>0,+0+0y: 7.3X 10" ¥ exp(—11 400T)
N 0.8Rug ) 1y B 0,+0>20;; 1.8% 10~ exp(—23007)
2.405)4(2.405 y;D; ’ 34 e+05>0 +0: 3.53x10°° T, “*®exp(—5.35T,)
35 e+0,>0)+e: 1.27x10°8 T, **2exp(—7.661T,)
where \; is the ion mean free path based on ion—neutral36 e+0y>0"+0: —1.69<10 ?+6.27x10 19T,
collisions. The ion diffusion coefficient is D; y 130107 9TC+9.60X 104/,
=KkT;/(m, »;), m, is the ion mass and, is the ion—neutral 3/  e+t0z2>20te: 8.95¢10°° T, *“exp(-4.32IT,)
collision frequency. The electronegativity of the plasma,
is defined as the ratio of the negative ion density to electron
density at the sheath edgey is the ratio of the electron
temperature to the ion temperatudg, is a Bessel function, ag

andug is the Bohm velocity(see below.
The power lost by positive ions is

P.=AT' AV, (12

I =

1+«

(Sn.)(Aet/A)(14)v _ yexp —AW/KT;)

(16)

andv _ y, is the thermal velocity of negative ions.

where the positive ion flux, , is

I1l. CHEMISTRY
T, =(Agt/A) D N Ug. (13

A. Gas phase reactions
n. being the positive ion density, and the summation is over  The set of gas phase reactions used in the model is
all positive ions. The Bohm velocity for electronegative shown in Table I. Reactions 1-2 and 4-33 are taken from
gases is given the text of Lieberman and LichtenbelyRate coefficients
12 for reactions 3 and 34-37 are calculated as part of this work.
(14)  The species used are 0p0™, 0, O, O, , O, and the
metastables O('D),05(a'Ay) and G'(A3S;+C3),
+c¢3). Three body collisions were neglected because of
the low pressure system considered.
(15) The dissociative attachment cross section fof &s
given by Burrow® was used to calculate the rate coefficient
(K) for reaction 34 by assuming a Maxwellian EEDF

KTe(1+ ay)

u =l
B lmy(1+asyr)

The power lost by negative ions is
P_=2kTAI'_,
where the negative ion flux is
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o Qus= QulBZ5)+Qul ), a9
E ] whereQy;ss IS the dissociation cross-section. However, since
. 10° 3 we account for dissociation ofﬁ)in reaction 37, only dis-
f'ac; ] sociation through th& 33 | state is considered in reaction 3.
= g 1 The fit for reaction 3with R value greater than 0.99% also
c given in Table I.
=
: -11 .
g 10 E B. Surface reactions
L M 3 ] . . . -
&~ " €+0, >0°+0 Surface reactions used here involve simple collision of
10' Aebded, A PR T NN W S S [T ST S S S N S WA VO WA BT VO T S Y H H H H H H
0 10 20 20 20 30 50 atomic, molec_ul_ar, or ionic species, resulting in products.
T, eV The rate coefficientcm/s is specified or calculated from
RyTyg
FIG. 1. Rate coefficient for dissociative electron attachment Yoreta- Ksi= ;i 2 , (19
stable oxygen moleculgseaction 36 of Table)las a function of electron M
temperature. wherey; is an effective reaction probability, accounting for
rarefaction effects near the walsee Ref. 4. A reaction
probability of 1 was used for Q and zero for @ A value
8 (= exp(—&/kT,) of 10 was used for ®***®and the same value was used
K=N7m. |, &) ez sde (17 for OY. For oxygen atoms, Béfl gives a value of 0.002 to

0.03 which is typical for quartz. A value of 0.01 was used
wheree is the electron energy angle) is the collision cross  here as the base value for O atom recombination on the
section. walls. However, the effect of varying the value offor

The rate coefficient for production of Cby reactions 2 O-atom recombination was studied. lonic species were as-
and 34 (Table ) decreases monotonically with decreasingsymed to completely neutralize at the wall.
T.. Apparently, these reactions alone cannot account for the
experimentally observed large increase of @ the late af- |v. RESULTS AND DISCUSSION
terglow of pulsed oxygen discharges. To explain the experi- . . .
me?nal datz, Hayash}i/gand Kadﬁa?roposed dliassociative apt- A. Comparison with experimental data
tachment of electrons to the highly excited metastable statek Pulsed plasma
O (A3 +C3A,+c13,) toform O . This is represented Hayashi and Kadofd measured the O negative ion
by reaction 36 in Table I. As these metastable states ar€oncentration in high density pulsed oxygen plasmas. They
located about 4 eV above the ground Staﬁ@@ﬁg), itis  used a quartz discharge tube, 3 cm in inside diameter and 25
expected that the threshold energy for dissociative attachem in length. The discharge conditions were:f@w rate of
ment to CQ/' will be lower than that to ground state oxygen. 10 sccm, rf power of 0.65—1 kW, gas pressure of 5 mTorr,
For &, the corresponding threshold energy is lower bydischarge duratioriplasma “on” time) of 0.7-10 ms and
about 1 eV and the peak cross section is about 3.5 timegpetition rate of 5 HZi.e., a pulse period of 200 mBefore
higher than that of ground state,OThe peak dissociative comparing our calculated results with their data, we plot in
attachment cross-section foryQs likewise expected to be Fig. 2 the O density and electron density, as a functionyof
higher compared to that for ground state oxygen. Dissociafor O-atom wall recombination, in a steady-state discharge at
tive attachment of low energy electrons té" @ proposed to 800 W (other conditions as stated abgv€&he calculated O
be via the formation of a complex stdt®, |*, for example  density depends on the value of the O-atom wall recombina-
0, (°I1,), by the resonant capture of an electron. The dissotion coefficient(y). Larger y result in higher O concentra-
ciative attachment cross-section data from Hayashi andon, as the @ and G' concentrations also increase. In the
Kadotd* is used for C§' . The corresponding rate coefficient rangey=0.01-0.4, the O density increases by more than
is shown in Fig. 1 as a function df,. an order of magnitude from 481 to 5.1x 10°/cc. On the
Cross-section data of Teillet—Billgt al*® and Itikawa  other hand, for this weakly electronegative system, the elec-
et al*® were used to evaluate the rate coefficient for the protron density decreases by only 15% (2.80'% to 2.4
duction of @' by electron impact excitation. Besides disso- X 10'¥cc) in the samey range.
ciative attachment, the ¥ometastables are also destroyed by ~ High y values (=~ 0.5 are associated with stainless
electron impact dissociatiofreaction 37 in Table)l As no  steef® and are generally believed to be unrealistic for quartz.
data is available for the dissociation ob'Q the G excita- However, Matsushiteet al>* measured the recombination
tion cross-section was used to calculate the dissociation ratoefficient of O atoms on their quartz chamber wall using
coefficient, with the energy scale shifted down by 4 eV. Thetwo-photon laser induced fluorescence in a high density
rate coefficients for reactions 35-37 were calculated thdelicon-wave excited oxygen plasma. They found the coef-
same way as for reaction J4£q. (17)]. Expressions were ficient to be a strong function of the discharge conditions and
fitted to these data as given in TablgThe R values of the  obtained values of 0.1-1. Collagt al>> commented about
fits were all greater than 0.999. the presence of a heated teflon holder in the oxygen plasma
For dissociation of @molecules, Itikawaet al. used® experiments of Cook and BensBiwhich was thought to be
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FIG. 2. O and electron densities for different values of the wall recombi- FIG. 4. Sensitivity of O density in the afterglow of a pulsed oxygen dis-
nation probability of O atomgy) for a steady-state oxygen plasma at 10 charge to reaction rate coefficients) coefficient of reaction 3%Table |
scem, 5 mTorr, and 800 W. multiplied by 2, (i) coefficient of reaction 35 divided by iji) coefficient
for reaction 36 multiplied by 2(iv) coefficient of reaction 36 divided by 2,
and (v) coefficient of reactions 35 and 36 as given in Table T. @nsity
evolution without including ¢ in the chemistry of Table | is shown as

a source of fluorine; fluorine has been found to increpge ! U
curve (vi). Other conditions were: 10 sccm, 5 mTorr, 800 W4 0.1.

oxygen plasmaZ Tserepi and Mille?® found y to increase
with power and decrease with pressure under the conditions
used in their rf oxygen plas_m_a reactor. The co_nclusion is thaly their inductively coupled oxygen plasma at 20 mTorr. A
an accurate value of is difficult to obtain, sincey may |ower power into the plasma would result in lowes @sso-
change even as the reactor operating conditions vary.  jation and hence a higher Goncentration. Decreasing the
Figure 3 shows the experimentally measdfed™ con-  power to 400 W in the simulationé.e., assuming that only
centration in the afterglow of a pulsed oxygen plasma at %09, of the input power is dissipated in the plagmith y
mTorr, 10 sccm pure oxygen flow and 800 W. The measured. g o1, resulted in an O concentration of 8.8 1¢f/cc at
O concentration when power was turned off is16c. The power turn off(instead of 4.& 10%/cc at 800 W of power
O concentration peaks at about 15 in the afterglow 10 ynder these conditions, the peak concentration was 6.7 times
5.4x 10"/cc and then decreases. Simulated results, Using this value and occurred 1is into the afterglow.
=0.01, 0.1, and 0.4, for the same conditions as in the experi-  The sensitivity of the results to the reaction rate coeffi-
ment are also shown in Fig. 3. The trend in the simulatéd O gjent (K) for formation of @' (reaction 35 of Table)land
concentration is similar to the experimental data, with the O yissociative attachment ofgb(reaction 36 was studied.
density having a peak 13-14 into the afterglow, and with vt - at 0.1, the O density is shown in Fig. 4 witli) K
the peak concentration about 7 times higher than that & reaction 35 multiplied by 2(i) K for reaction 35 divided
power off. Highery values result in faster_deca)i of Gafter by 2, (iii) K for reaction 36 multiplied by 2, an@v) K for
reaching the peak. Another factor affecting the €pncen- eaction 36 divided by 2. The Oprofile for the reaction
tration is the input power. The actual power dissipated in thg5ies of Table | is also shown for comparisen. Plots for
plasma could be much lower than th5e‘:1 metered power becauggsegi) andi(iii) almost overlap. An overlap is also seen for
of power losses. Schwabedissenal™ for example, found  ¢cageq(ji) and (iv). At power tum off, the O densities are
the dissipated power to be 27%-64% of the incident poweb 4 10°. 1.4x10°. 2.6x10°. 1.3x10°. and 1.7 10%cc
for cased(i)—(v), respectively. Thus a change in these reac-
tion rates by a factor of 2 results in a change of @ensity

,-.‘,\ ' O'l density,l#/cc 10" by a factor of less than two. Also shown in Fig. 4 is the O
@ " :"'_ ‘\\ ? density evolution without taking into account thé(' Bpecies
g o ! Mg O\ 5 (vi). Without the @ species, the O density decays rapidly
g 3'. T::“"-\?___\ £ after power turn off and does not show a peak as observed
= ] . _""-»-..\ = experimentally’’
= / \\ . 10”3 Figure 5 shows the electron density for the same condi-
A 0.1 é tions as for Fig. 3, but withy=0.01 only. The simulated
wbf =--04 ‘\ electron density at power off is 2810'%/cc, 3.1 times the
F = Expt. \ experimentally measured value of X@0'%cc. Decreasing
—— N L the power to 400 W(to account for possible power los$es
0 20 40 60 80 100 resulted in an electron density of X40'%cc at plasma off,
Time in afterglow, us closer to the experimental value.

FIG. 3. Comparison of simulated Gdensities in the afterglow of a pulsed

oxygen plasmdlines) with experimental dat#points of Hayashi and Ka- 2. Steady state plasma
dota(Ref. 37. Conditions were: 10 sccm, 5 mTorr, and 800 W. Simulations . .

are shown for three different values of the wall recombination probability of ~ 11€ 0Xygen atom concentration predicted by the model
oxygen atomsy. for a steady state oxygen plasma at 350 W for different pres-
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30 ~—r———————r—rr——r—————] TABLE Il. Base case values used in the simulation.
—— Simulations
8 25 ] » Experiments ] Pressur_e 5 mTorr
~ ! ] Power(time averaged 250 W
3* 20 F 3 Duty ratio 0.5
- s ] Pulse width 10Qus
"-'c 15 F 3 O-atom wall recombination
v [ ] Probability 0.01
w10 E ]
» [ p
N
: e T . ; malized, after the periodic steady state has been reached.
0 bt i Note that the time-averaged power was kept constant. Thus
0 20 40 60 80 100

for a time-averaged power of 250 W and a 25% duty ratio,
the power during the “on” part of the cycle wa®,
=1000W.

Time in afterglow, us

FIG. 5. Comparison of simulated electron density in the afterglow of a
pulsed oxygen plasm@ine) with experimental datépointy of Hayashi and
Kadota (see Ref. 3} Conditions were: 10 sccm, 5 mTorr, 800 W, 1. Effect of duty ratio

=0.01.
Figures Ta) and 7b) show the time evolution of the

electron temperaturerl() and electron densityn(), respec-

Sures(20_50 mTor) is shown in F|g 6. The O atom con- tiVer, for four different duty ratios: 5%, 25%, 50%, and
centration is seen to increase with pressure at these cond{>%- The base case values are used for all other parameters.
tions. Opt|ca| emission actinometry with argon as anBOth the electron denSlty and electron temperature reSpond
actinometer was used to measure the relative O atom cof© the modulated power. Itis seen that the electron tempera-
centration by normalizing the 844 nm O peak with the 750ture overshoots initially reaching a peak in the first few mi-
nm Ar peak. The experimental values, normalized to thecroseconds. This is attributed to the low number density of
value obtained from the model at 30 mTorr, are shown in the&lectrons present initially which absorb the input pcftﬁ/er
same figure. The behavior of the experimental result@nd has been observed in experiments and simulations of

matches reasonably well with those obtained from the modelY0kozawaet al*’ in a chlorine system, and in simulations of
Meyyappan for chlorin® and SE** systems. The power

during the “on” period is higher for lower duty ratios as the
time-averaged power was kept constant. Hence the peak
With the model having successfully captured the experi-€lectron temperature is higher for lower duty ratios. The peak
mental trends, a parametric analysis is conducted to study th&lue of T ranges from 6.6 eV at 5% to 4.4 eV at 75% duty
effect of operating conditions on plasma properties. For thigatio. As the duty ratio increase$, approaches the value
study we used a cylindrical quartz plasma reactor of radiusorresponding to cw operation which is 3.6 €W, rapidly
3.175 cm and length 25 cm. We used a gas temperature ofecays when the power is turned off. The characteristic de-
400 K and a flow rate of 10 sccm of pure oxygen. The baseay time is defined as the time taken to reach 36%)(bf
case conditions are given in Table Il. Power is modulated byhe value when the power is turned off. The decay times
ideal rectangular pulses having zero rise and fall times:  range from 2.3us at 5% to 3us at 75% duty ratio. The
P()=0, dxr<t<r, dec_ay rate off . is smalle_r compared to the electron concen-
tration decay rate, as will be seen below.
whered is the duty ratio,r is the pulse period, andis time. Higher n, for the lower duty ratioFig. 7(b)] cases is
Figures below show results corresponding to one cyrabe-  associated with higher power during the discharge on time.
Similar behavior was seen in chloritteand SE** systems.
The peakn, values vary from 6.3 10'%cc with 5% duty

B. Parametric analysis

g T T T ratio to 8.3x 10 cc at 75% duty ratio. The electron concen-
= [ —Simulations ] tration decays during the power off period. Thgdecay is
L4 - * Experiments (normalized) J slower compared td@,, as the rapid decay iff, results in
- [ ] decreasing Bohm velocity and hence lower electron lo$ses.
- 3L 3 The time-averaged plasma density is higliespecially at

" [ . lower duty ratioy compared to the value (6:010'Y/cc) ob-

2 Lt . h tained during cw operation for the same power, due to lower
‘@ ] losses in the afterglow. This may have important implica-

= ) . . .
St : ] tions from.the.wew of processing rgtes. Thé Qhe domi-

o ] nant positive iop density evolution is the same as theg

density evolution, since the discharge is only weakly elec-
tronegative.
Figures 8 and 9 show the)Dand O concentrations,

FIG. 6. Comparison of O atom concentration vs pressure in a steady staf@SpeCtivel_y' over a cycle at diﬁerefnt dUt_y ra;ios. Higher
oxygen plasma at 350 W; calculatigiine) and experimental datgoints. concentrations of §5 and O are obtained with higher duty

15 20 25 30 35 40 45 50 55
Pressure, mTorr
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FIG. 7. Electron temperatur@ and electron densitgh) during a pulse for
different duty ratios. Other conditions as shown in Table II.
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FIG. 9. O density during a pulse for different duty ratios. Other conditions
as shown in Table II.

ers the electron attachment coefficient withf Qeaction 36
in Table ). Given enough time during the active discharge
phase(larger duty ratios the negative ion concentration at-
tains a quasisteady value. When power is turned “off,” the
electron temperature plummétsig. 7(a)] and the rate coef-
ficient of reaction 36 increaséBig. 1) leading to an increase
in the negative ion density. After some time in the afterglow,
however, the electrostatic fields collapse and negative ions
are capable of escaping to the walls. Thus, the negative ion
density starts decreasing, after going through a peak. Recom-
bination with positive ions also helps in removing negative
ions.

The O flux to the walls for the base case conditions is
shown in Fig. 10. During the power “on” part, there is no
flux to the walls since negative ions are trapped by the elec-

ratios. During the power on period, lower power is appliedyggatic field of the sheath. When power is turned off, the

for higher duty ratios. Lower power results in higher concen-

tration of both O and G due to lower dissociation of O
Slight modulation of the §5 density is seen only at lower

sheath collapses resulting in"@lux to the walls?® There is
a time delay between power turn dfhis occurs at time 0.5
in Fig. 10 and the time negative ions first appear on the

duty ratios. For the base case conditions, the modulation Qfq)|. This corresponds to the time needed for the electron

all neutral species except*Qvas less than 6%.
The O density is highly modulated by the powéFig.
9). When power is turned ofat time zerg, the O concen-

density in the discharge to decay to low enough values such
that negative ions are the major negative carrier. At that
point, the sheaths have collapsed and an ion—ion plasma

tration starts decreasing because of dissociation of moleculgg 525.3255.56The “kink” in the curve at time 0.73 0ccurs

species (¢ and Q) that produce negative ions. IMpor- hecause the electron temperature was set equal to the con-
tantly, the electron temperature starts increasing which lowgisnt gas temperature when it reactiedat that point in

&
L 7 ., A . S :
* - 75% E
-~ OF E
= ("0 T777 so% T 3
— ; ;
e i ]
A ;
= " 25%
172) 3 F B
= ; ]
g X ]
) zr 5% 1
ON 1 [. el ) ————

0 0.2 0.4 0.6 0.8 1
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FIG. 8. d;" density during a pulse for different duty ratios. Other conditions
as shown in Table II.

time. Knowing the temporal evolution of On the afterglow
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FIG. 10. O flux at the wall for the base case conditioff@ble ).
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14—t FIG. 12. @' density during a pulse for different pulse periods. Other con-
e | ditions as shown in Table II.
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maximum value at the end of the cycle. For the L@0case,
the electron density decays to 50% of the maximum value at
the end of the cycle.

Figures 12 and 13 show théland O™ concentrations,
respectively, for different pulse periods. Thé‘I @oncentra-
tion for the 100us case is lower than the 1@s case. This
could be due to lowel, values for the 10Qus case com-
pared to the 1Qus case. The 50@s and 1 ms cases show
some modulation, and yield highel’z\"Oconcentrations than
the 100us case during the power “on” period. This is due
FIG. 11. Electron temperatufa) and electron densit§b) during a pulse for to the hlghe_l’ eleCtro_n densities and more _tlme available for
different pulse periods. Other conditions as shown in Table I. the @A density to build up. After the power is turned off, the

O~ concentration increases due to electron dissociative at-
tachment with ¢ (Fig. 13. For the 10us case, there is no
is important for applications requiring extraction of negativepeak in the O density in the afterglow. For the other three
ions out of the discharge, such as charge-free semiconductggses, the peak in Odensity occurs at about 3@s into the

PR TN DU S SRS RSP M LI T T,

0 0.2 0.4 0.6 0.8 i
Normaliz im
(b) ed t €

H H H =17,21,22,25,55,56 . .
manufacturing or negative ion sources afterglow. Unlike the other cases, in the 1 ms case, the O
density increases initially at the start of a cycle, since the
2. Effect of pulse period density goes down to a low value in the long afterglow time.

Figures 11a) and 11b) show T, andn, for pulse peri-
ods of 10us, 100us, 500us, and 1 ms, respectively. Base 3. Effect of power
case values were used for the rest of the parameters. Atlow | the active glow, the O/n, ratio decreases with in-
. . ) e
pulse periods(10 us) the plateau electron temperature is creasing power, in agreement with the results of Stoffels
higher and the electron density is lower. The plateau electrop; 4,36 gnd Leeet al2° Also. the O'/0j ratio increases with

temperature varies from 4 eV for the & pulse period to increasing power, as observed by leteal2° The OF density
3.4 eV for the 1 ms pulse period. The characteristic decay

time of T is 2.6 us for the 10us case and &s for the 1 ms

case. No temperature spike is seen for theud@ase, as the 825 T y T~ ——
electron density has not decayed significantly in the short 3 i ;". \ ._19_9_{5
time scale of the afterglow. Similar simulation results were <20 F 5,' 5 ‘y.-" i
obtained by Hwang and Giapfsfor a chlorine system and °°¢ i‘ oy / \\
Meyyappan* for a SR system. ~ s H -: '}/ NS00 ps
A higher plateau electron density is obtained for higher » ‘ :.: / N N ]
pulse periodgFig. 11(b)] even though theT, values are §’ | N / ‘-,,1000 S\\ ]
lower. Similar results were seen in the chlorthand SE** g 10F\ ! NN
systems. This is because the electron production exceeds the & i—l_i___\TZ/_L/
losses during the on period and the net electron production . 3 [~ == emmenre=t  [ous s, ]
builds up further for higher pulse periods. The electron den- c o — '0'2' : '0'4' * '0'6' ' '0'8' - .

sity decay times are 85 and & for the 500us and 1 ms
pulse widths, respectively. For the 13 case, the maximum

. . 1 . . .
e_l(?Ctron density is about 8:810"/cc "fmd the time is insuf- £, 13. O density during a pulse for different pulse periods. Other con-
ficient to reach the steady state. This decays to 84% of theitions as shown in Table IL.

Normalized time
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FIG. 14. Electron density during a pulse for different powers. Other condi-FIG. 16. O density during a pulse for different pulse powers. Other con-
tions as shown in Table II. ditions as shown in Table II.

(which is the dominant positive igrincreases linearly with experimentally higher O concentrations at higher power.
power. This is in agreement with experimental observation§Ve have no explanation for this behavior at this time. In
where a linear increase of the ion density with input poweranother study, Stoffelst al,*® using a capacitively coupled
was found in oxygen plasmas by Kelletral®” in an rf ICP  cw oxygen plasma, found that the @oncentration was in-
system, and Forster and HolB&m a microwave ECR sys- dependent of power, even though the electron concentration
tem. An increase in power increases the fractional ionizatiofincreased by a factor of 10 as power was increased.
rather than the electron temperature.

Figure 14 showsn, for three different time-average 4. Effect of pressure
powers: 150, 250, and 500 W, with the rest of the parameters Figures 17a) and 17b) show T, andn,, respectively,

being at the base valué$able 1). Higher power results in ¢, three different pressures, 5, 20, and 40 mTorr, with the
higher electron density. This has been observeqeg: of the parameters being at the base case values. A de-

; 7,59 ; ;
experimentally in oxygen plasmlas. The electron density -raase inT . with pressure has been experimentally measured
at power off varies from 7.810"cc at 150 W to 2.6

X 10*%/cc at 500 W. In all three cases the electron density at

the end of the cycle decreased to about 50% of the electron 5 r————1r————————r———— y
density at the time power was switched off. The electron ! ]
density modulation is similar for different powers, Bswas 4 ]
almost constantdecreased very weaklwith power. How-
ever, higher power is predicted to result in loweY @nd O % 3 3
densities because of more, @issociation. This is shown in .
Figs. 15 and 16, respectively. Théz\"Qiensity does not fol- =2 p

low the power modulation, while the modulation of the O
density is higher at lower powers. The time in the afterglow
(after power turn off at which the peak O density occurs

decreases with power, from 325 at 150 W to 25us at 500 Y 5 1
W. In contrast to Fig. 16, Hayashi and KadStabtained (@) Normalized time
a
15 ——— s
g w . ; . . T '
Ty ] I3 -~ 20mTorr \
- 150 W o < \
= 8 I 4 3+ N
< - ~
- = S
1 “ 10 -
“ 6t 250 W 1 = T 40 mTortN
=z ' s
[7,] L
S 4} - =
o 500 W
T e T e nen
© Ty 0 0.2 0.4 0.6 0.8 1
0.2 04 ~ 06 08 1 Normalized time
Normalized time (b)

FIG. 15. CX' density during a pulse for different powers. Other conditions asFIG. 17. Electron temperatufe) and electron densit{b) during a pulse for
shown in Table II. different pressures. Other conditions as shown in Table II.
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FIG. 18. Species density ratios as a function of pressure in a steady state
plasma. Other applicable conditions as shown in Table II. FIG. 19. @ density during a pulse for different pressures. Other conditions
as shown in Table .

by Forster and Holbéf in an ECR oxygen plasma. The elec-
tron density has a peak with pressure; it decreases at lothhe peak O densities occur at 30, 21, and A8 after power
pressures due to a decrease in the number of particles avai$ turned off for the 5, 20, and 40 mTorr cases, respectively.
able for ionization, while it decreases at higher pressures duglso, the ratio of the peak Odensity to the density at power
to lower T, which results in a reduction in the ionization rate turn off decreases from 4.8 to 3.6 in the same pressure range.
coefficient.

Increasing pressure results in increasing densities of botfy,. CONCLUSIONS
O, and O in the active plasm@ee also Fig. 6 An increas-
ing O density with pressure has been measured by Tsereﬁieg

and Miller’® in a parallel plate rf oxygen discharge. Figure : : o
b b va J g pulsed oxygen discharge. Dissociative attachment of elec-

18 shows the O/@ratio for a steady-state cw plasma for : 1
different pressures. Other conditions were those of the badions with ground stgte £and q, (a AQ) metastables can-
10t account for the increase in"Qlensity in the afterglow.

case. Increasing pressure results in lower fractional dissocia" 2 ) . . I+
tion as seen from the decreasing @f@tio. O' is the domi- In this work, new chemistry involving the 4 eVQ’QA 2y

3 Iy - i
nant positive ion as O is the dominant neutral in the highly“LC A,t+cy,) metastables, as suggested by Hayashi and

37 i i i
dissociated system. The'@D, ratio decreases with pressure Kadota,” was used to sw_nulate a h|gh denS|t_y power-
while the q density increases with pressure and thé O modulated(pulsed oxygen discharge, using a spatially aver-

density shows a weak peak at 30 mTorot shown. Keller aged(well mixed reactor_mc_)del. The temporal behavior of
et al%” found the ion density to decrease with pressure in thd€ O and electron density in the afterglow was captured by

range 1-30 mTorr in an ICP. Apparently, in this pressurethe simulation. Also, the behavior of the predicted oxygen

range, the effect of decreasifig with pressure was domi- atom concentratﬁon asa functior_1 of pressure in a steady-state

nant resulting in lower ionization. Also shown in Fig. 18 is plasma was similar to the exptﬁrlmental re_sults. Howeyer, the
model predicted a decrease in @ensity with power which

is opposite to the trend observed experimentally. A paramet-

ric analysis was conducted to study the effect of operating

conditions on the plasma properties and species densities.

The wall recombination probability of oxygen atoms affected

Hayashi and Kadof4 measured a large increase in the
ative O concentration in the afterglow of a high density

the calculated O/n. density ratio. Higher @ density at
higher pressures results in higheé"(ﬂensity and conse-
quently higher O density. The O/n, ratio increases with
pressure, whilen, reaches a peak at 30 mTdaorrespond-
ing to the peak in O density, not shown The behavior of
0/0,, 0"/0;, and O /n, with pressure is in agreement with
the observations of Leet al?® The simulations of Shibata
et al>° showed a peak in ©D(dominant positive iondensity
and those of Stoffelst al*>® showed a peak in, with pres-
sure.

Figures 19 and 20 show théGand O™ densities at three
different pressures, 5, 20, and 40 mTorr. Highé‘P @ensities
are obtained at higher pressures. Tr@ @ensity does not
show any significant modulation at any of the three pres-
sures. The O density rapidly decreases within the first 7—15
us after power is turned ort€£0). This is due to @ dis- F
sociation and also formation of more"Qvhich neutralizes S T SN S
O~. As discussed before, the Odensity increases in the 0 0.2 04 06 08 1
afterglow initially due to dissociative attachment and lower Normalized time
neutralization losses with Oand then decreases slowly due gig. 20, o density during a pulse for different pressures. Other conditions
to wall losses and ion—ion neutralization. In the afterglow,as shown in Table II.
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