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WETTING ANGLES AND SURFACE TENSION IN THE CRYSTALLIZATION OF THIN LIOQUID
FILMS

ELT YABLONOVITCH, T, GMITIER
Exxon Research and Engineering Company
Annandale, New Jersey 08301

ABSTRACT

The behaviour of thin liquid films is known to be domi-
nated by surface tension forces, We show that the crystal-
Tization of thin liguid films requires that two wetting
angle conditions be simultanecusly satisfied: (i) retating
to the liquid-vapour interface and (ii}) relating to the
crystal-liquid interface, The batance between capillary
pressure and thermal gradient forces shows that the equili-
brium freezing point of thin films is actually depressed
below the bulk freezing point., The magnitude of the effect
is 1°K in an 800 A thick fiim. These obhservations suggest
that small-scale thickness fluctuations may be responsible
for the initiation of sub-grain boundaries in the growth of
crystalline silicon films,

INTRODUCTION
The c¢rystallization of thin iiquid silicon films is a promising meth-

od! to produce single crystat films of good electromnic gquality. These
films will have important device applications in radiation hardening, di-
electric isolation, high voltage integrated c¢ircuiis, etc.

1t is well known® that capillary forces, surface tension and wetting
play a vital role in the behaviour of thin Tigquid fiTms. In this article
we will derive the wetiing angle reguirements which permit the crystalliza-
tion of thin liquid films to proceed. We will see that the success with
lTigquid silicon films encapsulated in silicon dioxide is the result of a
particularly fortuitous combination of wetting angies for those fwo materi-
als.

WETTING ANGLE REGUIREMENTS
In general there is no assurance that a thin liguid film will be sta-

bie. There is the well known tendency for the ligquid film to "ball up" and
form droplets on the surface of the substrate, The condition for spreading
of the ligquid film on a substrate is that its wetting angle should be iden-
tically zero. Since this is very rare, a different approach is used. We
will show that a solid capping layer on the liquid film greatly relaxes
this severe wetting angle constraint, and permits wetting under more easily
satisfied conditions.

For practical stability, the liguid film should spread to fill any
possible wvoids in the film as shown in Fig, 1. Let Y1 and v be the
surface energy {or tension) of the liquid with respect to the substrate and
capping layer. Llet vy, and y,. be the surface energy of the bare substrate
and capping layer respectively. The spreading of the liquid film should
result in a net reduction of surface energy. Therefore:

Vs + Y1 = (vys * vye) <0 (1)
The Young-Dupre equatieng for wetting angles; vyq - Yig = Yy]COSG may be

used to simplify inequality (1):
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FIG. 1: A vertical cross-section through the thin liguid film. The
liguid-vapor wetting angle, o, is required to provide absolute
stability against any voids which might be present in the film,
The crystal-liguid angle o is required for high quality crystal
growth and to prevent heterogeneous nucleation on the sub-
strate, Note the radius of curvature r,

F1G. 2{a): A video photograph of the crystal-liguid interface as seen in
top view of the film, The crystal is the dark region on the
right. Notice the presence of "scallops" on the growth front.
The scallops join together at small pointed cusps which are
also seen on the growth front.

FIG, 2(b): A schematic illustration of the grain boundary structure which
might be visualized behind the growth front of Figure 2la).
This grain boundary structure is typical of thin film crystal
growth and has been observed in our experiments as well as
others. It ds implicit that the grainm boundaries meet the
growth front at the cusps. Note that R is the radius of curva-
ture of a "scallop". A key question is: What is responsible
for the nucleation of fresh grain boundaries in single crystal
material?

cos U‘} + C0S (.32 > O (?)

Inequatity (2) states the wetting condition; that the sum of the cosines of
the wetting angles with respect to the substrate and the capping layer must
be greater than zero, If the substrate and capping layer are made cf the
same material, then inequality {2} simply says that the wetting angle ©
must be less than $0°. The wetting angle of liguid silicon on silica at
the melting point has been independently measureds to be 87° i.e. barely
within the regime of stability! This must be regarded as extremely fortui-
tous. OF course, without a capping layer we go back to the condition ©p =
0 ji.e. wetting would be almost hopeless.

Since the surface tension v, of the silica surface is thought to drop
with increasing temperature, the angle ¢ 1s th@ughtq te become >90° at
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temperatures 50°K to 100°K above the silicon melting peint. This probably
explains the very narrow temperature window of stability in the crystaili-
sation of ligquid silicen films on pure fused silica substrates. As a pracs
tical matter, it was found that the addition of a small amount of Nitrogen

to the Si0, permitted the wetting conditions to be satisfied much more
readily. The wetting ang%e of liquid silicon on SigNg is much less than
90°, having been measured® to be around 7257, It is understandable then
that the addition of a small amount of 5i3Ng to the Si0, might lTower the
wetting angle away from the condition of horderiine stability, therefore
hroadening the temperature window of stability.

Thus far, we have considered wetting angles at the liguid-vapour in-
terface which controis the stability of the Tiquid film. Now we want to
consider the crystal-liquid wetting angles, which will control the quality
of crystal growth. It is a frequent maxim’ among crystal growers that the
growth front should be convex away from the crystat. This permits any
spurious crystal orientations to grow out to the edge and terminate there.
A convex shape is quaranteed by wetting angles ay and ap both less than
50°.  When o 1% greater than 90°, the Young-Dupre eguation impiies that
Yye the crystal-substrate interfacial energy would be small, permitting
easy heterogeneous nucleation of spurious grains at the surface of the
cubstrate. In addition, the leading edge of the crystal growth would be a
cusp at one or both interfaces. Good crystalline quality 1is inherently
unstable at such & Cusp.

Therefore the wetting angle requirement for good crystaiiline quality
is that the angle « enclosed by the liguid at the interface between the
crystal and the substrate should be less than 20°. Likewise the angle as
with respect to the capping Jayer should be less than 90°, ’

Recently, G. K. Celier® has observed the angle formed by Iigquid sili-
con between crystalline silicon and silica. The angle he observes 1s 60° <
« < 90°, agair fortuitously in the faveurabie range for good crystal
growth, The two wetting angle conditions may now be summarized as {i} cos
Gy + cos Lo > 0, and {i1) ajy < 94° and g < 90°,

CAPTLLARY AND THERMAL GRADIENT FORCES

The convex interface in Fig. 1 between the crystal and the liguid
experiences a pressure due to its curvature. This is a type of E?p111ary
pressure which can be computed from the equation of Young & Laplace®:

1,1
P= *xl[r f R (3)
where Yy 1 the interfacial tension between crystaliine and liquid sili-
con, r is the radius of curvature in the plane of Fig. 1 and R is the radi-
us of curvature in the orthogonal plane coming cut of the page. The smal-
ter radius, r, may alsc be written as r = t/2cosa, where t is the thickness
of the film.

If the growth frent is straight (looking down at the film from above)
then R = =, A top view of the growing crystal-liquid interface in Fig.
2(a) shows that the growth front is not straight at all but rather scal-
Toped. The growing front is made up of a series of curved sections joined
at cusps. The grain boundaries between adjacent crystal domains meet the
growth interface at the tip of the cusps as indicated schematically in Fig.
2(b). Because of this "scalloped” structure, the convex radius of curva-
ture R of each scalleop is finite.

The structure we observe, differs from the faceted structure seen in
the beautiful photographs by Geis et all, We have found that the structure
of the crystallization front depends on the speed of growth, At low
speeds, = 1073 cm/sec the growth front is scalloped as shown in Fig.
2(a). At higher speeds, some fraction of the cusps become deep, V-shaped
facets. As the growth speed increases, more of the cusps become faceted.
At a speed of 3 x 1072 cm/sec, the entire growth fromt is faceted, similar
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to Figure 6 of reference 1. The facets are <1ll» crystal faces which form
due to the kinetic barrier against crystal growth on that face. VWhen the
sample scanning direction s reversed, the facets disappear, but the
scalloped structure remains, The reversibility of the scalloped structure
indicates that it is a minumum free energy configuration. In this article
we will explore mostly the regime of slow crystal growth, Nevertheless, we
expect that many of the conciusions will apply equally well to more rapid
crystal growth where kinetic growth limitations begin to play a role.

In addition to the interfacial pressure due to the two radii of curva-
ture r and R, eq. {(3), there 1is also a pressure term associated with the
thermal gradient. let 7z be the direction of crystal growth. The free
energy associated with supercooling a layer of material of thickness dz is:

86 = A5 (T-T,) dz dA (4)

where 45 is the entropy of melting per unit votume, T, is the melting tem-
perature and dA is the area of the growth front. Assuming a linear tem-
perature gradient, (T-T) = (z-z;)dT/dz, equation {4) may be re-written as
an equation for interfacial pressure:

P = 43 g% (z-2) (5)

where z. defines the melting temperature isotherm. The pressure in equa-
tion (ST tends to push the crystal-liquid interface toward the pesition of
the macroscepic melting point. That force is counteracted by the curvature
pressure of the Young-lLaplace equation (3}, which pulls in the direction of
supercooling, The actual amount of supercooling to be expected can be
obtained by combining equations (3) and (5)

(6)

Fquation {&) gives the balance between capillary pressure and thermal gra-
dient forces, OFf the two terms on the right hand side, the most important
is 1/r since it is iargest. If the other term is temporarily neglected,
and r = t/2 cosa, then equation {6} simplifies to:

£ Q_I - Vo= __:www A
85 5z {z z )=y (7)

Equation ({7} shows that the eguilibrium freezing point 1is depressed hy
surface tension forces in thin films., This may be seen even more clearly
by substituting for the right hand side of eguatior (7) using the Young-
Dupre eguation:

65 SL (ze7, ) b= 20vg - 1) (8)
Equation (8} shows that the difference in surface free energy on the sub-
strate between crystal and liguid 7s balanced by the volume free energy of
supercocling. The equilibrium freezing point of thin films is therefore
depressed by surface energy contributions. In the next section we describe
an experimental determination of the magnitude of this effect.

X5

FREEZING POINT DEPRESSION

Equaticn (8) shows that fluctuations in thickness t can lead to varia-
tions in the positioning of the crystal growth front, Due to the impor-
tance of this phenomenon, we have made direct experimental confirmation of
the effect and its magnitude,
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In our experiment, thin films of silicon are deposited on top of fused
quartz substrates and capped with SiO?, As shown in Fig, 3, the substrates
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Fig, 3: The experimental arrangement used to produce the photographs in

Figure 2{a} and 4{a) was very simple, The {0, laser was fully
absorbed in the fused quartz substrate and the heating was by
conduction.

FIG. 4{a): Tnis photograph shows the depressicn of the freezing point in a
thin film stripe in comparisen to the thick film on which it
rests, The dark region is crystalline silicon, and its cry-
stallization front lags behind by approximately 1°K in the thin
region relative to the thick region. The overail curvature is
due to the round laser spot.

F16, 4(b): The cross-section of the double layer structure of the film in
4(a). The Si, S$i0p and Si tayers were deposited in sequence,
Then the thin silicen layer was patterned and a fipal 510,
layer was applied. )

are heated from below by (0, laser radiation, and the melt front is ob-
served from above hy a high power optical microscope. Since 5ily is opaque
to €. laser radiation the silicon films are heated only indirectly by
conduction. A knowledge of the thermal conductivity of quartz and the
gaussian mode parameters of the laser beam permits a calculation of the
radial temperature distribution on top of the substrate. We observe the
effect of thickness variations on the microscopic position of the melting
front and the freezing front of the thin film, In order to make a more
precise measurement, we found it advantageous for botn a thick film and a
thin film to be present simultanecusly., The thick film was 7000 & of poly-
crystalline Si depesited by chemical vapour deposition {CVDY. This was
capped by 2000 & of CVD 5i0,. A second thin silicon layer of only 800 &
thickness was then deposited and patterned by photolithography into stripes
35 um wide, The whole structure was then capped again by 2000 A of CVD
$i0,. A cross section of the firal structure is shown in Figure 4(B}. By
making the upper layer in the form of narrow thin stripes, the position of
the melt front in both the thin film and the thicker film can be observed
simultaneously. Since the Si(, interlayer is only 2000 A thick the tem-
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perature difference between the two films due to thermal radiation from the
top surface is only 0.02°K, which is much smaller than the temperature
shift we are seeking.

A micrograph of the position of the two crystallizaticen fronts is
shown in Figure 4{a}., The overall curvature of the growth front is indica-
tive of the round melted spot produced by the laser beam, Away from the
center of the melted region the temperature drops. From Figure 4{a} the
freezing point temperature is <¢learly lower in the thin stripe than in the
thicker material beneath it.

The shift in the freezing point of the thin stripe relative to the
thick film was a strong function of the thickness of the stripe. There was
no shift if the stripe had the same thickness as the underlying thick film.
As the stripe thickress was reduced, the temperature shift rose roughly as
the reciprocal of thickness t, in good agreement with eagn. (7}.

Due to the opacity of the substrate to the (0, laser, strong thermal
gradients are produced and thermal conductivity rather than radiation is
the dominant thermal transport mechanism. The result of & thermal conduc-
tivity calculation is that the radial temperature gradient is given by:

aT 2 Fav (9)

dar - 2 TRK(TY

where r is the radial distarnce from the center of the heated spot, w is the
gaussian radius of the laser beam, K(?)/Kav = 1,17 is the ratio of the
thermal conductivity” of fused guartz at the melting point to the average
thermal conductivity up to the melting point, R = 2.02 is the numerical
value of an exponential integral and AT is the overall temperature differ-
ence between the center of the heated spot and the edge of the fused quartz
disc. The temperature gradient in Figure 4{a) is approximately 0.1% °K/pm.

As the molten zone in Figure 4{a) was moved back and forth, for exam-
ple by moving the sample relative to the laser beam, a hysteretic effect
was observed, i.e, the thickness induced shift in freezing point was dif-
ferent from the corresponding shift in melting point. \Upon freezing of a
stripe about 800 & thick, the freerzing point was depressed by 1° Kelvin
relative toc the thicker film beneath it. Upon re-melting that same stripe,
the melting point was virtually uﬂch%nged relative to the thicker film
beneath it. Such hysteresis is common? in wetiing angle measurements, An
important distinction is therefore made between advancing wetting angles
and receding wetting angles,

Such hysteresis is thought to be due to a change in surface energy of
an interface due to 1its previocus histery. A freshly made crystal-53d,
interface has fairly high eneryy. After a period of time there is probably
significant reconstruction which lowers the surface energy. This may play
the following roie in cur experiment, When the crystal advances into the
Jiquid it is forced to make a fairly energetic interface with the Si0,,
therefore lowering the freezinc point. When the Tiquid silicon advances
into the crystal, it eliminates a low enerqgy reconstructed crysta]—SiGz
interface. In that case there is little or no melting point depression,
Since we are interested in the crystallization of thip fiims, we will de-
duce the surface energies from freezing measurements rather than melting
measurements,

Substituting the observed freezin% point shift of thin stripes into
equation {8) and using 25 = 2.5 J/"Kem” for the entropy of melting we ob-
tain for (yx - y]S) the value of 80-100 ergs/cm®. As far as we know,
there are no previous measurements that this numerical value might be
checked against, The results on the crystallized film are summarized in

Table 1.

At
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TABLE 1. The hysteresis between freezing and melting is thought to be due
to reconstruction of the crystaltire silicon- Si0; interface, lowering its
surface eneryy.

Temperature depression Surface Energy
in a 8004 thick difference with respect
film relative to bulk to 5105 substrate
il (Yxs”Yls}
Freezing 1°K 80-100 ergs/cm2
Melting =0°K mO‘ergsfcmz

CONCLUSIONS

The crystallization of thin liguid films demands that two wetting
angle conditions be simultaneously satisfied; {i) regarding the liguid-
vapour interface on the substrate and (ii) regarding the crystai-liquid
interface on the substrate.

The positien of the c¢rystal growth interface is determined by the
balance between capillary forces, which tend to push the growth front to
temperatures below the bulk freezing point, and thermal gradient forces
which tend te pull the growth front toward the freezing point, The balance
between these forces results in an eguilibrium depression of the freezing
point of thin films of about 1°K for an 800 A thick film. This impligs a
surface tension difference (Yxs - 715} of approximately 80 -100 ergs/cm”,

The coupling between thickness and growth front position provides a
mechanism for a crystal growth instability. Thickness fluctuations can
produce locally concave regiens of the growth front where sub-grain bound-
aries could initiate. The convex curvature of the scalloped growth front
counter-acts this effect and tends to stabilize the crystal domain struc-
ture.
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