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Abstract: According to thermodynamic and kinetic theory, considering the variation of bulk free energy and superficial
energy after nucleation as well as the migration of atoms, we study systematically the planar nucleation and crystal-
lization that relate to two possible transition mechanisms in the annealing process of ion implanted Si: (1) liquid/solid
transition: the critical nucleation work is equal to half the increased superficial energy and inversely proportional to
the supercooling AT. Compared with bulk nucleation, the radius of the critical nucleus decreases by half, and the nu-
cleation rate attains its maximum at 7 = 7},,/2. (2) amorphous/crystalline transition: the atoms contained in the critical
nucleus and situated on its surface, as well as critical nucleation work, are all directly proportional to the height of the
nucleus, and the nucleation barrier is equal to half the superficial energy too. In addition, we take SiGe semiconductor
as a specific example for calculation; a value of 0.03 eV/atom is obtained for the elastic strain energy, and a more
reasonable result can be gotten after taking into account its effect on transition

Finally, we reach the following conclusion as a result of the calculation: for the annealing of ion implanted Si, no
matter what the transition method is—Iliquid or solid planar nucleation—the recrystallization process is actually carried
out layer by layer on the crystal substrate, and the probability of forming a “rod-like” nucleus is much larger than that
of a “plate-like” nucleus.
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1. Introduction

Ton implantation and annealing technology is an impor-
tant method for semiconductor doping and a vital link in the
technology of large scale integrated circuits (LSI), very large
scale integrated circuits (VLSI) and optical and electrical inte-
grated circuits (OEIC); it also plays an irreplaceable role in the
fields of “impurity engineering” and “energy band engineer-
ing”[1=41,

When an ion with high energy bombards the surface of a
silicon sheet, it displaces the substrate atom out of a regular
lattice position, damages the crystal lattice, and even results in
a heavily-doped amorphous layer. In the meantime, many im-
purity atoms are situated in non-electrical active positions, and
annealing is needed for ion implanted silicon. In this annealing
process, the silicon sheets are heated to a certain temperature
so that the atoms on the surface regain their migrating ability.
This may touch off liquid/solid or amorphous/crystalline tran-
sitions on the superficial damage layer through nucleation and
growth, resulting in the elimination of lattice damage and re-
covery of the regular arrangement of atoms on the surfacel®> 6.

Bulk nucleation theory concerning the liquid/solid transi-
tion is a rather mature theoryl”], but in the process of annealing
to ion implanted Si, recrystallization is usually performed on
the crystal substrate layer by layer, because it may be taken as
a natural two dimensional nucleus, so bulk nucleation theory

PACC: 6170A; 6460Q; 8130H

has to be revised to a certain extent. On the other hand, for the
solid amorphous/crystalline transition, no matter whether bulk
or planar nucleation, the theory is still far from mature. In this
work, we try to perfect the theoretical problem concerning the
annealing of ion implanted silicon through introduction of the
concept of planar nucleation. As for solid bulk nucleation, we
have given a special discussion of this in another article!8].

2. Theoretical calculation and result discussion

2.1. Planar recrystallization from the liquid phase

In general, the pulse length of a laser is shorter than the rear-
rangement time of a solid atom, so pulse laser annealing can be
realized just through recrystallization from the liquid phase!®;
the mechanism of annealing is that the superficial amorphous
layer melts first, and then recrystallizes epitaxially on the crys-
tal substrate, so the solid substrate under the melting layer be-
come a natural two dimensional nucleus.

Supposing that the nucleus is cylinder-like, with a radius r
and a height &, when a nucleus is formed on the liquid/solid
interface, the variation of total Gibbs free energy in the system
can be written as:

AG = AGynr?h + Qurh 4+ nr?)o, (1)

where AGy is the difference between the Gibbs free energy
per unit volume for the liquid and solid phases, and o is the
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interfacial energy per unit area. In Eq. (1), the first term on the
right stands for the decrease of bulk free energy, and the second
term stands for the increase of interfacial energy. Because the
base of the nucleus is formed directly on the solid substrate, the
superficial area of the nucleus just includes the area of the side
and the upper face.

It may be proved that the nucleation rate of a “rod-like”
nucleus is much higher than that of a “plate-like” nucleus in
the case of planar nucleation from the liquid phasel®, that is,
r < 2h, so the area of the upper face can be neglected, and
Equation (1) may be simplified as:

AG = AGynr*h + 2nrho. 2)
Letting % ]r = 0, we can obtain the radius of the critical
nucleus:
o
=— . 3
re AG. 3)

Compared with bulk nucleation, the radius of the critical
nucleus is reduced by halfl”), meaning that nucleation becomes
easier as planar nucleation.

Substituting Eq. (3) into Eq. (2), we can get the critical nu-
cleation work:

wo?h
AG,

We can see from Eq. (4) that the critical nucleation work is
equal to half the increased superficial energy after nucleation,
which tells us that, in the case of planar nucleation, the free
energy difference between the liquid and solid phases can only
compensate half of the superficial energy, while another half
comes from the energy fluctuation in the system itself. This
conclusion is also different from that of bulk nucleation(”].

According to thermodynamic theory, the relationship be-

AG, =

= % 2nrch)o. 4)

tween AG, and supercooling AT is”:
Ly AT
A(;V = - T s (5)

where L, is the transition latent heat per unit volume, and T},
is the melting point

Substituting Eq. (5) into Egs. (3) and (4), and letting 7, =
T /T, called the reduced temperature, we have:

oTy, o

= = N 6

T LAT T La(1—T) ©
702hTy woh

AG, = - . 7

¢ LnAT  Ln(1-T) @)

In Eq. (7), we can see that the critical nucleation work of
planar nucleation is inversely proportional to AT, which is dif-
ferent from bulk nucleation where it is inversely proportional
to AT2 7] Moreover, AG. is directly proportional to /2, which
means that the higher the nucleus is, the more difficulty with
which it forms.

The expression of nucleation rate for planar nucleation can
be written as(®l:

_AG. _AGa
I, = Zsvgnge™ kT e kT %)

Table 1. Relationship between nucleation rate and height.

h (nm) Ap (cm™2) Igm (cm™2.s71)
0.5 2.5 x 1012 1.25 x 1014
1 5% 101° 2.5%x 1071

where AG, stands for the energy barrier to be overcome when
an atom diffuses from the liquid to the nucleus, because the
nature of melting semiconductor materials is similar to that of
metals; AG, is the same order as k717]. So as an estimation, we
can let e_% ~ 1 approximately, and the physical meanings
of other constants and their values for silicon are as follows:

Z is the Zeldowich factor: Z = 0.05 [%1_ s is the number of
atoms adjacent to the critical nucleus: s = 1021191y is the fre-
quency of atomic vibration: vg = 10'3 s~ 4 is the atomic
numerical density in the original phase: 7 =5 x 1028 m—3[11],
o =0.736 Jm311. 7, = 1700 K11,

Substituting Eq. (7) into Eq. (8) and letting gé .= 0, we
can get that the reduced temperature corresponding to the max-
imum nucleation rate is Ty, = 1/2, that is, T = T,,/2; this tem-
perature is just included among the extent fitting for annealing
of ion implanted silicon (T} /3 < T < 2T;,/3)11.

Substituting 7; = 1/2 and related constants into Egs. (6)—(8)
respectively, we have:

20

Fem = — = 0.35 nm,
2p
AGen = 2”2 = S @rramh)o,
I = 2.5 x 10%2¢=6:2 x 101 )

We can calculate the nucleation rate corresponding to a nu-
cleus of different heights, taking # = 0.5 nm and 1 nm as ex-
amples. The results are listed in Table 1.

Here, Ag = noh is the superficial atomic density

We can see from the data in Table 1 that for a nucleus
whose height is 1 nm, Ig,,/Ag, defined as nucleation probabil-
ity per unit time, approaches zero, but when 4 = 0.5 nm, this
nucleation probability is up to 5%. Because the atomic radius
of Si is 0.146 nm"?, the mean atomic distance is nearly 0.27
nm['2l; moreover, the condition r < 2k has to be considered
for a “rod-like” nucleus, so we start our calculation from a nu-
cleus height 4 = 0.5 nm, which is actually slightly thicker than
a monoatomic layer. Therefore, this tells us that for the anneal-
ing of a Si sheet through the liquid phase mechanism, its re-
crystallization process is mainly performed layer by layer on
the crystal substrate.

2.2. Planar recrystallization from the solid phase

For conventional furnace annealing, or CW laser and elec-
tron beam annealing, as well as rapid thermal annealing and so
on, because of the rather longer annealing time, the same tem-
perature in the whole Si sheet may be attained, and it is impos-
sible to perform liquid phase recrystallization unless the whole
Si sheet is melted, so its annealing mechanism can merely be
solid phase recrystallization. However, solid phase recrystal-
lization only fits the case where the thickness of the film is less
than 300 nm; when it is thicker than 300 nm, annealing can
be realized just through liquid phase recrystallization®). The
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Table 2. Calculation results of a nucleus whose height is 0.5 nm and 1 nm.

h (nm) Ap (cm™2) e 0;, AG, (eV) Is (em™2 .57 re (nm)
0.5 2.5 x 1015 11.4 16.3 1.14 2.5 x 107 0.38
1.0 5% 1013 22.8 32.6 2.28 5 x 102 0.38

thickness of the ion implanted amorphous layer is usually thin-
ner than 300 nm, so for the annealing of ion implanted Si, solid
phase epitaxy recrystallization is an important way of anneal-
ing.

Supposing that a cylindrical nucleus with a radius r and a
height £ is formed on the crystal substrate, it contains i atoms
and O; of them locate on its surface, the mean distance of the
atom is a, Ag, and o, represent the free energy difference
and the interfacial energy of an atom respectively as the amor-
phous/crystalline transition occurs, when an atomic group is
formed from the amorphous phase, its increment of free energy
is:

AG; = —Agyi + 0.0, (10)
where i = ”;;h, or
r= gy, (11)
N rh
2rrh 2
0, = m—w (12)

a2

Similar to liquid phase planar nucleation, we can prove that
in the circumstances of solid phase planar nucleation, the prob-
ability of forming a “rod-like” nucleus is much higher than
the probability of forming a “plate-like” nucleus!®], that is,
r < 2h. So we may neglect the area of the upper face, and
Equation (12) can be simplified as:

0, = anh.

(13)

a2
Substituting Egs. (11) and (13) into Eq. (10), we have:

h
AG; = —Agyi + 200y —i'/2.
a

Letting % .= 0, we can obtain the atom number con-

tained in the critical atomic group.

2
. O \~ 7h (15)
i. = —_—
Agy a

Substituting i, into Eqs. (11), (13) and (10), we can get a
group of formulae as follows.

(14)

Oca

= Ja 16
e Agv ( )
h ca
0;, =271 % (17
a Agy
ho? o1
AG;, =222 = 20, 0. (18)

T g Ag, 2
We can see from Eq. (18) that the nucleation barrier is equal

to half the increasing superficial energy, which is in agreement
with the conclusion of liquid phase nucleation.

We can see through the above calculation that the atom
number contained in the critical nucleus and situated on its sur-
face, as well as the critical nucleation work, are all directly pro-
portional to its height, so the higher the nucleus is, the lower
the number is.

Some constants for silicon are as follows:

Ag, = 0.1 eV/atom!® 12l g =027 nm['2], o, = 0.14
eV/atom!'?,

Substituting these into Egs. (15)—(18), we can get:

ic =22.8h, r. =038 nm, O;, =32.6h, AG;, =2.28h eV,
where the unit of 4 is nm.

Similar to liquid phase planar nucleation, the nucleation
rate of solid phase planar nucleation is:

_AGic _AG,
Iy = Zsvgnge™ kT e kT

(19)

With the exception of vy and AG,, the values of the other
quantities are all identical to those in Eq. (8); because of the
solid phase annealing, the order of AG, is no longer the same
as kT, and the frequency of atom vibration lowers greatly too,
of course, compared with the liquid phase, atomic migration
will be more difficult.

Take 7 = 0.5 nm and 4 = 1 nm as examples, AG, = 2.35
eV vo =2 x10* s~ and assume 7 = 1300 K. Substitut-
ing them into the above relative formula gives the calculation
results listed in Table 2.

Because a “rod-like” nucleus has to meet the condition of
r <& 2h, our calculation starts from -2 = 0.5 nm. We can see
from the data in Table 2 that the nucleation rate of a 0.5 nm
high nucleus is 5 orders more than that of a 1 nm high nucleus,
from which we see that for solid annealing of ion implanted
silicon, its recrystallization process is also basically performed
layer by layer on the crystal substrate.

2.3. Influence of elastic strain energy

We can see from the calculation data in Table 2 that i, <
O;_; this result is clearly not reasonable, and it can be revised
by taking the influence of elastic strain energy into account.

In the process of solid transition, because of the different
specific volumes and structures, the emergence of the nucleus
usually causes lattice distortion in the nucleus itself and in the
original phase around it, which results in the emergence of elas-
tic strain energy. The larger the elastic energy is, the higher
the nucleation barrier is, in other words, in the case where the
other conditions are the same, the nucleus with smaller elas-
tic energy will form first, so elastic energy is also an important
factor influencing nucleus formation, because it emerges just
in the solid transition. Therefore, only when we study the pro-
cess of solid phase recrystallization does elastic strain energy
have to be considered.

When the new phase and original phase are coherent or
semicoherent, the expression of the volume density of coherent
elastic strain energy can be written as!%l:
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Table 3. Calculation results for two different height critical nuclei after considering elastic strain energy.

h(mm)  Ag (cm™2) e 0;, AG;, (eV) Is (cm™2 .57 re (nm)
0.5 2.5x101° 23.16 23.16 1.63 2.5%10° 0.54
1.0 5x 1013 46.52 46.52 3.26 5x 1072 0.54
R atoms are basically situated on its surface. Because the nucle-
E. — &od b(c/a) (20) ation rate forming a 0.5 nm high nucleus is 7 orders more than
A ) ' that forming a 1 nm high nucleus, we can infer that after con-

When the new phase and original phase are incoherent, the
coherent strain energy disappears, but owing to different spe-
cific volumes, the volume strain energy still exists.

Nabarro has given the volume elastic strain energy per unit
volumel”).

E, = %/mzf(c/a)- @)

In the above two equations, ¢(c/a) and f(c/a) stand for
a formal factor, whose values are within the extent of 0.75-1
according to different nucleus formsl”!, § and A are the misfit
quantity of the lattice or volume respectively, i stands for the
shear modulus, &, stands for the isotropical elastic modulus of
elemental material (Si), and v is the Poisson ratio.

Generally speaking, for a semiconductor in a partly relaxed
state, A% < §2, so E, < E., the elastic strain energy per unit
volume E = E. + E, ~ E., and the elastic strain energy per
atom g, = %.

Taking SiGe semiconductor as an example: &, = 10!
N/m201 =398 GPal'3] v = 0.274014:151 § = 4189141,

Letting ¢ (c/a) = 1 and substituting it into Eq. (20), we can
obtain &, = 0.03 eV/atom. Comparing this with the free energy
of transition (0.1 eV/atom), it can no longer be neglected.

The influence of elastic strain energy on solid planar nucle-
ation can be reflected just by changing Ag, in Egs. (15)—(18)
into Agy — &, and we can get a group of formulae as follows.

2
\ h
i = (G—°) 0 _ 46.52m, (22)
Agy — & a
ro= —2% 4 — 0.54 nm, (23)
Agv — &
h
0, =21 %% _ 46500, (24)
a 8v — &
h 2
AG, =2 %a 306 (25)
a Agy—e.

According to the above formula and Eq. (19), we also do
a calculation for an 2 = 0.5 and 1 nm nucleus. The results are
listed in Table 3.

Comparing the data in Tables 2 and 3, we can see that after
considering the influence of elastic strain energy, both the criti-
cal nucleus radius and the atom number contained in it increase,
and the nucleation rate decreases, which means that nucleation
is more difficult. This conclusion is in agreement with our pre-
vious experimental results where a relatively longer annealing
time is needed for a Si sheet implanted by Get[15-16], More-
over, i, = O;_, telling us that under the circumstances of planar
nucleation, no matter what the height of the nucleus is, all of its

sidering the influence of elastic strain energy, the conclusion
that the process of solid phase recrystallization is performed
layer by layer on the crystal substrate is also unchanged.

3. Conclusion

In this work, we study in depth the planar nucleation the-
ory in the transition process, including liquid/solid and amor-
phous/crystalline transition relative to the annealing of ion im-
planted Si; the following main conclusions are reached:

(1) Liquid phase planar nucleation: compared with bulk nu-
cleation, the radius of the critical nucleus decreases by half,
the critical nucleation work is inversely proportional to the su-
percooling AT and is equal to half the increasing superficial
energy owing to nucleation, and the reduced temperature cor-
responding to the maximum nucleation rate is Ty, = 1/2, that
is,T=Tn/2.

(2) Solid phase planar nucleation: i, is the atom number
contained in the critical nucleus and O;, is the atom number
located on its surface; as well as the critical nucleation work
being directly proportional to its height, the nucleation barrier
is also equal to half the increasing superficial energy, but i, <
0., which is not reasonable.

(3) Influence of elastic strain energy on solid planar nu-
cleation: taking SiGe semiconductor as a specific example, we
have obtained that the value of elastic strain energy is equal
to 0.03 eV/atom when the amorphous/crystalline transition oc-
curs; this is not negligible relative to the free energy of transi-
tion. After considering the influence of elastic stain energy on
solid planar recrystallization, we can obtain a reasonable result
that no matter what the height of the nucleus is, all of its atoms
basically locate on its surface, moreover, nucleation becomes
more difficult, which results in the decreasing of nucleation
rate.

(4) Tt does not matter whether liquid phase planar nucle-
ation or solid phase planar nucleation occurs, and no matter
whether the influence of elastic strain energy on nucleation is
considered or not, we can reach the same conclusion: for the
annealing of ion implanted silicon, its planar recrystallization
process is performed layer by layer on the crystal substrate.
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