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Self-trapping of negative ions due to electron detachment
in the afterglow of electronegative gas plasmas
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The spatiotemporal evolution of charged species densities and wall fluxes during the afterglow of an
electronegative discharge has been investigated. It was found that plasma decay crucially depends
on the product of negative-ion-detachment frequengy) (and diffusion timery. If yq74>2,
negative ions convert to electrons during their diffusion towards the walls. The presence of detached
electrons results in “self-trapping” of the negative ions, due to emerging electric fields, and the
negative-ion flux to the walls is extremely small. Thus, negative ions can be extracted in the
afterglow only if y474<2. © 2000 American Institute of PhysidsS0003-695(00)00320-X]

Negative-ion-rich(electronegativeplasmas are of great Einstein relatiorD, =T uy. Ty is thek-specie temperature.
importance in semiconductor manufacturingegative-ion  The self-consistent electrostatic field can be found from the
source$:® the D layer of the lower ionosphefeetc. There  condition of zero net currerjt= e(I',—I'y—T¢)=0, and is
often appear new and interesting phenomena in plasmas cogiven by
taining negative ions in addition to electrons and positive
ions; see, for example, Refs. 5-7. E= DpVP~DnVn DeVne.

Pulsed plasmas in electronegative gases have been MpP+ pnN+ peNe
shown to offer important advantages compared to their Tpe symbols and subscrips n, ande correspond to

. _3 . . . 1
continuous-wavécw) counterparts: Negative ions are dif- positive ions, negative ions, and electrons, respectively. If
f!cult to extract from cw plasmas because of the elec_trostat|9ne electron density N> upP, ian) and its gradient are
fields due to the presence of electrons. When power is turnegh 100 small, electrons are described by Boltzmann equilib-
off in _the afterglow, however, electrons disappear because gf,m: = —(T./e)V(Inny). Equation (1) for the electric
dlffu5|qn to_the walls and attachment to gas molecules. Aftefialg along with the mass continuity equations for negative
some time in the afterglow, the electron density and temperggns and electrons, the electroneutrality constraint, and an
ture are too low for any significant electrostatic fields to €X-gquation for the electron temperature yield a complete sys-

ist, and a transition occurs from an glectron-domlll?)ateqem of equations that describes the spatiotemporal evolution
plasma to a positive-ion—negative-iion—ion) _plas_maf?‘ of charged-species densities, fluxes, and electric field.

After that time, it is possible to extract negative ions out of

the plasma. Nevertheless, there are situations for which the dn d

electron density in the afterglow does not decay to a level for E_'“”5<Ti X +eEn) = Vale™ yaN— Biinp. (23

the fields to completely disintegrate. An example is detach-

ment of negative ions in the afterglow that generates new 9P J (T p

()

electrons. Under such circumstances it is possible for nega- ot Meox| Tiax
tive ions to remain trapped in the plasma. Conditions for this

scenario to occur are studied in this letter by numerical simu-  Ne=P—N. (20

lation and mathematical modeling. _ In Egs.(2a—(2¢), B;; is the ion—ion recombination rate co-
We assume that the ion mean-free path is smaller thagfficient, andz,,,,,, va1, andy4, are the ionization, attach-
the characteristic chamber dimension and examine ONguent and detachment frequencies, respectively. We impose
dimensional species transport in a parallel-plate geometrypo Bohm velocity for positive ions at the plasma-sheath
This study is applicable to plasmas that are not strongly eleG;qndary. The negative-ion flux is calculated as shown by
tronegative(e.g., oxygenand electron detachment can occur pqhida and Liebermaht Equations(2a—(20) are supple-
in the afterglow. The molecular-oxygen-ion mean-free pathyenied with an equation for the electron temperatre.
in an oxygen discharge at the lowest pressure stuced We have chosen a model electronegative gas based on
mTorn is smaller than the interelectrode gap. The smallyyygen chemistry? We did not account for dissociation of
mean-free path is due to the large cross section for resonag;(ygen molecules, assuming that the deposited power is
charge-exchange collisions. For a collisional plasma, thgma|| The chemistry model was validated against experi-

species fluxes are described by a drift-diffusion modi§l,  mental measurements of ion and electron density and their
= —Ddny/Ix= uneE, whereD, and w, are thek-specie profiles in cw oxygen dischargéd.

diffusion coefficient and mobility, respectively, tied by the Figures 1 and 2 show typical results of negative-ion and

electron densities, metastable singlet dal’czé‘g (0%), and
dElectronic mail: economou@uh.edu electron temperature at the discharge center, as well as the

—eEp) =ZionizNe= BiiNP, (2b)
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the plasma, and there is practically no negative-ion current to
the wall. In the afterglow(power off), the electron tempera-
ture drops rapidly at first, mainly due to electron-impact ex-
citation losses. Several tens pf into the afterglow, the
electron temperature has decreased from severalre¥
shown) to practically room temperature. Thus, late in the
afterglow high-threshold electron-impact reactiofexcita-

tion, ionization, as well as attachment, switch off. For the
plasma parameters of Figs. 1 and 2, the main processes in the

Temperature, eV

; , —0.0 afterglow governing plasma dynamics are transport and de-
0.0 05 1.0 15 o o :
_ tachment of negative ions due to collisions with metastable
Afterglow time, ms oxygen moleculdé O% . Note that the concentration of

metastables is large because of their low wall quenching
probability (~103).

Comparing Figs. 1 and 2, one can see a drastic differ-
ence in behavior. In Fig. (at 2 mTor), the plasma is rapidly
depleted of electrons. As a result, the plasma electronegativ-
ity (ratio of negative-ion density to electron densityn,)
increases and a transition occurs to a practically electron-free

0.0 05 1.0 15 (ion—ion) plasmaE~114This transition is abrupfoccurs just
Afterglow time, ms before 0.25 ms in Fig.(&#)], accompanied by rapid escape of
_ _ the remaining electrons by essentially free-electron diffusion.
FIG. 1. Temporal evolution of plasma parameters in the afterglow of modeLI_h lect d ity tends t | . finite ti
electronegative gas based on oxyg@:densities at the center of the dis- ee e(_: ron en_SI y . ends 1o nearly zero in a nnite ime,
charge; n: negative-ion densityn,: electron density;n,,: metastable  after which negative ions come out of the plasma and the
a'A 03 density;T, : electron temperature arft) fluxes at the wall electron  negative-ion flux to the wall increases sharfdy 0.25 ms in
I'e, positive ionl";, and negative iod", flux, respectively. Oxygen pres- Fig. 1(b)]. At a pressure of 4 mTorr, however, the temporal
surep=2 mTorr, discharge interelectrode gap 10 cm, and average powerv lution of electron densit nd V\’/ Il flux ’i moletel
density 10 mW/cra evolution of electron density a all fluxes is completely
different. The electron density does not decay as rapidly and
. . .. the plasma electronegativity is not very large, to the point
;:r?argf?d slpeC|es quxgstat thzwi}l" ?ltl asa fflj_ﬂcuonl Of(;_'fme Mhat the electric field is determined almost entirely by elec-
e afterglow(power is turned off at time)0 The only dif- trons (Boltzmann equilibriuny Negative ions are trapped in

feregcel bet\t/\r/]een I?gs. 1| ?Ar,](d 2 s the dlschatr_ge PTESSUre. ihe vessel and the negative-ion flux is nearly zero during the
uring the active glow(power on, negative ions are entire afterglow[Fig. 2(b)].

piled up in the interior of the vessel by the electric field in In Fig. 1, the electron temperature rises slightly later in

the afterglow since there is some energy deposited by the
(a) detached electron®.6 eV per eventand this energy is dis-

Wall fluxes, cm™s™

ki 1.0 tributed to a very small number of electrons.
101 los The metastable density does not change appreciably in
2 10" 3z the afterglow in Figs. 1 and 2, because there are no appre-
S 40" n 106 @ ciable losses of metastables. For example, the rate of wall
%‘ 10°1 L _04*3 and electron quenching of metastablédominant loss
g 10°] "e/ 2 mechanismsis of the order of 10-100 ms much smaller
. -0.2% than the 2 ms time period shown. This also results in sub-
L N T— = stantial metastable density in the discharge.
10;.0 05 10 15 2'8- Theoretical analysis shows that the crucial parameter

that controls behavior iyy74—the product of negative-ion
detachment frequencyy{=Kgyn,,) and negative-ion free-
diffusion  time  (rq=A2/D,). Here, D,=6.9
x 10%(cn?s Y)/P(mTorr), Kq=3x10 %cm®s 1is the rate
constant for detachmefitn,, is theO% density, and\ is the
effective ion-diffusion length® For a pressur@=2 mTorr,
v47¢= 0.55, while forp=4 mTorr, yy7q=1.5.

In Fig. 3, the maximum negative-ion flux during the af-
terglow is shown as a function of pressure. Beyond a pres-
sure of 3.5 mTorr, the negative-ion flux is very smdy a
' : ' few orders of magnitude Thus, negative ions can be ex-
0.0 05 1.0 1.5 2.0 tracted in the afterglow only if the pressure is smaller than a
critical value. The critical pressure depends on the values of
other plasma parameters. It turns out that the critical pressure

FIG. 2. All conditions are the same as in Fig. 1, except4 mTorr. is determined by the conditiofg7y~ 1.
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and the charged species fluxes correspond to free-electron
and ion diffusion. The corresponding ratios of wall fluxes are
L/l y=2%4/(1+%g) and I, /T;=(1-5)/(1+7q).
Physically, this means that electrons are quickly removed by
free diffusion. The electron flux in the late afterglow is pro-
duced by detachment of negative ions during their free dif-
fusion. This implies that the electron flux is proportional to
vq7q- If 74=1, the physical picture changes drastically. The

I solution to Eq.(5) is now y= (74— 1)/Pa, and I'e/T',
2 3 4 5 6 7 8 17 18 =1, I'y/Ty= (ui/ me)(y+2)/2y(y+1). This corresponds
pressure, mTorr. to a relatively large number of electrons in the afterglow.
The presence of these electrons causes the negative ions to
be trapped. In the limik; /u. — 0, Equation(5) describes a
transcritical bifurcatiort”
o o The simplified theory has several limitations. The elec-

Negative-ion self-trapping in the afterglow can be ana-yqn temperature in the afterglogee Figs. 1 and)Zan be
lyzed by a simplified model. We assume that the electrofiyger than the ion temperatutthe latter is close to room
temperature in the afterglpw is eq.u'gl to the ion '[emperatur?emper‘,ﬂur)3 ion mobilities can be different, and ion—ion
Ti=T.=T, and that the ion mobilities are equah=r,  recombination can play a role. Despite these limitations, the
= w; for simplicity. We also assume that ion—ion recombi- ihe4ry seems to capture the system behavior semiquantita-
nation is slow compared to attachment/detachment and it Cy,ely. For example, the theory predicts the transition to take
be neglected. Negative-ion detachment occurs via reactlor}ﬁace at a value ofy74=2, but numerical simulatiofwith-
with O . out the assumptions incorporated in the thégmedicts the

For zero-density boundary condition for all charged speyansition to happen at a pressure of 3.5 mTorr, which cor-
cies at the wall, the spatial profiles tend to the fundamenta1lespondS toygry=1.5. Also, if y47q is small, the analytical

mod_e, after a short [1)6eriod in the afterglow: all three densityagtimate of the flux ratid, /T, ~ y44 matches the simula-
profiles are similaf™ tion results (At p=2 mTorr, y474=0.55, and simulation
vVn Vp Vn, predictsI'./T",, =0.499; atp=1.5mTorr, y474=0.28, and
oo =cog mx/2L). (3)  simulation predictd’/T',=0.3). The reason for this close
agreement could be the fact that, in spite of highgr the
Substituting the electric field, Eq1), and the density pro- electron density is too small in the late afterglow for the

10°

FIG. 3. Maximum of negative-ion flux in the afterglow as a function of
pressure. All other conditions are the same as in Fig. 1.

files, Eq.(3), into Egs.(2a—(2b) results in fields to be important.
an F—1 In summary, negative ions can be extracted in the after-
riaie rgln - + v Ne— vy, (49 glow of electronegative discharges onlyyif74<2. This im-

plies that negative-ion sources should operate at low pres-

ap F+1 sures and not too large gaps.
_ -1
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