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Analytical expressions for the electron energy probability function (EEPF) in an argon plasma afterglow with
large dust density, which are obtained from the homogeneous Boltzmann equation for different steady-state EEPFs
(including both Maxwellian and Druyvesteyn distributions at electron energies larger than the dust-surface poten-
tial), are presented. The casewhen the rate for electron-neutral momentum-transfer collisions is independent of the
electron energy is considered. It is analyzed how the EEPF shape depends on the afterglow time and the decay time
of dust charge. It is also found how the decay time of dust charge depends on the decay time of effective electron
temperature and that of electron density. The conditions when the energy derivative of the EEPF may be positive are

obtained.
PACS: 52.25.Dg, 52.25.Vy, 52.27.Lw, 51.50.+v

INTRODUCTION

Dusty plasmas have been extensively studied for
several decades [1-3]. The plasmas have been analyzed
in glow and afterglow regimes. However, in most theo-
retical studies of dusty plasma afterglows [4,5], the
hydrodynamic approach and Maxwellian electron ener-
gy probability functions (EEPFs) have been adopted.
Meantime, in practice, the EEPF in afterglow plasmas is
usually non-Maxwellian [6, 7], that can affect the elec-
tron and ion densities, the effective electron tempera-
ture, the reaction rates, the dust charging, the
ion/electron fluxes to the processed surface, as well as
plasma chemistry [8]. Therefore, determination of the
EEPF profile is important for applications of dusty
plasmas in different technologies, including nanotech-
nologies.

At present, there are only a few studies devoted to
the EEPF in plasma afterglows with high dust density
[9-12]. In [9] and [10], the influence of nanoparticles on
an argon discharge plasma afterglow with large meta-
stable atom density was studied using particle-in-cell
with Monte Carlo-collisions simulations. Analytical
results on the EEPF in a dusty plasma afterglow were
presented in our recent works [11, 12]. However, in the
previous studies it was not analyzed in detail how the
EEPF shape depends on the decay time for dust charge,
as well as how the decay time for dust charge is con-
nected with the decay times for effective electron tem-
perature and electron density. In this paper, we study
these important questions.

1. MAIN EQUATIONS AND ASSUMPTIONS

Consider a plasma in argon consisting of electrons,
singly-charged positive ions with number densities ne
and nj, respectively, and negatively charged dust parti-
cles with density nq, radius aq and charge Zq (in units of
electron charge e). The plasma is assumed to be qua-
sineutral, i.e,, n,+n,Z,/=n;. We also assume that the

ions have Maxwellian distribution with temperature T;,
but the EEPF F is in general non-Maxwellian and satis-
fies the homogeneous Boltzmann equation [6]:
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where U is the electron energy (in eV),t is the time, me
is the electron mass, E is an external electric field sus-
taining the plasma, and S(F) = Sca(F)+Sed(F). Here, the
terms Sea(F) and Seq(F) describe the electron-atom and
electron-dust collisions, respectively, vn is the effective
rate of momentum transfer for collisions of electrons
with neutrals and dust particles. In the case of a plasma
afterglow, E = 0 and the second term on the left-hand
side of equation (1) vanishes.

We consider afterglow times larger than <v12(u)>'1,
where viz(u) is the frequency of all inelastic electron-
atom collisions. The angular brackets denote the energy-
averaged values. It is also assumed that the electron
energy loss in elastic electron-atom collisions is larger
than that in elastic collisions of electrons with dust par-
ticles.

In this case, equation (1) can be simplified to [12]
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F(u,t)vg, (u,t) =0,
where V¢, (u,t) = afl- g, (t)/ulJu foru>@,(t), and

u<o,(t).ot)=e*|Z,t)|/a,.
mi is the ion

[5v(u)u3’2F(u,t)}+ @

vy =0 for
o=2m,/m,
a =nymal2x1.6x10™2 /m, with ng in cm?, ag in

cm?, and me in g. Vv is the rate for electron-neutral mo-
mentum-transfer collisions. Here, it is assumed that the

time-dependencies for dust charge Z, (t) and dust sur-
face potential o.(t) are exponen-
tial: Z, (t)= Zgoexp(~t/7), ¢,(t) = oo exp(~t/7),

where @, =¢S( =0), Zy =Zd( =O), and y is the

time characterizing the dust charge decrease in after-
glow.

mass,
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To calculate the EEPF in a dusty plasma afterglow,
one has to know the dust charge at t = 0 and its decay
time y. The dust charge is found using the orbit-
motion- limited theory [1], accounting for the non-
Maxwellian character of the EEPF as well as ion-neutral
collisions in the sheath of the dust particle. The decay
time y is a parameter here.

We assume that the profile of the EEPF for
u> gos(t) at t = O corresponds to the case when the

velocity space is isotropic, and [13]

F(u,0) = A exp(-Au’), ®)
where Ajand A, are constants, x = 1 and x = 2 for
Maxwellian and Druyvesteyn electron energy distribu-
tions, respectively.

In solving equation (2) analytically by the method of
characteristics [14], we also assume that the rate for
electron-neutral momentum-transfer collisions is inde-
pendent of the electron energy.

2. ANALYTICAL AND NUMERICAL
RESULTS

Using the method of characteristics, one can find

analytical solutions of equation (2) for the EEPF in the
energy regimes u < ¢, (t) and u> ¢, (t) [12]:
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Note that the energy derivative of the EEPF in equa-
tion (4) can be positive. In fact, at t = 0, we have
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If the electron energy is close to ¢, we can write
that u/ ¢, =1—A, where A<<1,and
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where the second term in brackets is positive if £ >1.

Therefore, for large dust radii and/or large dust densi-

ties, small U, and £ > 1, the second term in the brackets

of equation (7) can be larger than the absolute value of
the first term. As a result, we have &F(u,0)/0ou>0.

Our numerical calculations also confirm that the
derivative of F on energy may be positive if p>1,
while oF(u,0)/ou <0 if B>1 (Fig 1). The calcula-

tions in figure 1 were carried out for

v=a((u,)/u")n,J2e(u,)/m, , were (U, )= 3eV,

a=159x10"°cm? , u*=11.55 eV, n, is the argon
atom density. It was assumed additionally that
n,(0) =10° cm, gas pressure P = 1 Torr, a, =50nm

and n, =10"cm.
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Fig. 1. The EEPF fort =0and different decay times of
the dust charge: y =0.1/6v (solid curve),
0.5/ v (dashed curve), 0.9/ Sv (dotted curve),
0.99/ 6v (dash-dotted curve), and 1.5/ ov (dash-dot-
dotted curve). The curves have been obtained assuming
that the EEPF at u > ¢, is Maxwellian

with temperature 2 eV

It was also found that the EEPF at u> ¢, (t)and

B>1 decreases with increasing y . This agrees with our

previous studies on the EEPF in afterglow plasmas for
the case when the rate for electron-neutral momentum-
transfer collisions is a function of the electron energy
[12].

Note that the positive derivative oF(u,t)/ou at
B>1 may not be observed in experiments where the
diffusion of electrons to the walls and/or the electron-
electron collisions are important.

Next analyze how the decay time for dust charge in
the plasma afterglow depends on the decay time for
effective electron temperature z; and that for electron

density z,. In this analysis, we will assume that
ne (t) ~ neO exp(_t/Te)v ni (t) ~ I’]iO exp(_t/z-i)v

T () = Toexp(-t/z,), Z,(t) = Zyoexp(~t/y),
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where 7, ~1/(v¢,), (ve,) Znif"ecd':\/adu is the ener-
e 0
gy-averaged rate of collection of electrons by the dust

particles. 7;is the decay time for the ion densi-
ty.n,, N, T, and Z,, are the ion density, electron

density, effective electron temperature, and dust charge,
respectively, at t = 0.

T, (t)=(2/3)JF(u,t)u3’2du/ne(t) is the effective
0
electron temperature, 7z, ~((v )+(sy7))", Where
(v )= [veu®Fdu /W, (5,7) = [Svu®*Fdu/w » and
0 0

W =(3/2)n,T,, is the average electron energy per unit

volume.

The decay time for dust charge » can be estimated
by assuming that the EEPF is locally Maxwellian and
the ion-neutral collisions in the dust sheath do not affect
the dust charge. In this case, the ion current to a dust
particle is

1, (t) ~ en, ()aj (8T, /m, }'* [1+ 1Z4 (1))’ /adTi]’

while the electron current
2
. —e°|Z (t .
is1,(t) ~—en, (t)4na’ 29“ (t)exp M . Using
7Z'me adTeff (t)

the expressions for the electron and ion currents and
assuming 1 _(t) = —I,(t) , one can obtain

2 |Zd (t)|62 N
n; (t)(T;/m;) {H—ad_l_i ~

8
112 —e|Z, (1)
n, (t) [Teff (t)/me} exp M :
adTeff (t)
Next, we take the time-derivative from both sides of
the quasineutrality equation (n, + nd\Zd‘ ~ ;). Assum-

ing that the dust density is time-independent in the af-
terglow, we get for the decay time of the ion density

-1

7 z{”eoJrndZdOJ _ )
NioZe NioY

Taking the time-derivative of equation (8) and ac-

counting for equation (9), we obtain the decay time of
dust charge in the plasma afterglow

:{mzdol/nmm/(1+/z)+ﬂe} N

(N |Zgol/ M)z 12,4, 405 T (q0)
{ Ny |Zgo|/ Mo +1+ B, }

(g |Zgo| I o)z I 7, + B, +05 |

where 3, = €%(Z,|/a,T,, and S =€*|Z,,|/a,T,.

For the case (ng|Zy|/Mg)7y /7, <<1 and
1.5< B, <5 [15], one finds y is slightly larger than

7;.In this case, the condition #>1 may be fulfilled
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and the energy derivative of EEPF at u < ¢, (t) may be
positive. If the dust density is sufficiently large
(<Ve°dT> > (5y7)), the decay time of the dust charge is

smaller than 1/ (5,7) ~1/6v ,ie., f<1.
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6
electron energy  (eV)

Fig. 2. The normalized EEPF for different afterglow
times: t =0 (curve 1), 0.1/ Sv (curve 2),
0.3/ 6v (curve 3), 0.5/ v (curve 4), 0.7/ Sv (curve 5),
0.9/ 6v (curve 6), and 1.5/ Sv (curve 7). The EEPFs in
figures2 (a) and 2 (b) correspond to the initial Maxwel-
lian and Druyvesteyn distributions for u > ¢, respec-

tively. The results are obtained for n, =5x10° cm and
a, =50nm, n (0)=10° cm?, P =1 Torr and
Tett (t = 0) = 2eV

We also analyzed how the EEPF shape depends on
time. In Fig. 2, the EEPFs at different afterglow times
are given. One can see in Fig. 2 that the profile of the
EEPF at u> ¢, (t) changes only slightly in time, i.e., if
at t = 0 the EEPF is Maxwellian, it tends to stay near
Maxwellian during the afterglow, but with a new effec-
tive electron temperature that decreases with time, anal-
ogous to the dust-free case [16]. In our opinion, the

preservation of the EEPF profile for u > ¢, (t) is due to
the fact that at large electron energies the term
Au*e*™" in equation(5) dominates over the third and

fourth terms in the brackets of equation (5). Similarly to
the dust-free case [16], in the ng # Ocase, the derivative

OF /0u at v =const is always negative, independent
ontand u.

CONCLUSIONS

Thus, we have presented analytical expressions for
the EEPF in an argon plasma afterglow with large dust
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density. The expressions were obtained from the homo-
geneous Boltzmann equation for the electrons for dif-
ferent steady-state EEPFs, including both Maxwellian
and Druyvesteyn distributions at electron energies larger
than the dust-surface potential. The casewhen the rate
for electron-neutral momentum-transfer collisions is
independent of the electron energy has been considered.
It has been analyzed how the EEPF shape depends on
the afterglow time and the decay time of dust charge. It
has also been found how the decay time of dust charge
depends on the decay time of effective electron tem-
perature and that of electron density. The conditions
when the energy derivative of the EEPF may be positive
have been obtained. The results here are relevant to
many plasma applications [17, 18], especially gas dis-
charge plasmas used for synthesis of novel nanomateri-
als.
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OYHKIUA PACHOPEJAEJEHUA 9JTJEKTPOHOB ITO DOHEPI'UH U 3APA IIBIJIEBBIX YACTHILL
B IIJTIA3BME ITOCJECBEYEHMS C BOJBIION MMJIOTHOCTHIO NBIJIEBBIX YACTHIL

HU.b. /lenucenxo, C. Hexo, H.A. A3apenkos, I. Bypmaka

[IpencraBneHbl aHANUTHYECKUE BBIPAXEHUS A (QYHKIMM paclpeesieHus JIeKTpoHoB o sHeprun (PPID) B ap-
TOHOBOM TU1a3Me ¢ OONBIION MIOTHOCTHIO MBUIEBBIX YACTHIl B PEXKUME MOCIECBEUCHHsI. BhIpaskeHus MOTy4YeHbI U3 OJ1-
HOPOAHOTO ypaBHeHHs BonbIiMaHa JUIsl SJIEKTPOHOB B Cllydae pa3HbIX HadanbHbIX PPOD (BkItouas pacrpeleneHus
MakcBemna u JlproliBecTeliHa MpY HEPTHSIX DJIEKTPOHOB OOJBIINX YeM MOTEHIMANbHAS YHEPTHs MOBEPXHOCTH IbLIIE-
BBIX 4acTHUIl). PaccMOTpeH ciydaif, Korja 4acToTa YIpyruX CTOJKHOBCHHHU 3JEKTPOHOB C aTOMaMH aproHa HE 3aBUCUT
OT DHEPTUH AIEKTPOHOB. [IpoaHanm3npoBaHo, kak Gopma OPID 3aBUCHT OT BPEMEHH MOCICCBEUCHHS TUIA3MBI U Bpe-
MEHH, XapaKTepU3YIOMEr0 YMEHBIICHHE 3apsia MBUIEBBIX YacTuil. HaiimeHo Tarxke, Kak BpeMs, XapaKTepH3yollee
YMCEHBIICHUE 3apsi/ia MBIJICBBIX YaCcTHUII, 3aBUCHT OT BPEMEH, XapaKTepU3yOIUX craganne d3QGEeKTHBHON TeMITepaTypsl
U TUTOTHOCTH 3JIeKTpoHOB. HaiineHs! ycinoBus, koraa npousBoaHas ®POD mo sHeprun MoxeT ObITh MOJI0KHUTEITBHOM.

OYHKIIA PO3IIOALNTY EJEKTPOHIB 3A EHEPT'IE€IO TA 3APAl INJIOBUX YACTHHOK
Y IIJIA3MI, 1O € B PEXKUMI HICJISACBITIHHA TA MA€ BUCOKY I'YCTUHY
IINJI0BUX YACTHUHOK

LB. /lenucenxo, C. Iéxo, M.O. A3apenukos, I. Bypmaka

[pencraBneHo aHamiTHYHI BUpa3u A1 GYHKIIT po3noaiiay enekTpoHiB 3a eHeprieto (PPEE) B apronosiii miasmi 3
BEJINKOIO I'YCTHHOIO MHJIOBUX YAaCTHHOK, IO € B PEXHMMI HICISICBITIHHA. BUpasu oTpUMaHO 3 OJHOPIJHOTO PiBHSHHS
BonbmMana st enexTpoHiB 3 pisanmu novatkoBumu ®PEE (BkirouHo 3 posnozainamMun MakcBema Ta JlproiiBecteiina
3a €Heprii eleKTPOHiB, SKi € OUTBIINMHA 3a MOTEHIIAJIbHY SHEPTil0 MOBEPXHI MWIOBMX YaCTHHOK). Po3rmsaHyTo BHIa-
JTOK, KOJIM 9acTOTa NPY)KHUX 3ITKHEHb €JIEKTPOHIB 3 aTOMaMH aproHy He 3aJIe)KHTH BiJl eHeprii enekTpoHiB. [Ipoanami-
30BaHoO, Ak ¢opma OPEE 3anexuts Bix dacy MiCICBITIHHA IJIa3MH Ta dYacy, IO XapaKTEepH3ye 3MEHIIEHHS 3apsry
MMAIOBUX YaCTHHOK. 3HAWIEHO TaKOX, SIK Yac, III0 XapaKTepHU3ye 3MEHIICHHS 3apsy MUIOBHUX YaCTHHOK, 3aJIC)KUTH BiJ
4aciB, 10 XapaKTepU3yIOTh CIaJlaHHS e(EKTHBHOI TEMIIEPATypH Ta TYCTUHH €JIEKTPOHIB. 3HAWICHO YMOBH, KOJIH IMOXi-
nHa OPEE 3a eHepriero Moxe OYTH JOJATHOKO.
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