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Transient solid-phase crystallization kinetics of undoped silicon films prepared by chemical vapor
deposition of silane has been studied with in situ x-ray difFraction. The experiments were per-
formed under vacuum in a high-temperature chamber mounted on the 0 circle of a step-by-step
goniometer. By studying the Bragg-peak-intensity dependence on the isothermal-annealing time (t)
over a wide temperature range 594'C& T~ 658'C, we have directly determined the volume of the
crystallized phase and the grain size. We report direct experimental evidence that solid-phase cry-
stallization occurs first at the substrate-layer interface through the growth of three-dimensional is-
lands after a fast transient heterogeneous nucleation mechanism. We observe a relative crystal-
lattice expansion of about 3 X 10 at the beginning of this regime. The decrease of the correspond-
ing elastic-energy contribution to the free energy of the system with increasing annealing time
enhances the driving force of the amorphous-crystalline phase transition. Our experimental data
give indirect evidence of the presence of strained submicrocrystallites in the amorphous phase as a
precursor state of the crystalline state. According to the models generally used, a phenomenologi-
cal sequence describing the solid-phase crystallization kinetics is also given.

I. INTRODUCTION

I

The crystallization kinetics of a-Si layers has been the
subject of many studies using difFerent techniques on ma-
terials prepared by several methods: evaporation, ion im-
plantation, and glow discharge. ' Structural models
have been proposed to satisfactorily explain the orienta-
tion " or the doping aspects of the growth. ' ' If
the amorphous-crystalline phase transition must be re-
garded as a first-order transition, as the discontinuity in
the observed experimental physical properties proves
it, ' ' no direct &n situ experiments were, however, done
to provide evidence in the amorphous phase for a precur-
sor state prior to a crystalline state. The purpose of this
work is to study the initial stages of the solid-phase cry-
stallization mechanism of undoped a-Si films prepared by
chemical vapor deposition (CVD) on fused-silica sub-
strates and annealed under vacuum in the range
594 'C ~ T ~ 658 'C. Solid-phase crystallization, which
was already studied by in situ x-ray di6'raction experi-
ments, ' is an important part of the crystallization mech-
anisms operating during the CVD and low-pressure CVD
of silicon. '" It also occurs during the processing of the
integrated-circuit (IC) devices (e.g., in ion implantation
followed by annealing ). The use of x-ray diffraction al-

lows us to report here precise measurements of the
volume fraction of the crystallized growing phase at each
step of the early stages of the crystallization process and
experimental evidence of a transient surface-induced
heterogeneous nucleation regime.

II. EXPERIMENTAL SETUP

The amorphous films were prepared in a CVD reactor
(Applied Material AMV 800) at atmospheric pressure.
Pure silane (1 1/min) was diluted in hydrogen (32 1/min)
in a vertical open-How reactor with a silicon carbide sus-
ceptor heated by rf induction. We used fused-silica sub-
strate held at 600 C in order to obtain totally amorphous
films. The sub strates were carefully out-gassed and
cleaned by in situ HC1 etching prior to deposition. The
thickness of the layers, 1.3 pm, was measured optically
by standard transmission experiments.

The crystallized-volume fraction measurements were
performed on as-deposited samples in a high-temperature
chamber' mounted on the 0 circle of a standard 8-20
Seifert MZ-IV step-by-step goniometer in vertical posi-
tion. The variations of the x-ray di6'raction intensity
were measured in situ as a function of the annealing time.
Measurements were made in the classical Bragg-Brentano
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geometry (8-28) in steps of 0.005 . Cu Ka radiation and
a scintillation detector were used. As-deposited samples
were heated by radiation and conduction, using tantalum
heating elements. The temperature was monitored using
two thermocouples attached to opposite corners of the
sample, and was controlled to +1'C. The chamber is
evacuated using a turbo molecular pump. The pressure
inside the chamber was less than 10 Torr. The samples
were annealed under vacuum at temperatures in the
range 594'C~ T 658 C.

III. EXPERIMENTAL RESULTS

A. Determination of the crystallized-volume fraction
from in situ x-ray measurements

We assumed that crystallization from the amorphous
phase occurs by the construction of an ideally imperfect
crystal from tiny fragments. These fragments were as-
sumed to be so small that each extracts only a negligible
amount of energy from the x-ray beam. In this situation
no phase relationship will exist between the waves
rejected from the fragments and the complete reAection
will be the sum of the intensity contributions from the in-
dividual fragments. In this situation the well-known
kinematical theory of x-ray diffraction applies, and the
integrated intensity Pzk& from each fragment is propor-
tional to its volume dV. An absolute determination of
the crystallized volume requires the collection of data on
all the (hkl) planes. Measurements of diffraction were
performed always from the (111) planes. It was already
shown"' that samples crystallized in this way exhibit a
strong (111) preferred orientation of growth. We
defined" the ( 111) character by the calculated ratios

a;=C~/C, and P;=C„'/C

where C;= A(22o)/A(»]) and C,'= A(3]])/A(]]]) are ra-
tios of Bragg-peak intensities collected on the samples, C
and C', those collected on a standard randomly oriented
sample. a; and p, are constant for the whole crystalliza-
tion process. At the onset of the crystallization no signal
could be collected on (220) and (311) planes. The in-
tegrated intensity of diffracted peaks on (111)planes gives
a value proportional to the crystallized volume. If the
integral width p remains constant during annealing, the
grain size normal to (111) is constant and the height of
the Bragg peak gives a measured value proportional to
the number of crystalline fragments formed from the
amorphous phase. The kinetics of solid-phase crystalli-
zation was determined unambiguously from the depen-
dence of the intensity of the Bragg peak on the iso-
thermal annealing time.

B.Results

In Fig. 1 we present an example of a (111)Bragg-peak
dependence on the isothermal annealing time t~. An-
nealing times for complete crystallization of the films
range from 32X10 to 1.4X10 s, depending on T~. In
Figs. 1(a) and 1(b) the (111)Bragg peak is emerging from
the first amorphous halo of a-Si. The peak grows with
time at an annealing temperature T~ of 609 and 613 C,

respectively. The starting peaks are always shifted up to
about 0.09 (28) towards low angles. In Fig. 1(c) crystal-
lization is almost completed at Tz =613'C. The integral
linewidth remains systematically constant throughout the
temperature and annealing time ranges. The average
grain size in the ( 111) direction is about 60 nm.

In Figs. 2(a) and 2(b) we present examples of the depen-
dence of the normalized diffracted intensity on the an-
nealing time for crystallizations performed at four
different temperatures at the onset of the crystallization:
627, 612, 604, and 594'C [Fig. 2(a)], until the complete
crystallization [Fig. 2(b)].

Figure 3 represents the dependence of y =log]o[ln[1/
(1—x)]J versus log]o (annealing time t), where x is the
crystallized volume fraction. Figure 3 shows that the ex-
perimental Bragg intensity and hence the volume of the
crystalline phase exhibits a linear variation for almost
the whole annealing time. This linear variation was pre-
viously interpreted' and had provided a measurement of
the crystallization regrowth rate

V (T)= V (Cd )exp( E, /k~T—), (2)

where E, is the activation energy of the regrowth rate,
E, =3. 1 eV, and V ( Cd ) an increasing function of the
doping level C„.

At the onset of the crystallization there is a departure
from the linear dependence. Figure 3 shows that during
the lower times (t &r,'), when x «1, y =log]()x remains
constant or varies very slightly. After this regime, y rap-
idly increases as a yt function.

Figure 4 shows the variation of log (I/r,') as a function
of the reciprocal absolute temperature; the slope yields an
activation energy of 3.3 eV.

IV. DISCUSSION

Crystallization in amorphous materials occurs through
the nucleation and the growth of crystallites formed dur-
ing the nucleation process. ' The growth process occurs
via the jump of an atom across an amorphous-crystalline
(a-c) phase boundary. The growth rate Vs is usually
written

V =5v', (3)

where 6 is the jump distance of an atom at the interface
and v' is a frequency; v' is the product of an atomic fre-
quency for atomic vibrations by a thermal activated '

term which describes the probability of the atomic jump,

v'=(k]] T/h )exp( —bg*/k]] T) .

The variation hG'(r) of the Gibbs free energy due to
the transformation of m atoms from the amorphous
phase into a crystallite of m atoms is written as the sum
of a bulk and a surface term. These terms being of oppo-
site sign, b, G'(r) has a maximum value b, G'*(r). The
model of steady-state nucleation considers that stable
crystallites are created when crystal nuclei have grown to
reach a critical size r . It is, however, important to note
at this stage of the discussion that from a thermodynami-
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FIG. 1. Dependence of the difFracted intensity on the (111)planes on the annealing time (t& ) at annealing temperature T& =609
and 613 C. For each spectrum, the maximum intensity of the Bragg peak is measured at annealing time t~. Annealing times in-
crease from the bottom to the top of the figure. (a) and (b) The onset of the crystallization at T& =609 and 613'C, respectively. The
starting peaks are shifted towards low angles. The vertical line indicates the position of the Bragg peak at the end of the crystalliza-
tion process. (c) The end of the crystallization at T& =613 C.
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cal point of view, clusters of atoms may be stable even
though their size r is smaller than r *, if their structure is
not crystalline. We had shown earlier '" that surface-
induced nucleation occurs at the substrate —a-Si interface.
In the case of heterogeneous steady-state nucleation
occurring on a solid substrate s and a shape of spherical
cap making a characteristic contact angle 8 (Fig. 5),
Turnbull showed that

AG'(r)=(nr o„+mr !3bG„)g(8), (5)

where AG, is the variation of the Gibbs free energy for
the transformation a~c per unit volume (b.G„(0), r is
the radius of the crystallite, g(8)=[2(1—cos8)—sin 8 cos8], cos8 is defined by the expression
cos8= —(o„—o„)/cr„, where o„,o„,o„are the sur-
face free energies of a-c,e-s,a-s interfaces, respectively.

The maximum of b, G'(r) occurs at r = r *:
r*=—2o.„/56, . (6)

(a)

It has been previously assumed (steady-state nu-
cleation) that the steady-state concentration of clusters
exists at all times. However, at the very beginning of the
transformation, there must be a finite (transient) period of
time during which the steady-state concentration is estab-
lished. A simplified expression which gives the transient
period to within roughly an order of magnitude of the
nucleation rate, for heterogeneous nucleation R'(i) is the
expression

R '( t ) =R '„exp( —r,'/r ),
where R'„ is the steady-state nucleation rate, i.e., the
number of stable crystallites which appears per unit time
in an untransformed volume unity containing X atoms,

R' =Nv'exp[ bG' (r)/k&—T] .

The time ~,' is interpreted in terms of a transient
heterogeneous nucleation regime during which the

where i,* is the number of atoms in the crystallite of criti-
cal size and n,* is the number of atoms at the surface of
the crystallite which are available for a jump across the
a-c interface

r;=(i,* 5'!n,*)/Vs =A, /Vg . (10)

The quantities i,* and n,* are not independent but cor-
respond to the same crystallite of critical size. As the pa-
rameter i,* probably has weak dependence on tempera-
ture, and 5 is almost constant, then A, depends very
weakly on T. It follows that V and 1/~,' should have
roughly the same activation energy. This is what we ex-
perimentally observe. Figure 4 shows that 1/~,' is
thermally activated with an activation energy of 3.3 eV
close to that of Vg (3.1 eV) and similar to activation ener-
gies measured by Zellama et al. for bulk-induced cry-
stallization.

If n,*=(i*)~, i'—= (A/5) ~, and the calculated num-
ber of atoms i,* in a critical nucleus is found to be about
100 for 5=3.13A. The corresponding diameter of a criti-
cal nucleus is about 20 A. Figure 4 shows that after this
regime, y rapidly increases as a y t function. This corre-
sponds to the formation of isolated three-dimensional
polycrystalline islands at the substrate-film interface at
the beginning of the crystallization.

The crystallized volume V, (t) of an isothermal process
can be expressed by the relation

V, (t) = VOI 1 —exp[ —V, (t)/Vo] I,
where Vo is the total volume of the considered sample
and V, (t) the volume defined by Avrami. ' V, (t) in-
cludes all the crystallites which would have been nucleat-
ed in the amorphous phase if it had not been already
transformed and all the crystallized regions which grow
independently and can overlap each other.

If x(t)= V, (t)/Vo, then

lnI 1/[1 —x(t)]]= V, (t)/Vo .

steady-state concentration of crystalline stable nuclei at
the annealing temperature is established at the substrate-
film interface. According to Germain et QI.

r,'=i,* /(n, *v'),

FIG. 5. Schematic cross section of the nucleation of a crys-
tallite at the a-c interface. (a) System before nucleation, (b) sys-
tem after nucleation: Element of phase e formed from a with a
contact angle 0 on the surface of the substrate. Line, boundary
s-a, free energy u„„' dashed line, boundary s-c, free energy o„,
double line, boundary a-c, free energy o.„.

V, (t) =(p2/2) ', n(a, + V t )i . — (13)

A transient heterogeneous nucleation is experimentally
observed; the crystallized volume fraction x (t) can be ap-
proximated by

V, (t) comes first from the pi crystallites of size ao al-
ready present at t =0. If we assume that they grow in
three-dimensional space with a crystallization growth
rate V and a hemispherical shape, their volume is given
by the expression

V;(t)=(p, /2) 43m(ao+ V r)' .

V, ( t ) comes secondly from the p 2 crystallites of critical
size a, created during the transient heterogeneous nu-
cleation
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x (t) =x b(t) = V"(t)/Vo = 1 —exp[ V, (t)/Vo],

hence

lnI 1/[1 —x (t)]I =(p2/2) —', m(a, +
Vg

t)'Vo ' . (14)

Amorphous Silicon

Fused —Silica Substrate

Amorphous Silicon

p Si

Fused - Silica Substrate

FIR. 6. Schematic view of the crystallization process; (a) the
onset of the crystallization, {b) the end of the yt regime.

The relation (14) agrees very well with our experimental
results.

Figures 6(a) and 6(b) show a schematic view of the cry-
stallization process. The three-dimensional heterogene-
ous growth at the interface is completed for a time
rb (&r where r is related to the total thickness of the lay-
er e and to the crystallization rate V by the relation
V ~=e. The regime creates a continuous polycrystalline
layer of about 120 nm thick (roughly two superposed
grains). When the substrate-layer interface is entirely
crystallized, the polycrystalline phase grows perpendicu-
larly to this interface and the crystalline volume is linear-
ly dependent on time.

The shift in the Bragg peak observed during the initia-
tion time is correlated with stresses existing at the
amorphous-crystalline interface of the first crystals nu-
cleated. Their contribution diminishes as the volume of
the crystalline layer increases with increasing time. At
the onset of the crystallization, when an equivalent crys-
talline continuous layer of 200 A of thickness is formed
at the substrate-amorphous interface, the relative varia-
tion of the lattice parameter is about 3 X 10 . It van-

ishes when the linear regime is reached. Veprek
et al. ' ' also observed that the lattice parameters of the
nuclei of 30 A of diameter obtained by glow discharge are
in tension of about 0.9X10 to 1.2X10 . The result-
ing decrease of the contribution of the corresponding
elastic energy to the free energy of the system increases
the driving force of the amorphous-crystalline phase
transition. Veprek et al. ' stabilized the crystalline
phase, which means they obtained smaller particles ( —=20
A), by compressing their films. Important stresses must
exist in our films when the critical nuclei of 20 A of diam-
eter are created. There is a clear experimental correla-
tion between the particle size (the coherence length) and
the expansion of the lattice parameter which increases
the free surface energy of the crystallites. According to
Veprek et al. ' we can calculate the excess internal ener-

gy 5E(a) of an amorphous network, consisting in part (or
entirely) of Si-Si pairs in the eclipsed configuration, from
the relation

—,
' V o~,B(bd/do) —=5E(a) —T 5S(a ),

where V,&,
= 12 cm is the molar volume of solid silicon,

B=0.99 X 10 dyne cm is the bulk modulus,
6, V/V -=o3 bd/do is the volume expansion, and 5S(a) is

the maximum excess entropy of configuration of continu-
ous random networks used to describe the amorphous
phase. Spaepen2 estimated 5S(a)—= —,'kzln2=0. 2k& by

atom, hence 5S(a) ~0.4 kcal/mol. In Eq. (15), we
neglect the contribution 5F(Si-H) of the chemically bond-
ed hydrogen (0.3 at. % ) to the free energy of the system.
Numerically, we find 5E(a)—=0.55 kcal/mol. This value
is close, first to the intuitively estimated value of 0.6
kcal/mol given by Rudee and Howie using 1.7 kcal/mol
of bonds ' for the barrier of rotation of the molecules
H3C—SiH3, and secondly to the value of 0.53 kcal/mol
calculated by Dohler et az. using the adiabatic bond-
charge model and six-atom rings.

The important point is not the quite good agreement
with the previous determinations but the topological
consequences. The amorphous-crystalline phase transi-
tion occurs '" with crystallization rates of roughly a few
A/s at temperatures on the order of half the melting
point T &2. This fact can be understood because the
amorphous phase is built up partly with boat-type six-
atom rings. These latter, taken individually or gathered
in small clusters, have a free energy I' smaller than the
corresponding value for seat-type six-atom rings when T
reaches 390 K. Progressively, during crystallization,
the soft zone-boundary transverse acoustic phonon re-
sponsible for the weakness of the c-Si diamond lattice
against deformation of the space angle has less anhar-
monic properties; consequently, the crystalline phase be-
comes more and more stable. ' When the cluster size is

0

just smaller than the critical nucleus size, & 20 A, the cu-
bic diamond-type structure made entirely of seat-type
six-atom rings is unstable against others sixfold arrange-
ments, such as boat-type six-atom rings. Mosseri and Sa-
doc built such a cluster, the unit cell of polytope "240,"
made of 27 atoms and 18 deformed boat-type six-atom
rings. The internal energy of such a cluster is smaller
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than that of a cluster of the same size made of Si-Si pairs
in the staggered configuration, where only 12 rings are
possible. Our work gives indirect experimental evidence
that the amorphous-crystalline phase transition occurs
through submicrocrystallites. ' We are not able to es-
tablish if the submicrocrystalline state is the only descrip-
tion of the amorphous phase or if it is only an intermedi-
ate state between the crystalline state and a strained
amorphous phase better described by a contin-
uous —random-network model, where the coordination
number of atoms is close to 4.0 instead of 2.4 for a
strain-free structure. ' A few exacting and comprehen-
sive analyses of informative data support the submicro-
crystallite model. It seems important, however, to men-
tion that one way to accommodate the di6'erent models
for the best understanding of the solid-phase crystalliza-
tion kinetics of undoped" and doped a-Si is to consider
the submicrocrystalline state not only as a precursor state
to the crystalline state but also to suppose that it is creat-
ed during deposition.

The phenomenological approach of the solid-phase
crystallization for boron-doped a-Si prepared by CVD
can hence be the following. The doping is realized ' by
addition of diborane with silane in the gas phase during
deposition. The boron-doping concentration, defined by
the ratio CB=[BzH6]/[SiH4j, was within O~CB
& 2X10-'.

For 0 ~ CB ~ 8.5 X 10, according to Phillips, the
dangling bonds of the faces of the cluster of the submi-
crocrystalline model are saturated by hydrogen atoms
and the 10' /cm dangling bonds measured by EPR are
on the cluster edges. Boron is incorporated during depo-
sition on the cluster edges, where the reaction (16) occurs:

Sinai, +Bi(i —
+Sinai,—B, (16)

where the subscript gives the coordination number and
the superscript the charge state.

A ratio CB=8.5X10 is necessary to quench 10'
cm neutral dangling bonds. ' The reduction of neutral
dangling bonds diminishes the interactions of the clusters
with the (SiH2)„ interstitial chains, the viscosity is
enhanced, and rotation of the clusters is favored. This
explains why V increases by a factor of 4 in the range
(0—7)X10 of diborane and correspondingly why the
density of neutral dangling bonds measured at room tern-
perature decreases from 10' /cm to 10' /cm . When
the crystallization occurs in the temperature range
550 C~ T~600 C, the dangling-bond concentration is
enhanced by a factor of 15 against its value at room tem-
perature. This can be explained simply by the
outdid'usion of hydrogen chemically bonded in the bulk.
The dangling-bond concentration is however higher at
the amorphous-crystalline interface: clusters of atoms in
the amorphous phase have fewer dangling bonds per
atom than nuclei'of the same size, and the danghng
bonds in the vicinity of the interface are captured by it.
If we envisage, following Brodsky and Dohler, that the
interfacial band structure is similar to that at a metal-
semiconductor interface, in which the amorphous silicon
behaves like a metal with a low density of states within

the band gap, the Fermi level is pinned close to midband
and the electrical conductivity 0. is low, about 10
(0 cm) '. To accommodate a Fermi level close to the
valence band on the heavily doped crystalline side of the
interface and a near midband Fermi level in the amor-
phous phase, there must be considerable band bending at
the interface. The higher the doping level, and the higher
the electric field at the interface, the better the capture
cross section will be of dangling bonds (DB s) in the vi-

cinity of the interface. According to Germain et al. ,
'

the crystallization growth rate V~ can be expressed by the
equation

Vs =6vDB exp( EDB—/k~ T), (17)

where 5 is the distance of the jump of a dangling bond
from the a to the e side of the interface, vDB is a frequen-
cy characteristic of the capture of dangling bonds, vDB is
an increasing function of charged —dangling-bond con-
centration, and ED& is the activation energy for the
diffusion of dangling bonds and/or the electrostatic bar-
rier of their capt;ure at the interface.

Consequently, we expect an enhancement of Vg with
increasing the doping level up to C&=8.5X10 . For
8.5X10 ~C~ ~2.5X10, C~=2.5X10 is the solu-
bility limit ' ' of boron into silicon at 600 C, the reac-
tion (18) occurs during deposition according to Street

III BIII BIV +SiIII
0 0 — + (18)

As the Fermi level moves in the gap, a increases. Be-
cause the band bending at the interface diminishes, con-
sequently the electric field at the interface diminishes
lowering the capture cross section of the dangling bonds
at the interface; V is roughly constant. This is con-
sistent with Phillips' idea: If all dangling bonds of sub-
microcrystallite edges are saturated with boron atoms,
the viscosity can no longer diminish and V is constant.

For 2. 5X10 ~ CB ~2X10, alloying e6'ects are ex-
pected, especially near the higher values of CB. E„=4.1
eV, V increases again, and corresponding1y o increases
up to about 10 ' (Q cm)

Dangling bonds are the most common defect in the
bulk a-Si grown by CVD. The density of dangling bonds
at the interface is very high ( ~ 10 cm ). Is this
dangling-bond concentration suScient to create enough
vacancies to enhance crystallization uia mass transport
controlled by the di6'usion of the silicon self-
interstitial" ' in the amorphous phase, as seems to be
the case for crystallization of ion-implanted amorphous
Si films?

In this situation, crystallization occurs by moving
kinks, as proposed by Williams and Elliman. '" Our ex-
perimenta1 V data for boron-doped samples are there-
fore higher than those predicted by this latter model.
The discrepancy can be explained by the fact that these
authors do not take into account the charge state of a
kink. A charged kink favors the crystallization by lower-
ing their formation and migration energies.

If the dangling-bond concentration at the interface is
not sufhcient, crystallization appears to be a consequence
of bond breaking and bond rearrangement at the inter-
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face. According to Germain et al. , the capture cross
section at the interface depends on the charge state of the
dangling bonds and modifies the growth rate at this inter-
face. The dangling bonds or Aoating bonds ' move in
the plane of the interface. Sites available for crystalliza-
tion are those in the amorphous side of the interface
which have captured a dangling bond. If available sites
are kinks, the amorphous-crystalline interface can be re-
garded as a two-dimensional dislocation core.

V. CONCLUSION

From in situ x-ray diffraction measurements, we have
been able to identify three different regimes during the
solid-phase crystallization of a-Si CVD thin films deposit-
ed on fused-silica substrates. Transient surface-induced
heterogeneous nucleation at the onset of the crystalliza-

tion process has been experimentally demonstrated for
the first time. It is followed by the growth of three-
dimensional polycrystalline islands which merge at the
substrate-film interface. The crystallization front then
proceeds towards the surface of the film and the crystal-
lized volume increases linearly with increasing annealing
time. The role of the stresses at the a-Si-c-Si interface
and the soft transverse acoustic phonon on solid-phase
crystallization kinetics has been pointed out. The main
result is therefore the indirect experimental evidence of
strained submicrocrystallites in the amorphous phase pri-
or to crystallization.
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