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Phase and Structural Modifications in Porous Silicon
Under Pulse Heating'

L. N. Aleksandrov?

The phase transitions in crystalline and amorphous porous silicon layers on
silicon single crystal under isothermal or laser pulse nanosecond heating were
modeled. The pulse heating was described as an adiabatic process by using a
quasi-statistical approximation through homogeneous nucleation and growth of
a new phase. The calculation of the free energy of porous silicon for cylindrical,
spherical, and complex structures of the pores and its dependence on the pore
radius, overall porosity, and thermoelastic stresses was made. The equilibrium
free energy increased to 0.15 and 0.09 eV, with a corresponding decrease in
melting temperature of 400 and 300 K for crystalline and amorphous porous
silicon, respectively. The Laplace pressure retards this shift no more than 10 K.
The possibility of epitaxial silicon layer formation (0.1 to 1.2 gm thick) on
porous silicon after pulse heating (30 ns; beam density from 2 to 10 kJ-m~2)
is shown.

KEY WORDS: crystallization; isothermal heating; melting; phase diagram;
porous silicon; pulse heating.

1. INTRODUCTION

Porous materials are of interest to science and technology due to their high
surface area energy, absorption capacity, and optical and electrical proper-
ties. Since 1990, there has been a renewed interest in the study and applica-
tion of silicon crystallites in the submicron nanometer range that are present
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in porous silicon (PS) [1]. The properties of PS are related to the number
of pores and size distributions that determine the number and size of crys-
tallites, the topological structure, and the total porosity. PS is usually
formed by the anodic etching of a p-type silicon single-crystalline wafer in
HF solution, but etching is also provided for amorphous silicon, obtained
under deposition by ion implantation applied for doping. The sizes of pores
cover four orders of magnitude: from 2 nm (nanopores) to 20 ym (macro-
pores) in accordance with etching conditions and initial silicon properties.
High-temperature treatment of PS is a component of technological processes
under which it is used in microelectronics.

It was shown that annealing between 300 to 600°C induces a slight
change in the PS structure [2]. Thermal treatment of PS for 30 min in the
range of 400 to 900°C in vacuum and rapid thermal annealing (RTA) for
30 s {700 to 1200°C) were performed for photo- and electroluminescence
intensity increase [3-6]. In these experiments porous surface passivation
with oxygen and subsequent SiO, layer formation were shown. The possi-
bility of crystallites and pore diameter changes for annealing temperatures
above 500°C was pointed out in Refs. 3 and 4. The coalescence and densifi-
cation of PS were observed by Labunov et al. [ 7] under heating at tem-
peratures above 900°C, and after annealing in an H, atmosphere from 900
to 1200°C (for 30 min), the formation of spherical cavities and lattice
deformation of 3 x 10 ~* were noted. The problem of the structural stability
and modification of PS under heating has attracted growing interest
because of the use of PS layers as substrates for epitaxial Si deposition in
SOI structures that may be effective only near 800°C [8].

The consideration of PS mechanical stability is connected with the
specific surface area of a porous body and the high force per unit area on
the capillary wall in contact with the environment that determine the
action of local tensile stresses to 10 MPa [9]. Calculations showed an
increase in lattice spacing a/a, of 10 =% and 102 for PS deposited on p-type
Si [10]. The corresponding mechanical stresses in PS will have on effect on
phase and structural transformations under heating. The use of computer
simulation for the stress energy action analysis on structural changes in Si
films under heating has been described by means of free energy changes
and crystallization and melting kinetics calculations {11]. Numerical
modeling to study the effect of the large surface area as a function of the
pore size and configuration on the shifts of the melting temperature of crys-
talline and amorphous PS and on the kinetics of crystallization of amor-
phous PS was used. Isothermal heating was assumed, but the effect of
mechanical stresses [ 12] was not taken into account. In the present work
the melting of PS (crystalline or amorphous) and the crystallization of
amorphous PS under isothermal or pulse heating are considered.
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2. PHASE AND STRUCTURAL DIAGRAM OF POROUS SILICON

For the study of phase transitions in PS we determine the equilibrium
phase diagram of state, free energy F—temperature 7, including the effect of
the pores and mechanical stresses. The free energy change AF,(T) corre-
sponds to bulk material. For 4Fy(T) we used experimental data [ 13, 14]
or the relationship

AF(T)=A4H AT|Ty (1

where T, is the melting temperature (for the amorphous or crystalline
phase), 4H is the heat of melting, and AT =T—T),.

In order té calculate the additional free energy in porous materials, the
total pore surface area was determined. Denoting the pore size distribution
function as f(r, ), the free energy per atom follows from the relationship

Fp(T)=Fy(T)+ A4Fp=Fo(T) + Bo,4 j A(r, h) f(r, h)dr dh (2)

where A(r, h) is the surface area of a pore with radius r and height 4, B is
a normalizing factor, and o, is the specific free energy at the interface
between medium « and medium pS.

For an estimation of the influence of the stress energy on the thermo-
dynamics (and kinetics) of phase transitions, the relative lattice strain &
should be considered:

AFg = Ks&*)2 (3)

where K is the elasticity modulus. Thus, the total AFy =AFu(T) + AFs.
Equilibrium diagrams for crystal, liquid, and amorphous Si in (F, T') coor-
dinates, shown in Fig. 1, were used to associate the increase in the free
energy 4Fy with the shift 4T,. For the C — L transition we use the rela-
tionship of similarity

__A__ - ﬂ (4)
Tvme—Tma  Fea

Here AF, is the free energy change under crystallization; the second
subindex of T, corresponds to the initial phase state. According to Eq. (4),
AFy, for amorphous and crystalline states gives the shifts 47T, and 4T
of the melting points on the phase diagram.

In order to clarify the dependence of AFp upon the pore radius r,
idealized structures containing pores of the same shape and radius were
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Fig. 1. Equilibrium diagram for crystalline and amor-

phous states of silicon in (F, T') coordinates [12, 14]

and their modification for porous silicon (4Fp and 4Fg

values were calculated for cylindrical pores of radius

I nm and P =10.35).

considered. Figure 2 illustrates schematically structures with (a) cylindrical
and (b) spherical pores. For cylindrical pores with radius r, and height #4,:

A(r, hy=2mrh;  flr, h)=0(r—ry) 8(h — hy) P/(mhr?);

(5)
AFp=2Pg,,/(nor,)
For spherical pores with radius r,:
A(r,hy=4nr’;  f(r, h)=3(r—ro) S(h—r,) P/(4nr?); )

AFp=3Pa,4/(nor)

where Jd(x) is the Dirac delta function.

The porous structures obtained by computer simulation were presented
in Ref. 12. The results of the two-dimensional model were extrapolated to
the three-dimensional case, taking into account the axially symmetrical
distribution of pores and their circular cross section in the plane normal to
the direction of pore growth. The integral in Eq. (2) for this case was
calculated numerically. A matrix of plane-parallel cross sections of simu-
lated three-dimensional structures, as a function of depth (A/hyax = 0.15 to
0.45) was obtained in Ref. 15. As in real structures, the change in porosity
of PS with depth, must be taken into account in calculation of AF. For
computing the crystal structure of PS, fractal dimensions were calculated.
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Fig. 2. ldealized pores structure with cylindrical (a) and spherical (b) pores.

They change from 0.1 to 3 in the range of sizes from 0.3 to 1 nm, which
may be important for subnanoporous Si [16].

The difference between porous and nanostructural materials is
manifested by the sign of the curvature radius 1/r,, which affects the value
of T\ following from the P-T phase diagram in accordance with the
Clapeyron-Clausius equation,

dT/dP=T(V,— V\)/4H , (7

where V, and V, are the specific volumes of solid (A4, C) and liquid phases,
and 4H, is the heat of melting. For silicon, the volume change is negative
under melting (¥, < V),), so the extreme Laplace pressure 4P =g ,/r, at
the surface of the nanoparticles accelerates melting but retards it at the
pore surface.
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3. SOLUTION OF THE THERMAL PROBLEM FOR
PULSE HEATING

Short times involved in pulse annealing have provided new opportuni-
ties for structural modifications and phase transitions in thin films. If the
pulse duration I" < t,, the induction period of transformation corresponds
to the time for the appearance of the first nucleus and there will be no
transformation. Pulse heating can cause superheating, following supercool-
ing and various metastable solid structures [ 14]. A correlation was made
between the diffusive length of heat conduction L during the action of the
pulse and the near-surface layer thickness dg, L ={2al’)'?, where a is the
thermal diffusivity; thus, in crystalline PS for I"< 10 ns, L <500 nm and,
in amorphous PS, nearly 100 nm [ 17]. Because of the low thermal conduc-
tivity of PS, heat exchange for dg < L with the environment does not occur
and nanopulse heating proceeds adiabatically.

Melting of the PS layer (or part of the layer) without melting of the
Si substrate is possible [ 18]. Computer simulation of Si surface heating,
kinetics of melting, and crystallization under nanosecond pulses is presented
in detail in Refs. 14 and 19. Under subsecond RTA of PS (I">0.1 s) for
L > 0.5 mm, the substrate has the same temperature as the surface region.
For these isothermal conditions, melting of PS without substrate destruc-
tion is possible only due to their melting temperature differences. Under
solid-state transformation the difference in thermal expansion coefficients of
PS and Si creates thermoelastic stresses in PS, that affect melting kinetics
or crystallization in amorphous PS. In the calculation of the temperature
field and the melting-crystallization dynamics for laser pulse heating, we
use the solution of Stefan’s problem, including the thermal diffusion equa-
tion and the phase transition kinetic function S(7, f) described in Refs. 14
and 19.

T, [)OT(r, t)jor =0/0r[ K(T, fYOT(r, 1)/Or]1+ P(r, t, f)+ Q(S)
(8)
Q(S)= > AHv,d(r—r;)+ qiS)

i=1

where P(r,t, f) and Q(S) are heat sources from absorbed radiation and
phase transitions, S(7, f) is the rate of the interface movement v, and new
interface formation by hetero- or homogeneous nucleation, and g¢; is the
heat from a critical nucleus. In accordance with the structure geometry, the
solution of Eq. (8) is provided in one- or two-dimensional approximations;
C(T, f) and K{(T, f) are the heat capacity and thermal conductivity,
respectively, and are functions of temperature and phase state. The absorption
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of laser beam energy P(r, 1, ) in PS for a time ¢ and energy density E has
the form

P(r, t, ) =% Bexp(—p(t—1.2I')?*)(1 — R) a exp( —ar) (9)

where f=41n2/I'* and « is the coefficient of light absorption [19].
Modeling of the thermal annealing of a PS layer on single-crystalline Si
shows the possibility of solid-phase crystallization of a-PS or melt-regrowth
of a- or ¢-PS. If the pulse density E < E\4, which is necessary for melting
of the entire PS layer A, then sy <hpg, and crystallization of the melted
part proceeds on the remaining part of the oriented crystalline PS, which
is the well-known process of laser epitaxy for Si [20]. As shown in the first
work on PS [18], these epitaxial films contained many dislocations and
stacking faults, and for structure improvement, the covering of the PS
surface with a-Si before heating was proposed [21].

4, KINETICS OF PHASE TRANSITIONS

The kinetics of phase transitions in Si is determined by three-dimen-
sional nucleation and by growth of nuclei between pores or by two-dimen-
sional nucleation of a new phase on the surface of the pores. We neglect the
effect of stresses at the Si~-SiO, interface that may occur on the pore surface
due to possible oxidation. We assume that during crystallization, the shape
and size of pores remain constant, since thermally induced modifications
below 500°C do not change the microstructure of PS [2-4, 22].

The kinetics of the phase transition was described by the well-known
time and temperature dependences of the transformed volume ratio, corre-
sponding to a change of the parameters of the transition,

n(z):l—exp<—f0' 1(T) V(t—r)dr) (10)

where I, and V(¢ — 1) are the nucleation rate and the volume of new phase
centers, respectively. Equation (10) was originally used as a statistical
probability model for the uncorrelated nucleation of a new phase in the
transformed bulk [23]. It was shown later that the model is suitable for
two-dimensional nucleus formation as well as for thin film deposition on a
solid surface and recrystallization in thin layers [24]. The geometrical
limitation of this model does not change its basic approximation [ 25], and
analysis of experimental data relating to phase transformations in thin films
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[26] makes it possible to use Eq. (10) to study the kinetic phase transi-
tions in porous materials [ 12]. The relationships used for the calculation
of I, and V are as follows.

For a quasi-spherical nucleus, V' =nr%a, for two-dimensional (n=2)
and V =4nr/3 for three-dimensional processes (n=13).

r=C(t—1), C=Cyexp(—UkT)[1 —exp(—4F,/kT)]
Iy=ngvexp[ — (W + U)/kT]
We=mayp0qp Pe=045/4F, (n=12)
We=4npia,®(9)/3,  pe=20445/4F,  (n=3)

where @(¢) = (1 —cos ¢)? (2 + cos ¢)/4.

For three-dimensional nucleation on the surface, we use a contact
angle of approximately 90° to determine ®(¢) =~ 1/2. C is the growth rate,
and C,=10° cm-s~'. This value was estimated using the experimental
data of Lietoila et al. [27], ¢ is the annealing time, 0,4 is the surface energy
at the interface between medium o and medium f: o, is for the crystal-
vapor interface, o is for the crystal-liquid, o, is for the amorphous-liquid,
and g, is for the amorphous—crystal. The height of the monolayer is a,, n,
is the surface density of possible nucleation sites, v is the atom oscillation
frequency, U is the activation energy of a transition through the phase
interface, 4F, is the change in bulk free energy at the phase transition, and
W is the work of formation of nuclei with critical radius ry.

Melting is accelerated by decreasing r- and W, as a result of an
increase in AF,,. Unlike melting, for crystallization of amorphous material
there is no definite phase transition temperature. It is necessary to study
the kinetics of the A-C transformation. The shift of the crystallization
kinetics may be determined by comparison of the #(z, T') dependences in
accordance with Eq. (10) for porous and bulk amorphous materials.

5. RESULTS AND DISCUSSION

In the calculation of thermodynamic parameters and phase transition
kinetics in PS, data for bulk Si from Refs. 14, 28, and 29 and the latest
experimental results for PS from Refs. 1, 30, and 31 were used. For a
porosity P, the thermal conductivity is only (1 — P)%* of the bulk value
through the cross section and the specific volume is only 1 — P of the bulk
value. Because of the density change, the specific heat and heat of melting
must be estimated.
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Table 1. Values of Basic Parameters Used in the Calculations

Ky C a P % R AH Ty
Phase (W-K "m™) (J.K-"-m™% (10°m?-s™") (Mg-m~* (10°m ") (%) (J-m %) (J. m~?
Crystalline
PS (P=05) 10 09 11 1.2 1.2 3 2.05 0.7
Amorphous
PS (P=0.5) 0.3 1.0 03 1.1 21 2 1.6 0.6
Liquid 50 31 17 2.5 100 72

The specific surface energy o, is not known for the surface inside the
pores, and its value varies from 0.2-Jm % for c—1to 1 J-m 2 for ¢ —v.
Values for PS, used in the calculations, are given in Table I.

The results obtained for 4T, versus the sizes of the cylindrical pores
in crystalline PS for various porosities are presented in Fig. 3. For a pore
size of 1 nm and a porosity of 0.35 (corresponds to values in Fig. 1), ATyc
is as much as 160 K. In spite of the lower value of the surface energy o,y
compared to oy, AT\, i1s 40 K larger than 4T y. For spherical pores,
4F, increases to 0.15 and 0.09 eV for crystalline and amorphous PS,
(ro=1nm, P=0.52) and the corresponding decrease in T, is 400 and 300
K, respectively. The effect of thermoelastic stresses on 4Fy from Eq. (3) is

300

250 2

2004

150

100+

Melting temperature shift, K

504

0 T
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Radius, nm

Fig. 3. Melting temperature shift 4T, for crys-
talline porous silicon versus radius of cylindrical
pores for P=0.35 (1) and P=052 (2).
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Table II. Results of Calculations of 4Fp and 4T\, for Porous Silicon

Pore shape ro (nm) P (%) AFp (eV) AT, (K)

Crystal ~ Amorphous Crystal ~ Amorphous

Cylinder 1 35 0.059 0.053 268 265
Sphere 1 52 0.137 0.117 580 560
“Factal” — 52 0.061 0.055 21 274

less than 0.01 eV (¢<0.001). Table Il presents the results obtained for
cylindrical, spherical, and complex-shaped pores.

The results presented above are obtained under the assumption that
the pores do not change their size before melting. In fact, under heating
above 700 K, sintering above 1200 K [ 7] may cause an increase in the size
of pores, which probably decreases the expected shift of melting tem-
perature values. For solid-state crystallization the combination of different
mechanisms of nucleation and growth is possible, including two- and three-
dimensional processes. The crystallization occurs in the nanostructural
amorphous phase between the pores, where the two-dimensional kinetics is
favorable. The basic parameters are @, =0.25 nm, n,= 10" m~2, v=10"
s~ and U=2 eV.

The calculation of the crystallization kinetics by Eq. (10), with n=2,
results in conventional S-type dependences upon 7 [23-26], which are
shifted to low temperatures with a decrease in pore size because of the
increasing specific area of the active surface of amorphous porous material
(Fig. 4). For the melting process, the crystallization of a-PS with r,< 10

08+
0561 1

0.4

Transformed part
N

0.2

0.0

550 600 650 700

Termperature, K

Fig. 4. Temperature dependence of the crystallized
part of porous (1) and bulk (2) amorphous silicon
(£=30 min).
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nm is strongly accelerated due to the effect of the free surface. Under this
condition the specific surface area is a factor of 10° larger than that for
bulk material, enhancing the two-dimensional nucleation of crystallites.
The same shifts of kinetic curves of crystallization in a-PS as under isother-
mal (30-min) annealing are present under RTA (T ax=1000 K, =1 s)
because equivalent thermal budget of annealing is created in accordance
with Eq. (7). Under nanopulse heating of PS, the thickness of the heat
adsorbed layer #, = 1/a, which is up to 800 nm for crystalline PS, is up to
50 nm for a-PS. As mentioned above, for laser epitaxy and SOI structures
of the Si-PS-epi-Si type, the melted layer thickness 4., must be less than
hpg. The results of calculations of the dependence of the maximum melting
depth A, on the beam energy density E [ruby laser, I"=30 ns (1), 300 ns
(2), initial temperature T5=300 K] are shown in Fig. 5. For E from 2 to
10 kJ-m~2 (30 ns) on a PS formed single-crystalline Si layer with a thick-
ness from 0.1 to 1.2 um, the dependence in Fig. 5 is correlated with results
from Ref. 18. For T5 to 500-800 K, the dependence of h,,(E) shifts to lower
E values. The detailed mechanism of Si epitaxial layer formation on PS is
discussed in Refs. 32-34.

00
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25 T M T T T
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Fig. 5. Dependence of the maximum melting depth
hy, of crystalline porous silicon as a function of energy
beam density at pulse durations of 30 ns (1) and 300 ns
(2); Tg=300 K.
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6. CONCLUSION

The analysis of both the porous and the nanostructural material
properties shows that an increase in the specific surface area leads to a con-
siderable increase in the surface free energy and, consequently, in the total
free energy. The mechanical stresses in porous materials have relatively
small effects on phase transitions under heating. In PS we have shifts of the
equilibrium phase transition temperature from 100 to 400 K and accelera-
tion of the crystallization kinetics in the amorphous phase under isother-
mal and pulse annealing. The melting of the subsurface layer in PS under
pulse heating creates epitaxial regrowth of Si- and SOI-type structure for-
mation. The effect was shown to be most significant for porous structures
with r, < 10 nm.
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