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Abstract: Lotus-type porous silicon with elongated pores was fabricated by unidirectional solidification under pressurized hydrogen.
Porosity, pore diameter, and pore length can be adjusted by changing solidification speed and hydrogen pressure. The porosity of the
ingot is nearly constant under different solidification speeds, but decreases with the increase of hydrogen pressure. The overall
porosities of ingots fabricated at different hydrogen pressures were evaluated through a theoretical model. Findings are in good
agreement with experimental values. The average pore diameter and pore length increase simultaneously while the average pore
aspect ratio changes slightly with the decreases of solidification speed and hydrogen pressure. The average pore length is raised from
7 to 24 mm and the pore aspect ratio is raised from 8 to 20 respectively with the average pore diameter promoted by about 0.3 mm
through improving the superheat degree of the melt from 200 to 300 K.
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1 Introduction

Porous and foamed materials have been widely used
in aerospace, automotive, shipbuilding, and biomedical
industries because of their characteristics that differ from
those solid ones, such as lower density, larger specific
surface area and energy absorption performance [1,2]. As
a new type of porous materials, lotus-type porous metal
(or semiconductor) with long cylindrical pores aligned in
one direction has elicited much attention [3—7]. This
material is fabricated by a unidirectional solidification
method [8] based on the solubility difference of gas
between liquid and solid phases, which is also called
Gasar process [9]. This method is believed to be
revolutionary because the pore structure could be
well controlled by adjusting the processing
parameters [10,11].

Compared with the traditional porous materials,
lotus-type porous metal (or semiconductor) presents
unique thermal performance. As the heat dissipation
problem has become a major problem which restricts the
development of electronic chips and powered devices
towards high integration and miniaturization, a high heat

transfer system is in urgent need. Lotus-type porous
structure is expected to exhibit prospective cooling
performance with smoother inner surface of the pore,
smaller pressure drop and higher effective thermal
conductivity as a special kind of micro channel structure
[12,13]. OGUSHI et al [14,15] and ZHANG et al [16]
have tested the heat transfer coefficient of lotus-type
porous copper and the maximum value of 9 W/(cm*K)
was obtained. In view of the high thermal conductivity,
lotus-type porous silicon is a potential candidate for high
performance heat sink system with much lower thermal
expansion coefficient and density than copper.

So far, numerous efforts have been made to
fabricate lotus-type porous materials. ZHANG et al [17]
has established the pressure condition of hydrogen for
obtaining uniform porous structure. IDE et al [18]
successfully fabricated porous aluminum by continuous
casting technique with extremely low solidification
speed of 0.5 to 0.9 mm/min, while the mold casting
process merely obtained spherical pores [19]. In contrast,
the regular porous stainless steel [20] was fabricated by
continuous zone melting technique at a higher
solidification speed instead of mold casting method
which only gained the coarse ellipsoidal pores owing to
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the lower thermal conductivity. PARK et al [21] also
found that a critical solidification speed should be
achieved to produce regular porous copper with long
cylindrical pores. These experiments all indicate that
solidification speed is a crucial parameter for producing
uniform porous structures. Lotus-type porous silicon has
been fabricated by NAKAHATA et al [22] under
different pressure conditions. In their study, a series of
porous silicons with porosity of 34% to 10% and pore
size ranging from 1 mm to 10 um were obtained.
Nevertheless, the pore length was no more than 2 mm
which was too short to be used in the heat sink system.
According to the above analysis, inappropriate
solidification speed may be the major reason for the short
pores.

In this work, we firstly attempted to fabricate
lotus-type porous silicon by unidirectional solidification
method at different solidification speeds. The hydrogen
pressure and superheat degree of the melt were also
changed based on the proper solidification speed. Their
effects on the pore structure, especially on the average
pore length and pore aspect ratio were studied
systematically. The porous silicon with an average pore
length of 24 mm and a pore aspect ratio of 20 was
fabricated successfully, which provided the structural
foundation for the application of lotus-type porous
silicon as heat sink system in the engineering field.

2 Experimental

Figure 1 shows the schematic drawing of a
unidirectional solidification apparatus with an induction
melting component. The apparatus consists of three parts:
vacuum system, melting part, and solidification part.
Pure silicon chips (99.99%, mass fraction) were melted
in a graphite crucible (100 mm in inside diameter and
240 mm in height) surrounded by induction heating coils
in vacuum. After melting, hydrogen was introduced into
the vacuum chamber. The molten silicon was held in

Fig. 1 Schematic diagram of solidification apparatus for
lotus-type porous silicon: 1—Induction-heating coils; 2—
Melting crucible; 3—Molten silicon; 4—Funnel; 5S—Chamber;
6—Solidification mold; 7—Copper chiller; 8—Pressure gage;
9—1Inlet of gas; 10—Outlet of gas; 11—Porous silicon; 12—
Graphite sheet

hydrogen atmosphere for 600 s to uniformly dissolve the
hydrogen in the melt. Then, the melt was poured into the
graphite solidification mold whose bottom was cooled
with circulating water and solidified upward.

The thickness of the graphite sheet (J in Fig. 1)
between the mold and the copper chiller was set as 2, 5,
and 15 mm, while the hydrogen pressure (py,) was 0.2
MPa. When =15 mm, hydrogen pressure was changed
from 0.1 to 0.4 MPa. Furthermore, a higher superheat
degree (AT) of the melt (which was about 300 K,
whereas those of others were 200 K) was adopted to
fabricate the porous silicon when py,=0.2 MPa and
0=15 mm. Meanwhile, a layer of boron nitride coating
was used on both the upper and lower surfaces of the
graphite solidification mold to further decrease the
solidification speed during the experiments. The ingots
obtained were about 100 mm in diameter and 120 to
150 mm in height depending on the porosity.

The porous silicon ingots were cut using a
spark-erosion wire-cutting machine. Each ingot was
firstly sectioned into two parts along the center axis.
Then, one part was cut into several pieces perpendicular
to the pore axis direction at heights of 20, 40, and 60 mm.
Each section was polished with a series of emery papers.
Pore structure images in both directions perpendicular
and parallel to the pore axis direction were obtained by a
scanner. The porosity (gr) and average pore diameter (D)
of each cross-section were measured through an image
analysis system. Overall porosity &, was evaluated using
the following expression based on Archimedes’
principle:

gb=(l—p—A]x100% (1)
Po

where p, and py are the density of the porous silicon and
the solid nonporous silicon, respectively. For the sample
fabricated at A7=200 K, A rectangular specimen with
dimensions of 30 mm (length)*20 mm (width)x30 mm
(height, 40 mm for A7=300 K) was cut off at the height
of 25 to 55 mm (20 to 60 mm for A7=300 K) along the
pore axis direction from each ingot. Slices were cut off
every 2 mm height from the top of the rectangular
sample. The average pore length of each ingot was
obtained by measuring the number of penetrating pores
and the pore length at different solidification heights.

3 Results and discussion

3.1 Pore morphology

Figures 2 and 3 show the longitudinal and
cross-sectional views of the lotus-type porous silicon
fabricated by mold casting technique under different
thicknesses of graphite sheet (different solidification
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Fig. 2 Longitudinal (a) and cross-sectional (b) views of lotus-type porous silicon ingots produced at different solidification speeds

(pn,=0.2 MPa, AT=200 K)
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Fig. 3 Longitudinal (a) and cross-sectional (b) views of lotus-type porous silicon ingots produced at different hydrogen pressures

(6=15 mm, AT=200 K)

speeds, Fig. 2) and hydrogen pressures (Fig. 3). The
thickness of the graphite sheet (J) has remarkable
influence on the pore morphology of porous silicon.
Overall, a higher J leads to lower average solidification
speed and bigger pore diameter. With increasing
thickness of the graphite sheet, the pores grow longer
and smoother. A uniform pore size from the bottom to the
top of the sample is only achieved at the lowest
solidification speed (i.e., for a graphite sheet thickness of
15 mm). With increasing hydrogen pressure, the pores
grow smaller due to the increase of growth resistance. In
addition, the pore size changes periodically along the
pore axis direction when py,=0.1 MPa, indicating the
existence of a periodical fluctuation of solute content in
the melt ahead of the gas pores.

3.2 Porosity

Porosity is a very important structural parameter
that characterizes the gas content of porous silicon.
Figure 4 shows the effects of solidification speed and
hydrogen pressure on the porosity of the porous silicon.

Based on Figs. 4(a) and (b), although a wvisible
fluctuation exists, the porosity has a uniform distribution
along the pore axis direction.

In addition, Fig. 4 shows that solidification speed
has almost no effect on porosity under the experimental
conditions while the porosity deceases with increasing
hydrogen pressure. LIU et al [23] and ZHANG et al [24]
established a theoretical model to predict the porosities
of Mg/H, and Cu/H, systems. We also used this model to
calculate the porosities of porous silicon ingots for
comparison with the experimental results.

The model is shown in the following formula:

_ [Co (1_a)/3$ _ESIDL]Rng
& = — (2)
I:CO (1 - a)pS - CspL:|Rng * Ppore PL

where ¢, is the theoretical overall porosity, R, is the gas
constant, and 7, is the melting point of silicon (1685 K).
ps and p; are the densities (kg/m®) of the solid and liquid
silicon, respectively. ppoe is the gas pressure (MPa)
in the pore which is equal to the furnace atmosphere



3520 Qian-gian YANG, et al/Trans. Nonferrous Met. Soc. China 24(2014) 3517-3523

60 @
50+
s — J=15mm
. 4 — §=5mm
= 40t v — =2 mm
by
R, — —2 —
2
S
[=# 20 L
10
0 L L L L L
20 30 40 50 60
Distance from bottom of mould, A//mm
60 )
50+
*— pu.=0.1 MPa
4 — pp.=0.2 MPa
e 401 ¥ — pu,~0.4 MPa
& . . —
g
cg 20 | "//\
10+
0 L L " L L
20 30 40 50 60
Distance from bottom of mould, A/mm
60
(c)
50+ .
* Experimental result
— Predicted result
2“\0 40 B
&
= 30r
§
£ 20t
10 F
0 0.1 0.2 0.3 0.4 0.5

Hydrogen pressure, py; /MPa

Fig. 4 Porosity evolution along height direction of silicon
ingots fabricated at different solidification speeds (py,=0.2 MPa,
AT=200 K) (a), different hydrogen pressures (=15 mm,
AT=200 K) (b) and comparison between predicted average
porosities of ingot and experimental results (A7=200 K, ps,=0
MPa) (¢)

(pu,tPar neglecting the hydrostatic pressure of the melt
above the pore and the capillary pressure). ES is the
average hydrogen concentration (mol/m’) in the solid
silicon, and can be solved via the following equation:

E - kO(CO _pporegb /(Rng ))

: 1-(1-ky)(1-&,)

3)

where kj is the partition coefficient of hydrogen in the
liquid and solid silicon. The estimated value of & is 0.72,
according to the report of NAKAJIMA et al [22]. C is
the initial hydrogen concentration in the liquid silicon
(mol/m®), which can be calculated from Sievert’s
law [25]

Cy =&(Ty) [P, =exp(-13318/T,+10.879)- [py, (4)

where T, is the initial temperature (K) of the liquid
silicon.

In our calculation, a is the escape coefficient which
is equal to the ratio of the escaping hydrogen and the
original hydrogen concentration in the liquid silicon. The
expression is as follows [26]:

¢ -C, _§(0)ru, —¢(Tn) e
Cy £(y)-\pu,

As the silicon ingots were fabricated under pure

(6))

hydrogen atmosphere, the value of a is determined only
by the superheat degree of the melt. By submitting
Eq. (4) into Eq. (5), 0.57 is obtained as the value of a
when the superheat degree of the melt is 200 K.

The average porosity of the ingot can be calculated
through iterative method by incorporating Egs. (3)—(5)
into Eq. (2). Finally, we obtain the comparison between
the predicted average porosity and the experimental
results, as shown in Fig. 4(c). The average porosity
decreases with increasing hydrogen pressure. The
predicted average porosities are in good agreement with
the experimental results. Therefore, the theoretical model
is still applicable for Si/H, systems.

3.3 Pore diameter, pore length and pore aspect ratio
The average pore diameter is closely tied to the
solidification speed and hydrogen pressure. Lower
solidification speed makes the diffusion of hydrogen into
the pores much more efficient and eventually bigger
pores are obtained, as shown in Fig. 5(a). The hydrogen
in the chamber has two effects: one is to dissolve into the
melt as working gas and the other is to control the pore
diameter as the growth resistance of pores. Though the
melt possesses higher solute concentration under higher
hydrogen pressure, the gas pressure inside the pores (i.e.,
the growth resistance of pores) is higher as well.
Consequently, it is regarded that there is only a little
difference in the amount of hydrogen diffused into the
pore under different hydrogen pressures. According to
the ideal gas law: pV=nR,T,,, where p and V are the
hydrogen pressure inside the pore and the volume of the
pore, respectively; # is the amount of hydrogen diffused
into the pore which is almost the same. Finally, smaller
pores form under larger hydrogen pressure (Fig. 5(b)).
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Fig. 5 Average pore diameter, pore length and pore aspect ratio
fabricated at different solidification speeds (a) and different
hydrogen pressures (b)

The average pore length and pore aspect ratio (the
average pore length divided by average pore diameter)
are the key structure parameters that affect the cooling
performance of lotus-type porous structure. The average
pore length can be promoted effectively by reducing the
solidification speed and hydrogen pressure (Fig. 5).
However, the average pore diameter is elevated as well.
The average pore aspect ratio shows little change under
these conditions.

The superheat degree of the melt exhibits a
predominant effect on all the three structure parameters
(the average pore diameter, pore length and pore aspect
ratio) unlike the above process variables. As shown in
Figs. 6(a) and (b), with the average pore diameter
promoted by about 0.3 mm through increasing the
superheat degree of the melt from 200 to 300 K, the
average pore length increases from about 7 to 24 mm and
the corresponding pore aspect ratio is elevated from
about 8 to 20, which is a remarkable modification. The
pore length is also enhanced by 12-fold of the longest
pore in Nakahata’s study, which is approximately 2 mm
[26]. Therefore, the superheat degree of the melt has
much more significant effect on the pore length and pore
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Fig. 6 Average pore diameter, pore length and pore aspect ratio

fabricated at different superheat degrees of melt (a) and
longitudinal section of lotus-type porous silicon ingot produced
at AT=200 K (b) and A7=300 K (c)

aspect ratio of lotus-type porous silicon compared with
the solidification speed and hydrogen pressure.

The interruption phenomenon determines the final
pore length. After the bubble nucleates, the cooling
contraction of hydrogen occurs along with the whole
growth process of the pore and much hydrogen is needed
to maintain its growth owing to the temperature gradient
existing in it. Once the supply of hydrogen is insufficient
to keep its growth with the original size, the pore
diameter begins to decrease. As smaller pores possess
larger capillary pressure (20/R, oy, is the interfacial
energy of the liquid/gas phase and R is the curvature
radius of the pore), the diffusion of hydrogen from liquid
phase to the pores becomes much more difficult and
eventually leads to the pore’s interruption. That is the
reason why bigger pores tend to have a larger length and
smaller ones interrupt much easier.

For the situation of higher superheat degree of the
melt which has much longer pores and bigger pore aspect
ratio, the probable reasons for the elongation of the pores
are regarded as follows:

1) Most of the pores distribute at the grain
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boundaries for porous silicon [27]. The grains are more
inclined to grow parallel to the solidification direction at
higher superheat degree of the melt. The formation of the
vertical and slender grains ensures the growth of pores
with a larger length.

2) The heat stored in the melt with higher
temperature compensates the heat dissipation of melt in
the vicinity of pores (the inclined striped area in Fig. 7)
due to the convection of hydrogen in the pores. The melt
in this area is difficult to solidify in advance and delays
the pores’ interruption.

3) The larger concentration of hydrogen possessed
by the higher temperature of the melt makes the diffusion
of hydrogen into the pores much more efficient (as
shown in Fig. 7) and restrains the interruption of pores
owing to the cooling shrinkage of hydrogen.

Although many efforts have been exerted to
investigate the influence of processing parameters on the
pore length and several reasons have been proposed to
explain the interruption and elongation of the pores, the
root factor for this phenomenon is an urgent question that
requires further investigation.

Fig. 7 Schematic diagram of diffusion and heat convection of
hydrogen

4 Conclusions

1) Lotus-type porous silicon with elongated pores
was  fabricated successfully by unidirectional
solidification.

2) The porosity decreases by increasing hydrogen
pressure, but nearly remains constant by changing
solidification speed under our experimental conditions.
The predicted values of porosity are in good agreement
with the experimental results.

3) The average pore length and pore diameter
increase simultaneously, and the average pore aspect

ratio changes slightly with decreasing the solidification
speed and hydrogen pressure. The superheat degree of
the melt has much more significant effect on the average
pore length and pore aspect ratio compared with the
solidification speed and hydrogen pressure. The average
pore length increases from 7 to 24 mm and the
corresponding pore aspect ratio increases from 8 to 20 by
increasing the superheat degree of the melt from 200 to
300 K.
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