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FUNDAMENTAL ASPECTS OF VLS GROWTH

A

E.l. GIVARGIZOV
Institute of Crystallography, Academy of Sciences of the U. S.S.R., Moscow 117333, U.S.S.R.

The kinetics and the mechanism of the vapor—liquid—solid (VLS) growth are discussed. Emphasis
pendence of the growth rate on the whisker diameter. It is found that the rate decreases abruptly for
and vanishes at some critical diameter d £ 0, 1 um according to the Gibbs—Thomson effect. A new me
ous determination of kinetic coefficients and of supersaturations has been developed. The method can |
the coefficients of some materials as well as the temperature dependence of the coefficient for silicon 2
energy of the process. From the dependence of supersaturation on the diameter we conclude that whis
poly-nuclear mechanism. The periodic instability of the diameter is discussed and the rate-determining
conclude that phenomena on the liquid—solid interface are the decisive ones. In determining the role of
vapor growth we measured the “liquid phase effectivity coefficient” as a function of crystallization condi
cient typically was about 102 -103. It is stressed that the liquid phase reduces the activation energy bo
interfaces (for chemical reactions) and on liquid-solid interfaces (for nucleation). The liquid phase ensi
high as 1 em/sec, provided there are no barriers between the interfaces. The growth mechanism of the sid
and it was observed that the faces grow mainly by a chain mechanism rather than by two-dimensional nu
on surface diffusion in the VLS whiskers growth by CVD, we found that the whiskers grow mainly by
rather than by diffusion on the side faces. It is concluded that the VLS mechanism is important also for

of platelets, films, and bulk crystals.

1. Introduction 2. Kinetics of whisker growth

The vapor—liquid—solid (VLS) mechanism was 2.1. Growth rate dependence on digme
given in 1964 by Wagner and Ellis [1-3] to explain mination of kinetic coefficients

unidirectional whisker growth involving impurities.
Since then, few papers on vapor whisker growth omit- In kinetic studies the crystal growth raf
ted the mechnism, as VLS growth became more and measured as a function of a driving force,
more evident. Recently, the mechanism was found in saturation. For whisker growth, the dep
Nature [4] and even on the Moon [S]. It is also im- axial growth rate on the whisker diameter
portant that the VLS process serves as a base for con- most informative. A method was suggested
trolled growth of whiskers. determination of the supersaturation and of
Recent vapor growth studies demonstrate that the ic coefficients of crystallization, provided
VLS mechanism is also important for platelets, films, energy of the prismatic (or cylindric) whi
and bulk crystals. Nevertheless, we believe that the is known. This method is based on a com
whiskers give the main information about the mecha- the Gibbs—Thomson equation and some i
nism. Therefore, this paper is devoted principally to of growth. :
the kinetics of the VLS whisker growth and the role Typical Si whiskers grown on a (111)Si
of the liquid phase in the process. Finally, some evi- with the chloride (SiCl, + H,) process and
dence regarding the VLS mechanism in crystal growth as a liquid-forming impurity are shown in
from the vapor phase is given. can be seen that thin whiskers grow slower th
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ive growth rates for thick and thin silicon

dependence is plotted in fig. 2a. Curves 1—4
d to various molar concentrations of SiCl4f
(0 various supersaturations. These results
there is a critical whisker diameter at which
ps completely: i.e., the growth rate de-

jause the supersaturation decreases. This is
lincreasing vapor pressure and solubility of
ameter of the whiskers becomes smaller,

f0 the Gibbs—Thomson effect the decrease
uration as a function of whisker diameter
ven as

= 4Q0/d , (1)

S the effective difference between the
otentials of Si in the vapor phase and in the
g i8 the same difference at a plane bound-
), & is the specific free energy of the whisker
d €2 is the atomic volume of Si.

endence of the growth rate V" on supersat-

:‘i T (where k and 7 have the usual mean-
known a priori and must be determined
imental data. For the singular faces the de-
snot linear [8] and in many cases is of nth

(2)
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Fig. 2. (a) Measured growth rates of VLS silicon whiskers as
‘a functign of their diameter for various supersaturations; the
supersaturation increases in the order 1 to 4. (b) Iitting of
. s . I
the data of (a) in coordinates V2 versus 1/d.

.

This proportionality can be written as an exact equa-
tion:

V= b(Au/kTY , (3)

where b is a coéfficient independent of supersatura-
tion. It is this independence that can be a criterion for
the determination of n from experiments. Substituting
Ap fromeq. (1) in eq. (3) we obtain
A

H0 i _ A0

St bl/n _]_ (4)

1/n =
v kT kT d’

corresponding to a linear dependence of V1 versus
1/d. The experimental data of fig. 2a can be fitted to
straight parallel lines only for n = 2 (fig. 2b). If we as-
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Table 1

Kinetic coefficients, supersaturations and critical diameters for Si (Au) at 1000°C from whisker exper

Expt. No.

SiCly/H4 (male %) Critical diam. ca’c
{cm) X 10=%
1 0.3 0.20 b
2 0.75 0.11
3 1.5 0.07
4 3.0 0.05
sume that # = 1 or n = 3, the lines are not parallel but

converge or diverge.

The intercepts cut off at the 1/d axis by extrapola-
tion of the straight lines determine the critical diam-
etersd .. For these diameters and for the given overall
supersaturations in the gas phase the real-supersatura-
tions in the droplet near the growth interface become
zero and the VLS process stops. In other words, d,
can be considered as a diameter of the critical nucleus.
Therefore

BHo_4Qa 1 )
kT ~ kT d_°

Hence, the supersaturation of CVD reaction can be
determined if & is known. The prismatic surface of Si
whiskers at 1000°C usually contains equal numbers of
{211} and {110} faces. The average value, & = 1610
erg;’cmz. can be calculated from o = 1230 erg;’cm2
measured [9] for Si {111} and the ratio of the density
of broken bonds in {211} and {110} relative to {111}
(1.41 and 1.22, respectively). The calculated values of
ApfkT for various molar concentrations of SiCly/H,
are given in table 1. From the slopes 4Qab /2 /k T,

eq. (3), of the straight lines in fig. 2b the kinetic coef-
ficients can be calculated. The coefficients given in

Table 2
Kinetic coefficients for various materials

Material

Whisker Growth Kinetic
orientation temperature coefficient
°C) (cm sec™!)
Ge [111] 750 8x 107°
SiC [111] 1350 3510 "8
GaAs [111]A 670 ] 1072
GaAs [TT1]B 670 5% 10 2

Effective
supersaturation
" (Ap/kT) X 1072
3.3
6.9

11
14

table 1 have an average value of 4
which is reasonable for the grow
solutions [8].

Similar dependences of ¥(d)
at all investigated conditions (tem
900-1200°C, concentrations SiCly
6% and Au, Pd, Ni, Pt as liquid-formi
for other materials. The kinetic coe
SiC and GaAs are given in table 2, Qu
same dependence was observed for C
and ZnSe. ;

The results indicate that the depe
damental one for submicrometer w
nature of such a dependence is not
understood because the quadratic law
be typical of screw dislocation growth
[10], while it has been shown that the
grown by the VLS mechanism even on
tion substrates, contain no dislocatio
present it is possible only to speculate
mechanism with a kinetic roughness in
tration solutions such as Si (Au) at hi
or, in other terms, with a decrease of
energy of the two-dimensional nucleation
terface. The decrease can be rather stron
times [11], so that some section of the
can be approximated with a quadratic
any case, the dependence should be cons
empirical one; this method of determini
coefTicients and the supersaturations can
the kinetic studies. '

2.2. Temperature dependence of the kin
coefficients

The method was used to study the temp
pendence of the kinetic coefficients and to ¢
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nperature dependence of the kinetic coefficien(s
nination of the activation energy for Si whisker

tion energy of the VLS process. The experi.
€ performed with Si (Au) at 930_ 1090°C,

¢ coefficients were corrected for the tem-
pendence of equilibrium solubility accord-
i~Au phage diagram. The results are

ut 48 keal/mole and relates evidently to
Blermining step (see below).

3.
::' d
ds
0.5 1o
d, p

Persaturations on the growth interface a5 g
sker diameters, Curves 2 and 3 correspond to
| fig. 2.

log b versus 1/7 in fig. 3. The activation e

2.3. Dependence of supersaturations on whisker
diameters

Ifd, is known, the real Supersaturations Au/kT
can be determined as a function of diameters from
egs. (1) and (5). The Supersaturations asymptotically
approach Auy /kT with increasing 4. The greater
Aug/KT, the steeper is the curve. This dependence can
be used for an analysis of the whisker growth mecha-
nism.

2.3.1. Poly-nuciear Lrowth

on the growth interface are the same,

In fig. 4 dependences (Au/kT) (d) are shown for
curves 2 and 3 from fig. 2. The intercepts of the curves
with a horizontal line determine the diameters dy and
d3 (accordingly, areas S 'vd% and §3 ~ d%) of
whiskers with the same interface Supersaturations, Re-
turning to the origina) curves in fig. 2, we can deter-
mine the corresponding growth rates, J/, and V3. The
results are given in table 3. It can be seen that the areas
are different more than 10 times while the growth
rates are practivally the same. If we assume that the
nucleation mechanism is valid, it is possible 1o con-
clude that the whiskers grow by polycentric nucle-
ation. It is the single-nuclear growth that can explain
the high crystalline perfection of the whiskers,

2.3.2. Periodic nstability

It was found that Si, Ge, GaAs and InAs whiskers
show a periodic instability of diameter [12]. A typical
picture of the instability for S; whiskers is shown in
fig. 5. These whiskers consist of a row of knots and
necks with approximately equal distances between
them. The periodicity is not strict and differs for vari-
ous whiskers, It can therefore be assumed that the
periodicity is of 4 self-oscillatory model. The instabil-
ity manifests itself at high temperatures, high supersat-
urations, and only for submicrometer (0.5 um)
whiskers, The suggested mode] of the self-oscillations
is based on the ides that the contact angle of the drop-
let (ie., the wetting of the growing face) depends on
the roughness of the interface, which, in turn, depends
On supersaturation (“kinetic roughness™), ang, hence,
on the curvature of the droplet. The greater the super-
saturation, the steeper is the curve in fig. 4 and the
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Table 3
Growth rates for pairs of whiskers from different experiments

I'ig. 2 d (em) x 107>
Curve 2 3.9 5.2

Curve 3 1.2 1.44

greater is the feed-back coefficient for self-oscillations.

[t is important that the instability diminishes if some
impurities (AsCly, PCl3) are introduced in the gas
phase that are known to change the contact angle
[13].

3. Rate-determining step

Identification of the rate-determining step is of
great importance in crystal growth [14]. The problem
is a very complicated one in this process because it in-
volves three phases and at least two interfaces (vapor—
liquid and liquid—solid), and because the material is
evolved by chemical reactions. Nevertheless, some
conclusions can be drawn.

The process is schematically shown in fig. 6. We
can distinguish four main steps: (1) mass-transport in

Fig. 5. Periodic instability in Si whisker growth.

d? ~ S (em?)y x 10710

V (emsec 1) x 107°

the gas phase; (2) chemical reaction on the va
uid interface; (3) diffusion in the liquid ph
corporation of the material in a crystal latt
(3) can be at once excluded because thick
do not grow more slowly than thin ones (see f
while the droplet is almost hemispherical an:
the diffusion length is longer for thicker w
Step (1) can be also excluded because of th
strong (i.e., exponential, AE ~ 48 kcal/mol
ature dependence of the kinetic coefficient
mass transport in the gas phase usually foll
law (n ~ 1.5-2). One must therefore choose !
steps (2) and (4); both are activated so that th
lem is complicated. 3
Bootsma and Gassen [15] studied the kinef
whisker growth of Siand Ge by decomposi
SiH4 and GeHy, respectively. Their conclusio
ly that step (2) is the rate-determining one,
on the observation that the axial growth ra
and Ge whiskers were proportional to the p
sures of the hydrides. These arguments, ho
not convincing.
If there are two activated steps in series,
pendence of growth rates on the gas mixtur

Fig. 6. Various stages of the VLS process.
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be an evidence that any of them is
ling. The dependence is nothing but the
dence of the growth rate on supersat-
distinguish between the steps there are
additional criteria.
argument in favor of step (2) as rate-de-
s been put forward by Tumanov et al.
sbased on the observation that the axial
SiC whiskers were dependent on the
¢ liquid-forming agent. However, as for
solvents in the case of silicon, the differ-
o be unrelated to their catalytic activity.
fig. 7 kinetic curves for three solvents
are shown. The kinetic coefficients
while the supersaturations are different.
are evidently due to the different sol-
these metals. Data on the solubilities
able 4. In the 4th column, the values
portional to the supersaturations from
the Sth column we list products of the
supersaturations, coinciding with our
sults to within £10%.
hand, there are some arguments in
) as the rate-determining one:
coefficients for the polar faces of GaAs
erent (see section 2.1).

a Pd
x M
o Pt

1130, Sict,/H=67%

05 10 5
7 10°cm”

tic curves for different metallic solvents.

—

Table 4

Metal Ratio Solu- Super- Product
Si/metal bility satura- solubili-
at tion . ty X su-
1130°C (in V'"? persatura-

units) tion

Pt 72/28 2.57 7.9 20.0

Ni 68/32 73 £ 8.8 18.6

Pd 63/37 1.70

O, 16.5

(b) The second argument complements (a) above.

In fig. 8 we show GaAs whiskers on a GaAs(111)
substrate. Most of them are perpendicular but some
(indicated by arrow) are inclined to the substrate. The
thin inclined whiskers grow at a higher rate than do
the thick perpendicular ones, and the inclined whiskers
are oriented in a 211) direction [17] and, hence, have
a stepped liquid—solid interface |18]. Due to a de-
crease of the activation energy of nucleation such in-
terface is well known to enhance growth rate com-
pared with the smooth {111} interfaces. Therefore, it
can be concluded that step (4) is the rate-determining
one in this process.

Fig. 8. Relative growth rates for GaAs whiskers of different
orientations.
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4. Role of the liquid phase

4.1. Liquid phase effectivity coefficient; “physical”
and “chemical” catalysis

Wagner and Ellis [2] were the first to emphasize
the role of a liquid surface as an “ideally rough™ face
for crystal growth. This qualitative argument was later
supported by Bootsma and Gassen [15] who com-
pared the axial (V) and lateral (V) rates for Si and
Ge whiskers in the hydride process. They found that
the “condensation coefficient” for the compounds
(i.e., the probability of decomposition with deposi-
tion) is ~10-3 for the VLS process and ~10-3 for
the VS (vapor—solid) process, i.e., the liquid phase ef-
fectivity coefficient (LPEC = VMV_) s ~102. 1t is evi-
dent that the coefficient depends on the crystalliza-
tion conditions — temperature, supersaturation, etc.
LPEC for Si whiskers grown in the chloride process
with Pt is shown in fig. 9. It can be seen that LPEC de-
pends both on growth temperature and on molar con-
centration SiCl,/H,. The decrease of LPEC with tem-
perature is mainly due to an increase of ¥, and partly
to a decrease of V, as a result of enhanced Si/Pt solu-
bility and hence of a lowering of supersaturation. The
increase of LPEC with concentration is due to an in-
crease of the rates V), which were measured by SEM
for the same whiskers that are reasonably thick, so
that the Gibbs—Thomson effect can be neglected. The
results for some whiskers were averaged *. The metal
(Pt in this case) is expected to be always present in
atomic form on the side faces of the whiskers, so that
the liquid phase as such rather than the nature of the
metal is responsible for the accelerated axial growth
of the whiskers. In other words, “physical catalysis”
rather than “‘chemical catalysis™ is operative.

4.2 Growth mechanism of side faces

The side faces of the whiskers are believed to grow
by a two-dimensional mechanism [19]. and it is this
mechanism that is thought to be responsible for the

* It is to be noted that VH relurtes to the (111) face whereas
1", relates to the side faces 1211 that are known to grow

L

somewhat faster than {111} under otherwise equal condi-

tions.
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Fig. 9. Liquid-phase effectivity coefficient
the crystallization conditions. b

.
slow lateral growth of the whiske
may not be so. In many cases, the
“stepped”, and even then they gros
the flat tip face. It is typical, foF
fce, diamond, sphalerite, and wu
the whiskers grow in the (1117 or
while the side faces are {211}, {1
{1010}. This fact is one of the obj
dislocation model of Sears [20]:
In fig. 10 the side faces of a Si¥
the central face is {110} and the
According to Hartman and Perdok {2
faces are S-, or stepped, ones. In facty

Fie. 10. Growth mechanism for the side fac

e
Q



E.l Givargizov | Fundamental aspects o f VLS growth 27

s epsintentionally made by periodic switching
duction heating during the experiments.
cial rhythmicity™ can generate time mark-
tic studies (see below). It can be seen that
ace slowly overgrows from the root and
es, the growth being chain-type. As for
e, one of them (left in fig. 10) overgrew
he root, though the growth is slower than
{110} face: the other is rather stable de-

cations, together with the above-men-
isons of {211} and (111) liquid—solid
fig. 8), suggests that in whisker growth
nably in vapor growth in general) not mere-
structure itself but this structure in con-
liquid phase plays a decisive role.

1ds concerning the peculiar role of the
may be in order here. First, the liquid

10 reduce barriers for chemical reaction
nterface [15]; second, it reduces the acti-
of nucleation at the LS interface [11]
supersaturations in our VLS growth were
asimilar system for migration of Ge—Au
e temperature gradient, were ~0.07%
dvantages of the liquid phase can be re-
ere is no delay between steps 2 and 4.
s to be correct in noting that in com-
hisker growth to common flux
question relates possibly to dimen-
th typical diffusion coefficients in
bem? sec 1) and typical whisker diam-
) average diffusion rates in droplets

¢ 1/10-4 cm =1 cm sec™!. These
our rates (~10~% cm sec 1) but coin-
e growth rates (up to 1 cm sec™!)
nd of Bootsma and Gassen [15].

face diffusion

distinguish between two modes of
wth: physical condensation and
osition (CVD). On the other hand,
icipal models for vapor whisker
sion-dislocation model of Sears [20]
2d theoretically for physical conden-

mequivalent {211} faces in the diamond

sation conditions by Dittmar and Neumann [24],
Blakely and Jackson [25] and Ruth and Hirth [26],
and Wagner’s model of VLS growth [1 3] with the
experimental evidence mainly for CVD. In the follow-
ing we want to demonstrate an application of the dif-
fusion theory [24-26] to the VLS whisker growth by
CVD.

The main result of the theory is a formula for the
axial growth rate:

V—a-f—[+-d-rh>\—i. (6)
where 7 is the impingement current at the whisker tip,
I is the whisker length, ¢ is time, and A, is the root-
mean-square diffusion distance on the whisker surface.
The formula consists of two terms. The first is the
growth rate due to the direct impingement of atoms
at the tip and the second is the rate due to the surface
diffusion of adatoms on side faces. The formula was
verified [24,27,28] for whisker growth by physical
condensation. In these experiments, the vapor pres-
sures were rather low (~10~%—10=3 torr) whereas the
condensation coefficients were ~1 [29,30]. In this
case, the first term could be neglected and the verifica-
tion of eq. (8) reduced to determination of the elonga-
tion law: it was shown to be an exponential in the ini-
tial stage and a linear one in the next stage.

Fig. 11. On the elongation law for Si whiskers.
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Eq. (6) could be verified in another way, i.e., by
the dependence of the growth rate on the diameters.
It can be seen, however, that for d =1 um, where the
Gibbs— Thomson effect no longer manifests itself, the
rate does practically not depend on the diameter.
Hence, the second term in eq. (8) can be neglected in
this case, i.e., the material arrives at the growing tip
mainly by direct impingement from the vapor phase.
This is due to the high pressures of the decomposing
species in the vapor phase (usually 1—10 torr) com-
bined with very low “condensation coefficients™ of
the species on the side faces and/or with a small diffu-
sion length A,.

This result was confirmed by morphological data.
In fig. 11, a whisker with time markers is shown to
illustrate that the axial growth rate is constant, begin-
ning at ~2 um (the first section is somewhat shorter
than the others because the initial droplet was sub-
merged for ~d/3 (see fig. 3.23 in [3]).

On the whole, however, the formalism of the dif-
fusion theory [24--26] is applicable to the VLS
whisker growth by CVD. Some differences are more
of a quantitative than of principal nature, e.g. as an
“active sink™ on the whisker tip can be considered the
droplet instead of a screw dislocation, Hence, a new
conception of the *“*diffusion-droplet mechanism™ can
be considered for the whisker growth involving the
physical condensation process. The model helps to
solve some problems of the former diffusion-disloca-
tion mechanism.

(a) The dislocation model cannot account for the ini-
tial stage of whisker growth because any re-entrant
edge at the root is at least as active as a dislocation
step on the whisker tip. The liquid phase, on the other
hand, is more active than any dislocation step.

(b) The dislocation model does not explain the drastic
stopping of the whisker elongation as observed in
many experiments. The VLS mechanism accounts for
the stopping by loss of droplets during the growth asa
result of some instability. It can be seen in fig. 12 that
the droplets have drooped down the tip and have so-
lidified on the side faces.

5. The VLS mechanism as a general phenomenon in
vapor crystal growth

The discovery and subsequent studies of the VLS
mechanism stimulated an interest in liquid layers on

Fig. 12. “Loss” of droplets for Ge wh
stage.

vapor grown crystals [23]. The la
firm the general Ostwald’s “rule o
be formed for a variety of reasons.
(a) Noncontrolled impurities. There
Kowarski “protuberances™ [31].
was initially considered as a result
it was shown later that, in fact, it
VLS process [33,34].

(b) Intentionally added impurities.
liquid layers were also generated i
[35—37]. The layers substantially a
kinetics and mechanism. E
(¢) Nonstoichiometry. In the vap
pounds it is possible to have a defi
nent when the compound grows fro
the other component. This is the
GdP at phosphorus deficit [38], for
deficit [39], and for-PbS at sulphur
important that the solution growth
perfect crystals than the vapor grow
cause the above-mentioned lowerin
solid barrier.

(d) Platelets by VLS. Plate-like crys
the VLS mechanism. In this case, it
tain oriented growth of the platelet
[41]; see fig. 13.



:growth of CdSe platelets on the (0001)CdSe

1s becomes essential, The method allows
00 0f some important growth parameters.
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