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The kinetics of Si crystallization during isothermal annealing of Au/polycrystalline-Si bilayers
were investigated via scanning electron microscopy and in situ sheet-resistance measurements.
Large crystals of Si grow within the Au layer in the shape of two-dimensional plates of thickness
equal to that of the Au layer. The Si crystals grow at an average rate which follows a t? time depen-
dence with an Arrhenius temperature dependence of 7« eE” kT where E,~2.4 eV. The overall
transformation rate is a product of the two separable processes: the first determines the number of
crystals and the second the growth rate of the crystals. At the beginning of the reaction the number
of crystals, N, per unit area is fixed, remains constant throughout the anneal, and has an Arrhenius
temperature dependence of N fxe_E” e where Ey=1.0 eV. The crystals grow at a constant
growth rate and have an Arrhenius temperature dependence of v «e BT Gith E,~1.9¢eV. Final
analysis of the overall transformation relates the activation energy of the total process to the activa-
tion energy of adding or removing an atom from the Si surface (E,) and the diffusion of Si in Au
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I. INTRODUCTION

The formation of large Si crystals has been observed'
during thermal anneals of Au/polysilicon (where polysil-
icon denotes polycrystalline Si) bilayers. These Si crystals
are formed at much lower temperatures (T = 300°C) than
the typical recrystallization temperature® of polysilicon
(1000°C) without gold. Experiments have shown that Si
dissolves into Au and diffuses rapidly through Au at tem-
peratures well below the Au/Si eutectic® (365°C) to
achieve recrystallization. ,

It was shown in the accompanying paper! that thermal
annealing of Au/polysilicon bilayers produced flat, two-
dimensional Si crystals (¢-Si), of thickness equal to the
thickness of the original Au layer.

These crystals are the result of the growth of an al-
ready existing grain located at the initial Au/polysilicon
interface which grows upward into the Au until imping-
ing the top surface, and then grows radially in the shape
of a two-dimensional platelike crystal. Supply of Si from
the surrounding polysilicon layer to the crystals occurs
through the long-range transport of Si through the Au
layer. One-to-one displacement of the Au by the Si keeps
the total thickness of the sample constant and uniform.
The final configuration consists of a top layer of large Si
crystal plates on a composite layer of Au and polysilicon,
where the Au is distributed in a network of spikes and
sublayers within the polysilicon layer.

This work investigates quantitatively the growth kinet-
ics of the Si crystals by in situ sheet-resistance measure-
ments* and scanning-electron-microscopy (SEM) mea-
surements. ‘

II, EXPERIMENT

Polysilicon thin films, 4500 A thick, were deposited via
a low-pressure chemical-vapor-deposition (LPCVD) pro-
cess at 620°C, on thermally oxidized single-crystal Si
wafers. TEM cross sections and x-ray diffraction (XRD)
of the these films indicated that the grains were columnar
and had [110] fiber texture. !

A total thickness of 2500 A of Au was deposited onto
the polysilicon films via resistive thermal evaporation
with base pressure of 5X 1076 Torr. Samples were subse-
quently annealed in a vacuum furnace at a pressure of
1X 1077 Torr. The temperature control had a precision
of £0.5°C.

Sheet-resistance measurements were obtained in situ
via a Van der Pauw-type arrangement of four molybde-
num spring-loaded probes. A JEOL™ 35 scanning elec-
tron microscope was used to obtain images of the Si crys-
tals, and quantitative dimensions of the crystals were ob-
tained via image-processing techniques. Rutherford
backscattering spectroscopy (RBS) was used to determine
the thickness of the Si and Au films.
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II1I. RESULTS

A. Sheet-resistance measurements

When Au/polysilicon bilayers are isothermally an-
nealed (Fig. 1), the sheet resistance R (¢) of the sample in-
creases with time. In order to relate the changes in resis-
tance to the kinetic process of the reaction, we adopt a
physical model which represents the sample as two re-
gions: the top region, outlined by the original Au film,
and the bottom region, framed by the original polysilicon
film. Initially, the top region contains only Au; the
volume fraction of Si in this region is zero. As the reac-
tion proceeds and the Au is replaced by the formation of
isolated Si grains, the layer becomes progressively more
resistive. The bottom layer, which was initially electri-
cally semiconducting, becomes more conductive with the
anneal, as the displaced Au penetrates the polysilicon,
forming a complex, conductive network of vertical spikes
and sublayers. Since Au and Si are immiscible at these
temperatures, the Au and Si remain separate. The redis-
tribution changes the geometry of the effective conduc-
tive path, which results in the increase of the overall
resistance.

The reacted system is quantitatively related to the mea-
sured resistance by modeling the top and bottom regions
of the sample as two parallel resistors. The conductance
of each region is assumed to be proportional to the
amount of Au in each region. By coupling the conduc-
tance of the two regions via conservation of Au, we can
relate the volume fraction X, of Si crystals in the top Au
layer with the measured resistance R (¢),

Ry—R (1) Ry

G O= @ W

in terms of the initial (Rg) and final (Rz) values of resis-
tance.
Equation (1) can be applied directly for analyzing a
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FIG. 1. Normalized resistance measured in situ during 300-
°C isothermal annealing. Solid line represents the model [Egs.
(1)—(3)], with n=2.0, Rq/Rz=2.5, and 7=87.7 s. The inset
represents the effective model of the measurement.
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layer-by-layer growth process,® where Xy (¢) would be
proportional to the thickness of the growing layer. How-
ever, Eq. (1) must be modified in the latter stages of the
reaction, in systems where crystal growth is influenced by
the impingement of adjacent crystals and percolation
prevails. The transformed fraction X, of the reaction
which includes impingements is related to the actual
volume (area) fraction X by using the Avrami equation,®

XR=1~e—XR'

(2)
At the initial stage of the reaction, where there is no im-
pingement, Xp. is small, and so Xp =Xp-.

Equations (1) and (2) were applied to the resistance
data in order to obtain the time dependence of the
transformed crystal volume fraction Xy, in the initial
stage. The parameter R, was used as a fitting parameter
in Eq. (1), because the final resistance of the system was
not well defined, since the resistance continued to change
even after the reaction was completed due to further
redistribution of the Au in the underlying layer of crystal
platelets. By plotting the resistance data (Fig. 1) in the
form of In(Xjy.) versus In(z) (Fig. 2), we observe the gen-
eral relationship

Xpe=L(t /7). | 3)

where 7 is a time-independent constant. A value of
n=2.1 was obtained from the slope of the curve, indicat-
ing that the reaction proceeds with approximately a ¢2
dependence. A comparison of the calculated time depen-
dence using Eq. (1) (n =2 and Rp/Ry=2.5) are com-
pared with original data in fig. 1 and shows good agree-
ment through =~80% of the reaction.

The parameter # is the mode parameter in the reaction
process; it can have various values depending on the
rate-limiting process(es) in the system. Tables generated
by theoretical models have yielded various values of n for
particular combinations of nucleation and growth pro-
cesses.””? For example, in the case of a constant number
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FIG. 2. Resistance data from Fig. 1 reduced to a form which
accounts for crystal impingement. The plot of ln(Xg) vs In(z)
indicates the relationship Xz t", where n =2.1 is the slope.



of spheres growing in a three-dimensional manner, where
the interface (surface of the sphere) limits the rate of
growth, the time dependence would be ¢* (n =3). In the
two-dimensional case, where plates are growing, the time
dependence would be t2 (n =2). However, we cannot
uniquely identify the rate-controlling process based solely
on the value of n, since multiple processes (i.e., growth
and nucleation) may individually control the rate of reac-
tion. Although the origin of crystals is due to grain
growth and not to nucleation, this does not preclude the
possibility of the number of grains changing during the
anneal. In order to separate the time-dependent effects of
growth from the number of crystals, we measured the
number and volume (area) of the crystals using SEM.

B. SEM measurements

The growth process of Si crystals was measured direct-
ly via SEM analysis. The Si crystals in the top layer were
easily observed by SEM, appearing as dark patches in the
film. The data presented in this subsection were obtained
from different samples from the same substrate. Each
sample was isothermally annealed only once, at a specific
temperature (T) for a given anneal time (¢). The number
of crystals, as well as their size, were measured using the
image-processing capabilities of the SEM system. The
average crystal size was determined by dividing the frac-
tion of the area covered by crystals by the total number
of crystals. Data collection was limited to the first 30%
of the reaction so as to avoid significant crystal impinge-
ment. During the first 30% of the reaction, the crystals
were observed to grow independently of each other.

SEM micrographs (shown in Fig. 3) were obtained
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from samples annealed isothermally at 270 and 290°C for
various anneal times. We first investigate the number of
crystals during the anneal. The average number (N) of
crystals versus anneal time is plotted (Fig. 4) for two (270
and 290°C) anneals. The data indicate that at a given
temperature the number of crystals is fixed at the begin-
ning of the reaction and does not appreciably change dur-
ing the anneal. However, the number of crystals does de-
pend on temperature, N(T). The average number of
crystals during the 290-°C anneal ( =0.07 /um?) is 3 times
higher than the number observed during the 270-°C an-
neal (~0.02/um?).

Although the number of crystals does not change dur-
ing the anneal, the crystal area increases significantly
with time. The average crystal area is plotted as a func-
tion of time (Fig. 5) for anneals at 270 and 290°C. The
data indicate that at the early stages of the reaction
(< 50%) there is a linear relationship between the square
root of the crystal area ( 4) and time ¢,

A=l (4)

The factor v, referred to as the linear growth rate (veloci-
ty), is constant, and is obtained by measuring the slope of
the A!/?versus-t curve. The parameter v (T) does depend
on the anneal temperature, increasing from 0.2 Ass at
270°C to 1.25 A/s at 290°C.

C. Temperature depéndence of growth rate v
and number of crystals N

To determine the temperature dependence of N(T) and
v(T), the crystal area and the number of crystals were
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FIG. 3. SEM micrographs of four different samples annealed at (a) 270°C (380 min), (b) 270°C (1900 min), (c) 290°C (76 min), and

(d) 290°C (196 min).
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FIG. 4. Number of crystals per unit area (N) as a function of
annealing time and temperature. The 290°C anneal is plotted vs
time on the top axis, and the 270-°C anneal vs time on the bot-
tom axis.

measured over a range of temperatures. The data shown
in Figs. 6(a) and 6(b) indicate that both parameters follow
the Arrhenius-type relation, N(T)=Nye “EnAT ond
v =vge , where N, and v, are constants. Two
separate activation energies (Ey=1.0 eV and E,=1.9
eV) were experimentally determined from the data. The
activation energy Ey is associated with the number of
crystals at a given temperature, and E, is associated with
the crystals-growth rate at a given temperature.

Having analyzed the reaction in terms of the individual
process components, the crystal number () and growth
rate (v), we can now construct an expréssion for the reac-
tion. The total area fraction Xggy of the surface covered
by the crystals at any time and temperature as deter-
mined from SEM data can be expressed as the product of
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FIG. 5. Growth rate plotted as the square root of the average

crystal area ( A'/?) vs annealing time at two (270 and 290°C)
temperatures.
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the number (N) of the crystals per unit area and the aver-
age area ( A) per crystal:

XSEMEN(T)A(T,t)- (5)

By using the experimentally determined relationships be-
tween the parameters, Xgpy can be expressed explicitly in
terms of time and temperature as

~(Ey+2E,)/KT 3

Xsem(Tot)=mNovde (6)

The results obtained from the SEM data can be sum-
marized as follows. The accumulative process of replac-
ing the Au layer with Si crystals is a product of two
separate factors: the number of crystals, which is in-
dependent of time but thermally activated, and the
crystal-growth process, which has a given ( 4 !2=71/2y¢)
time dependence where the rate constant v is time in-
dependent but thermally activated.

D. Comparison of resistance and SEM results

In this subsection we compare the results obtained
from the SEM data with the resistance data. This is ac-
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FIG. 6. (a) Number (N) of crystals per unit area, and (b)
linear rate of growth (v), plotted vs 1000/7 (K ™').
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complished by utilizing a parameter 7, which can be re-
lated to both resistance and SEM measurements. The pa-

rameter 7 is defined as the time of anneal at which the re-

action is 50% completed. For the resistance measure-
ments, 7 is extracted directly from the data, with the re-
quirement that Xz =1. In the case of the SEM data,
Tspm 1S calculated from the SEM data using the relation
Tsem = (2mNv?)1/2, which is derived from Eqs. (4) and (5),
with the condition that Xgg\(t =7)=1. The values for
Tgpm and 7y obtained from both SEM and resistance data
are plotted together in Fig. 7, and show good agreement.
This confirms the claim that the methods, although in-
dependent of each other, are  equivalent
[Xsem(t)=Xgp()]. The difference is that the SEM mea-
surement is able to separate the overall process of trans-
formation into its components.

The resistance and SEM data shown in Fig. 7 corre-
spond to an Arrhenius plot with a characteristic activa-
tion energy. Typically, the characteristic activation ener-
gy of a system is analyzed via an Arrhenius plot (Fig. 7),
by measuring the slope of the data and using the general
phenomenological relation

E_/kT
T=T6 T, 7)
where 7 is temperature independent. From the analysis

of the data, we obtain values of E  y~E., =2.4¢eV for

the activation energies measured by two the independent
methods. This specific activation energy represents the
activation energy of the entire process.

E. Comparison of activation energies

It is uvseful to relate the phenomenological parameter

E,SEM with the specific process which determines the

number of crystals (Ey ) and the process of grain growth
(E,). Since the activation energy ETSEM was obtained

from the same set of data as the values Ey and E,, it is
not surprising that the parameters depend on one anoth-
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FIG. 7. Values of 7 vs 1000/T (K™!) from resistance (@) and
SEM (0) data are compared. The parameter 7 is the time it

takes for the reaction to proceed to 50% of completion.
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er. The relationship between the activation energies can
derived by evaluating Eq. (6), and setting Xgpp =+ at
time I =7Tgpm: ’ o ' ’

Tsem=(27Novd) " V2expl —(Ey+2E,)/2kT] .  (8)

Given that the phenomenological relation is defined by
TseM = TosmeXP(E /KT), the expression in Eq. (8) can

be further reduced to the following equation:

E, =1Ey+E,—LkTh(2rNov3dsen) - ©

TSEM

Since all of the parameters E._ Ey, E,, Ny, vy, and
SEM
Tosgm are temperature independent, it can be shown that
the term -KT In( ) in Eq. (9) will be zero, and therefore
ETSEM=%EN+E,, . (10)

To confirm this result, values for Ey and E, have been
compared with E_ [ETsEM=(1'O/2+1'9) eV=24 eV]

and again show good agreement.

The factor 2 in Eq. (10) is a consequence of the growth
mode of the system. In general, given a reaction of
interface-limited growth with instantaneous nucleation
(or, as in our case, a constant time-independent number
of crystals), the factor will equal the number of degrees of
freedom of growth. This factor would be equal to 3 if the
crystals were growing in three dimensions, and would be
1 if the crystals were limited to one-dimensional (1D)
growth.

F. Effects of various poly-Si substrates

The rates of the reaction for three separate polysilicon
substrates (LPCVD, 620 °C) are plotted in Fig. 8 in terms
of the parameter 7. The data show that the reaction rate
varies considerably, by a factor of =50, from one sub-
strate to another, although the activation energies are
comparable (E_=2.13, 3.21, and 2.38 eV). It was deter-
mined from several measurements that the variation in
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FIG. 8. Reaction rate in terms of 7 [Xz(r)=14] is plotted vs
1000/T (K™) for three different polysilicon substrates.
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reaction rates is mainly due to variations in the polysil-
icon deposition: substrates within a particular deposition
batch gave similar reaction rates. On the other hand, the
variation in the Au-deposition process did not produce
significant variations in the reaction rate.

1V. DISCUSSION

The growth of Si crystals is a thermally activated pro-
cess, with the rate of the total transformation proportion-
al to exp(E, /kT). Because the crystals are large and
separated from each other, it is possible to describe the
total transformatin as a product of two processes which
control the number of crystals and their growth rate.
This discussion analyzes the time and temperature depen-
dence of each process and relates the individual activa-
tion energy (E, and Ey ) to basic physical mechanisms.

Individual Si crystals grow at a rate which has an ac-
tivation energy of E,=1.9 eV. The number of growing
crystals is fixed at the beginning of the reaction and
remains the same throughout the anneal, but the number
of crystals depends on the temperature of the isothermal
anneal, having a activation energy E,~1.0 eV. The rela-
tionship among these activation energies is given as
E_=E,+Ey/2.

The rate of growth of the crystal area was established
by experimental data as 4 !"2=#'/2pz. If the crystals had
the shape of circular disks, the parameter v (um/min)
would be easily interpreted as a constant growth velocity
of the circumference of the crystal. Since the crystals in
this study have faceted shapes, a simple relationship be-
tween v and the growth rate of the edges of the crystal
cannot be directly established. The physical meaning of v
is assumed to be an average velocity of all the edges of
the crystal, each growing at a constant rate.

The condition of a constant growth rate that is in-
dependent of crystal size and shape is consistent with an
interface-limited growth process. Therefore we conclude
from this result that the growth of the crystal is limited
by the interface (Au/c-Si) and is not limited by the
diffusion of Si through the Au.

Since the number of crystals does not change during
the reaction, we can further evaluate the reaction-rate pa-
rameter n [Eq. (3)] obtained from the resistance data.
From Dormeus’ the factor n would have values of I
(plate-shaped crystals) or 2 (spherical-shaped crystals) in
a diffusion-limited growth mode. If the system was con-
trolled by an interface-limited process, the factor n would
have a value of 2 (plate-shaped crystals) or 3 (spherical-
shaped crystals). The measured value of » in this study
was 2.1, which agrees with previous analysis in that the
reaction is controlled by the interface-limited growth of
plate-shaped crystal.

This localized interface process is speculated to be a
process of fitting an atom to the growing interface of the
crystal. The activation energy E,~1.9 eV is associated
with growing a Au/c-Si interface. We expect the energy
E, to be 2 eV or slightly higher since it should be close to
the energy needed to add or remove a Si atom from a
low-index surface of Si crystal. '

Although diffusion does not limit the growth rate of
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the crystals, it does play a key role in determining the dis-
tance between the crystals, which will be discussed later.

An interesting result for Au/polysilcon is the unusual-
ly large size of the Si crystals. “Since the size of the crys-
tals is inversely proportional to the number of the crys-
tals, IV, it is useful to discuss those factors that may con-
trol the value N. Two key results of this investigation are
that the number of growing crystals is fixed at the initial
stage of the reaction and that this number is time in-
dependent. The origin of these crystals has been investi-
gated,! and it was concluded that each crystal is the re-
sult of the growth of an already existing grain located at
the initial Au/polysilicon interface which grows in a 3D
manner until impinging the top surface, and then grows
in a 2D manner radially to form two-dimensional plate-
like crystals. The growing Si crystal displaces the Au.
Given the wide initial distribution of grain sizes® at the
interface, only the larger grains are expected to grow
(Ostwald ripening). These grains grow at the expense of
the smaller grains. The relationship between the driving
force for growth and the size of the grain is a
simplification of the Thomson-Freundlick relation, which
relates the driving force in the system to the radius of
curvature of the particle. Since the polysilicon is an ac-
cumulation of columnar grains with a wide variation of
diameters, we assume the simple relationship that the size
and diameter of the grain is directly (inversely) related
(on the average) to the curvature of the exposed surface.

Ideally, there would be only one largest grain for the
entire sample, and this grain would grow at the expense
of all other grains, which dissolve into the Au at a rate
prorated according to their size, but the diffusivity of Si
in Au is finite and thus restricts the transport of Si from
distances far away from the growing crystal. The area
from which the crystal draws the Si is limited to the im-
mediate vicinity of the crystal. The extent of this affected
area depends on two factors: the local dissolution rate of
the polysilicon crystals, and the diffusion of Si through
Au. The size of this local region determines the final size
and number of crystals. '

Since the diffusivity of Si in Au is finite, there will be a
concentration gradient of Si in the Au perpendicular to
the growing interface. The dissolution rate of the polysil-
icon grains near the growing crystal will be higher than
those far away from the crystal. This was verified from
TEM data, ' which clearly shows that more of the polysil-
icon grains were dissolved in the region near the crystal.

A quantitative analysis of the dissolution and diffusion
of Si to the crystal is treated in the Appendix. From this
analysis we obtain an expression for the radius (L) of the
affected region,

L*«D/B, 1y

in terms of the diffusion coefficient (D) of Si in Au and
the average dissolution rate (B) of the polysilicon grains.
This parameter L sets the initial boundaries of the
affected area at the early stages ( <5%) of the reaction.
At the latter stages of the reaction the affected regions of
the crystals will overlap, suppressing to an even greater
extent the growth of other grains in the region between
crystals. Therefore it is the initial value of L that deter-
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mines the distance between the crystals (see Fig. 9) and,
consequently, the number of crystals per unit area N,
since

wL2<1/N=AyD/B , ' (12)

where Ay is a constant. The value for N is expected to be
constant throughout the anneal, as is experimentally ob-
served.

Assuming a simple dependence of B =Agzexp(—Ep/
kT) and D =Apexp(—Ep /kT) on temperature T, where
Ap and Aj, are constants, it follows from Eq. (11) that

Noexp(—Ey /kT)
=(Ag/AyAplexp(—Eg /kT)/exp(—Ep/kT) . (13)

Since Ny, Ag, Ay, Ap En, Ep, and Ej, are all assumed to
be temperature independent, it can be shown that
1=AyApNy/Ag, and we can set the coefficient of T (on
each side of the equation) equal to each other,

EN=EB_ED . (14)

Consider the dissolution factor B, the rate at which Si
atoms are removed from the small-grained Si. For a
given crystal at equilibrium, the dissolution rate will
equal the growing rate. It can also be shown that for the
same crystal the activation energy of the growth rate is
equal to the activation energy of the dissolving rate. We
argue that the activation energy of the dissolution rate

(a)
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FIG. 9. Diagram of the initial stages of crystal growth with
{a) no thermal annealing, (b} with low-temperature annealing
(large diffusion length L;), and (c) with high-temperature an-
nealing (short diffusion length Ly). Note that only grains 4C
grow at low temperatures, while grains 4-D grow at higher-

temperature annealing.
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Ejp of the small-grained crystals will be approximately
equal to the activation energy of the growth rate of the
large-grained crystal (c-Si), E,, since the chemical-
potential difference of small versus large Si grains is small
(£0.1eV).! Therefore we have

Eg~E,~19eV. (15)

We could not obtain data regarding the activation en-
ergy Ej, of Si in Au, so we assume a value'! of E,~0.8
eV from the Al/Si system, which is another eutectic sys-
tem that reacts with polysilicon in much the same way (Si
crystal growth) as in the Au/Si system. Now we can
evaluate the term Ey (Ey=E; —Ep~E,—Ep=1.1¢V),
and we find good agreement with the measured value
(Ey=1.0eV).

At low temperatures the distance L; will be large
(L?xexp[(1.1 eV)/kT]) and the largest crystal will
dominate, suppressing the growth of all other crystals
within the region. At higher temperatures Ly will be
smaller and the affected region will also be smaller, allow-
ing additional grains outside of this region to grow. This
process is diagramed in Fig. 9.

We conclude from this analysis that the thermal ac-
tivation energy (E,) for the total transformation process
depends on two basic processes: the exchange of Si atoms
from the Si surface (E,) and the diffusion (Ep) of Si
through Au. By combining Egs. (10), (14), and (15), E .
can be rewritten explicitly in terms of E, and Ejp,

E,=1E,—1Ep . (16)

Large differences in transformation rates, but compara-
ble activation energies, were observed in a given set of po-
lysilicon samples. It is speculated (and qualitatively sup-
ported via x-ray data) that the difference in reaction rate
from sample to sample is due to differences in the average
grain size. The rate of reaction at any given temperature
would be expected to be strongly dependent on micros-
tructure (i.e., average size of grains). The driving force
for this reaction, Aug;, depends strongly on particle size:
the smaller the grains, the faster the reaction. The insen-
sitivity of the activation energy to the type of polysilicon
is expected since the basic mechanism (adding or remov-
ing Si atoms from Si, and Si diffusion in Au) are insensi-
tive to polysilicon microstructure.

V. SUMMARY

This investigation characterizes the time and tempera-
ture dependences of the formation of Si crystals during
isothermal anneals of Au/polysilicon bilayers by using in
situ resistance measurements and SEM analysis.

This reaction is controlled by two separate processes:
the growth rate of the individual crystals, and the total
number of growing crystals. Individual Si crystals grow
with an interface-limited growth process within the Au
layer at a constant linear growth rate (v) with an activa-
tion energy of E,=1.9 eV. The number of growing crys-
tals is fixed at the beginning and remains the same
throughout the anneal, but the number of crystals de-

pends on the temperature of the isothermal anneal, hav-
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ing an activation energy Ey =~ 1.0 eV. The relationship of
these activation energies to the activation energy of the
total reaction, E, is given as E_ =Ey /2+E,.

The number of crystals during an isothermal anneal is
determined by the dissociation constant of the fine-
grained poly-Si and the diffusion coefficient of Si in Au.

Further analysis of these separate processes show that
they can be related to the more basic processes: the pro-
cess of adding or removing Si atoms from a Si surface,
and the diffusion of Si in Au. The activation energy of
the overall process can be written as E, . =2E, —1E,.
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APPENDIX

Here we model the region near the growing crystal, re-
lating the dissolution rate (B) of the poly-Si and the
diffusion coefficient of Si in Au (D) with the relative con-
centration (C) of Si in Au at a position (r) relative to the
crystal position. It is assumed that the crystals have
reached a steady-state rate of growth and that the size of
the crystals is much less than the distance between the
crystals.

Assume that the flux of Si, J,(r), dissolving from the
poly-Si is linearly dependent on the deviation of the local
Si concentration C(r); we obtain the relation

J,=B(Cy,—C), (A1)

where Cj is the concentration far away from the crystal.
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FIG. 10. (a) Diagram of the two-dimensional model describ-
ing the dissolution of Si from the poly-Si layer and the flow of Si
toward the crystals. (b) Si concentration profile C(r) within the
Au.

The continuity equation

I'(ry=2mrJ, (A2)

relates the total flux of Si, I(r), to the local Si flux from
the poly-Si, where dI /dr =1I'(r). Using Fick’s first law,

J.=—DC',  (A3)

and the relation I =2mrd,,J,, where d,, is the gold
thickness, we obtain the differential equation

c"+C'/r—C/L*=—C,/L?. (A4)

The solution to this equation is a modified hyperbolic
Bessel function K(x /L), where L?=d ,,D /B, and C,, is
the Si concentration at the crystal edge ry. The factor L
{m) can be interpreted as an effective diffusion length.
A plot of the Si concentration and fluxes for this model
are given in Fig. 10.
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