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by K. N. Tu Surface and 
interfacial 
energies 
of CoSi, and  Si 
films: Implications 
regarding 
formation of 
three-dimensional 
silicon-silicide 
structures 

Formation of three-dimensional, multilevel 
structures consisting of epitaxial silicon and 
silicide  films is currently of interest in the 
microelectronics technology. However, such 
structures have  been difficult  to produce 
because of surface wetting differences. To 
obtain associated surface energy information, 
an analysis was carried out of published data 
on the kinetics of crystallization of amorphous 
CoSi, and Si films. The analysis indicated that 
the amorphous-to-crystalline interfacial energy 
of amorphous CoSi, films  is about one-fourth 
that of amorphous Si films, from which it was 
inferred that the surface energy  of epitaxial 
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CoSi, films is less than that of epitaxial Si 
films. The approach used in the analysis is 
general  and should be extendable to other 
systems. 

Introduction 
In order  to  achieve epitaxial growth of a thin film having 
the  same lattice structure  as  that of an underlying 
substrate, it is not only crucial  that a close  lattice  match  be 
achieved at  the  interface  between  the film and  the 
substrate,  but  also  that  the  surface  energy of the film be 
less  than  or  very nearly  equal to  that of the  substrate, 
because of the principle of minimization of surface  energy. 
If the  surface energy of the film is greater  than  that of the 
substrate, it tends  to agglomerate as it grows,  even if there 
is no lattice misfit. If a planar, epitaxial structure A/B/A/B 
is to  be  formed,  where A and B are  layers of two different 
types of materials, it  would appear  at first sight that  the 
principle of minimization of surface energy would need to 
be violated: If B wets  A, A  should not  wet B but should 
agglomerate on it. This  is shown schematically in Figure 1, 
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for which the  surface energy us of the  substrate is  assumed 
to be appreciably  greater  than  the surface  energy uo of the 
overlayer.  Thus, it would not  appear  that planar,  epitaxial 
AIBIAIB structures could be  formed from such materials. 

superiattices  can  be  fabricated [l  , 21, such  pairs 
nevertheless  consist of very similar materials having nearly 
identical lattice  structures  and  surface energies. However, 
for silicon and  the silicides,  this is not  the  case.  Hence, it 
is not  evident  that  the formation of planar, epitaxial 
AIBIAIB silicon-silicide structures should be possible. 

substrate is shown in Figure 2, in which the  three well- 
known growth  modes  are plotted in coordinates of 
interfacial misfit (horizontal  axis) and surface-energy 
difference between film and  substrate (vertical  axis) [3]. 
The  terms as and a. are  the  lattice  parameters of the 
substrate  and  the film (overlayer),  respectively.  The  three 
growth  modes  are 1) the Frank-van der  Merwe  mode, in 
which the film grows epitaxially layer by layer; it occurs 
when  the misfit is  nearly zero  and  its  surface energy  is  less 
than  that of the  substrate; 2) the Weber-Volmer mode, in 
which island growth prevails when  the  surface energy of 
the  substrate is greater  than  that of the film and in which, 
during film growth,  the wetting angle between  the island 
and  the  substrate  increases with the interfacial misfit; and 
3) the Stranski-Krastanov mode, in which a  combination 
of layered and island growth occurs.  The  dashed line 
denotes  the  separation  between  the  latter  two modes. 

several  layers of two  or more  materials is to  be formed 
(e.g., a superlattice  or  an AIBIAIB multilevel structure), 
surface energy and misfit conditions must be met which lie 
within the small  circle at  the origin. It should be  noted, 
however,  that in  selecting  dissimilar  materials for  that 
purpose, while the misfit is  usually known  because  the 
lattice parameters of the materials are usually  known, the 
difference in their surface energies is usually not known. 

Currently,  means  to  achieve  the formation of three- 
dimensional silicon-silicide structures  are of considerable 
interest in the  microelectronics technology. This is because 
of the increasing  need for three-dimensional device and 
interconnection  structures in order  to  further increase 
circuit density. Many attempts  have been  made to 
fabricate  structures of Si/CoSi,ISi, SiINiSJISi, or Si/CaF,/Si 
[C6] ,  but most have  been only  partially successful. 
Although the silicides CoSi, and Nisi, have a cubic  CaF, 
crystal  structure  and a  lattice constant which matches  that 
of Si to within 1%, their  surface  structures differ 
appreciably  from  that of Si. And their surface energies are 
not  known. 

In forming  a SilCoSi,ISi structure in which the lower 
portion is  a (1 11) Si surface, it has been  found that  the 
CoSi, layer  prefers  to grow in a twinning orientation of the 

Although GaAs-AIGaAs and Si-Si,-.yGe (x < 0.1) 

A characterization of thin-film growth morphology on a 

If a planar,  epitaxial, multilevel structure consisting of 
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Asymmetrical  growth  morphology  of  materials A and B. Illustra- 
tively, B wets A ,  but  A does not  wet B: it  agglomerates  onto  it. 
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Schematic  diagram  of  the  three  thin-film  growth  modes in coordi- 
nates of interfacial  misfit  (horizontal  axis)  and  surface-energy dif- 
ference  between  film  and  substrate  (vertical axis). The  dashed 
curve  separates  the  Stranski-Krastanov  and  the Weber-Volmer 
modes. 

( I  11) Si surface, although  Si grows epitaxially on (1 11) 
CoSi, [7]. This  asymmetrical  growth is indicated in the 
schematic  atomic  structure of Figure 3. Although the 
energy associated with the twinning interface is less  than 
that of the epitaxial interface,  the  latter  appears  to  be 
preferred for  the epitaxial growth of Si on a Cos4 surface. 

asymmetrical growth, it  would be useful if some  measure 
could be  obtained of the  surface  energies of epitaxial films 
of Si and CoSi,. Although  scanning  tunneling microscopy 
and  other  surface analysis techniques  can  be  used to 

In order  to  develop  an  understanding of such 
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Schematic diagram of atomic structure of SilCoSi,/Si layered con- 
figuration; lower portion corresponds to that of a ( I  11)  Si surface. 
The dashed lines indicate that the CoSi, film grows in a twinning 
orientation  on the ( I  1 I )  Si  surface, but that the Si  film  (upper 
layer) grows epitaxially on the CoSi, film. 

determine  surface  structure  and  composition,  and high- 
resolution transmission  electron  microscopy  and ion 
channeling to  determine  interface  structure  and 
composition,  none of these  methods  are  suitable  for 
determining surface  energy. 

This  paper  describes a method  for obtaining the 
amorphous-to-crystalline interfacial  energies of amorphous 
CoSi, and  Si films, by  an  analysis of their  kinetics of 
crystallization,  and by inference,  some  approximate 
information  regarding the surface energies of epitaxial 
films of those materials. The  method is  general and should 
therefore  be  extendable  to  other  systems. 

Analysis method 
For  both  amorphous  Si  and CoSi, films, crystallization is a 
first-order  phase transition  which proceeds by nucleation 

870 and  growth. Assuming that  the nucleation  is random  and 

constant,  and  that  the  growth is isotropic  and  constant,  the 
transition can  be  described  by  the  equation of Johnson, 
Mehl, and Avrami [%lo], viz., 

X ,  = 1 - exp C-X,,J, (1)  

where X ,  and Xe,, are defined as the  fraction of the 
transformed  volume and  fraction of the  extended  volume, 
respectively. The  latter is  given by 

where I is the nucleation rate, G is the  growth  rate,  and t 
is the time of transformation.  Hence, if the nucleation and 
growth rates  can be determined, X,,, can  be  obtained  from 
Equation ( 2 ) ,  and  subsequently X ,  can  be  obtained  from 
Equation (1) .  Alternatively,  for a thin film, X ,  can  be 
measured (during transformation)  directly  by  an imaging 
technique  or  indirectly, e.g., from  the  change in its 
resistivity. 

a constant  rate,  and  the  growth is isotropic in three 
dimensions and linear with time,  Equation ( 2 )  reduces  to 

If the nucleation  is random,  continuous,  and  proceeds  at 

x,,, = - 1c3t4. 
P 

3 
( 3 )  

Thus,  Equation (I)  becomes 

X ,  = 1 - exp ( - K t 4 ) ,  (4) 

where 

The nucleation and  growth  rates  have  been  assumed  to  be 
characterized by Boltzmann  distributions,  viz., 

and 

The  terms A H ,  and A H ,  are  respectively  the  activation 
enthalpies of nucleation and  growth. 

Experimentally, X ,  is measured as a function of time 
and  temperature,  and a constant value  is chosen in order 
to  obtain  the activation enthalpy of transformation. If we 
choose, e.g., XT = 0.5, Equation (4) gives 

Kt4 = constant. (8) 

By taking the logarithm  of Equation (8), we  obtain 

AH, i- 3AHG 

kT 
- f 4 In t = constant. 
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Schematic curves depicting nucleation behavior. 

The  slope of a plot of In t vs. IlkT gives the activation 
enthalpy of transformation, (AHN + 3AHJ4, thus  making 
it possible to  obtain AH, by measuring AHG, and vice 
versa. Given AHN,  it  is  possible to  estimate  the 
amorphous-to-crystalline interfacial  energy by using 
classical  nucleation theory [ 1 11. 

Figure 4 shows  schematic  curves depicting  nucleation 
behavior in which  an  activation energy  is  required  in order 
to  form a critical nucleus containing Nc,, atoms,  where 
AHN is  the  associated energy required, AHAc is the heat of 
crystallization,  and  the  pressure  ratio PIP, is  a  measure of 
the  supersaturation  or  degree of departure  from 
equilibrium. 

nucleus containing N atoms  requires  an  energy 
Following  classical  nucleation theory, formation of a 

AHN = -aNAHAc + bN2'3cr,c , (10) 

where vAC is the  amorphous-to-crystalline interfacial 
energy  and a and b are geometrical shape  factors.  For  the 
critical nucleus, 

aAHN 
- = 0. 

aN 

Hence, 

and 
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Bright-field transmission electron micrograph of a partially trans- 
formed  amorphous CoSi, film,  at 150°C. The  largest  circular 
grains are about 1 Fm in diameter. From [12], reproduced with 
permission. 

Equation (1 1) makes it  possible to  calculate a,, provided 
that AHAc, a ,  and b are  known; AHAc can  be  measured by 
calorimetry,  and a and b can  be  calculated  by assuming 
that  the volume of the  nucleus is N52, where 52 is the 
atomic volume. We assume  that  the  nucleation of the 
crystalline phase  occurs  at  the  surface of the  amorphous 
phase,  and  that  the  same geometrical shape  factors  are 
applicable for Cos4 and Si. 

Crystallization of amorphous CoSi, films 
The crystallization of amorphous Cos4 films has  been 
examined experimentally [I21 using films prepared  by 
vacuum  deposition  onto oxidized  silicon wafers. Figure 5 
shows a bright-field transmission  electron micrograph of a 
partially transformed  amorphous COS$ film, obtained  at 
150°C [12]. The  circular images are  from grains  of 
crystalline COS$. Their  distribution is random  and  their 87 
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Sequential growth of adjacent circular CoSi, grains, and the for- 
mation of grain boundaries between impinging grains. From [12], 
reproduced with permission. 

bend  contours  show  that  each is a single crystal without 
preferred  orientation.  Nucleation  occurs independently and 
randomly in time  and  space. Figure 6 shows  the sequential 
growth of several  circular grains and  the formation of grain 
boundaries  between impinging grains.  The  growth is 
isotropic,  as indicated by the  observation  that  the  shape of 
the grains remains  circular during growth. By  measuring 
the  diameters of the grains as a function of time,  the 
growth  rate  can  be  determined  and is found  to be constant. 
Since  the  number of circular grains in a  given area  can  be 

obtained as a function of time  and  temperature,  the 
nucleation rate  can  be  calculated. 

Because  the nucleation and  growth of an  amorphous 
CoSi, film satisfy the  conditions  described  by  the  phase 
transformation  model of Johnson,  Mehl,  and  Avrami, 
Equation (1) can  be applied to its amorphous-to-crystalline 
transformation. Figure 7 shows  two  plots of  resistivity 
changes of an  amorphous CoSi, film in van  der  Pauw's 
geometry  that  was ramp-annealed at OS"C/min and 3"C/min 
in a He  furnace,  from  room  temperature  to 500°C. The 
resistivity changes  obtained in situ show  that  the 
amorphous-to-crystalline transformation  occurs  around 
150°C [13]. Figure 8 shows  the  change in the  fraction of the 
transformed  volume upon annealing at  four  temperatures in 
the vicinity of 150°C. The  changes  are  expressed in terms 
of the resistivities pa, pc, and p(t )  in the  amorphous  and 
crystalline states  and  at a time t ,  respectively.  The 
intercepts with the  dashed  horizontal line are  taken  as 
measures of corresponding annealing  times.  Using these 
data  and  Equation (9), the  activation  energy of the 
amorphous-to-crystalline  transformation of the  Cos4 film is 
found to  be 

AHN + 3AHG 

4 
AHT = = 0.9 eV. 

As discussed  above,  the  nucleation  rate  can  be 
calculated from  the  measured  increase in the  number of 
grains in a given area,  and  the  growth  rate  can  be  obtained 
from  the  measured  increase in grain diameter.  Since  the 
latter  can  be used to  obtain AHG, it  follows that AHT, 
AHN, and AH, can  be  obtained  independently,  and  that it 
should be possible to  check self-consistency by means of 
Equation (13). However,  we  choose  to  obtain AHN from 
that  equation, using measured values of AHT and AHG in 
order  to more  effectively compare (in the following 
section) the crystallization behavior of amorphous  Cos4 
films with that of amorphous Si films. (It has  not  yet  been 
possible to  obtain  an  independent  measurement of AHN for 
amorphous Si films. Hence,  for  the  purpose of that 
comparison,  we  choose  to  obtain AHN from  measurements 
of AHT and AH,.) 

It  has  been found that AH, is 1.1 eV  for  amorphous 
CoSi, films [ 141. Using that  value in Equation (13) gives 
AHN = 0.3 eV. The  heat of crystallization AHAc of 
amorphous COS( has  been found to  be 0.05 eV/atom*. 
Using the  above values  in Equations (11) and (12) gives 
gAC = 0.09 eV/cm* (or 160 erg/cm2)  and Ncrit - 8 atoms. 

Comparison with Si films 
Crystallization of amorphous Si has  been widely studied 
and  is covered  by a large body of literature.  The epitaxial 

*L. T. Shi and K. N .  Tu, IBM Thomas I. Watson Research Center, Yorktown 
Heights, NY, unpublished. 
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Resistivity changes of  an amorphous CoSi, film in  van der  Pauw's 
geometry, upon ramp-annealing in a He furnace from room tem- 
perature to 500"C, at OS"C/min and 3"C/min. From [13], repro- 
duced with permission. 

growth of amorphous Si on a single-crystal Si surface has 
been a subject of considerable interest.  For,example, ion 
implantation can be used to transform the surface of a Si 
wafer into amorphous Si. By subsequent rapid laser 
annealing or slow furnace annealing, the amorphous Si can 
be converted back to epitaxial, crystalline Si. Amorphous 
Si can also be formed by  MBE (molecular beam epitaxy) 
deposition. In the case of crystallization on a single- 
crystal Si surface, nucleation is  not required. On the other 
hand, crystallization of an amorphous Si film on an 
oxidized  Si wafer requires both nucleation and growth. 
Thus, comparison of the two processes makes  it 
possible to separate out effects due to nucleation and 
growth. 

The study of epitaxial crystallization of amorphous Si 
films on single-crystal surfaces was pioneered by  Mayer 
and his associates [15] using ion-beam channeling 
techniques. Refinement of the kinetics of epitaxial growth 
was carried out by Olson and Roth  by  using time-resolved 
reflectivity [ 161. 

Values of the parameters AHN, uAc, and N,,, for 
amorphous Si films were calculated following the approach 
described above for amorphous CoSi,  films. Table 1 
contains a summary of the values of the measured and 
calculated parameters. As can be seen, the amorphous-to- 
crystalline interfacial energy for amorphous COS$ films 
was found to be one-fourth that of amorphous Si films. 
The number of atoms in the critical nucleus of amorphous 
Si films  was found to be about 64 atoms. This number 
seems reasonable, since amorphous Si displays short-range 

- 176OC ---- 173T 

Annealing  time  (min) 

Effect of annealing on the fraction of the transformed volume of 
an amorphous CoSi, film, expressed in terms of its resistivity at 
time t and in its amorphous and crystalline states. From [ 131, re- 
produced with permission. 

Table 1 Measured  and  calculated  parameters  for 
amorphous CoSi, and  Si films. Measured  values  are  from  cited 
references. 

Parameters cosi, Si 

AHT 0.9 eV [131 3.4 eV [15] 
AH0 1.1  eV [14] 2.7 eV [15] 
AHA, 0.05 eV/atom* 
AH, 0.3 eV 5.5 eV 
OAC 0.09 eV/cmz  0.4  eV/cm2 
Nuit -8 atoms 

0.1  eV/atom  [IS] 

-64 atoms 

*L. T. Shi and K. N. Tu, IBM Thomas I. Watson  Research  Center,  Yorktown 
Heights, NY, unpublished. 

order; its nearest neighbors are the same as those in 
crystalline Si; and the critical nucleus must involve 
second- or third-nearest neighbors. 

It is important to note that although the measured values 
in the table are quite reliable for calculating uAc and Ncrit, 
the geometrical shape factors are uncertain because shapes 
must be assumed for the nuclei. For this reason, the 
calculated values of uAc and N,, are reasonable for the 
purpose of comparison between COS$ and Si films, but 
their absolute values should be taken with caution. In 
addition, the uAC values of the critical nuclei of the films 
may  not  be the same as those for the corresponding bulk 
materials because the critical nuclei of the films consist of 
very  small clusters of atoms. 

energies of epitaxial CoSi, and Si films from their uAc 
values by 1) determining the grain boundary energy from 

In principle, it should be possible to estimate the surface 
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the sine  law obeyed by the  surface  tensions of adjacent 
grains in equilibrium  with each  other  at  their triple  point 
[e.g., see Figure 6(b)] and 2) subsequently determining the 
surface  energy by assuming  extension of the grain 
boundaries  to  the  surface. Accordingly, we infer that  the 
trend is most likely that indicated by their a,, values;  viz., 
that  the  surface  energy of an epitaxial CoSi, film is less 
than  that of an epitaxial Si film. Formation of epitaxial, 
multilevel  configurations of the  two  types of films may 
therefore  require  that  means  be used to offset this,  for 
example by the  use of impurities or alloying  additions. 

In  reference  to Figure 2, it  should be noted that  the 
equivalence 

suggests that  by measuring the wetting angle of Si  on the 
surface of CoS4, it  should be possible to  obtain  the  ratio 
us/uo of the  surface  energies of the  overlayer  and  substrate 
without carrying  out  the  analysis  presented  above. 
However,  that is not practical because  the melting point of 
Si is higher than  that of COS$. 

Summary 
An analysis of published data  on  the kinetics of 
crystallization of amorphous CoSi, and Si films has  been 
used  to  determine  their  amorphous-to-crystalline interfacial 
energy.  Its magnitude for  amorphous COS& films was 
found  to  be  about  one-fourth  that of amorphous  Si films, 
suggesting that  the  surface  energy of epitaxial CoSi, films 
is less  than  that of epitaxial  Si films. Formation of 
multilevel, three-dimensional, epitaxial structures  from 
such films of the  two  materials may therefore  require  the 
use of means  to  increase  the  surface energy of the  Cos4 
films and/or  decrease  that of the Si films; possibly,  e.g., by 
the  use of impurities or alloying  additions. 
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