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A nanoscopic kinetic model of controlled plasma-assisted microcrystallite form@#quuCF) of Si

in pre deposite@-Si:H films at low temperatures is proposed. The model suggests mechanisms for
enhancement of the Si crystallizationarSi:H films at low temperatures by treatment of the films

in plasma. The model reveals certain kinetic advantages of hydrogen plasmas for the formation of
Si crystalline nuclei ire-Si:H compared to other plasm@é&r plasma, etg. These advantages make

the hydrogen plasma substantially more efficient in theg®A of Si ina-Si:H films. The proposed
mechanism for PACF of Si is associated with the formation on the surface ofati&:H film and

in the adjacent nanometer material layer of nanos@aiteosecong short-lived hot spots of high
energy densityor effective temperatujeThe hot spots are generated in the material by energetic
plasma ions of energy;;=20-100 eV accelerated by the electrical field in the thin plasma layer
near the solid surface. The hot spots promote Si crystallizatiarSinH. It is shown how the plasma
composition, energy, mass, and fluxes of the plasma ions impinging on the surface-&itHefilm
determine the Si nucleation rate and density of Si microcrystallization20@3 American Institute

of Physics. [DOI: 10.1063/1.1574598

I. INTRODUCTION voltage accelerating the EPIs towards the surfdc@ne of
] - - the main kinds of phenomena involved in plasma surface
_Polycrystalline silicon(polysilicor) formed by the crys- interaction is the formation of sequences of very many si-
tallization of amorphous silicon has far superior material andy,taneously occurring nanometer short-lived picosecond
electronic properties than as-deposited polysilitotit has ¢ spots, referred to henceforth as hot spots. They are gen-
been found that rf hydrogen plasma exposure at room te_m@rated on the surface and near-surface material layer by
perature of a pl_asma-enhanced chgm|cal vapor-depos_ltqﬁjxes of plasma ions impinging on the surface duritime
(PE.CVD.) a-S|:H_f|Im can reduce consuderaply the crys_talh- Aty plasma-surface interaction. Each of the hot spots has
égt(')clr(]: tg;?] i‘:gg%Os;ijlkr)ﬁseqnﬁnéxthoirgjaltoﬁITa g#;zag?_g ahigh short-term energy densita high effective kinetic tem-
P oL exp b perature which induces very high rates of atomic and elec-
fects of Ar plasma appear significantly weaker although Ar, ~ "~ . R :
o taonlc rearrangement and Si crystallization in nanoscopic
plasma can also enhance the crystallization process. Soli

phase crystallizatiofSPQ of amorphous silicon involves material regions. The observed f& of Si is the _mtegral
the nucleation of seed$ormation of clusters of crystalline effect of the action of a great amount of nanoscopic hot spots

silicon) and their growth to polycrystalline silicon. The ki- generated by the plasma ions. By controlling the mass and

netic mechanism of SPC enhancement in predepositef"e9Y of the plasma ions as well as the film structure and

a-Si:H films exposed to hydrogen plasma is not yet ciéar temperature one can also control the formation of Si crystal-
In this article we propose a kinetic nanoscopic model ofites. The above conclusions that from the proposed kinetic

controlled plasma-assisted Si microcrystallizatigauC) in ~ Nanoscopic model of Si crystallization@Si:H are in agree-
predepositeds-Si:H films at low temperatures. This model Ment with observations. The kinetic model of &8 of Siin
indicates certain specific factors that cause the observed ef=Si:H suggested combines the nanoscopic kinetic model of
hancement in the rates of P& of Si ina-Si:H films through ~ Plasma surface interactidh with some ideas and results
hydrogen plasma compared to argon plasma. used successfully in our previous papers related to the fol-
We suggest that, in general, the observed substantial e#aWing processes(i) the thermal crystallization 0&-Si:H
hancement in Si crystallization in low temperatwesi:H ~ Without and under the influence of metal contditsfii)
films exposed to gas plasma is caused by dynamic plasmastructural changes ia-Si:H (and some other amorphous ma-
solid interaction. This interaction, proposed in our earlierterials caused by laser irradiatidfij(iii) the thermal crystal-
work, related to other plasma-assisted proce¥éesnsists  lization of dopeda-Si;* (iv) thermal hydrogen desorption
of a great number of nanoscopic picosecond dynamic evenfsom a-Si:H.*
generated by energetic plasma idE$19 impinging on the These applications of the nanoscopic kinetic model to
film surface. EPIs of energy,;=20—100 eV are formed in the purely thermal and laser-induced crystallization of amor-
the thin near-surface plasma layer due to the plasma-surfagdous silicon(including the incubation period of the crystal-
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lization), which are in good agreement with experimental

data® ! lead to the following important conclusions. The T Gas Flow
formation of every crystallite nucleus which contains many Plasma Bulk

silicon atoms proceeds via a great number of small picosec- i

ond nanometer steps towards a more ordered state of these

atoms since initially these atoms are in a disordered state. In Plasma A
each of these steps single atoms or small numbers of atoms L il:s:rla HEEB
involved overcome energy barriers due to short-liypito- : Y Beam

second large energy fluctuation§SLEF9 in nanometer ma- a] Plasma +

terial volume$~12 Thus the large energy barrier related to Y Sf..:::

the formation of every nucleus is overcome in the course of

the great number of small steps in each of which a much

smaller barrier is surmounted. In this article we apply similar _ . _ o

id to plasma-assisted crvstallization in amorohous silico IG. 1. Dlagram of the main constituents of_ the he_terogeneous dissipative

laeas p y p r%tructure(HDS) involved in plasma—surface interaction that cause the for-
mation of Si nano and microcrystals @Si:H. HEEB is the high energy

11. NANOSCOPIC KINETIC MODEL OF PLASMA- electrons beam emitted from the surface that is accelerated towards the

ASSISTED Si CRYSTALLIZATION IN LOW plasma by the near-surface electric field.

TEMPERATURE a-Si:H FILMS: THE PROBLEM

Solid state phase silicon crystallization @Si:H (or
a-Si) films involves two distinct processes: nucleation of surface material layer of a great amount of nanoscale hot
crystalline seed§.e., the formation of small clusters of crys- spots of high energy densifpr high effective kinetic tem-
talline Sj and their growth. We should distinguish betweenperature. The hot spots are created by the fluxes of plasma
the material properties @Si:H films involved in thermal Si  ions of energye;s=20-100 eV bombarding the film during
crystallization at high temperatufés'® and those of PAC  time At,, of film exposure to the plasnfa:*®The kinetics of
in a-Si:H at low (e.g., room temperature. the PAuC of Si and crystallite parameters are determined by
The former process takes place at a very low hydrogenhe properties and frequencies of the hot spots formed in the
concentration whereas A occurs in low temperature material by the EPI fluxes.
a-Si:H films of much higher hydrogen concentration due to  The plasma-solid interactidi®S|) is associated with the
hydrogen  outdiffusion and desorption at high formation of a heterogeneous dissipative structitBS) in
temperature?~* the crystallization kinetics require the plasma-solid interfacéig. 1).>71® The HDS includes
diffusion-like jumps of Si atoms to new positions associatedhe following kinetically coupled components: the plasma
with lower free energiés which occur at reasonable rates bulk (PB), near-surface plasma layé?L), solid surface, and
only at high temperatures. However, the (/2 in a-Si:H  the near-surface material layviL ). The components of the
films at low temperatures takes place in the material in thédDS have different characteristics and, therefore, properties,
presence of 10%—-20% hydrogen, changing considerably thend a description of them requires the application of different
material properties 0&-Si:H compared to those of almost methods.
pure a-Sit*!® Therefore, the PAC at low temperatures First, the PB consists of weakly ionized gas plagmith
a-Si:H involves the following rate processég: breaking of  a relatively low degree of ionizatiorg;<<1) that contains
the Si—H bonds is required to free Si atoms involved in theions and electrons which are affected by electromagnetic and
formation of Si crystalline nucleiii) structural rearrange- electric fields. As a result, the energy distribution of plasma
ment of Si atoms which includes diffusion-like jumps of electrons,f¢(ec), and ions,f;(g;), can differ considerably
some Si atoms towards more ordered states related to lowéom the equilibrium Maxwellian distributioh’. The mean
free energyfiii ) diffusion of hydrogen during the formation energiess, ande; of PB electrons and ions can be substan-
of Si microcrystals and the corresponding structural changesally higher than the thermal kinetic energyk T of neutral
in a-Si:H film; (iv) hydrogen desorption and etching may gas particleshere Ty is the gas plasma temperatur@he
also be involved in the crystallization process. energiese; and ., and concentrationg), and »; of PB
Each of the aforelisted processes consists of a huge nunelectrons and ions can be controlled by plasma electromag-
ber of SLEF-generated picosecond nanoscale elementanetic or/and electric field$ and depend on the gas pressure,
events associated with the necessity to overcome high enerdyy,, electrical discharge pow&V,, and the voltage between
barriersAE>KkT. The thermal ratéper secongof these pro- the substrate and the plasma.
cesses is Fluxes of electrically charged and neutral particles ki-
-~ 1 netically couple between the PB and the near-surface PL of
W=Wo exp(— AB/KT)~t5 . 21 thicknessAL (Fig. 1). Second, the PL plays a crucial role in
At low temperaturedVis too low, and the time expected plasma—surface interaction and nonequilibrium phenomena
ts=W1 is too long in practical terméherek is the Boltz-  that occur on the solid surface and near-surface®Miéwe
mann constanf] is the temperatuje assume that the surface has negative voltdgeelative to
Plasma treatment a-Si:H films enhances considerably the surrounding plasma. The main drop in voltage is known
the formation of Si microcrystals at a low film temperatureto occur near the surface, i.e., within the PL. This leads to the
T, due to formation on the film surface and in the near-following important phenomena which play a key role in the
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PAuC of Si (as well as on plasma coating and Projectile Projectile
depositio

(i)

(i)

Sputtered

i \ N partlc{es
The formation in the PL of positive energetic plasma Pe W PP g AP M«“;i‘;"Secondary
ions which are accelerated towards the surface by the - : electrons
strong electric fieldEg in the sheath around the sur- »
face. The kinetic energy of the accelerated iefs Jou J(lfl &
=0.5m;u% impinging on the surface can be much Q,
higher than the ion energy in the PB. For instangg, Solid
can be higher than the sputtering threshold from the A B
surface(e.g., about 20—-100 &\"1® Bombardment
of the surface o&-Si:H by energetic plasma ions gen- FIG. 2. Nanometer picosecond inward dissipative strudiNRIDS) formed
erates a great amount of hot spots in the near-surfadey inwardly directedenergy, momentuinfluxes J§, initiated in the course

material |ayer This substantially affects Si and hydl’O-Of the time evolution of the fireball created in volunde by plasma projec-
’ . tiles impinging on the surface at the perpendicufrand oblique(b) inci-

gen tranSport as well as various .atomlc and elec’[ronK(\ience.Ql is the nanometer fireball surroundings where the NPIDS and
properties on the surface and in the ML. The flux short-lived hot spot are formed.

density of the plasma ions impinging on the surface
16,7,16

is
Jis=0.257i5Uis= 0285 BgNgUis layer plays the role of “internal plasma reactor” in which gas

or particles are treated by the energetic electron before coming
JiS:O_ZEaiSBguispg(kTg)—l_ (2.2 tothe surfac&.’ The duration of this advanced plasma treat-

HereNy=P4(kT,) L is the total numbefper cn?) of rT;ent islequerl]l to re;idﬁnce timq?~AL/uhg of gasf;n the
particles in the plasma gag, is the relative concen- P'asma ayetherevg is the gas velocity The most effective
tration of particles of a certain kinde.g., of Hf gas treatment takes place whgpis equal to the time the
Ar', etc); mis=a;sBgNg is the ion concentration in ene'rgtt.atlc eleé:troni r:ged :co crehate ?ddltlofnal |Qn|tzhat|o|r1, dis-
the PL associated with the degree of ionizatiag,in ~ SO¢!alon, and excitation of each portion ot gas in the plasma

6,7

it: 7, in the PL anday, can differ from their counter- 12Yer-"" o _ _

parts, 7 and a; in the PB:u.=(s./M)"2 is the The high efficiency of the HEEB electrons in the exci-
’ I | L | I I

velocity of EPI of energye,.. One finds[from Eq. t_ation of plas_ma particles in_the pla_srr_la layer has been con-
(2.2]3is(H)~10" cm 25" * for H} plasma ions of f|rm¢_d experlmental_ly by optical omission spec_trosc%m
energy &;s(H; )~50 eV, By~1, ai(H})~105, P a}dd|t|on, the detecnon_of sputtgreq particles in the PL con-
~1 Torr, andT,=600 K. firms Fhat the plasma ions impinging on the substrate have
The formation in the PL of a high energy electron ene2g7|es higher than th_e sputtgrmg thresho{dﬂO—SO
beam (HEEB)” 8 that consists of electrons emitted ev). .' Just thgse plasma ions are initiated on the film surche
from the surface(Fig. 1).5716 The energys.. of the and in t'he .adjacent material Iaygr hot spot-relqted transient
HEEB electrons accelerated towards the plasma b)r)onequmbrlum many-body_ atomic gnd_ electronic processes
the sheath's electrical field is much higher than that in'eSPonsible for the formation of Si microcrystals. Each of
the PB; e.g.,s.=20—100et5s,=1-3eV. The these pli'isma ions impinging on the surface is stopped during
HEEB electrons are much more effective in the jon-2tr=10" "= 10_1353"‘””“” a nanometer near-surface mate-
ization and excitation of plasma particles in the pL 'l volumeV;~2Ry of radiusR;~(2-3)d (dis the inter-
compared to electrons in the PB. As a result, the dedtomic spacing As a result, gaqh of these |0ns_releases its
gree of ionizationa,;, molecule dissociation, and energy,sism(l(_)“_ld")kTS, within volume V; during At; .
electron (7.9 and ion (7;;) concentrations in the PL Volumeavf which contams a r_elat|vely s_mall numbeX;

as well as concentration* of free radicalsie.g., of ~ V/d", Of atoms, acquiregduring Aty) high energy den-
H*) in the thin PL are higher than those in the PB. Sty Per aton;”
The effective thickness of the PL can be presented in €is

a form similar to that of the Pashen law for gas SIS NL
discharge$§;" 16 f

I) 6,7,16

(2.9
e.g.,e~0.2-2 eV/atom.

ALP=kag<r;51 This very “hot” volume V; forms an initial fireball of
short lifetime which serves as the initial state for the forma-
tion of a nanometer hot spot in the near-surface nonometer

AL=Db\=bKTy(Pyoed ™. (2.3y  material region of volum&/s>V;. The observed Si crystal-
lization is the integral effect of a great amount of hot spots of

or

Hereb=5-10, ando is the total cross section of col- lifetime Ars~10 *?-10 ' s and nanometer material vol-

lisions of HEEB electrons with gas particles. The flux den-umeV >V; generated by plasma ions. The fireball can also
sity of the HEEB electrons]).s= y(¢is)Jis, can be rather produce “outward” processes such as sputtering particles,
high.”®®Here y(¢;s) is the electron emission coefficient of desorption, electron emission into the surrounding plasma,
the surface under plasma ion bombardment. Thus the plasnzed other outward phenomef&ig. 2). Si crystallite nuclei
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<—LS  — (formed during exposure timét, of the a-Si:H film to
plasma produces the Si crystallites that are observed.

We assume that the EPI-generated reconstructions in the
metastable amorphous material are preferably directed to-
wards states of lower free energy associated with Si crystal-
lization. We apply here to the RAC of Si in a-Si:H film the
nanoscopic model of kinetic plasma—solid iterafi6r® and
consider effects of “heavy” and “light” plasma ions whose
massesdVl; satisfy the condition

M; =1 for heavy plasma ions,

M=

M | <1 for light plasma ions. 3.2

Here M is the mass of atoms, e.gM (Si) and M (H,)

~0.0™ (Si) are the masses of Si atoms and kbns, re-

spectively. A ions of M; (Ar*)~40>M (Si)~28 play the

FIG. 3. Space scales of inwardly evolving nanoscopic picosecond dissipd0le of heavy ions. %‘ ions of massM; (H;)“2<M (Si)

tive structures associated with the four-phase model of the hot spot creategire light ions with respect to Si atoms. Howeveg kbns

by a plasma projectile(l) the fireball ALy ; (2) the quasigas stag®GS,  play the role of heavy ions relative to H atoms arSi:H.

I(_ljss(g) E:e quasiliquid stagdQLS), L; (4) the hot solid state stage A, gh hydrogen-diluted plasmas are more effective in the
formation of Si crystalline nuclei ia-Si:H films, neverthe-
less Ar plasmas also substantially enhance Si crystallization

are produced in th@-Si:H film through “inward” fireball  in a-Si:H films at lowTs, in agreement with observatiofis.

time evolution, thereby initiating various nonequilibrium We start by considering the effects of less effective

transient phenomena (Fig. 3 (discussed in the heavy Af plasma ions, and then discuss the advantages of

following).® 16 H, plasma ions in the formation of Si crystallites arSi:H

The interaction of plasma ions with solids includes com-films. The heavy plasma ions of energy=20-100 eV that

plicated transient many-body phenomena which are difficultransfer their energy to the material atoms at high rates are

to study by conventional theofy:16=?°Here, therefore, we stopped within a small subsurface volude of radius Ry

extend the related kinetic many-body approach successfully (2—3)d during At;=10"14-10 s, This explosion-like

used in our earlier work-1217:21-25 release inV; of energye;s during At; causes rapid enhance-
ment of the average energy density per atgriEq. (2.4)] in

I1l. PARAMETERS OF TRANSIENT FIREBALLS volume V¢ and formation of the initial fireball. Energy; is

FORMED IN a-Si:H FILMS BY LIGHT (e.g., H*) AND much higher than the thermal energy per atom~KT in

HEAVY (e.g., Ar*) PLASMA IONS IMPINGING “cold” surroundings; e.g., ife;;~50 eV andR;~2d, one

ON THE FILM SURFACE findse;~3 eV, wherea&T~0.025 eV afl =300 K. Details

An a-Si:H film consists of metastable amorphous mate-that consider the formation of the fireball and its parameters

rial of higher free energy compared to that of crystalline€@n be found in Refs. 6, 7, and 16. Here we consider mainly
material. The crystallization od-Si:H transforms the mate- fireball-related inward phenomena that promote the crystal-
rial towards the state of lower free energy. However, at lowZation of Si. A part, W, of energye;s released in the fire-

T, thermal crystallization is prevented by rather high energyP@!l is consumed in the breaking of interatomic bonds, and
barriers AE>kT, associated with material reconstruction. Produces nonequilibrium electronic excitations and the for-
The rates of the processes invold). (2.1)] are negligibly =~ mation of free carriers. The rest;s—W;, of energye;s
small at lowT,. The incubation time,, for thermal forma- ~ Produces fast, 5tr0ﬂqlei<plosli)3n-llke heating of thefireball

tion of Si crystalline nuclei ire-Si:H and the rate coefficient a0ms duringAt;=10"""-10"""s. The instant of time, at

of this procesK found from kinetic nanoscopic consider- the end of the time intervalt; is chosen as a local internal

ations(Refs. 8, 9 and 13 and references theraire equal to time reference point for fireball evolution, i.e., we assume
' A that 7,=0. By 7,=0 the fireball local energy density; in
E

te=K=l=t exd o V reaches its maximum; but a,= 0 fireball evolution has
NN TRON KT not yet started:”*®The short-lived fireball state of matter in
Bombardment of the-Si:H film by intense fluxe$Eq.

V; is very complicated since it is characterized by the high
(2.2)] of plasma iongof energye;s=20—100 eV) generates effective kinetic temperature,

persistent random sequences of a great amount of simulta- e e~ W

neously permanently occurring nanometer hot spots. Each of Ty~~~ W@(l—S)lO“ K (3.33

the hot spots is associated with strong pulsed nonequilibrium f

“heating” of picosecond duration in the nanometer materialand high density of atomgabout 16°—10°® cm™3). This
regions. This EPI-induced local pulsed heating enhances thetate of the fireball matter is difficult to identify with any of
rates of material reconstruction in question so strongly thathe conventional states of matter. During the time;

the integral effect of the great amount of the hot spots=10 4-10 **s the cold matter of the fireball surrounding

: 3.9
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cannot receive excitation energy from EPI due to the causaknergye; —Ug, of light plasma ions is involved in Si crys-
ity principle related to the shortness &f; and the finiteness tallization ina-Si:H. Accordingly, the following relations are
of energy transfer velocityc; in the atomic fireball satisfied:

system®”1®0On the other hand, some nonequilibrium mobile N N

electrons that have formed in volum& and have higher Ui(Hz) < Uin(Ar)

velocity, ve>¢;, can leave volum&~2R?} and come into ei(Hy) en(ArT)’

the cold surrounding matter durindyt;, since duringAt;
electrons can pass the distangg~v.At;>R; where R;
~c;At;. These mobile electrons form the initial electron Equation(3.4) reflects one of the advantages o} klasma
nonequilibrium population in the cold-Si:H surroundings ions for initiation of Si crystallization ira-Si:H.

of hot fireball volumeV;. The high fireball energy density Moreover, H ions are light relative to Si atoms, bugH

and atomic density iV at 7,=0 cause very high effective ions are heavy compared to H atoms. The presence of 10%—
explosion-like initial pressure in the nanometer region of the20% of H atoms ina-Si:H plays an essential role in the
solid® 71 Pi~a(ejs— W) (Vs—NiQo) ! where a; is a  slowing down of H plasma ions in the film, and also in the
constant. For instance, at volume per atom 8f, kinetics of Si crystalline nuclei formation. A substantial dif-
~10 2 cm 2 one finds Pi~(1.5-4)10 bar. The high ference between the parameters of fireballs and of hot spots
pressure creates in every fireball a strong inward microshocformed by H and heavy ions creates some advantages of
wave that propagates inside the film for rather large disH, ions for Si crystallization ira-Si:H.

tances. Each such microshock wave and related nonequilib- Consider now briefly the dynamics of the slowing down
rium phenomena promotes fast material rearrangement in naf energetic H plasma ions impinging on the surface of
nometer near-surface regions. Fireballs produced by heawSi:H film. Due to the presence @f,=10%—-20% hydro-
(e.g., Ar') and light(e.g., H) ions have dramatically dif- gen atoms ina-Si:H about 10%—20% of H collisions in-
ferent parameters that are given by the followingvolve light H atoms. In each H-H collision (separated on

3.4
ei—Uii>ein—Uiy, ate(Hy)=gx(Ar"). @4

relations®1® average by about 10 H-Si collisions H; loses a substan-
_ tial fraction of its energy. Besides, the;HH collision pro-
. 0.35 for wui=~1, . .
TPy Ny toc y32~ (3.3  duces an energetic H atom of kinetic energfH)>kT;
<1 for wu;<1, which transfers its excess energy to the surrounding film at-

where y=2u;(1+pu) % eg., 7¥?~004 for pu;  OMS. ' o
=M;(H4)/M;(Si)~0.07. Therefore, for heavy plasma ions Hence we can estimate crudely thataSi:H the ener-
(e.g., Ar ions), the fireball parameters¢, , Py, andegy) getic plasma Hl ion should experience about 30—40 colli-
are much larger than thosd{ , P; , ande; ) for lignt ~ sions with Siatoms and 3—4 collisions with H atoms in order
plasma ions ofu;<1 (e.g., H ions). Here the subscriptiH to lose its excess kinetic energy. These collisions require a
andfL stand for the heavy- and light-ion generated fireballtime interval of Aty ~10™**-10"** s which is substantially
parameters, respectively. The fireball is the initial state folonger than timeAt;;=10"'*-10"*s for slowing down
the development of the two qualitatively different kinds of heavy ions. Crude numerical estimates show that duking
phenomenaFig. 2). The first kind is associated with the €nergyeis (H,)~50eV is transferred tdN; ~300 atoms
inwardly directed fluxes of the energy, mass, momentumlocated in the subsurface volume,

and eIec'FricaI charge as well as yvith the_microshqck waves VfLQZR?L at Ry ~15 A. (3.5
propagating from the surface inside the film material. These

inwardly directed processes that produce the nonequilibriunThis volume (containing Ny ~Vy dg >~300 atoms forms

hot spot in near-surface material volurivg that is much the initial fireball created ira-Si:H by the H plasma ion.
larger thanV; (Fig. 2) considerably enhance Si crystalliza- The volumeVyand the numbeN;, are substantially larger
tion in a-Si:H. The second kind of phenomenon is associatedhan their counterparté;; andNy in the fireball generated
with outwardly directed microfluxes of the energy, mass, moDy a heavy ionle.g., Ar'). Accordingly, the energy density

mentum, and electrical char§é:*® per atome;, in the H; -generated fireball is much lower than
The fireballs of higher energy densify, generated by the energy density, in the fireball created by a heavy ion,
heavy plasma ionge.g., byA;) are more effectivgcom-  i-€., er<<eyy. Rough estimates show thaf ~0.1-0.2

pared to light plasma ions of the same engigyproducing  <€tn ateg ~50eV.

outwardly directed phenomena. Therefore, the heavy plasma The lowers; <&y generated by b plasma ions ap-
ions impinging on the film surface spend an essential pa@ears less harmful for already created Si crystallites com-
Uy Of their energye;; on sputtering and other outwardly Pared toery induced byA; ions. This is another advantage
directed phenomena, and only eneegy— U, of the heavy ~ Of Hy plasma for Si crystallization i-Si:H.

plasma ions can be involved in Si crystallization and other

inwardly directed processes that occur in the near-surfact/. KINETICS OF TRANSIENT ATOMIC AND
material layer. Contrary to that, light energetig Hblasma ELECTRONIC PHENOMENA IN NANOMETER SHORT-

: ; : : .. LIVED HOT SPOTS GENERATED BY ENERGETIC
ions which produce substann_ally I_ower §putter|ng and_ﬂre BLASMA IONS IN LOW TEMPERATURE 2-Si:H FILMS
balls of lower energy densityg; <e;y (with other condi-

tions equal invest relatively low energyJ <Ugy in out- Consider the inwardly directed time evolution of a single
wardly directed processes. As a result, a larger amount direball producing the short-lived hot spot of a nanometer
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sized, picosecond lifetima 5, which is associated with the The second stage of hot spot time evolution of duration
formation of transient “ordered” fluxes of the energy, mass,t, is the quasiliquid stagéQLS). Its time-dependent energy
momentum, and electric charge directed from the fireball todensitye, per atom satisfies the conditiotf

wards its material surroundings. The directed fluxes create — , 1,

local transient dynamic ordering in the nanometer fireball KTg=e (7")~[is=WL(7") =ULINL (7)=KTn,

. . T (4.5
surroundings that form the transient nanometer dissipative
structure (TNDS).®"1¢ The fireball evolution and hot spot Where Ty is the melting point. The energy densigy( ")
formation that produce drastic changes in the local materig#ontinues to decrease rapidly in tinfat 7">t;). Here
properties include the following three stag€y. 3.51°The ~ W, (7") is part of energye;s consumed in electron excita-
first hot spot stage that follows the initial fireball is a quasi- tions and breaking interatomic bonds by instahtN, (") is
gas stagéQGS of durationty>At; . Its energy density per the number of atoms in the time-dependent QLS volume
atom[ey(7')], decreasing over time, satisfies the condition (Fig. 3),

o) ~[en W)= UgINg () =kTy, @) VU =NU) Q=L (7], “9

of diameterL, (7") wherety<17"<t, ; and Qg ~Qg,~d>.

where Tg is the material's boiling point, e.9.Ts (Si) The QLS lifetimet, is determined by the condition: (t,)

~3.51F K for Si. HereW, is part of energy;s consumed _
in electron excitations, and breaking interatomic bonds dur-

ing time At;+tgy, Uy is part of the EPI energy consumed in
sputtering and other outwardly directed phenomena for th
same time. The QGS energy densiy is lower thane,

M .

By taking 7’=t, one can obtairffrom Egs. (4.5 and

(ge4.6)] the following numerical estimates of the QLS param-
ters:

whereas the QGS volum@ncreasing over time N (tg)=~200,
Vg(7')=Ng(7')Qog=[Lg(7)1P<Vy(ty), 4.2 Li(tg)=25 A,
is larger tharV; . VolumeV contains a much larger number and
Ng(7") of atoms compared tbdl; in the fireball volumeV L (t)
. . iy ~ ~ — 13
(g is the volume per atojriThe following conditions are . ~7x10 " s, 4.7

satisfied for the QGS: _
for Ty (Si)=1.7x10° K and &;s— W, (t,)— U, ~30eV.

T,=0=7'<ty; The third stage of the evolving hot spot of duratigris
3 (4.3  the hot solid state stagélSSS of energy density per atom
Vf<vg(tg)~Ng(tg)Qogw[(Lg(tg)] y (Flg 3),6,16

yvhereLg i_s the diameter of_/_gfig. 3). The end of the QGS (7)) ~[&is— W(7") — US]N (7")<kTy. 4.9
is determined by the conditiogy(ty) ~kTg. Hence one can

estimate the QGS parameters as Here W,(7") and Ug are the energies consumed, respec-
tively, in electron excitation and outward phenomena during
Ng(tg)%[(sis—Wg(tg)—Ug)](kTB)’l time interval A 7o~ At;+ty+t + 7. Here 7"<tg wherets

is the duration of the HSSS when the average energy density
per atomey(7")~kTss decreases fronkTy down to kT
Vy(tg) =Ny (tg) Qg 4.4y  <kTy while the numberNy(7") of atoms involved in-
creases froniN, (t;) up toNg(ts) atoms.Ts(ts)~e4(ts)/K is
where Ly(tg)~ [Vg(tg)]”3 and d~ g, B3-25A. Taking the effective kinetic temperature of tié(ts) atoms at in-
Tg=3.5x10° K and [is—Wq(tg) —U ] ~30eV, one finds stantt; when the energy density.(t)~kT, approaches
(for heavy iong Ng(tg)~ 100 Lg(tg) ~7.5~20A, andt, that of the surrounding material, e.§.,;~500 K. The hot
~Lg(tg)/Csg~5X 10" s. Herecgq is the energy transfer spot lifetime isA7s=At¢+ty+t, +ts and the related final
velocity in the atomic system iNy. The transient state of hot spot volume and energy density &Fég. 3
matter in the QGS volume is also very complicated due to
high energy densitg ,>kTg (and the high effective kinetic Vi(ts) =~ Ns(ts) Qos= ([Ls(ts) 1%,
temperatures,/k~Ty>Tg) which exists in matter of high and
atomic densﬂy(about 182 atoms/cm). This state of matter _
looks like a very dense weakly ionized plasma. In the QGS es(ts) ~KTs. (4.9
state rapid atomic and electronic rearrangements continue tdowever, nonequilibrium mobile electrons created during
occur. Nonequilibrium mobile electrons formed duribg A7 occupy a much greater volume singg>c;. During the
and having velocity ¢g>Csq can go out of volume/, and  HSSS, one can consider stable and metastable states of the
into its cold surroundlngs at relatively large d|stan¢g§ material quenched after hot spot dissipation. One should dis-
~V rr~10"%—10% cm. Here the lifetime of the nonequi- tinguish between the hot spot-related processes generated in
librium mobile electronsrg can be substantially longer than a-Si:H by heavy plasma ioné.g., Ar") and light plasma
ty~5x10 s (e.g., 7r~10 °-10 ''s). Duringty one ions(e.g., H). The heavy plasma ions forming fireballs of
cannot consider any stable or metastable material structure u'ery high initial energy densityper atom &' er >kTg (e.g.,
V4 because of too high an energy densify>kTg . =1-3eV) generate hot spots which include all the four

and
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stagedfireball, QGS, QLS, and HS38iscussed abov@ig.  occurring hot spots permanently exist on the surface and sub-
3). The parameters of the hot spot formed by heavy plasmaurface nanometer material layer during time intetvgls.

ions ofsiHS—WH—Ug'~30 eV are estimated roughly as Disappearing hot spots are replaced immediately by new
ones induced by plasma ions at other random places and so

NH(ty)~10° )

sAs ' on. Therefore, duringAt,s every surface area(ts)
VH(t)~10"2 cn ~10 B cn? and the adjacent nanometer volumé

sis ' 32 — 20

" ~[34(t)1¥?~3%x 10 2% cm?® are affected by a great number,
LE(ty)~25 A, Avg~vAtys, of high temperature hot spots with total hot

spot durationt,~AvA7s. Taking ve=10" s™! and At
=1-5h one finds ng=(3.6-18)x10° and AvAr,
and ~(4-18)x 10 4 s. Each of these transient heatings of the
A~1012 g (4.10 hot spot-affected regions up to high effective temperatures
s ' ' Te~(0.1-2 eV)k ™! greatly enhances the rates of atomic
The high energy densitie{") and={" of the fireball and electronic reconstructions and leads to the formation of
and QGS generated by heavy plasma ions can be harmful f&i crystallites.
Si crystallites that have formed earlier in the same material It should be noted that the nonequilibrium nonlinear ma-
region by previously created hot spots. However, the initialterial transformations that take place fg simultaneously
fireballs created by energetic;Hplasma ions of the same (and permanently occurring individual hot spotgduring
kinetic energy have much lower fireball energy dengity At,s=1-5h) can be correlated with one another through
<E'f* in larger volumevk>vk‘ which contains a consider- pulsed short-term electromagnetic phenomena generated by
ably higher number of atoméf>N} . The hot spot lifetime ~ plasma ions. The causal radius of the electromagnetic phe-
A7-~10"* s in this case is substantially longer thar™.  nomena related to a single hot spot Rgy~CgvA s
In particular,st<kTg~0.3 eV, althougfet/k can be higher ~10"2 cm, herecgy~10' cm/s andA 7,~10 2 s. Radius
than the melting poinTy, (Si). Therefore, the Bl-generated Rewm is larger than the above-mentioned distanicR be-
hot spot does not include the QGS but can include the QL$ween simultaneously occurring hot spots. One can expect
wheneg (H;)>kTy, . As a result, the hot spots that formed that this correlation between hot spots enhances the plasma-
in a-Si:H by |—|2+ ions are much less harmfgtompared to induced crystallization im-Si:H. The enhancement is similar
spots generated by Ariong) for Si crystallite nuclei formed t0 that caused by the correlation between nanometer picosec-
by earlier hot spots generated in the same place. This ignd events of rate processes in other c4SééBesides, the
another advantage of;Hplasma ions in the crystallization of accumulation of nonequilibrium mobile electrons formed by

th~3x10 % s,

a-Si‘H. many hot spots generated @Si:H during electron lifetime
71r=10"1-10" s also enhances Si crystallization. This is
V. FREQUENCIES AND THE AMOUNT similar to other electron-assisted rate proce&s&s!
OF ION-INDUCED SHORT-LIVED HOT SPOTS
FORMED IN THE SINGLE NANOMETER MATERIAL VI. NANOSCOPIC KINETICS OF Si
REGION AND IN THE ENTIRE FILM MICROCRYSTALLIZATION IN SHORT-LIVED
In considering the formation of Si microcrystals in E'I(_)ATS%PAOIBS,\QORMED IN a-Si:H BY ENERGETIC

a-Si:H via hot spots one should take into account the accu-
mulative effects of a great number of nanometer hot spots of The plasma-assisted formation of Si microcrystals in
picosecond lifetime formed by the fluxes of plasma ions im-a-Si:H includes the following rate processes associated with
pinging on the surface during its plasma treatment timeovercoming energy barrieré) Diffusion-like jumps of some
Atps, €.9., Atye~1-5h. The frequency of successive hot Si atoms over energy barriefsE>kT; into new, more or-
spots(i.e., the number of hot spots per secptitat formed dered positions associated with a lower free energy of the
in the same nanometer volumé, of surface area q(ts) material. (T is the low film temperaturg.(ii) Breaking of
~[V(t]1%3~[L4(ts) 1% is Si—H bonds with Si atoms and forming Si crystalline nuclei.
(iii) Diffusion of H atoms from the Si-enriched material re-
rs=JisZ5(ts) ~0.25BNaisUi[ L(t5) . 5.1 gions where the Si microcrystallization takes pla@e) Dif-
HereJ;s is the flux of plasma ions impinging on the surface fusion of hydrogen towards the material surface and void
[Eq. (2.2]. Hence one estimate¢for heavy ion$ vy  surfaces which can follow by hydrogen desorption and etch-
~10* st for Jii=10" cm 2s ! and 34(t)~10 Bcm?. ing.
The mean time interval between the two successive plasma The total rate of formation of Si microcrystals is deter-
ions impinging on the same surface a®gt,) is ~v ! mined by the slowest of the aforementioned processes which
>A7~10"1%5s (e.g., ®~10 *s). The numbekper cnf)  is probably diffusion-like jumps of Si atonté.That is why
of simultaneously occurring hot spots formed by plasma ionsve first concentrate on rearrangement of the Si atoms to
at random places at random instances of time and the meanore ordered positions. Our working assumptisimilar to
distance between them afe~v A7 3 (t)] ! and AR  that used in our earlier wofk®) is the formation of crys-
~fg 12 respectively:” Hence one can estimatéf; talline nuclei in a metastable disordered material associated
~10° cm 2 and AR~=10 3 cm. Persistent stochastic se- with a relatively small numbew,~5-10 (per atom of
qguences of the random dynamic arrays of simultaneousldiffusion-like jumps of Si atoms over energy barriers to po-
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sitions related to more ordered states of lower free energenergy densityrelated to high effective temperatuyes the
These diffusion-like jumps of Si atoms transport hoppinghot spots increases by many orders of magnitude the crystal-

atoms at rather short distances, lization rate and reduces correspondingly titge Second,
L ~dyl2 the formation in the hot spot of a high nonequilibrium con-
A A centration of excited electrons results in electron-assisted re-
or duction of AE andAG, and this reduces exponentially the

nucleation timety, .
La~(2—3)d for vy~5-10. (6.1) N
The atomic jumps can also include rotation-like jumps ofvil. CALCULATION OF PARAMETERS OF ENHANCED
atoms around some sites toward more ordered states. Ti8t MICROCRYSTALLIZATION IN a-Si:H FILMS

kinetic consideration of thermal Si crystallization @Si ~ GENERATED BY H} PLASMA ION BOMBARDMENT
(Ref. 11 and ina-Si:H (Refs. 8 and ®has shown that the

S : . The number of hot spots formed in the same nanometer
nucleation time of Si atoms is

material region during timét,s of plasma treatment of the
tn= vatg= valog EXP(AE/KT). (6.2 film (e.g.,At,s=1-3h) isAvs=vAty=Ji2At,s. Here
v is given by Eq(5.1). The integral lifetime;,, of all the hot

;i:]eq the timety between two successive jumps of the S’amespots that formed in the same material region dudngs is

p2 2 tin:AvsATS:‘JiSESATSAtps- (71)

ta=gp = G—MGXD(AE/kT), (6.3 For instancet;;~10"* s andA v~ 10 for the ion flux im-
o o o pinging on film surface);;~10'" s™*cm 2, At,s=3h, hot
is directly related to the diffusion coefficientD  gpot lifetime Ar,~10"1%2s, and surface areaS,
=Dy exp(—AE/KT) of Si atoms. p~d is the average length <1013 o2

of a single atomic jump.Here the pre-exponential factor is We will show that the integral lifetimg, is sufficient for
p? the creation of Si crystalline nuclei if flud;s of the plasma
tOd=ﬁ~Arexp(AS/k), (6.4  ions impinging on the film surfacEEg. (2.2)] and the EPI
0 energiese;s are not too low.
where AS is the activation entropy andr~3x10 13s, We calculate now the Si nucleation time in hot spots

Similar relations have been applied to nonequilibrium laserinitiated in thea-Si:H by H; plasma ions. The hot spot av-
induced ordering ira-Si:H.1% In the case of plasma-assisted erage energy densitper atom e, and the effective tem-
Si crystallization, a high nonequilibrium transient electronperature Ty ~e /k decrease(after fireball formatioh at
concentration £10'"—10"° cm™3) is created in nanometer high rates,

material regions affected by hot spots. Therefore, every

diffusion-like jump of an atom in the hot spot volume is SSL%EL(AT L—ty) "t

accompanied byAn? downward and/orAn"P upward elec- dt °

tron transitions in the vicinity of hopping atongsimilar to  gng

those discussed in Refs. 8—11, 21, andl. 26 a result, the

activation energ\AE and entropyA S of the rate processes in dTs. - E desL (7.2
question can be rewritten in the following foffnt21:24 dt  k dt’
AE=E—|én%Ae)| where subscript stands for the light plasma ioite.g., H ),

eq_ andt; are the fireball energy densif{eq. (2.4)] and

fireball creation time, respectively, adrg, is the hot spot
AS=—|kén|+AS,, (6.5 lifetime. We divide A into a few shorter time intervals
and estimate the Si nucleation rates within each of these
intervals. The first is the fireball lifetime; ~10 **s
<A1 ~3%X10 *?s. The energy density;, and effective
temperaturel;, generated ira-Si:H by H, plasma ions are

and

wheresn=An%—An'P. Here(Ae) is the average release of
energy per downward electron transiti@h[Eq. (6.5)] is the
activation energy for the diffusion-like atomic jump without
the influence of electron transitions, i.e., whémf'=0.ASy 1 cn lower then their counterparts in the fireball generated
is part of the activation entropy associated with local atomlcby heavy plasma iong.g., Ar) of the same energy.
rearrangement. Activation free energy of the atomic jumps Consider first rough estimates for the titag, of atomic
and the ngcleation_tilrzng)g)tained by considering the Kinetic o4 rangements on the following rather “pessimistic” condi-
nanoscopic modef %% are tions: (i) the high activation free energgG,~3 eV found
AG:AE_TASZE_(<Ae>_kT)(And_Anup), (6.6) for thermal Si crystallization ira-Si:H at high temperatures

(=10° K) at low hydrogen conterit®3 (ii) the lowest fireball

temperaturdl;, related tos;; ~0.2—0.3 eV. Then we obtain
ty=A7v, exp AG/KT), (6.7  [from Eq.(6.7)]

according to Eqgs(6.2—(6.5. From Egs.(6.2—-(6.7) one . 10 B 3eVvy s 5
sees that the following two effects strongly enhance the rate tnr~3% 10 ex KT, ~3%(10°-107) s
of plasma-assisted Si crystallizationarSi:H. First, the high (7.3

and
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for kTf =0.2-0.25eV aanAAT:3><10_12 s. The time  to T, =800-1900K, the Si crystallization time,_be-
(INTTS peeded for reconstruction foL=100—200 Si gtoms IS comes much longer thaiyy, 0r~tN1L- For instance, at an
considerably shorter than the integral hot spot lifetitpe intermediate(betweenT,, andT,, ) hot spot temperature of

[Eq. (7.1D]. Thus, even our pessimistic estimates show thatl"z,_zo.S(Tl,_wLATz,_)=1050— 1400 K the Si nucleation
N¢_ atoms have enough time to experience reconstructior{ime is Tp = (10 2= 5% 10°5) s. Here time~5x 105 s
N2L— - ' -

For a more realistic lowek G atomic rearrangements require .

. . . ~ 74
shorter time intervals. The reduction AfG is produced by I[?E of (;hi)]or_(rjﬁ;rg;;:]ee ;rt]tfhgeraallbrl)c\’/te?r?qc:nltlifoegIg:j%coigitiorsw of
the following factors:(i) some Si—Si and Si—H bonds are q. (7.5} '

14 = . . ) )
broken during fireball time;, , and the Si atoms involved ~10 ° SandTy plasma-assisted Si nucleation has the prob

. - . bility of occurring in almost every film nanometer region
can participate more easily in further atomic rearrangemenf',i
(i) the hydrogen diffusion is greatly enhanced. This aIsoaﬁeCted by the hot spot. The fact that a large nurriper

-2\ £ -1 -2
promotes material rearrangements; &nd a high local tran- cm I)t fo~ ‘9SAI 752 d 10° cm tlo f hottsgsma agle gzngrated
sient  nonequilibrium  concentration nge= ANgs /Ves simultaneéously and permanently in -1 Tim aunng

~10-20° o ?of mobile and excted fsctonsgeneraed 7 31 U€A enfances e e of S mueaton, e
in nanometer volume\/efﬁRgfL [of Refi=veti~(1-3) P P Y

_ . . tion presented illustrate a more general conclusion: by con-
x 10" ® cm] duringt;, promotes downward electronic tran- P 9 y

sitions during atomic rearrangements; this reduces the act}EOIIIng the plasma power, gas composition, plasma ion en-

. . . ergy, and duration of plasma treatmentas8i:H film, one
vation free energyAG and increases exponentially the rate S .

: : L can control the kinetics, degree, and quality of the plasma-
of atomic rearrangements towards Si crystallization in hotassisted Si crystallization
spot[Egs.(6.6) and(6.7)]. Besides, the nonequilibrium mo- '
bile electrons whose lifetimeg=10 1-101°s is longer
than the hot spot lifetime 7;~10 2 s can promote Si mi- VIIl. DISCUSSION
crocrystallization in hot spot surroundings after hot spot de- .
cay. The suggested mechanism of Si crystallization promo- In Sec. VIl it was shown that the observed plasma-

tion through downward electron transitions that accompan%izls:z;jefefg??gfidbi&nzr%ségglz?ﬂ?nh??;igllrl?ilsi‘blr?u:rr]](ar]a
atomic rearrangement is similar to that discussed in Refs. 9 ) 9 : gnly q .

nometer picosecond short-lived hot spots generated in the
and 8-12 for other processes.

Now we consider the processes that occur in the hot spcl;{lm by a large amount of energetic plasma ions impinging

stages that follow the fireball. According to E@.2) the hot on the film surface. The proposed kinetic mechanism is an

spot effective temperature decreases at the rawTef/dt :(;?_f'wm?;u?ur |ap;i¥;liou§s:;§;kr§££ llth:ngrysrt]alhzlzgr?]r;_of
~10% degls! (for £, =0.2-0.25eV, T; =(2.3-2.9) ; P P

. . oy . 6 . _
«10° K, and Ar.—t,~2x10-12<). Hence one can con- assisted coating, deposition, and sputtefifd® This mecha

. . . . nism suggests an explanation for experimental observations
clude that the majority of atomic reconstructions in the hot 99 P P

spot(that contairlNg>N; atomg takes place at temperatures and indicates some ways and means by which to control
P ) s— . P mp plasma-assisted Si crystallization, summarized briefly below.
substantially lower thafi;, . Estimates of the activation free

AG. for the atomi fruction i tion i First, the results obtained earlier in this article show that
Znse}rayyielé AO(; _Ei' ?502'2\;69%25 (;l;firlr?:tem aicé:etsallfgs n H, plasma appears to be more effective in the crystallization
e ST et o s of a-Si:H films (compared to Ar plasmamainly due to the
into account the following additional factof®Ref. 14 and ( P plasm y

following factors.
references therejrthat reduceA Gq: (i) the flexibility of the oflowing factors o
structure ofa-Si:H material in the presence of 10%-20% of (i) ~ Lower energy density per atosy <e¢y in the fire-
hydrogen(ii) the presence of weak Si—Si bonds, voids, and balls formed by light H plasma ions compared to

other defects. Estimate now the Si crystallization tirggin
the hot spot atAG;=2eV during time interval Aty
~10 12 s after the end of the fireball. Durinfjt, the effec-

that, £y, generated by heavy Arplasma ions since
the lowereg are less harmful to Si crystallites that
have formed earlier in the same place.

tive temperature T;, decreases fromT; =(2.3—-2.9) (i) The light H; plasma ions that form fireballs and hot
X 10° K at a rate ofd Ty /dt~10' deg/s *. At the end of spots ina-Si:H films spend a smaller part of their
time interval At; one obtainsT,; ~(1.3—1.9)x 10° K. At energy[compared to heavy ions, e.g., ArEq. (3.4)]
these hot spot temperatures, which continue to decrease, the ~ N outward phenomengsputtering, etg. Therefore,
ANy, ~300-400 atoms involved experience rather fast rear- the I—E ions contribute more of their energy to Si
rangement, leading to the formation of Si crystalline nuclei. _ crystallization. .

The time required for the processes at intermediate temper&ll) ~Hydrogen atoms that form in the bulk of;Hplasma

ture T1, ~0.5(T+ Ty, )=(1.8-2.4x 10° K and final tem-
perature Ty, is ty; ~4X10°8-2x10 "s and ty
~10%-10 % s, respectively. The time intervals,;, and

ty1L are short enough to expect Si crystalline nuclei to form

during the many hot spot integral lifetimég~10"* s [Eq.
(7.1)]. During the next time intervalAt,~0.5x10 ? s,

when the hot spot effective temperatdrg <T,, is reduced

and in the near-surface plasma layEeig. 1) etch hy-
drogen from the surface @&-Si:H film. This process
which takes place due to the high chemical reactivity
of H atoms that removes the hydrogen released in the
course of Si crystallization ira-Si:H, promotes the
formation of Si crystallites.

Second, the proposed model shows, in agreement with
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observations, that oxygen plasma should be more effectivepossible number of Si crystallites which can be formed for
for Si crystallization ina-Si:H compared to Ar plasma due to given conditions of the film plasma treatment. An increase in
the following factors.(i) Oxygen atoms formedfrom O, the discharge power causes the shortening in plasma-assisted
molecules in the plasma bulk and the near-surface plasmecrystallization observed due to the factors mentioned above.
layer have high chemical reactivity, whereas Ar atoms are  Seventh, the proposed model suggests that Si crystalli-
chemically neutral. As a result, O atoms can etch H atomgation can be improved by choosing a suitable plasma-gas
from thea-Si:H film surface, and promote Si crystallization, velocity which ensures the residence time of every portion of
but Ar atoms are unable to etch hydrogen from the film surgas in the plasma lay¢near the film surface, E¢2.3)] is in
face. (i) O; ions lighter than AF ions produce ina-Si:H ~ ‘resonance” with the proper time of plasma gas treatment by
fireballs of lower energy density. These fireballs generated b{he high energy electron beam emitted from the surface and
OJ ions later area less harmful for Si crystallites createceccelerated towards the plasiitags. 1 and 2 In the case of
earlier in the same places, compared to the fireballs forme@uch resonance the energetic electrons are able to produce
by Ar* ions. Nevertheless, the Oions are less effective in higher concen_trations of ions and chemicallly active particl_es
Si crystallization compared to light H plasma ions, in (€:9- H or Q in the plasma gas near the film surface; this
agreement with observations. promotes the crystallization process. The above-mentioned
Third, the model suggested showis agreement with ~ésonance 7has appeared to be usefgl i!’l plasma coating and
the experimental datahat Si crystallites are formed in the depositiorf:” One can expect that a similar effect would be

top near-surface material layer with thickness of a few ten&iSeful for Si crystallization ira-Si:H films.
of hanometers. The factors and phenomena discussed above suggest

Fourth, the consequent thermal crystallizatioraisi:H some practical ways for controlling plasma-assisted crystal-

films previously treated by plasma requires a substantiall)l)zat'on in a-Si:H.

shorter time compared to the crystallization of untreated

a-Si:H films. Besides, the crystallization in both the plasma

treated and untreatedSi:H films obeys the Arrhenius equa- |X. CONCLUSIONS

tion. However, the activation energy in the former is lower

than in the latter. These conclusions that follow from our A nanoscopic kinetic model of the enhanced formation

model are in agreement with experimental observations. ~0f Si crystalline nuclei in low-temperatu@Si:H films ex-
The observed reduction of activation energy in thePosed to gas plasma was proposed. This model suggests ex-

plasma-treated-Si:H films results from the creation of seed Planations of experimental observations including the advan-

nuclei in the film(before thermal annealingluring the pre- tages of hydrogen plasma for crystallizationasi:H. The

vious plasma-assisted Si crystallization, discussed earlier. Proposed model is an extension of the kinetic nanoscopic
Fifth, the model suggested leads to the conclusand model of plasma-solid interaction reported in our earlier

is in agreement with experimental dathat the total crys- work_ in connection _with plasma-assis%ted depositio_n and

tallization time falls when the discharge power that forms thec0ating and plasma-induced sputterfrfg'® The mechanism

plasma increases. The effects of power are determined by tH§OP0sed is able to enhance dramatically the overall Si crys-
following factors. tallization rate and reduce correspondingly the nucleation

time. The observed Si nucleation is the integral effect of a
(i) ~ Power enhancement can cause a rise in the ioRuge number of short-livegbicoseconiihot spots of nanom-
concentratiort’ This, in turn, increases fluxedis  eter size generated permanently on and inat:H film by
=n;sU;s [EQ. (2.2)] of energetic ions that generate hot fluxes of energetic plasma ions of energy=20—100 eV
spots in thea-Si:H film and therefore enhance the during timeAt, of film plasma treatment. The plasma ions
amount of Si crystallites formed during a given time are accelerated by the near-surface electric field in the
of plasma treatment ad-Si:H film. plasma sheath. The high transient energy density per atom
(i)  The increase in power can also enhance the energy &f,, and the effective kinetic temperatufe, ~&, /k gener-
ions impinging on the film surface. However, the dis- ated in the hot spots cause dramatic enhancement of the Si
charge power and ion energy increase should not berystallization rates. This overcompensates for the shortness
too high, since this can harm already formed crystal-of the hot spot integral lifetime of a large number of hot
lites and also generate sputtering and the formation o$pots generated in each nanometer film region by EPI fluxes
pits and craters on the film surfa¢especially in the during timeAt, (e.g.,At,s=1-3 h). The proposed mecha-
case of plasma of heavy particlés nism also explains the observed dramatic reduction in ther-
mal budget for hydrogen plasma-enhanced Si crystallization
Sixth, both theory and experimériead to the conclu- in a-Si:H films.
sion that the longer the film plasma treatment, the shorter the  As was shown, hydrogen plasma has some advantages
time necessary for subsequent thermal annealing for filnfor Si crystallization ina-Si:H compared to plasmas of much
crystallization. Our model shows that the longer the plasma-heavier particles(e.g., Ar* plasma, in agreement with
film interaction, the greater the number of hot spots and Sbbservations.
crystallites that form ira-Si:H. However, when the exposure The proposed model indicates that plasma-assisted Si
time is too long, one should expect saturation in plasmaerystallization ina-Si:H films can be controlled by control-
assisted Si crystallization ia-Si:H due to saturation of the ling the gas composition, flux, and energy of ions impinging
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