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Kinetic modeling of relaxation phenomena after photodetachment
in a rf electronegative SiH, discharge
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The global relaxation process after pulsed laser induced photodetachment in a rf electronegative SiH
discharge is studied by a self-consistent kinetic one-dimensional particle-in-cell-Monte Carlo model. Our
results reveal a comprehensive physical picture of the relaxation process, including the main plasma variables,
after a perturbation up to the full recovery of the steady state. A strong influence of the photodetachment on the
discharge is found, which results from an increase of the electron density, leading to a weaker bulk field, and
hence to a drop in the high energy tail of the electron energy distribution fun@BbF), a reduction of the
reaction rates of electron impact attachment and ionization, and a subsequent decrease of the positive and
negative ion densities. All the plasma quantities related to electrons recover synchronously. The recovery time
of the ion densities is about 1-2 orders of magnitude longer than that of the electrons due to different recovery
mechanisms. The modeled behavior of all the charged particles agrees very well with experimental results from
the literature. In addition, our work clarifies some unclear processes assumed in the literature, such as the
relaxation of the EEDF, the evolution of the electric field, and the recovery of negative ions.
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[. INTRODUCTION ments, only a few theoretical studies were matie—14,
which analyzed only particular aspects of the relaxation. No
Laser induced photodetachment is a widely used techeomplete physical picture of the relaxation process was
nique to measure the density, thermal energy and velocity ddiven in previous theoretical studies due to the lack of effec-
negative ions in electronegative rf dischargesy., Refs. tive kinetic methods to describe the whole relaxation process
[1-8] and references therginThis method applies photons in electronegative discharges.
to transform negative ions by photodetachment into electrons Passchier and Goedhe@oO] used a fluid model to inves-
and neutrals, and subsequently an increase of the electrdigate the relaxation phenomena of extra electrons after a
density is detected by microwave cavity resonance spectroi2Ser induced photodetachment pulse in, @Fdischarges.
copy[1,2] or by the optogalvanic methd@] or by using a The rela>_<at|0n of the_ electron den_3|ty, the reaction rates of
probe[4—6,8. From the measured electron density, the negag—:-lectron impact collisions such as ionization and attachment,

tive ion density can be deduced, since the loss of negativ n_d the electron flux to .the wall were stud|ed.. However, a
) . : uid model cannot describe the electron behavior accurately
ions is equal to the production of the electrons. From the

. . o . . nd kinetically, and some simplifyin mptions regardin
investigation of the negative ion recovery, combined with and kinetically, and some simplifying assumptions regarding

L L X %he fast relaxation of the electron energy, and hence a quick
ballistic approximation equation, the thermal energy of therecovery of the reaction ratésnly several rf cycles at a few

negative ions ?s obtaineld]. !n addition, from the duration _hundred mTorx, were used in their model. As a result, they
of the plateau in the probe signal, an estimate of the negativig,nq that the relaxation time of the extra electrons is several
ion velocity can be madgs]. _ _times longer than the experimental value. The authors of Ref.
Since the photodetachment method relies on the detectiqn 1] investigated the effect of laser induced photodetachment
of the electron density, it is very important to understand then an oxygen rf discharge by using a relaxation continuum
relaxation mechanism of the extra electron density and enmodel, which is also based on the fluid approfth]. They
ergy. Since electron relaxation will influence the ionizationconsidered the effect of continuous laser irradiation or of a
and attachment rates and the production of positive antbng laser pulse on the discharge. They also assumed that the
negative ions, and hence the whole discharge, it is also imelectron energy distribution functioEEDF) relaxation is
portant to understand the global relaxation characteristicszery short(just one rf cycle, and ignored the influence of the
Many experimental studies have been performed to investiphotodetached electron energy on the EEDF. They only took
gate relaxation phenomena, such as the decay of the extiiato account the influence of the change of the electron num-
electron densitye.g., Refs[1,4,5]) and the recovery of the ber density on the electric field. Since the electron density
ion densitieqe.g., Refs[5,9]), etc. However, unlike experi- and the EEDF are the key parameters determining the relax-
ation of the whole rf discharge, and since the relaxation pro-
cess is accompanied by a strong kinetic variation, the as-
*On leave from Dept. of Engineering Physics, Tsinghua Univer-sumption concerning the fast recovery of the EEDF in the
sity, China. Email address: yan@uia.ua.ac.be above described fluid models is not justified.
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The authors of Ref[12] used a hybrid fluid-kinetic ap- such as a rf discharge with the interaction between the elec-
proach to study the overshoot in the time dependence of thigic field and the charged particles, theoretical studies can
electron density perturbation in low pressure hydrogerassist in understanding the physical mechanism and clarify
plasma. In this model, electrons and positive ions are dethe observations in the experiments. A comparison between
scribed by the fluid theory, while negative ions are treatedPur simulation results and experimental results from the lit-
within the ballistic kinetic theory without considering the €rature is used to validate our model and to assist in the
effects of the electric field. The authors of REE3] consid-  interpretation of the experimental observations.
ered the effects of a self-consistent electric field on negative
ions, and used a self-similar methédell known in hydro- Il. MODEL DESCRIPTION
dynamicg to examine the counterflow of the negative

plasma species. Both studies assumed that electrons insideThe PIC-MC method is based on a kinetic description of

and outside the laser impact region mix to an equilibriumParticle motion in phase space. Charged “superparticles”

state only with a density inhomogeneity, i.e., the electrondnove in the self-consistent electric field which they generate.
are ruled by the Boltzmann law Recentl;l/ vanetval [14] A Monte Carlo formalism is used to describe collisions. This

studied the initial perturbation in a plasma with negativemethod simulates the behavior of the particles on the lowest

ions. They used an analytical method, namely, a kinetic a r_picroscopit_: level, anq it.does not make use of many assump-
y y y b ons. Detailed descriptions of the PIC-MC method can be

h he Fourier-Lapl f h
proach based on the Fourier-Laplace transform and on t ound, e.g., in Refs[17], [18]. Many speed-up methods

linearized kinetic equation for electrons and positive an 16.19 f btaini h iodi d its h
negative ions. They derived expressions for the electron den-"" 9 for obtaining the periodic converged results have
een used in the present simulation.

sity as a function of time and coordinates, and explained th - ) . .
appearance and disappearance of a dip in the electron densit}(-.rhe. discharge gas is assumed to be pure _s!lane. For sim-
profile. Since the authors of Refd2—14 mainly used ana- Plification, only three types of'cEarged specifiss., elec-
lytical methods to describe the relaxation process, many adfons €), positive ions (Sif"), and negative ions
sumptions had to be made, and only limited situations andSiHs )] are taken into account, which is justified by Ham-
separate phenomena were considered. For example, elas@gs’ measuremen{20] and results from fluid modelin1].
and inelastic collisions were neglected, and they assumebine electron impact collisions included in the model are
that the initial negative ion density is much less than theelastic collisions, vibrational excitation, attachment, disso-
electron density, and that electrons mix to an equilibriumciation, and ionizatior{16]. The ion impact collisions are
state. Consequently, Ref§12—14 were limited to weak e€lastic collisions, charge transfer and positive ion—negative
electronegative discharges, to a non-full recovery proces®n recombinatior{16]. The initial conditions and assump-
(collisions are very important for the full recovery of ions; tions for the simulations are the following.
see be|ov)/, and to local phenomena_ (1) A laser pulse is fired after the diSCharge has reached a
In the present paper we investigate the complex relaxatioReriodic steady state, and the pulse duration is neglected.
mechanism after instantaneous laser induced photodetach- (2) The negative ion density (SiH) in the laser impact
ment in electronegative rf discharges by a completely selfregion drops due to the photodetachment, and the same
consistent kinetic one-dimensional particle in-cell-Monteamount of electrons is released by the photodetachment at
Carlo (PIC-MC) model developed specifically for discharges exactly the same position. The positive ion ($il density
in SiH, [16]. The SiH, rf discharge serves as an example todoes not change during the pulse.
qualitatively demonstrate the general characteristics of the (3) The only laser induced reaction is considered to be the
relaxation process after photodetachment in other electrongrhotodetachment SiH+hv— SiH;+e™. The electron af-
gative discharges. The ratio of the electron density and thénity of SiH; is 1.4 eV[22].
negative ion density in SiHdischarges is in the same range  (4) All the detached electrons have an energy of 1 eV,
as in CR and C}, discharges for similar discharge conditions. which is the difference between the photon energy and the
There are some experimeifiis3] which concerned the study electron affinity.
of photodetachment in GFRand C}, discharges. These dis- (5) The laser is fired at the beginning of a rf cycle.
charges have physical characteristics similar to those of SiH (6) The process is considered to be one dimensional. The
discharges. The present work is a representative study of tHaser beam is assumed to be infinite in directions parallel to
main relaxation mechanism after photodetachment, using the electrodes.
well developed code. (7) The background gas densitieed gagis regarded as
We study relaxation process after a perturbafjphoto-  uniform and the gas pressure is fixed during the simulation.
detachmentup to full recovery of the steady state. We focus In order to compare the influence of both the plasma bulk
on the relaxation mechanism, including the evolution of thefield and the sheath field on the relaxation phenomena, we
charged particle densities, the electric field, the EEDF, thehoose the laser injection point not at the discharge center
average electron energy, and the reaction rates of the electrdit at a position 1 cm below the grounded electrdtie
impact collisions as well as the power dissipation, after thedistance between the two electrodes is 3.chle laser beam
photodetachment. The influence of the pressure and the effiiameter is 2 mm. A sketch of the photodetachment event in
ciency of the photodetachment on the relaxation process ihe reactor is shown in Fig. 1.
discussed. Since experimental data are often the result of a If not specified otherwise, all negative ions in the laser
combination of many different effects in a complex systembeam are assumed to be photodetached. The applied rf fre-
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FIG. 1. Sketch of laser photodetachment in the rf discharge. FIG. 3. The calculated evolution of the ration a logarithmic

scalg of the integrated electron density and its original value. The
quency is fixed at 13.56 MHz. The power is 7.5 W which conditions are the same as in Fig. 2. The ellipse in part 1 marks the
implies an applied voltage of around 300 V. The pressureglateau at the beginning. The ellipse in part 3 marks the overshoot.
are 400, 100, and 30 mTorr, respectively, which is in the

normal pressure range for thin film deposition in Jitfls-  photodetachment. It appears that the relaxation process of the
charges and which is also in the same range as in REffs. extra electrons proceeds as follows.

[10], [11]. We want to study the_ main_ relaxatioh mechanism (1) The extra electrons diffuse very rapidly due to the
after photodetachment, which is easier at a higher pressurgyong electron density gradient in the laser impact region.
where the densities of the charged species are higher, and thg, e we assume the laser impact point close to the grounded

phenomena can be studied even at a relatively low iNPUecrode, the diffusion is stronger towards the weak field
power. Based on the tendency from 400 to 30 mTorr 'gside i.e., the plasma center

Table I, the situation of a few mTorr CO.UIC.j also be_ d_educe (2) The peak of the extra electron density decreases with
(see below. The secondary electron emission coefficient and[. ’ . .
. O ime; the profile becomes broader than the width of the laser
the reflection coefficient from the electrodes are assumed t )
eam, and the peak shifts to the plasma ce(stee the curve

be zero. In the simulations we use 64 spatial grid points an
1000 time steps in one rf cycle. For each type of charge t the 100th rf cycle When the peak decreases at the laser

particle (i.e., electrons and Siff, and SiH~) 3000-7000 impact point, it can split into two peaks after a certain relax-
“superpartiéles” are followed. ’ ation time; this effect is more pronounced at low pressure,

but is not shown here. This dip in the density profile was
discussed in Ref.14].

Ill. RESULTS AND DISCUSSION (3) After 500 rf cycles, the electron density profile has

_ _ recovered almost completely. It is clear from Fig. 2 that the

A. Relaxation of the electron density and energy relaxation of the local effect of photodetachment is not only
1. Relaxation of the electron density a local behaviori.e., at the laser impact poinbut also a

) ) ?Iobal process.

The electron density profiles at zero, ten, 100, and 500 1T The relaxation behavior of the electron density was mea-
cycles after the photodetachment are shown in Fig. 2. “Gsyred in experimen{#,5], where the photodetached electron
us” means that the sample is taken immediately after thgyrrent was collected by probésee Fig. 2 in Ref[4] and

Fig. 3 in Ref.[5]). The typical electron current signal vs time

2.5 - reflects the relaxation process of electrons. The extra electron
= current in Refs[4,5] shows a more or less steady state pro-
£ 20+ file at the beginning, then it drops quickly and after an over-
2 o shoot back to the original value. This relaxation behavior is
2 151 Ty s (00 quite similar to the picture obtained from our simulation.
g 4 37us (5007) Figure 3 shows the global evolution of the ratiorf/n, .

g 107 i n. is the integral of electron density over the discharge after
§ 05 Oég%% the photodetachment, amg , is its original value. It can be
E e @%%L . seen that there are four steps for the electron density relax-
0.0 e —— - ation. During the first several rf cycles the valuemfing o
0.0 1.0 2(em) 20 3.0 is rather constant. Then, in the second stage, it drops with a

more or less constant speed. The third step shows an over-
FIG. 2. The calculated electron density profile at zero, ten, 1008hoot, after which the electron density stops to drop; finally,
and 500 rf cycles after photodetachment, at 400 mTorr, 13.56 MHz{he steady state value is recovered. The recovery time of the
and 7.5 W. The laser impact point is at 1.0 cm below the groundeglectron density £.) is about 37us for the 400-mTorr case.
electrode(cf. Fig. 1). 7 is the time period of one rf cycle. These relaxation phenomena can be understood from the ob-
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servation that at the very beginning the extra electrons need
time to diffuse away from the laser impact point, and the ,
later fast drop occurs when the electrons start to leave the— = — ,
discharge. The overshoot is related to a loss of positive ions fo 2 f J' f E2d3r
accompanying the electrons and to less production, causing cavity
the total electron density to decrease below its initial periodic 1)
steady state value in order to maintain charge neutrality, be-
fore returning to the original valugs,12,23. The overshoot \yhere Af’ is the frequency shift caused by the extra de-
in the electron density in the probe experiments mentionegached electrond,, is the resonance frequency of the empty
above is much Stronger than that obtained in our Simulatio%avity, Me is the mass of an e|ectro|e, is the e|ementary
Further, in the experiment with microwave cavity resonanceharge,w is the angular frequency of the microwaves, is
spectroscopy1], this overshoot cannot be seen. The stronghe electron collision frequenc¥ is the microwave electric
overshoot in the experiments could result from the influenceield distribution in the cavity,O is the area of the laser
of the biased probe which can disturb the plasma due to iteeam,An, is the extra electron density, amRlis the inner
applied voltage. radius of the cavity. The authors found that the extra electron
Note that part 2 in Fig. 3 has less fluctuation than thedensity decays with two clearly different time scalsse the
steady state pafmarked by 4 in Fig. B This is because in 100-mTorr Cl discharge in Fig. 3 of Refl1]): (i) a fast
part 2 the relaxation of the electrons is dominated by thelecay in severaks and(ii) a slow decay in several tens of
strong electron diffusion. Consequently, the fluctuation ofus at 100 mTorr. The authors explained this behavior by the
the electron impact collisions in part 2 is not as apparent afct that the first fast decay period is related to a lower power

R
(Aneezlmesowz){O/[1+(vﬁq/wz)]}f_REzdr

in part 4. input caused by the photodetachment, which leads to a fa-
Note thatr, of 37 us in our situation is quite different VOring of attachment over ionization in the discharge, result-
from the experimental valut,5], which is less than Js. ing in a decrease of the net generation rate of the electrons.

However, the recovery of electrons after photodetachmer’%or the second period, the authors assumed that the extra
h(_alectrons have relaxed to have the same temperature and spa-

depends on the production by ionization, the loss by attach= >~ .~ "> °
ment, and the diffusion to the wall. After the photodetach—t'al distribution as the rest of the electrons. The total number
of electrons is then still higher than before the laser pulse,

ment has taken place, the effect of the ionization and attach- ; . e
. and will tend to return to the original value on a diffusion
ment on the electron relaxation can be neglected due to tt}-

S fmescale.
reduced ionization rateR},,) and attachment rateR(;) (see The total electron recovery time shown in REf] is of

Fig. 7 below and due to the strong electron density gradienty,e same order of magnitude as our simulation, but we did
Therefore, the diffusion process dominates the relaxation gfot observe the two decay speeds. In our simulations, we did
the electron density, and, depends mainly on the diffusion, not find that the attachment events are much favored with
and hence on the background gas pressure. In the expefespect to the ionizatiotsee Fig. 7 belowin the first period
ments[4,5] the pressure is several mTorr, while our simula-of the experiment mentioned above after the photodetach-
tion results are obtained at 400 mTorr. Moreover, when thenent. Erom Fig. 2, one can see that the assumption of decay
pressure increases from 3 to 7 mTorr in the experiments, for the second period in Reffl] is not valid, i.e., the profile
increases from 600 ns to 1/s [5]. A similar strong rela- of the extra density cannot be considered to be as homoge-
tionship between, and the pressure is found in our simula- neous as the original electron density. The homogeneouslike
tion (see Table 1l beloyw When the pressure decreases fromprofile of the electron density occurs only when the profile
400 to 30 mTorr,7, reduces from 37 to %s. Some other has recovered almost completely. We think that the different
factors can also cause the differencerin First, the signal decay behaviors between the simulation and the experiment
collected by the probe will not reflect the total extra electroncould be a result of simplifying formulél) in Ref.[1], from

density because it has been pointed out that the probe is onfy form with an integration over the whole cavity to the
sensitive to density fluctuations up to 1 mm from its axis present one. It is also possible that another relaxation mecha-
and will not measure the density fluctuations that occur afiSm Plays arole, like the-e collisions that are not included
larger distance86]. However, as shown in Fig. 2, the extra in our model, and that at the beginning the electron density

electrons can diffuse far from the laser impact region. Sec! the laser impact zone is very high. Moreover, the fu_nct|on
f the attachment cross section vs energy for the,$jbb

o_nd, we only consider the 1D_casg, relaxation in the radia as a peaked shap@?2], which is quite different from the
direction can also reduce,. Third, different gases are con- CF, gas investigated in RefEL,10]
sidered, in the simulations Sjrand in the experiments 4 e
The global decay behavior of the extra electrons was also
compared with another experimental resdli, where the
extra electrons were measured by the microwave cavity reso- Since the electrons obtain energy from the electric field, it
nance spectroscopy method. A frequency shift due to thés interesting to check first the evolution of the electric field
extra free electrons created by the photodetachment wand potential after the photodetachment. Figure 4 shows the
measured, and consequently the extra electron deAsity electric potentials at zero, ten, 100, and 500 rf cycles after
was deduced according to the form{ild the photodetachment. At the beginning the potential tends to

2. Relaxation of the electron energy
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FIG. 4. The calculated evolution of the electric potential distri-

FIG. 6. The calculated evolution of the average electron energy

bution in the discharge. The conditions are the same as in Fig. 2.profile after the photodetachment. The conditions are the same as in

Fig. 2.

be flat(from zero to ten rf cyclesi.e., a weak electric field,

and after a long timé37 us, i.e., 500 rf cycles the potential

ning around =0 (see the part marked 1 in Fig).3Note that

returns to its original shape. The reason for the decrease dfie sampled time step for this curve is ten rf cyqié40 ns.

the field is the increase of the electron density, which in-With the electric field weakening, the power dissipation
creases the conductivity. The continuity of the current re-drops(almost a factor of 2; see the part marked 2 in Fig. 5
quires a small potential difference in order to compensate foand after about 500 rf cycles it recovers following the evo-

the increase of the conductivity. In R¢&] the authors ana-

lution of the electric field'see the part marked 3 in Fig).5

lyzed the electric field after the laser shot. They assumed a Figure 6 shows the averaged electron energy profile at
change from a field-free situation to a nonzero electric fieldpne, ten, 100 and 500 rf cycles after the photodetachment. It
which reduced the diffusion flux of electrons and acceleratedeflects the characteristics of the relaxation of the electron
the filling flux of negative ions. Our result clarifies the be- energy.

havior of the field, that is, the evolution from a relatively

(1) In the first several tens of rf cycles after the photode-

strong field to a weak one. This tendency toward a weaketachment, the average electron energy in the laser impact
electric field corresponds to a change of the electric field ategion does not increase immediately but decreases further.
the transition from an electronegative discharge to an electhe reason for this is that the fast electrons lose energy due
tropositive discharge. Indeed, after photodetachment, the all kinds of collisions, and a large amount of 1-eV elec-
negative ion density drops while the electron density in-trons will also lose energy due to vibrational excitation col-
creases; hence the discharge resembles an electropositisions (the threshold energies are at 0.11 and 0.27 eV, re-
one. This decrease of electric field also agrees with a statapectively. In addition, the slow electrons cannot be heated
immediately because of the weakened electric field after the
The evolution of the electric field results in a special be-photodetachmersee Fig. 4.
havior of the total power dissipation in the discharge. Figure (2) Following the diffusion of the slow electrons, the av-
5 shows the total power dissipation vs time. The powereraged electron energy decreases in the whole discharge, and
evolves in a three-period process. In the first several rf cyclethe minimum point of the energy coincides in time and po-
after the photodetachment, the electric field does not changsition with the movement of the maximum in the electron
very much, and the power dissipation remains the same atensity(see Fig. 2
the original value, which corresponds to a peak at the begin-

ment from Ref[3]
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10 4 mE ]
4 80 16 4 Rion
< 1 3 =
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FIG. 7. The calculated evolution of the ionization ra(),
FIG. 5. The calculated evolution of the power dissipation in thethe attachment rateR(,;), and the ion-ion recombination ratR )

discharge after photodetachment. The conditions are the same asafter the photodetachment. The conditions are the same as in Fig. 2.
Fig. 2. The sampled time step is ten rf cycles. The sampled time step is ten rf cycles.
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can deduce that the reaction rates of attachment and ioniza-
tion should have a similar behavior. In Fig. 7, we present the
evolution of the space and rf period averagig andR ;. It

can be seen that they show similar behaviors. This behavior

(3) The average electron energy recovers with the same 10000 5 10000
characteristic time as the electron density. 3 5 too0
From the evolution of the average electron energy, one —~ 10004 & 100

18

w

w

0 4 8 12 16 20
energy(eV})

h Ous
104 Hw 0 0.74ps (107)

EEDF (arb. units
=
S
N

of the evolution ofR;,, and R,; coincides with the power 9 T (000
dissipation(see above The evolution of the rates can be

divided into three periods. In the first period, only several rf 1 T ~
cycles, the reaction rates have not changed because at that 0 1§nergy(e\/§0 30

moment the fast electrons have not been consumed com-
pletely and the electric field has not changed too much. In FIG. 8. The calculated evolution of the EEDF in the discharge
the second period, the fast electrons are consumed in collafter photodetachment. The small inserted picture shows the EEDF
sions and loss to the walls, and the electric field becomei the first rf cycle after photodetachment. The conditions are the
weaker, so that the electron energy drops, and hence so @me as in Fig. 2.
Rion @and Ry In the third period(after 500 rf cycles with . o o o
the electron density and the electric field recovering to thdime. The vibrational excitation collisions broaden the peak
original values(see Figs. 2 and)4the electrons are heated toward low energies, and the electrical heating broadens it
up and the reaction rates also return to their original valuegoward higher energies. With the decrease of the heating due
We do not observe thaRy, increases oveR,,; this 0 the weakened electric field, the peak gradually moves to-
would lead to a long time scale for the first decay pefiee ~ Ward very low energies. In addition, the weak electric field
Figs. 4 and 5 in Ref.10]); this was also used as an assump-a!so Iea}ds to a significant decay of the high energy tail. From
tion to explain the electron density decay in REf]. We  Fig. 8, it can be concluded that the EEDF has been changed
think that the decrease of the electron energy is due to th&irongly. The recovery of the EEDF cannot be finished in
generation of cold electrons, which have an energy below théne If cycle, as assumed in previous wflo,11], and in
threshold of both the attachment and the ionization. Theref2ct it recovers synchronously with the electron density pro-
fore, the tail of the EEDF decreases as the inelastic processfi. Our result shows that it takes several hundred rf cycles
go on for a while, and, with this, the rates of both attachmenfor the EEDF to recover at a pressure of several hundred
and ionization decrease with more or less the same factof?Torr (In Refs.[10,11 the gas pressure varies from several
Furthermore, we think that the same qualitative influence ofundred mTorr to 1 Tor).
the electric field orR,; andR;y, should also lead to a similar
evolution behavior of the rates, although the behavior of the B. Relaxation of negative ions(SiH;™)

attachment cross section vs the energy can be different for Figure 9 shows the negative ion density profile (SiHat
different gases. The different behavior of the attachment angero, ten, 100, and 500 rf cycles after the photodetachment.
ionization rate in Ref[10] (which shows that the total at- The gip in the negative ion density profile in the laser impact
tachment does not change, while the ionization at the beginggion becomes shallower in time due to the inward diffusion
ning decreases a great deas actually due to the use of the 4 the surrounding zones, while the density in the other
average electron energy instead of the full EEDF to descnbﬁart of the profile, outside the dip, decreases graduakse
these rates in the fluid model. _ _ _the curve at the tenth rf cygleBefore the local negative ion
As mentioned above, in previous simulations of laser IN-gensity recovers completely, it goes down again with the
duced photodetachmeft0,11, the authors assumed that the 4|5pa| density(compare the local density value at the 100th

EEDF would return to its original shape in a few rf periods. 5nq 500th rf cycles in Fig.)9 These phenomena show that at
Consequently, the direct influence of the photodetachment

on the EEDF was ignored in these works. However, from 5.0

Fig. 6, it becomes clear that at 400 mTorr it takes several . ||--—-—— 8?4“5(101)
hundred of rf cycles for the average electron energy profile 404| & ;;g(gozi;>
to go back to its original value due to the weakened A

SiH; ion density (1016m-3)

electric field. 3.0
Figure 8 shows the EEDF of the total number of electrons

in the discharge at zero, ten, 100, and 500 rf cycles after the 2.0 -

photodetachment. The EED(rb. unitg has not been nor-

malized because we want to see the variation of the electron 1.0

density in energy space at different moments. One can see
that there is a jump at 1 eV, which reflects the extra electrons 0.0
appearing due to the photodetachment. Then this peak moves

to very low energies. The Inset in Fig. 8 shows the evolution

of the peak during the first rf cycle after the photodetach- FIG. 9. The calculated evolution of the SjHion density profile
ment. In this first rf cycle the peak becomes broader withafter photodetachment. The conditions are the same as in Fig. 2.

0.0 3.0

026405-6



KINETIC MODELING OF RELAXATION PHENOMENA . .. PHYSICAL REVIEW E63 026405

1.00 - 1.00 507 o
o ; 0.74ps (101)
¢ 7.4us (1001)
0.96 F0.96 gE 40| » 37,1?(50&)
=4
= 0.92 1 F0.92 F ¥
< [ c
S L0
0.88 - 0.88 5
= 1.0-
0.84 —— 0.84 @
0 200 400 600 800 1000 0.0 ¥
time(us) 0.0 1.0 2.0 3.0
. . . z(cm)
FIG. 10. The calculated evolutions of the ratio of the integrated
density of SiH™ and SiH", and their original values. The condi- FIG. 11. The calculated evolution of the SiHon density pro-
tions are the same as in Fig. 2. The sampled time step is ten ffle after the photodetachment. The conditions are the same as in
cycles. Fig. 2. The ellipse marks the indirect influence of photodetachment

on the positive ion density at the laser impact position.
the beginning the diffusion filling the dip lowers the global
density profile, and in the meanwhile the production of negacreases, the gradient of the negative ion density becomes
tive ions by the electron attachment also decreases stronglyjeaker, and, consequently, so does the diffusion. From this
hence there is no compensation for this “photodetachmengoint Eq. (2) is not valid anymore. During this period, the
loss™ of negative ions. Only after 500 rf cycles is the attach-recovery of the local negative ion density together with the
ment rate recoveretsee Fig. 7, and the total negative ion total negative ion density depends on the net increment rate
density begins to recover as well. of Ryw— Riem» Which is very small. At larger laser diameters,
The full recovery process of the space averaged negativi¢ie influence of the surrounding negative ion density and of
ion density is shown in Fig. 10 as the ratio of the integratedthe inelastic collisions is larger and the discrepancy appears
SiH;™ ion density (;-) and its integrated initial value earlier in time, leading to a larger disagreement between the
(ni— o). It can be seen that the SjHion density first de- measured result and the theory.
creases with the electron relaxati@ee Fig. 3, and starts to
recover when the electron density more or less returns to its
original value. The recovery time of the SiHdensity (r;) is
very long (about 600us at 400 mTorx, because it depends Besides the strong variation of the electron and the nega-
on the net production rate of SiH ions, i.e., the difference tive ion densities, the positive ion density profile ($ibi, as
betweenR,, and the ion-ion recombination rat&¢,,), and shown in .Flg.. 11, decreases towar_d a shape similar to that of
it was shown in Fig. 7 thaRu,— R is very small. the.nega'uve ions, due to the requirement of the charge neu-
Combining Figs. 9 and 10, we can explain the discrep-f[rauty gnd due to the reduced production of positive ions by
ancy between the measurements and the theoretical resul@flization (see Fig. 7. The change appears at the laser im-
regarding the long time evolution of the negative ion densityPact point(marked in Fig. 11 as well as in the whole dis-
in Refs.[5,23]. The authors found that the early-time evolu- charge. This chan_ge reducgs the deviation from the neutrality
tion of the local negative ion density is in good agreemenf?aused by the different diffusion speeds of electrons and

C. Relaxation of positive ions(SiH3")

with the ballistic approximation equation negative ions. The change of the local positive ion density
was observed indirectly in the experimdsaee Fig. 5 of Ref.
n_= n_oe—Rﬁl(vat)z, 2) [6]) by investigating the evolution of the sum of the negative

ion density 6;_) and the extra electron densityAf,),

whereuvy, is the thermal velocity of negative ions, g is the based on the assumption of charge .neutra(lty., i+

ha z =n;_+Ang+n o). They found that this sum first has a
steady state value of the local negative ion density and - o
R, is the radius of the laser beam. However, a oTiscrepanc lateau of 600 ns, then decre_asgs in time. It starts to recover
exists at a longer time when the recovery in the measure® hen the extra electron density is at thg_ove_rshoot point.
ments is slower than that obtained from the theory. The 1he full recovery process of the positive ion §iHden-
larger the laser beam diameter, the larger the disagreeme®Y (Ni+/Ni+_o, the ratio of the space and rf period aver-
From the recovery behavior of the negative ion density inaged positive ion density and its original valughown in
Figs. 9 and 10, we believe that ignoring the effect of theFig. 10 behaves similarly to that of the negative ion $SiH
decrease of the surrounding SiHdensity and ignoring the density. The recovery of Sifi ions is governed by the net
effect of the inelastic collisions on the recovery of the localincrement of the production by ionization, and the loss by the
negative ion density in Eq2) leads to this discrepancy. At flow to the wall and the ion-ion recombination. After the
the beginning the recovery of the local negative ion densityelectric field and the electrons have nearly completely recov-
proceeds according to ER) because the change of the sur- ered, this net increment becomes very small, yielding a long
rounding negative ion density is not important. With the diprecovery time of SiH". Note that the curve of SifH has a
being filled up, the surrounding negative ion density de-stronger fluctuation than that of SjH This can be ex-
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TABLE I. Calculated recovery time of electrons and iong ( charge have been studied by a kinetic 1D PIC-MC model.
and ;) vs photodetachment efficiency, at a pressure of 400 mTorrThe effect of the photodetachment on the whole discharge
from the perturbation back to equilibrium has been investi-

Photodetachment gated. The evolution of the charged particle densities, the
efficiency (%) 10 50 100 electric field, the EEDF, the reaction rates of the electron
7o (19) 10 17 37 impact collisions, and the power dissipation in the whole
7. (us) 170 315 600 discharge have been studied in detail. Our results indicate

that the relaxation after the local photodetachment has a glo-
bal character rather than a local character.

Due to the large number of electrons created by the pho-
detachment, the character of the plasma changes strongly.
; The change is due to the increase of the electron density
(see Fig. 7. which leads to a weaker bulk field, and hence to a drop in the

From Figs. 3 and 10, one can note a special point in timEhigh energy tail of the EEDF and a reduction of the reaction
at about 37us, when the electron density has almost recovy,tes of electron impact attachment and ionization. Conse-

ered, and the averaged positive ion density and negative ioﬁ'uently, the global positive and negative ion densities de-

density reach their minimum. In addition, at this moment, the o556 " Al the changes of the variables start from the laser
ballistic approximation for describing the recovery of local

- o - impact point and gradually extend to the whole discharge.
negative ion density is no longer satisfied, and the recovery The recovery time for the electrons depends on the elec-

of the local as well as the total negative ion density dependg,, giffusion speed, while for the ions it depends on the net
on the net increment rate. This special transition point is als¢,rement of the production and the loss rate. All variables
clearly observed in the experimental resubse Fig. 5 of  ojateq directly to the behavior of the electrons, such as the
Ref. [6]). electron density, the electric field, the EEDF, and the reac-
tion rates of the electron impact collisions, recover synchro-

D. Effect of the photodetachment efficiency and the pressure  nously to their original values, in hundreds of rf cycles at
on the relaxation 400 mTorr. The global recovery of the ion densities starts

The efficiency of the photodetachment influences the reonly after the more or less complete recovery of the elec-
covery time of the electronsrf) and ions ¢;) strongly. trons. The Q|fferent recovery mephamsms lead to a recovery
Table | gives the calculated recovery timg and r; at a  time of the ion densities, which is about 1-2 orders of mag-
photodetachment efficiency of 10%, 50%, and 100% at 40@itude longer than that of the electrons. The recovery time of

mTorr. It is clear that the higher the photodetachment effithe electrons is closely related to the pressure and efficiency
ciency, the longer the recovery timess(and 7;). of the photodetachment, while the recovery time of the ions

Table Il gives the pressure effect agand 7, with 100% IS related more to the efficiency of the photodetachment than

photodetachment efficiency. It can be seen that with incread® the pressure. _ _

ing pressure,r, rises significantly butr; increases only ~The modeled behavior of all the charged particles agrees
slightly. The recovery time depends on the number of phoduite well with experimental results from the literature. The
todetached particles and the recovery speed. Since tHB0del has been validated for a description of electronegative
charged particle densities do not vary strongly with pressuredischarges. In addition, some relaxation processes, which
the number of photodetached particles increase only slightij}ave been implied or guessed in the experiment and previous
compared to the increase of the pressure. The net rate relatgnulations, have been clarified in our work. The EEDF re-
to the recovery speed of the ions changes also slight, yieldingOVers synchronously with the electron density profile in-
only a minor increase im; . The recovery speed of electrons St€ad of an instantaneous behavior, which was assumed in
depends on the diffusion speed, as mentioned above. With dfefs:[10-13. The bulk electric field becomes weaker but
increase of the pressure, a correspondingly larger amount GOt Stronger after the photodetachment, as assumed in Ref.

elastic collisions resists the diffusion and hence the recovergﬁl The electron density profile, before its recovery to its
time becomes significantly longer. original form, strongly changes in time as well as in space

but not only in time, as assumed in REE]. The discrepancy
in Refs.[5,23] between the measurement and the theory
based on the ballistic approximation equation regarding the
The global relaxation phenomena after instantaneous lasésng-time evolution of the negative ion density is explained
induced photodetachment in an electronegative, $fHtlis- by the fact that this approximate equation did not include the
influence of the decrease of the surrounding negative ion
density and of the inelastic collisions on the recovery of the
negative ion density at the laser impact point.
Only a 1D simulation of photodetachment was carried out

plained by the fact that the ionization reaction only
influences SiH" strongly, and the attachment reaction to
only influences Sig . Ry, has more fluctuation thaR,;

IV. CONCLUSIONS

TABLE Il. Calculated recovery time of electrons and ions (
and 7;) vs pressure assuming 100% photodetachment efficiency

Pressur¢mTor) 30 100 400 in this paper, i.e., the laser beam is assumed to be infinite in
7o (1uS) 5 10 37 the directions parallel to the electrodes. However, in actual
7 (us) 440 490 600 experiments the laser beam has a finite width; therefore, dif-

fusion in other directions can also influence the results so as
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