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Low temperature nanoscopic kinetics of hydrogen plasma-enhanced
crystallization of a-Si:H films
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A nanoscopic kinetic model of controlled plasma-assisted microcrystallite formation~PAmCF! of Si
in pre depositeda-Si:H films at low temperatures is proposed. The model suggests mechanisms for
enhancement of the Si crystallization ina-Si: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 ina-Si:H compared to other plasmas~Ar plasma, etc.!. These advantages make
the hydrogen plasma substantially more efficient in the PAmCF of Si ina-Si:H films. The proposed
mechanism for PAmCF of Si is associated with the formation on the surface of thea-Si:H film and
in the adjacent nanometer material layer of nanoscale~picosecond! short-lived hot spots of high
energy density~or effective temperature!. The hot spots are generated in the material by energetic
plasma ions of energy« is520– 100 eV accelerated by the electrical field in the thin plasma layer
near the solid surface. The hot spots promote Si crystallization ina-Si:H. It is shown how the plasma
composition, energy, mass, and fluxes of the plasma ions impinging on the surface of thea-Si:H film
determine the Si nucleation rate and density of Si microcrystallization. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1574598#
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I. INTRODUCTION

Polycrystalline silicon~polysilicon! formed by the crys-
tallization of amorphous silicon has far superior material a
electronic properties than as-deposited polysilicon.1–5 It has
been found that rf hydrogen plasma exposure at room t
perature of a plasma-enhanced chemical vapor-depo
~PECVD! a-Si:H film can reduce considerably the crystal
zation time during subsequent thermal film annealing
600 °C compared to films not exposed to plasma.5 The ef-
fects of Ar plasma appear significantly weaker although
plasma can also enhance the crystallization process. S
phase crystallization~SPC! of amorphous silicon involves
the nucleation of seeds~formation of clusters of crystalline
silicon! and their growth to polycrystalline silicon. The k
netic mechanism of SPC enhancement in predepos
a-Si:H films exposed to hydrogen plasma is not yet clear.2,4,5

In this article we propose a kinetic nanoscopic model
controlled plasma-assisted Si microcrystallization~PAmC! in
predepositeda-Si:H films at low temperatures. This mod
indicates certain specific factors that cause the observed
hancement in the rates of PAmC of Si in a-Si:H films through
hydrogen plasma compared to argon plasma.

We suggest that, in general, the observed substantia
hancement in Si crystallization in low temperaturea-Si:H
films exposed to gas plasma is caused by dynamic plas
solid interaction. This interaction, proposed in our earl
work, related to other plasma-assisted processes,6,7 consists
of a great number of nanoscopic picosecond dynamic ev
generated by energetic plasma ions~EPIs! impinging on the
film surface. EPIs of energye is520– 100 eV are formed in
the thin near-surface plasma layer due to the plasma-sur
4430021-8979/2003/94(1)/443/11/$20.00
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voltage accelerating the EPIs towards the surface.6,7 One of
the main kinds of phenomena involved in plasma surfa
interaction is the formation of sequences of very many
multaneously occurring nanometer short-lived picoseco
hot spots, referred to henceforth as hot spots. They are
erated on the surface and near-surface material layer
fluxes of plasma ions impinging on the surface during~time
Dtps) plasma–surface interaction. Each of the hot spots
high short-term energy density~a high effective kinetic tem-
perature! which induces very high rates of atomic and ele
tronic rearrangement and Si crystallization in nanosco
material regions. The observed PAmC of Si is the integral
effect of the action of a great amount of nanoscopic hot sp
generated by the plasma ions. By controlling the mass
energy of the plasma ions as well as the film structure
temperature one can also control the formation of Si crys
lites. The above conclusions that from the proposed kin
nanoscopic model of Si crystallization ina-Si:H are in agree-
ment with observations. The kinetic model of PAmC of Si in
a-Si:H suggested combines the nanoscopic kinetic mode
plasma surface interaction6,7 with some ideas and result
used successfully in our previous papers related to the
lowing processes:~i! the thermal crystallization ofa-Si:H
without and under the influence of metal contacts;8,9 ~ii !
structural changes ina-Si:H ~and some other amorphous m
terials! caused by laser irradiation;10 ~iii ! the thermal crystal-
lization of dopeda-Si;11 ~iv! thermal hydrogen desorptio
from a-Si:H.12

These applications of the nanoscopic kinetic model
the purely thermal and laser-induced crystallization of am
phous silicon~including the incubation period of the crysta
© 2003 American Institute of Physics
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lization!, which are in good agreement with experimen
data,8–11 lead to the following important conclusions. Th
formation of every crystallite nucleus which contains ma
silicon atoms proceeds via a great number of small picos
ond nanometer steps towards a more ordered state of t
atoms since initially these atoms are in a disordered state
each of these steps single atoms or small numbers of a
involved overcome energy barriers due to short-lived~pico-
second! large energy fluctuations~SLEFs! in nanometer ma-
terial volumes.8–12 Thus the large energy barrier related
the formation of every nucleus is overcome in the course
the great number of small steps in each of which a m
smaller barrier is surmounted. In this article we apply simi
ideas to plasma-assisted crystallization in amorphous silic

II. NANOSCOPIC KINETIC MODEL OF PLASMA-
ASSISTED Si CRYSTALLIZATION IN LOW
TEMPERATURE a-Si:H FILMS: THE PROBLEM

Solid state phase silicon crystallization ina-Si:H ~or
a-Si! films involves two distinct processes: nucleation
crystalline seeds~i.e., the formation of small clusters of crys
talline Si! and their growth. We should distinguish betwe
the material properties ofa-Si:H films involved in thermal Si
crystallization at high temperatures8,9,13 and those of PAmC
in a-Si:H at low ~e.g., room! temperature.

The former process takes place at a very low hydro
concentration whereas PAmC occurs in low temperature
a-Si:H films of much higher hydrogen concentration due
hydrogen outdiffusion and desorption at hig
temperatures;12–14 the crystallization kinetics require
diffusion-like jumps of Si atoms to new positions associa
with lower free energies8,9 which occur at reasonable rate
only at high temperatures. However, the PAmC in a-Si:H
films at low temperatures takes place in the material in
presence of 10%–20% hydrogen, changing considerably
material properties ofa-Si:H compared to those of almos
pure a-Si.14,15 Therefore, the PAmC at low temperatures
a-Si:H involves the following rate processes:~i! breaking of
the Si–H bonds is required to free Si atoms involved in
formation of Si crystalline nuclei;~ii ! structural rearrange
ment of Si atoms which includes diffusion-like jumps
some Si atoms towards more ordered states related to lo
free energy;~iii ! diffusion of hydrogen during the formatio
of Si microcrystals and the corresponding structural chan
in a-Si:H film; ~iv! hydrogen desorption and etching ma
also be involved in the crystallization process.

Each of the aforelisted processes consists of a huge n
ber of SLEF-generated picosecond nanoscale elemen
events associated with the necessity to overcome high en
barriersDE@kT. The thermal rate~per second! of these pro-
cesses is

W5W0 exp~2DE/kT!'tB
21. ~2.1!

At low temperaturesW is too low, and the time expecte
tB'W21 is too long in practical terms~herek is the Boltz-
mann constant,T is the temperature!.

Plasma treatment ofa-Si:H films enhances considerab
the formation of Si microcrystals at a low film temperatu
Ts , due to formation on the film surface and in the ne
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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surface material layer of a great amount of nanoscale
spots of high energy density~or high effective kinetic tem-
perature!. The hot spots are created by the fluxes of plas
ions of energy« is520– 100 eV bombarding the film durin
time Dtps of film exposure to the plasma.6,7,16The kinetics of
the PAmC of Si and crystallite parameters are determined
the properties and frequencies of the hot spots formed in
material by the EPI fluxes.

The plasma–solid interaction~PSI! is associated with the
formation of a heterogeneous dissipative structure~HDS! in
the plasma–solid interface~Fig. 1!.6,7,16 The HDS includes
the following kinetically coupled components: the plasm
bulk ~PB!, near-surface plasma layer~PL!, solid surface, and
the near-surface material layer~ML !. The components of the
HDS have different characteristics and, therefore, propert
and a description of them requires the application of differ
methods.

First, the PB consists of weakly ionized gas plasma~with
a relatively low degree of ionization,ai!1) that contains
ions and electrons which are affected by electromagnetic
electric fields. As a result, the energy distribution of plas
electrons,f e(«e), and ions,f i(« i), can differ considerably
from the equilibrium Maxwellian distribution.17 The mean
energies«̄e and «̄ i of PB electrons and ions can be substa
tially higher than the thermal kinetic energy'kTg of neutral
gas particles~here Tg is the gas plasma temperature!. The
energies«̄ i and «̄e , and concentrationshe and h i of PB
electrons and ions can be controlled by plasma electrom
netic or/and electric fields17 and depend on the gas pressu
Pg , electrical discharge powerWd , and the voltage betwee
the substrate and the plasma.

Fluxes of electrically charged and neutral particles
netically couple between the PB and the near-surface P
thicknessDL ~Fig. 1!. Second, the PL plays a crucial role
plasma–surface interaction and nonequilibrium phenom
that occur on the solid surface and near-surface ML.6,7,16We
assume that the surface has negative voltageUs relative to
the surrounding plasma. The main drop in voltage is kno
to occur near the surface, i.e., within the PL. This leads to
following important phenomena which play a key role in t

FIG. 1. Diagram of the main constituents of the heterogeneous dissipa
structure~HDS! involved in plasma–surface interaction that cause the f
mation of Si nano and microcrystals ina-Si:H. HEEB is the high energy
electrons beam emitted from the surface that is accelerated toward
plasma by the near-surface electric field.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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PAmC of Si ~as well as on plasma coating an
deposition!.6,7,16

~i! The formation in the PL of positive energetic plasm
ions which are accelerated towards the surface by
strong electric fieldEs in the sheath around the su
face. The kinetic energy of the accelerated ions« is

50.5miuis
2 impinging on the surface can be muc

higher than the ion energy in the PB. For instance,« is

can be higher than the sputtering threshold from
surface~e.g., about 20–100 eV!.6,7,16 Bombardment
of the surface ofa-Si:H by energetic plasma ions gen
erates a great amount of hot spots in the near-sur
material layer. This substantially affects Si and hyd
gen transport as well as various atomic and electro
properties on the surface and in the ML. The fl
density of the plasma ions impinging on the surfa
is6,7,16

Jis50.25h isuis50.25aisbgNguis

or
Jis50.25aisbguisPg~kTg!21. ~2.2!

HereNg5Pg(kTg)21 is the total number~per cm3! of
particles in the plasma gas;bg is the relative concen
tration of particles of a certain kind~e.g., of H2

1 ,
Ar1, etc.!; h is5aisbgNg is the ion concentration in
the PL associated with the degree of ionization,ais in
it; h is in the PL andais can differ from their counter-
parts, h i and ai in the PB; uis5(« is /Mi)

1/2 is the
velocity of EPI of energy« is . One finds@from Eq.
~2.2!# Jis(H2

1)'1017 cm22 s21 for H2
1 plasma ions of

energy « is(H2
1)'50 eV, bg'1, ais(H2

1)'1025, P
'1 Torr, andTg5600 K.

~ii ! The formation in the PL of a high energy electro
beam~HEEB!7,8,16 that consists of electrons emitte
from the surface~Fig. 1!.6,7,16 The energy«es of the
HEEB electrons accelerated towards the plasma
the sheath’s electrical field is much higher than tha
the PB; e.g., «es520– 100 eV@ «̄e51 – 3 eV. The
HEEB electrons are much more effective in the io
ization and excitation of plasma particles in the P
compared to electrons in the PB. As a result, the
gree of ionizationais , molecule dissociation, an
electron (hes) and ion (h is) concentrations in the PL
as well as concentrationh* of free radicals~e.g., of
H* ) in the thin PL are higher than those in the P
The effective thickness of the PL can be presented
a form similar to that of the Pashen law for g
discharges,6,7,16

DLP5bkTgses
21

or

DL5ble5bkTg~Pgses!
21. ~2.3!

Hereb55 – 10, andses is the total cross section of co
lisions of HEEB electrons with gas particles. The flux de
sity of the HEEB electrons,Jes5g(« is)Jis , can be rather
high.7,8,16 Hereg(« is) is the electron emission coefficient o
the surface under plasma ion bombardment. Thus the pla
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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layer plays the role of ‘‘internal plasma reactor’’ in which ga
particles are treated by the energetic electron before com
to the surface.6,7 The duration of this advanced plasma tre
ment is equal to residence timetR'DL/vg of gas in the
plasma layer~herevg is the gas velocity!. The most effective
gas treatment takes place whentR is equal to the time the
energetic electrons need to create additional ionization,
sociation, and excitation of each portion of gas in the plas
layer.6,7

The high efficiency of the HEEB electrons in the exc
tation of plasma particles in the plasma layer has been c
firmed experimentally by optical omission spectroscopy.6,7 In
addition, the detection of sputtered particles in the PL c
firms that the plasma ions impinging on the substrate h
energies higher than the sputtering thresholds~'10–30
eV!.6,7 Just these plasma ions are initiated on the film surf
and in the adjacent material layer hot spot-related trans
nonequilibrium many-body atomic and electronic proces
responsible for the formation of Si microcrystals. Each
these plasma ions impinging on the surface is stopped du
Dt f510214– 10213 s within a nanometer near-surface ma
rial volume Vf'2Rf

3 of radiusRf'(2 – 3)d ~d is the inter-
atomic spacing!. As a result, each of these ions releases
energy,« is'(104– 105)kTs , within volumeVf during Dt f .
Volume Vf which contains a relatively small number,Nf

'Vf /d3, of atoms, acquires~during Dt f) high energy den-
sity per atom,6,7,16

« f'
« is

Nf
,

~2.4!
e.g.,« f'0.2– 2 eV/atom.

This very ‘‘hot’’ volume Vf forms an initial fireball of
short lifetime which serves as the initial state for the form
tion of a nanometer hot spot in the near-surface nonom
material region of volumeVs@Vf . The observed Si crystal
lization is the integral effect of a great amount of hot spots
lifetime Dts'10212– 10211 s and nanometer material vo
umeVs@Vf generated by plasma ions. The fireball can a
produce ‘‘outward’’ processes such as sputtering partic
desorption, electron emission into the surrounding plas
and other outward phenomena~Fig. 2!. Si crystallite nuclei

FIG. 2. Nanometer picosecond inward dissipative structure~NPIDS! formed
by inwardly directed~energy, momentum! fluxesJ01

R initiated in the course
of the time evolution of the fireball created in volumeVf by plasma projec-
tiles impinging on the surface at the perpendicular~a! and oblique~b! inci-
dence.V1 is the nanometer fireball surroundings where the NPIDS a
short-lived hot spot are formed.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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are produced in thea-Si:H film through ‘‘inward’’ fireball
time evolution, thereby initiating various nonequilibriu
transient phenomena ~Fig. 3! ~discussed in the
following!.6,7,16

The interaction of plasma ions with solids includes co
plicated transient many-body phenomena which are diffic
to study by conventional theory.6,7,16–20Here, therefore, we
extend the related kinetic many-body approach success
used in our earlier work.6–12,17,21–25

III. PARAMETERS OF TRANSIENT FIREBALLS
FORMED IN a-Si:H FILMS BY LIGHT „e.g., H¿

… AND
HEAVY „e.g., Ar ¿

… PLASMA IONS IMPINGING
ON THE FILM SURFACE

An a-Si:H film consists of metastable amorphous ma
rial of higher free energy compared to that of crystalli
material. The crystallization ofa-Si:H transforms the mate
rial towards the state of lower free energy. However, at l
Ts thermal crystallization is prevented by rather high ene
barriers DE@kTs associated with material reconstructio
The rates of the processes involved@Eq. ~2.1!# are negligibly
small at lowTs . The incubation timetN for thermal forma-
tion of Si crystalline nuclei ina-Si:H and the rate coefficien
of this processKN found from kinetic nanoscopic conside
ations~Refs. 8, 9 and 13 and references therein! are equal to

tN5KN
215t0N expS DE

kT D . ~3.1!

Bombardment of thea-Si:H film by intense fluxes@Eq.
~2.2!# of plasma ions~of energy« is520– 100 eV) generate
persistent random sequences of a great amount of sim
neously permanently occurring nanometer hot spots. Eac
the hot spots is associated with strong pulsed nonequilibr
‘‘heating’’ of picosecond duration in the nanometer mater
regions. This EPI-induced local pulsed heating enhances
rates of material reconstruction in question so strongly t
the integral effect of the great amount of the hot sp

FIG. 3. Space scales of inwardly evolving nanoscopic picosecond dis
tive structures associated with the four-phase model of the hot spot cre
by a plasma projectile:~1! the fireball,DL f ; ~2! the quasigas stage~QGS!,
Lg ; ~3! the quasiliquid stage~QLS!, LL ; ~4! the hot solid state stage
~HSSS!, Ls .
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~formed during exposure timeDtps of the a-Si:H film to
plasma! produces the Si crystallites that are observed.

We assume that the EPI-generated reconstructions in
metastable amorphous material are preferably directed
wards states of lower free energy associated with Si crys
lization. We apply here to the PAmC of Si in a-Si:H film the
nanoscopic model of kinetic plasma–solid iteration6,7,16 and
consider effects of ‘‘heavy’’ and ‘‘light’’ plasma ions whos
massesMi satisfy the condition

m i5
Mi

M
5H *1 for heavy plasma ions,

!1 for light plasma ions.
~3.2!

Here M is the mass of atoms, e.g.,M ~Si! and M (H2
1)

'0.07M ~Si! are the masses of Si atoms and H2
1 ions, re-

spectively. Ar1 ions ofMi (Ar1)'40.M (Si)'28 play the
role of heavy ions. H2

1 ions of massMi (H2
1)'2!M ~Si!

are light ions with respect to Si atoms. However, H2
1 ions

play the role of heavy ions relative to H atoms ina-Si:H.
Although hydrogen-diluted plasmas are more effective in
formation of Si crystalline nuclei ina-Si:H films, neverthe-
less Ar plasmas also substantially enhance Si crystalliza
in a-Si:H films at lowTs , in agreement with observations.4,5

We start by considering the effects of less effecti
heavy Ar1 plasma ions, and then discuss the advantage
H2

1 plasma ions in the formation of Si crystallites ina-Si:H
films. The heavy plasma ions of energy« is520– 100 eV that
transfer their energy to the material atoms at high rates
stopped within a small subsurface volumeVf of radiusRf

;(2 – 3)d during Dt f510214– 10213 s. This explosion-like
release inVf of energy« is duringDt f causes rapid enhance
ment of the average energy density per atom« f @Eq. ~2.4!# in
volumeVf and formation of the initial fireball. Energy« f is
much higher than the thermal energy per atom of'kT in
‘‘cold’’ surroundings; e.g., if« is'50 eV andRf'2d, one
finds «̄ f'3 eV, whereaskT'0.025 eV atT5300 K. Details
that consider the formation of the fireball and its paramet
can be found in Refs. 6, 7, and 16. Here we consider ma
fireball-related inward phenomena that promote the crys
lization of Si. A part,Wf , of energy« is released in the fire-
ball is consumed in the breaking of interatomic bonds, a
produces nonequilibrium electronic excitations and the f
mation of free carriers. The rest,« is2Wf , of energy« is

produces fast, strong explosion-like heating of theNf fireball
atoms duringDt f510214– 10213 s. The instant of timetp at
the end of the time intervalDt f is chosen as a local interna
time reference point for fireball evolution, i.e., we assum
that tp50. By tp50 the fireball local energy density« f in
Vf reaches its maximum; but attp50 fireball evolution has
not yet started.6,7,16The short-lived fireball state of matter i
Vf is very complicated since it is characterized by the h
effective kinetic temperature,

Tf'
«̄ f

k
'

« is2Wf

kNf
'~1 – 3!104 K ~3.3a!

and high density of atoms~about 1022– 1023 cm23). This
state of the fireball matter is difficult to identify with any o
the conventional states of matter. During the timeDt f

510214– 10213 s the cold matter of the fireball surroundin

a-
ted
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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cannot receive excitation energy from EPI due to the cau
ity principle related to the shortness ofDt f and the finiteness
of energy transfer velocitycf in the atomic fireball
system.6,7,16On the other hand, some nonequilibrium mob
electrons that have formed in volumeVf and have higher
velocity, ve f@cf , can leave volumeVf'2Rf

3 and come into
the cold surrounding matter duringDt f , since duringDt f

electrons can pass the distancer e f've fDt f.Rf where Rf

'cfDt f . These mobile electrons form the initial electro
nonequilibrium population in the colda-Si:H surroundings
of hot fireball volumeVf . The high fireball energy densit
and atomic density inVf at tp50 cause very high effective
explosion-like initial pressure in the nanometer region of
solid,6,7,16 Pf'af(« is2Wf)(Vf2NfV0)21 where af is a
constant. For instance, at volume per atom ofV0

'10223 cm23 one finds Pf'(1.5– 4)105 bar. The high
pressure creates in every fireball a strong inward microsh
wave that propagates inside the film for rather large d
tances. Each such microshock wave and related nonequ
rium phenomena promotes fast material rearrangement in
nometer near-surface regions. Fireballs produced by he
~e.g., Ar1) and light ~e.g., H2

1) ions have dramatically dif-
ferent parameters that are given by the followi
relations:6,16

Tf}Pf}«̄ f}Nf
21}g3/2'H 0.35 for m i'1,

!1 for m i!1,
~3.3b!

where g52m i(11m i)
22; e.g., g3/2'0.04 for m i

5Mi(H2
1)/Mi(Si)'0.07. Therefore, for heavy plasma ion

~e.g., Ar1 ions!, the fireball parameters (Tf H , Pf H , and« f H)
are much larger than those (Tf L , Pf L , and « f L) for light
plasma ions ofm i!1 ~e.g., H2

1 ions!. Here the subscriptsfH
and fL stand for the heavy- and light-ion generated fireb
parameters, respectively. The fireball is the initial state
the development of the two qualitatively different kinds
phenomena~Fig. 2!. The first kind is associated with th
inwardly directed fluxes of the energy, mass, momentu
and electrical charge as well as with the microshock wa
propagating from the surface inside the film material. Th
inwardly directed processes that produce the nonequilibr
hot spot in near-surface material volumeVs that is much
larger thanVf ~Fig. 2! considerably enhance Si crystalliz
tion in a-Si:H. The second kind of phenomenon is associa
with outwardly directed microfluxes of the energy, mass, m
mentum, and electrical charge.6,7,16

The fireballs of higher energy density«̄ f H generated by
heavy plasma ions~e.g., byA2

1) are more effective~com-
pared to light plasma ions of the same energy! in producing
outwardly directed phenomena. Therefore, the heavy pla
ions impinging on the film surface spend an essential p
UsH of their energy« iH on sputtering and other outwardl
directed phenomena, and only energy« iH2UsH of the heavy
plasma ions can be involved in Si crystallization and ot
inwardly directed processes that occur in the near-sur
material layer. Contrary to that, light energetic H2

1 plasma
ions which produce substantially lower sputtering and fi
balls of lower energy density«̄ f L! «̄ f H ~with other condi-
tions equal! invest relatively low energyUsL!UsH in out-
wardly directed processes. As a result, a larger amoun
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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energy,« iL2UsL , of light plasma ions is involved in Si crys
tallization ina-Si:H. Accordingly, the following relations are
satisfied:

UiL~H2
1!

« iL~H2
1!

!
UiH~Ar1!

« iH~Ar1!
;

~3.4!
« iL2UiL.« iH2UiH , at « iL~H2

1!5« iH~Ar1!.

Equation~3.4! reflects one of the advantages of H2
1 plasma

ions for initiation of Si crystallization ina-Si:H.
Moreover, H2

1 ions are light relative to Si atoms, but H2
1

ions are heavy compared to H atoms. The presence of 10
20% of H atoms ina-Si:H plays an essential role in th
slowing down of H2

1 plasma ions in the film, and also in th
kinetics of Si crystalline nuclei formation. A substantial di
ference between the parameters of fireballs and of hot s
formed by H2

1 and heavy ions creates some advantages
H2

1 ions for Si crystallization ina-Si:H.
Consider now briefly the dynamics of the slowing dow

of energetic H2
1 plasma ions impinging on the surface

a-Si:H film. Due to the presence ofaH510% – 20% hydro-
gen atoms ina-Si:H about 10%–20% of H2

1 collisions in-
volve light H atoms. In each H2

1 – H collision ~separated on
average by about 10 H2

1 – Si collisions! H2
1 loses a substan

tial fraction of its energy. Besides, the H2
1 – H collision pro-

duces an energetic H atom of kinetic energy«(H)@kTs

which transfers its excess energy to the surrounding film
oms.

Hence we can estimate crudely that ina-Si:H the ener-
getic plasma H2

1 ion should experience about 30–40 col
sions with Si atoms and 3–4 collisions with H atoms in ord
to lose its excess kinetic energy. These collisions requir
time interval ofDt f L'10213– 10212 s which is substantially
longer than timeDt f H510214– 10213 s for slowing down
heavy ions. Crude numerical estimates show that duringDt f L

energy« is (H2
1)'50 eV is transferred toNf L'300 atoms

located in the subsurface volume,

Vf L'2Rf L
3 at Rf L'15 Å. ~3.5!

This volume ~containingNf L'Vf Ld0
23'300 atoms! forms

the initial fireball created ina-Si:H by the H2
1 plasma ion.

The volumeVf L and the numberNf L are substantially large
than their counterpartsVf H andNf H in the fireball generated
by a heavy ion~e.g., Ar1). Accordingly, the energy density
per atom«̄ f L in the H2

1-generated fireball is much lower tha
the energy density«̄ f H in the fireball created by a heavy ion
i.e., «̄ f L!« f H . Rough estimates show that«̄ f L'0.1– 0.2
!« f H at « f L'50 eV.

The lower «̄ f L!« f H generated by H2
1 plasma ions ap-

pears less harmful for already created Si crystallites co
pared to«̄ f H induced byA2

1 ions. This is another advantag
of H2 plasma for Si crystallization ina-Si:H.

IV. KINETICS OF TRANSIENT ATOMIC AND
ELECTRONIC PHENOMENA IN NANOMETER SHORT-
LIVED HOT SPOTS GENERATED BY ENERGETIC
PLASMA IONS IN LOW TEMPERATURE a-Si:H FILMS

Consider the inwardly directed time evolution of a sing
fireball producing the short-lived hot spot of a nanome
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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sized, picosecond lifetimeDts , which is associated with the
formation of transient ‘‘ordered’’ fluxes of the energy, mas
momentum, and electric charge directed from the fireball
wards its material surroundings. The directed fluxes cre
local transient dynamic ordering in the nanometer fireb
surroundings that form the transient nanometer dissipa
structure~TNDS!.6,7,16 The fireball evolution and hot spo
formation that produce drastic changes in the local mate
properties include the following three stages~Fig. 3!.6,16 The
first hot spot stage that follows the initial fireball is a qua
gas stage~QGS! of durationtg.Dt f . Its energy density pe
atom @ «̄g(t8)#, decreasing over time, satisfies the conditi

«̄g~t8!'@« is2Wg~t!2Ug#Ng
21~t8!>kTB , ~4.1!

where TB is the material’s boiling point, e.g.,TB (Si)
'3.5103 K for Si. HereWg is part of energy« is consumed
in electron excitations, and breaking interatomic bonds d
ing time Dt f1tg , Ug is part of the EPI energy consumed
sputtering and other outwardly directed phenomena for
same time. The QGS energy density«̄g is lower than«̄ f ,
whereas the QGS volume~increasing over time!,

Vg~t8!5Ng~t8!V0g'@Lg~t8!#3<Vg~ tg!, ~4.2!

is larger thanVf . VolumeVg contains a much larger numbe
Ng(t8) of atoms compared toNf in the fireball volumeVf

(V0g is the volume per atom! The following conditions are
satisfied for the QGS:

tp50<t8<tg ;
~4.3!

Vf!Vg~ tg!'Ng~ tg!V0g'@~Lg~ tg!#3,

whereLg is the diameter ofVg ~Fig. 3!. The end of the QGS
is determined by the condition«̄g(tg)'kTB . Hence one can
estimate the QGS parameters as

Ng~ tg!'@~« is2Wg~ tg!2Ug!#~kTB!21

and

Vg~ tg!'Ng~ tg!V0g , ~4.4!

where Lg(tg)'@Vg(tg)#1/3 and d'V0g
21/3'2.5 Å. Taking

TB53.53103 K and @« is2Wg(tg)2Ug#'30 eV, one finds
~for heavy ions! Ng(tg)'100, Lg(tg)'7.5d'20 Å, and tg

'Lg(tg)/csg'5310213 s. Herecsg is the energy transfe
velocity in the atomic system inVg . The transient state o
matter in the QGS volume is also very complicated due
high energy density«̄g.kTB ~and the high effective kinetic
temperature«̄g /k'Tg.TB) which exists in matter of high
atomic density~about 1023 atoms/cm3). This state of matter
looks like a very dense weakly ionized plasma. In the Q
state rapid atomic and electronic rearrangements continu
occur. Nonequilibrium mobile electrons formed duringtg

and having velocityveg@csg can go out of volumeVg and
into its cold surroundings at relatively large distancesl eg

'VetR'102421023 cm. Here the lifetime of the nonequ
librium mobile electronstR can be substantially longer tha
tg'5310213 s ~e.g., tR'10210– 10211 s). During tg one
cannot consider any stable or metastable material structu
Vg because of too high an energy density,«̄g.kTB .
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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The second stage of hot spot time evolution of durat
tL is the quasiliquid stage~QLS!. Its time-dependent energ
density«̄L per atom satisfies the condition6,16

kTB>«̄L~t9!'@« is2WL~t9!2UL#NL
21~t9!>kTM ,

~4.5!

where TM is the melting point. The energy density«̄(t9)
continues to decrease rapidly in time~at t9.tg). Here
WL(t9) is part of energy« is consumed in electron excita
tions and breaking interatomic bonds by instantt9; NL(t9) is
the number of atoms in the time-dependent QLS volu
~Fig. 3!,

VL~t9!'NL~t9!V0L'@LL~t9!#3.Vg , ~4.6!

of diameterLL(t9) wheretg<t9<tL ; andV0L'V0g'd3.
The QLS lifetimetL is determined by the condition:«̄L(tL)
'kTM .

By taking t95tL one can obtain@from Eqs. ~4.5! and
~4.6!# the following numerical estimates of the QLS param
eters:

NL~ tg!'200,

LL~ tg!'25 Å,

and

tL'
LL~ tL!

csL
'7310213 s, ~4.7!

for TM (Si)'1.73103 K and « is2WL(tL)2UL'30 eV.
The third stage of the evolving hot spot of durationts is

the hot solid state stage~HSSS! of energy density per atom
~Fig. 3!,6,16

«̄s~t-!'@« is2Ws~t-!2Us#Ns
21~t-!,kTM . ~4.8!

Here Ws(t-) and Us are the energies consumed, respe
tively, in electron excitation and outward phenomena dur
time intervalDts'Dt f1tg1tL1t-. Heret-<ts where ts

is the duration of the HSSS when the average energy den
per atom«̄s(t9)'kTss decreases fromkTM down to kTH

,kTM while the numberNs(t-) of atoms involved in-
creases fromNL(tL) up toNs(ts) atoms.Tss(ts)'«̄s(ts)/k is
the effective kinetic temperature of theNs(ts) atoms at in-
stant ts when the energy density«̄s(ts)'kTH approaches
that of the surrounding material, e.g.,TH'500 K. The hot
spot lifetime isDts5Dt f1tg1tL1ts and the related fina
hot spot volume and energy density are~Fig. 3!

Vs~ ts!'Ns~ ts!V0s5~@Ls~ ts!#
3,

and

«̄s~ ts!'kTs . ~4.9!

However, nonequilibrium mobile electrons created duri
Dts occupy a much greater volume sinceve@cs . During the
HSSS, one can consider stable and metastable states o
material quenched after hot spot dissipation. One should
tinguish between the hot spot-related processes generat
a-Si:H by heavy plasma ions~e.g., Ar1) and light plasma
ions ~e.g., H2

1). The heavy plasma ions forming fireballs o
very high initial energy density~per atom! «̄ f

H@kTB ~e.g.,
«̄ f

H51 – 3 eV) generate hot spots which include all the fo
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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stages~fireball, QGS, QLS, and HSSS! discussed above~Fig.
3!. The parameters of the hot spot formed by heavy plas
ions of « is

H2WH2Us
H'30 eV are estimated roughly as

Ns
H~ ts!'103,

Vs
H~ ts!'10220 cm3,

Ls
H~ ts!'25 Å,

ts
H'3310213 s,

and

Dts
H'10212 s. ~4.10!

The high energy densities«̄ f
(H) and «̄g

(H) of the fireball
and QGS generated by heavy plasma ions can be harmfu
Si crystallites that have formed earlier in the same mate
region by previously created hot spots. However, the ini
fireballs created by energetic H2

1 plasma ions of the sam
kinetic energy have much lower fireball energy density«̄ f

L

! «̄ f
H in larger volumeVf

L@Vf
H which contains a consider

ably higher number of atomsNf
L@Nf

H . The hot spot lifetime
Dts

L'10211 s in this case is substantially longer thanDtH.
In particular,«̄ f

L,kTB'0.3 eV, although«̄ f
L/k can be higher

than the melting pointTM ~Si!. Therefore, the H2
1-generated

hot spot does not include the QGS but can include the Q
when«L(H2

1).kTM . As a result, the hot spots that forme
in a-Si:H by H2

1 ions are much less harmful~compared to
spots generated by Ar1 ions! for Si crystallite nuclei formed
by earlier hot spots generated in the same place. Thi
another advantage of H2

1 plasma ions in the crystallization o
a-Si:H.

V. FREQUENCIES AND THE AMOUNT
OF ION-INDUCED SHORT-LIVED HOT SPOTS
FORMED IN THE SINGLE NANOMETER MATERIAL
REGION AND IN THE ENTIRE FILM

In considering the formation of Si microcrystals
a-Si:H via hot spots one should take into account the ac
mulative effects of a great number of nanometer hot spot
picosecond lifetime formed by the fluxes of plasma ions i
pinging on the surface during its plasma treatment ti
Dtps , e.g., Dtps'1 – 5 h. The frequency of successive h
spots~i.e., the number of hot spots per second! that formed
in the same nanometer volumeVs of surface areaSs(ts)
'@V(ts)#2/3'@Ls(ts)#2 is

ns'JisSs~ ts!'0.25bgNgaisui@Ls~ ts!#
2. ~5.1!

HereJis is the flux of plasma ions impinging on the surfa
@Eq. ~2.2!#. Hence one estimates~for heavy ions! ns

'104 s21 for Jis'1017 cm22 s21 and Ss(ts)'10213 cm2.
The mean time interval between the two successive pla
ions impinging on the same surface areaSs(ts) is us'n21

@Dts'10212 s ~e.g., Qs'1024 s). The number~per cm2!
of simultaneously occurring hot spots formed by plasma i
at random places at random instances of time and the m
distance between them aref s'nsDts@Ss(ts)#21 and DR
' f s

21/2, respectively.6,7 Hence one can estimatef s

'106 cm22 and DR'1023 cm. Persistent stochastic s
quences of the random dynamic arrays of simultaneou
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occurring hot spots permanently exist on the surface and
surface nanometer material layer during time intervalDtps .
Disappearing hot spots are replaced immediately by n
ones induced by plasma ions at other random places an
on. Therefore, duringDtps every surface areaSs(ts)
'10213 cm2 and the adjacent nanometer volumeVs

'@Ss(ts)#3/2'3310220 cm3 are affected by a great numbe
Dns'nsDtps , of high temperature hot spots with total h
spot durationt int'DnsDts . Taking ns5104 s21 and Dtps

51 – 5 h one finds ns5(3.6– 18)3107 and DnsDts

'(4 – 18)31024 s. Each of these transient heatings of t
hot spot-affected regions up to high effective temperatu
Teff'(0.1– 2 eV)k21 greatly enhances the rates of atom
and electronic reconstructions and leads to the formation
Si crystallites.

It should be noted that the nonequilibrium nonlinear m
terial transformations that take place inf s simultaneously
~and permanently! occurring individual hot spots~during
Dtps51 – 5 h) can be correlated with one another throu
pulsed short-term electromagnetic phenomena generate
plasma ions. The causal radius of the electromagnetic p
nomena related to a single hot spot isREM'cEMDts

'1022 cm, herecEM'1010 cm/s andDts'10212 s. Radius
REM is larger than the above-mentioned distanceDR be-
tween simultaneously occurring hot spots. One can exp
that this correlation between hot spots enhances the plas
induced crystallization ina-Si:H. The enhancement is simila
to that caused by the correlation between nanometer pico
ond events of rate processes in other cases.8,9,24 Besides, the
accumulation of nonequilibrium mobile electrons formed
many hot spots generated ina-Si:H during electron lifetime
tR510210– 1011 s also enhances Si crystallization. This
similar to other electron-assisted rate processes.8–12,21

VI. NANOSCOPIC KINETICS OF Si
MICROCRYSTALLIZATION IN SHORT-LIVED
HOT SPOTS FORMED IN a-Si:H BY ENERGETIC
PLASMA IONS

The plasma-assisted formation of Si microcrystals
a-Si:H includes the following rate processes associated w
overcoming energy barriers.~i! Diffusion-like jumps of some
Si atoms over energy barriersDE@kTs into new, more or-
dered positions associated with a lower free energy of
material. (Ts is the low film temperature.! ~ii ! Breaking of
Si–H bonds with Si atoms and forming Si crystalline nucl
~iii ! Diffusion of H atoms from the Si-enriched material r
gions where the Si microcrystallization takes place.~iv! Dif-
fusion of hydrogen towards the material surface and v
surfaces which can follow by hydrogen desorption and et
ing.

The total rate of formation of Si microcrystals is dete
mined by the slowest of the aforementioned processes w
is probably diffusion-like jumps of Si atoms.14 That is why
we first concentrate on rearrangement of the Si atoms
more ordered positions. Our working assumption~similar to
that used in our earlier work8,10,11! is the formation of crys-
talline nuclei in a metastable disordered material associa
with a relatively small numbernA'5 – 10 ~per atom! of
diffusion-like jumps of Si atoms over energy barriers to p
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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sitions related to more ordered states of lower free ene
These diffusion-like jumps of Si atoms transport hoppi
atoms at rather short distances,

LA'dnA
1/2

or

LA'~223!d for nA'5 – 10. ~6.1!

The atomic jumps can also include rotation-like jumps
atoms around some sites toward more ordered states.
kinetic consideration of thermal Si crystallization ina-Si
~Ref. 11! and in a-Si:H ~Refs. 8 and 9! has shown that the
nucleation time of Si atoms is

tN'nAtd'nAt0d exp~DE/kT!. ~6.2!

Here the timetd between two successive jumps of the sa
atom,

td5
r2

6D
5

r2

6D0
exp~DE/kT!, ~6.3!

is directly related to the diffusion coefficientD
5D0 exp(2DE/kT) of Si atoms. (r'd is the average length
of a single atomic jump.! Here the pre-exponential factor i

t0d5
r2

6D0
'Dt exp~DS/k!, ~6.4!

where DS is the activation entropy andDt'3310213 s.
Similar relations have been applied to nonequilibrium las
induced ordering ina-Si:H.10 In the case of plasma-assiste
Si crystallization, a high nonequilibrium transient electr
concentration ('1017– 1019 cm23) is created in nanomete
material regions affected by hot spots. Therefore, ev
diffusion-like jump of an atom in the hot spot volume
accompanied byDnd downward and/orDnup upward elec-
tron transitions in the vicinity of hopping atoms~similar to
those discussed in Refs. 8–11, 21, and 24!. As a result, the
activation energyDE and entropyDS of the rate processes i
question can be rewritten in the following form:8–11,21,24

DE5E2udnd^De&u

and

DS52ukdnu1DSA , ~6.5!

wheredn5Dnd2Dnup. Here^De& is the average release o
energy per downward electron transition.E @Eq. ~6.5!# is the
activation energy for the diffusion-like atomic jump witho
the influence of electron transitions, i.e., whendnd50. DSA

is part of the activation entropy associated with local atom
rearrangement. Activation free energy of the atomic jum
and the nucleation time~obtained by considering the kineti
nanoscopic model6,8–12,21,22! are

DG5DE2TDS5E2~^De&2kT!~Dnd2Dnup!, ~6.6!

and

tN5DtnA exp~DG/kT!, ~6.7!

according to Eqs.~6.2!–~6.5!. From Eqs.~6.2!–~6.7! one
sees that the following two effects strongly enhance the
of plasma-assisted Si crystallization ina-Si:H. First, the high
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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energy density~related to high effective temperatures! in the
hot spots increases by many orders of magnitude the cry
lization rate and reduces correspondingly timetN . Second,
the formation in the hot spot of a high nonequilibrium co
centration of excited electrons results in electron-assisted
duction of DE and DG, and this reduces exponentially th
nucleation timetN .

VII. CALCULATION OF PARAMETERS OF ENHANCED
Si MICROCRYSTALLIZATION IN a-Si:H FILMS
GENERATED BY H2

¿ PLASMA ION BOMBARDMENT

The number of hot spots formed in the same nanom
material region during timeDtps of plasma treatment of the
film ~e.g.,Dtps51 – 3 h) isDns5nsDtps5JisSsDtps . Here
ns is given by Eq.~5.1!. The integral lifetimet in of all the hot
spots that formed in the same material region duringDtps is

t in5DnsDts5JisSsDtsDtps . ~7.1!

For instance,t in'1024 s andDns'108 for the ion flux im-
pinging on film surfaceJis'1017 s21 cm22, Dtps53 h, hot
spot lifetime Dts'10212 s, and surface areaSs

'10213 cm2.
We will show that the integral lifetimet in is sufficient for

the creation of Si crystalline nuclei if fluxJis of the plasma
ions impinging on the film surface@Eq. ~2.2!# and the EPI
energies« is are not too low.

We calculate now the Si nucleation time in hot spo
initiated in thea-Si:H by H2

1 plasma ions. The hot spot av
erage energy density~per atom! «̄sL and the effective tem-
peratureTsL'«̄sL /k decrease~after fireball formation! at
high rates,

d«̄sL

dt
'«̄ f L~DtsL2t f L!21

and

dTsL

dt
'

1

k

d«̄sL

dt
, ~7.2!

where subscriptL stands for the light plasma ions~e.g., H2
1),

«̄ f L and t f L are the fireball energy density@Eq. ~2.4!# and
fireball creation time, respectively, andDtsL is the hot spot
lifetime. We divideDtsL into a few shorter time intervals
and estimate the Si nucleation rates within each of th
intervals. The first is the fireball lifetimet f L'10212 s
,DtsL'3310212 s. The energy density«̄ f L and effective
temperatureTf L generated ina-Si:H by H2

1 plasma ions are
much lower then their counterparts in the fireball genera
by heavy plasma ions~e.g., Ar1) of the same energy.

Consider first rough estimates for the timetN f L of atomic
rearrangements on the following rather ‘‘pessimistic’’ cond
tions: ~i! the high activation free energyDG0'3 eV found
for thermal Si crystallization ina-Si:H at high temperatures
('103 K) at low hydrogen content;8,13 ~ii ! the lowest fireball
temperatureTf L related to«̄ f L'0.2– 0.3 eV. Then we obtain
@from Eq. ~6.7!#

tN f L'3310212expS 2
3eV

kTf L
D'33~1026– 1025! s

~7.3!
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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for kTf L50.2– 0.25 eV andnADt53310212 s. The time
tN f L needed for reconstruction ofNf L5100– 200 Si atoms is
considerably shorter than the integral hot spot lifetimet in

@Eq. ~7.1!#. Thus, even our pessimistic estimates show t
Nf L atoms have enough time to experience reconstruct
For a more realistic lowerDG atomic rearrangements requi
shorter time intervals. The reduction ofDG is produced by
the following factors:~i! some Si–Si and Si–H bonds a
broken during fireball timet f L , and the Si atoms involved
can participate more easily in further atomic rearrangem
~ii ! the hydrogen diffusion is greatly enhanced. This a
promotes material rearrangements; and~iii ! a high local tran-
sient nonequilibrium concentration nes5DNe f L /Ve f L

'1017– 1018 cm23 of mobile and excited electrons generat
in nanometer volumeVe f L'Re f L

3 @of Re f L5vet f'(1 – 3)
31026 cm] during t f L promotes downward electronic tran
sitions during atomic rearrangements; this reduces the
vation free energyDG and increases exponentially the ra
of atomic rearrangements towards Si crystallization in
spot @Eqs.~6.6! and ~6.7!#. Besides, the nonequilibrium mo
bile electrons whose lifetimetR510211– 10210 s is longer
than the hot spot lifetimeDt f'10212 s can promote Si mi-
crocrystallization in hot spot surroundings after hot spot
cay. The suggested mechanism of Si crystallization prom
tion through downward electron transitions that accomp
atomic rearrangement is similar to that discussed in Ref
and 8–12 for other processes.

Now we consider the processes that occur in the hot s
stages that follow the fireball. According to Eq.~7.2! the hot
spot effective temperature decreases at the rate ofdTf L /dt
'1015 deg/s21 ~for « f L50.2– 0.25 eV, Tf L5(2.3– 2.9)
3103 K, and Dts2t f'2310212 s). Hence one can con
clude that the majority of atomic reconstructions in the h
spot~that containNs@Nf atoms! takes place at temperature
substantially lower thanTf L . Estimates of the activation fre
energy DGs for the atomic reconstruction in question
a-Si:H yield DGs51.75– 2 eV. The estimate ofDGs takes
into account the following additional factors~Ref. 14 and
references therein! that reduceDGs : ~i! the flexibility of the
structure ofa-Si:H material in the presence of 10%–20%
hydrogen;~ii ! the presence of weak Si–Si bonds, voids, a
other defects. Estimate now the Si crystallization timetN1 in
the hot spot atDG152 eV during time interval Dt1

'10212 s after the end of the fireball. DuringDt1 the effec-
tive temperature T1L decreases fromTf L5(2.3– 2.9)
3103 K at a rate ofdTf L /dt'1015 deg/s21. At the end of

time interval Dt1 one obtainsT̃1L'(1.3– 1.9)3103 K. At
these hot spot temperatures, which continue to decrease
DN1L'300– 400 atoms involved experience rather fast re
rangement, leading to the formation of Si crystalline nuc
The time required for the processes at intermediate temp

ture T̃1L'0.5(Tf l1T1L)5(1.8– 2.4)3103 K and final tem-

perature T1L is t̃ N1L'431028– 2310211 s and tN1L

'1024– 1025 s, respectively. The time intervalst̃ N1L and
tN1L are short enough to expect Si crystalline nuclei to fo
during the many hot spot integral lifetimest in'1024 s @Eq.
~7.1!#. During the next time interval,Dt2'0.5310212 s,
when the hot spot effective temperatureT2L,T1L is reduced
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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to T2L5800– 1900 K, the Si crystallization timetN2L be-
comes much longer thantN1L or t̃ N1L . For instance, at an
intermediate~betweenT1L andT2L) hot spot temperature o
T̃2L50.5(T1L1DT2L)51050– 1400 K the Si nucleation
time is t̃ N2L5(10222531025) s. Here time'531025 s
is of the order of the integral hot spot lifetimet in'1024 s
@Eq. ~7.1!#. Therefore, at the above-mentioned conditions
'1024 s andT̃2L plasma-assisted Si nucleation has the pr
ability of occurring in almost every film nanometer regio
affected by the hot spot. The fact that a large number~per
cm22! f s']sDtsSs

21'106 cm22 of hot spots are generate
simultaneously and permanently in thea-Si:H film during
Dtps'3 h greatly enhances the rate of Si nucleation. T
numerical examples of parameters involved in Si crystalli
tion presented illustrate a more general conclusion: by c
trolling the plasma power, gas composition, plasma ion
ergy, and duration of plasma treatment ofa-Si:H film, one
can control the kinetics, degree, and quality of the plasm
assisted Si crystallization.

VIII. DISCUSSION

In Sec. VII it was shown that the observed plasm
assisted enhanced Si crystallization ofa-Si:H films is the
integral effect of a big number of highly nonequilibrium n
nometer picosecond short-lived hot spots generated in
film by a large amount of energetic plasma ions impingi
on the film surface. The proposed kinetic mechanism is
extension of our previous work on the crystallization
a-Si:H without plasma assistance8,10,11 and on plasma-
assisted coating, deposition, and sputtering.6,7,16This mecha-
nism suggests an explanation for experimental observat
and indicates some ways and means by which to con
plasma-assisted Si crystallization, summarized briefly bel

First, the results obtained earlier in this article show th
H2 plasma appears to be more effective in the crystallizat
of a-Si:H films ~compared to Ar plasma! mainly due to the
following factors.

~i! Lower energy density per atom«̄ f L! «̄ f H in the fire-
balls formed by light H2

1 plasma ions compared t
that,« f H , generated by heavy Ar1 plasma ions since
the lower «̄ f L are less harmful to Si crystallites tha
have formed earlier in the same place.

~ii ! The light H2
1 plasma ions that form fireballs and ho

spots in a-Si:H films spend a smaller part of the
energy@compared to heavy ions, e.g., Ar1, Eq. ~3.4!#
on outward phenomena~sputtering, etc.!. Therefore,
the H2

1 ions contribute more of their energy to S
crystallization.

~iii ! Hydrogen atoms that form in the bulk of H2 plasma
and in the near-surface plasma layer~Fig. 1! etch hy-
drogen from the surface ofa-Si:H film. This process
which takes place due to the high chemical reactiv
of H atoms that removes the hydrogen released in
course of Si crystallization ina-Si:H, promotes the
formation of Si crystallites.

Second, the proposed model shows, in agreement
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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observations,5 that oxygen plasma should be more effecti
for Si crystallization ina-Si:H compared to Ar plasma due t
the following factors.~i! Oxygen atoms formed~from O2

molecules! in the plasma bulk and the near-surface plas
layer have high chemical reactivity, whereas Ar atoms
chemically neutral. As a result, O atoms can etch H ato
from thea-Si:H film surface, and promote Si crystallizatio
but Ar atoms are unable to etch hydrogen from the film s
face. ~ii ! O2

1 ions lighter than Ar1 ions produce ina-Si:H
fireballs of lower energy density. These fireballs generated
O2

1 ions later area less harmful for Si crystallites crea
earlier in the same places, compared to the fireballs form
by Ar1 ions. Nevertheless, the O2

1 ions are less effective in
Si crystallization compared to light H2

1 plasma ions, in
agreement with observations.

Third, the model suggested shows~in agreement with
the experimental data! that Si crystallites are formed in th
top near-surface material layer with thickness of a few t
of nanometers.

Fourth, the consequent thermal crystallization ina-Si:H
films previously treated by plasma requires a substanti
shorter time compared to the crystallization of untrea
a-Si:H films. Besides, the crystallization in both the plasm
treated and untreateda-Si:H films obeys the Arrhenius equa
tion. However, the activation energy in the former is low
than in the latter. These conclusions that follow from o
model are in agreement with experimental observations.

The observed reduction of activation energy in t
plasma-treateda-Si:H films results from the creation of see
nuclei in the film~before thermal annealing! during the pre-
vious plasma-assisted Si crystallization, discussed earlie

Fifth, the model suggested leads to the conclusion~and
is in agreement with experimental data! that the total crys-
tallization time falls when the discharge power that forms
plasma increases. The effects of power are determined b
following factors.

~i! Power enhancement can cause a rise in the
concentration.17 This, in turn, increases fluxesJis

5nisuis @Eq. ~2.2!# of energetic ions that generate h
spots in thea-Si:H film and therefore enhance th
amount of Si crystallites formed during a given tim
of plasma treatment ofa-Si:H film.

~ii ! The increase in power can also enhance the energ
ions impinging on the film surface. However, the d
charge power and ion energy increase should no
too high, since this can harm already formed cryst
lites and also generate sputtering and the formation
pits and craters on the film surface~especially in the
case of plasma of heavy particles!.6

Sixth, both theory and experiment5 lead to the conclu-
sion that the longer the film plasma treatment, the shorter
time necessary for subsequent thermal annealing for
crystallization. Our model shows that the longer the plasm
film interaction, the greater the number of hot spots and
crystallites that form ina-Si:H. However, when the exposur
time is too long, one should expect saturation in plasm
assisted Si crystallization ina-Si:H due to saturation of the
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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possible number of Si crystallites which can be formed
given conditions of the film plasma treatment. An increase
the discharge power causes the shortening in plasma-ass
crystallization observed due to the factors mentioned abo

Seventh, the proposed model suggests that Si cryst
zation can be improved by choosing a suitable plasma-
velocity which ensures the residence time of every portion
gas in the plasma layer@near the film surface, Eq.~2.3!# is in
‘‘resonance’’ with the proper time of plasma gas treatment
the high energy electron beam emitted from the surface
accelerated towards the plasma~Figs. 1 and 2!. In the case of
such resonance the energetic electrons are able to pro
higher concentrations of ions and chemically active partic
~e.g., H or O! in the plasma gas near the film surface; th
promotes the crystallization process. The above-mentio
resonance has appeared to be useful in plasma coating
deposition.6,7 One can expect that a similar effect would b
useful for Si crystallization ina-Si:H films.

The factors and phenomena discussed above sug
some practical ways for controlling plasma-assisted crys
lization in a-Si:H.

IX. CONCLUSIONS

A nanoscopic kinetic model of the enhanced formati
of Si crystalline nuclei in low-temperaturea-Si:H films ex-
posed to gas plasma was proposed. This model suggest
planations of experimental observations including the adv
tages of hydrogen plasma for crystallization ina-Si:H. The
proposed model is an extension of the kinetic nanosco
model of plasma–solid interaction reported in our earl
work in connection with plasma-assisted deposition a
coating and plasma-induced sputtering.6,7,16 The mechanism
proposed is able to enhance dramatically the overall Si c
tallization rate and reduce correspondingly the nucleat
time. The observed Si nucleation is the integral effect o
huge number of short-lived~picosecond! hot spots of nanom-
eter size generated permanently on and in thea-Si:H film by
fluxes of energetic plasma ions of energy« is520– 100 eV
during timeDtps of film plasma treatment. The plasma ion
are accelerated by the near-surface electric field in
plasma sheath. The high transient energy density per a
«̄sL and the effective kinetic temperatureTsL'«̄sL /k gener-
ated in the hot spots cause dramatic enhancement of th
crystallization rates. This overcompensates for the shortn
of the hot spot integral lifetime of a large number of h
spots generated in each nanometer film region by EPI flu
during timeDtps ~e.g.,Dtps51 – 3 h). The proposed mecha
nism also explains the observed dramatic reduction in th
mal budget for hydrogen plasma-enhanced Si crystalliza
in a-Si:H films.

As was shown, hydrogen plasma has some advanta
for Si crystallization ina-Si:H compared to plasmas of muc
heavier particles~e.g., Ar1 plasma!, in agreement with
observations.5

The proposed model indicates that plasma-assisted
crystallization ina-Si:H films can be controlled by control
ling the gas composition, flux, and energy of ions impingi
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



th
y
ce

.

ls
y,
-

s,

tt.
.

ev.

eil,

th
los
nal
ind-

s at

453J. Appl. Phys., Vol. 94, No. 1, 1 July 2003 Khait et al.
on the film surface and the durationDtps of the film plasma
treatment.
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