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Electrical properties of macroporous silicon structures
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Abstract. The dependencies of electron conductivity, concentration and mobility on pore size
and concentration were investigated for macroporous silicon structures. The electron conduc-
tivity and concentration in two-layer structures of macroporous silicon, and also in a matrix of
macroporous layers have a maximum for a macropore volume of V' = 0.3-0.4. Thus the electron
mobility decreases monotonically. The experimental results were explained by a model based
on the existence of electron-enriched regions around pores, with thickness AD = 1 pm formed
after electrochemical and chemical treatment of the macropore walls.
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1. Introduction

Electrophysical parameters of porous silicon, a prospec-
tive material in the field of electrical engineering, have
been investigated since the beginning of the 80 s [1-6]. It
has been found that porous silicon layers are highly re-
sistive, with resistances exceeding 10° Q[dm for high lev-
els of porosity. A model has been proposed, based on the
formation of regions that are depleted by charge carriers
due to several factors: capture of carriers by traps on
pore surfaces, leaving of extrinsic atoms in an electrolyte
and passivation of the impurity atoms by hydrogen. The
electrophysical parameters of macroporous silicon struc-
tures of p-type conductivity were investigated in [7]. The
structures were formed in a concentrated solution of hyd-
rofluoric acid under conditions of hole generation by an
electric field. The resistivity of the macroporous silicon
exceeded the resistivity of the initial silicon by 1.6-15
times and was determined by the transport of charge car-
riers through the low resistance regions of the silicon ma-
trix. Over the last few years, research into n-type macro-
porous silicon structures has undergone significant de-
velopment [8]. Using n-Si electrodes, pores of micrometer-
scale diameters were obtained with a periodical struc-
ture [8,10]. Thus, the aim of our invstigation was to study
the electron conductivity, concentration and mobility in
macroporous silicon structures on #-Si substrates, taking
into account the effect of macropore size and concentra-
tion.

2. Experimental

The starting material consisted of n-type silicon with [100]
orientation and 2-5 Q-cm resistivity. Macropores with
diameter D, = 1-15 pm and depths /2, = 50-250 um were
formed due to the generation and transfer of
nonequilibrium holes to the n-Si electrochemically treated
surface as a result of optical band-to-band electron-hole
generation. The initial n-Si plates were chemically pol-
ished in a 1:3 HF and HNOj solution and anisotropically
etched in 10% solution of KOH in water to provide pit
formation (the periodic structures were anisotropically
etched after the photolithographic procedure). Ohmic
contacts were made by rubbing some In-Ga eutectic al-
loy on the edge of the silicon plate and by a platinum
electrode in the electrolyte. The sample was mounted in
an electrochemical cell and connected to a potentiostat
by the 3-electrode scheme. The applied voltage was meas-
ured relative to a platinum wire near the sample surface.
The electrolyte was 5 weight percent hydrofluoric acid
in water. During the electrochemical etching process the
sample was illuminated by radiation from a 100 W tung-
sten lamp. Additional anisotropy etching in 10% KOH
solution was used for removing the products of the
electrochemical process from the macropore walls.

The microstructure of macropore surfaces was stud-
ied by scanning electron microscopy (SEM) using a JEOL
JSM-6100 operating at 15kV. The SEM specimens were
coated with Au film of about 10 nm thickness by ion sput-
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tering. The chemical states of the macropore walls were
identified by Transmission Fourier Infrared (FTIR)
Spectroscopy using the apparatus JEOL JIR-7000. For
the infrared analysis the back surface of the samples was
mechanically polished to make specimens of 80 pm in
thickness. To subtract the background absorption of the
Si substrate, the same silicon wafer of 80 um thickness
was used as a reference.

The In/n-Si and In/macroporous n-Si contacts were
formed by thermal evaporation of indium in an atmos-
phere of hydrogen. The temperature regimes of ohmic
contact formation on monocrystalline and on
macroporous silicon were comparable with the anneal-
ing temperature 7'= 400°C for thermal diffusion of metal
through a SiO, layer. The contact transient resistance
equaled Ry =4-10 Qdm?2. The electron conductivity, con-
centration and mobility were measured by the 4-probe
method at 300 K.

3. Results and discussion

The results of the measurement of the electron conductiv-
ity on the macroporous layers were recalculated, taking
into consideration the two-layer structure [11] and in-
cluding the measured parameter g, and the silicon
substrate parameters g, The matrix conductivity UPSM
of the macroporous layer was determined according to
the theory of effective media [11] for cylindrical inclu-
sions. For a comparative analysis of the electron con-
ductivity in the matrix of the macroporous structures the
value UpsM was considered relatively to the appropriate
silicon substrate parameter 0;:

Tpe _fomH _H A
Og os h h -V 0

where H and / are the thicknesses of the two-layer struc-
ture and of the macroporous silicon layer, respectively;
V is the relative pore volume (V' = T[Dpsz/4, D,is a
macropore diameter, N, is a macropore concentration).

Fig. 1a shows the dependencies of the relative elec-
tron conductivity of the macroporous silicon structures
on the macropore volume V. The conductivity of elec-
trons in the two-layer structures of macroporous silicon,
and also in a matrix of macroporous layers grow with an
increase of the macropore volume. These parameters
reach a maximum for = 0.3-0.4, and then decrease.

It is known that there is an element of error in the
electron mobility and concentration recalculation as a
result of conductivity and Hall coefficient measurements
in nonhomogeneous structures [11]. So we analysed the
measured concentration n,,, and mobility ,, of electrons
taking into account the correlation between recalculated
conductivity (UpsM) and measured conductivity (g;,), as
in Fig. la.

The electron concentration in the two-layer structures
grows with an increase of the macropore volume and
reaches a maximum for V'=0.3-0.4 (Fig. 1b), as electron
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Fig. 1. (a) Relative conductivity of macroporous silicon struc-
tures (o) and a matrix of macroporous layers (0) for different
values of the macropore volume.
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Fig. 1. (b) Relative electron concentration (A) and mobility (A)
of macroporous silicon structures for different values of the
macropore volume.

conductivity. Thus, the electron mobility decreases mono-
tonically.

Figures 2a-c show the dependencies of electron con-
ductivity, concentration and mobility on macropore con-
centration, diameter and surface. All measured param-
eters decrease with increase in pore diameter (Fig. 2b),
and electron conductivity and concentration increase
with increase in pore concentration (Fig. 2a) and surface
(Fig. 2c¢).

An explanation of the experimental results was
reached after analysis of the dependencies of electron
conductivity, concentration and mobility on the distance
between pores a — D), (a —average lattice constant of the
macroporous structure). Fig. 3a shows such dependen-
cies with a maximum in the electron conductivity and
concentration at @ — D, = 2 um. Therefore, it is possible
that regions with thickness AD = 1 um, which can be en-
riched by electrons, can be formed around pores. Fig. 3b
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Fig. 2. Dependencies of electron conductivity (e), concentra-
tion (A) and mobility (A) in macroporous silicon structures on
macropore concentration (a), diameters (b) and surface (c).

shows the dependencies of electron conductivity, concen-
tration and mobility on the volume of the regions V in
macropore structures, reached by electrons:

Vo= M\DN,(2D, + AD)/4. @)
42

Nm/ns,arb.un
> e

> e
a,los; py lus, arb.un

2 4 6 8 10

Fig. 3. (a) Dependencies of electron conductivity (e), concen-
tration (2) and mobility (A) in macroporous silicon structures on
distance between macropores.
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Fig. 3. (b) Dependencies of electron conductivity (e), concen-
tration (2) and mobility (A) in macroporous silicon structures on
volume of regions enriched by electrons.

According to Fig. 3a the thickness of regions around pores,
enriched by electrons, equals AD = 1 um for a— D), > 2 ym
and is equal to AD = (a— D,)/2 for a— D, <2 pm. Fig. 3b
shows the pronounced growth of electron conductivity
and concentration with the volume V. This confirms the
validity of the model of regions around pores of thickness
AD =1 pm, enriched by electrons. Really, the measured
electron conductivity exceeds the conductivity of the sili-
con substrate by 2 times, as shown in Fig. 1a; and the
electron concentration increases by 4 times in the macro-
porous structure apparently silicon substrate (Fig. 1b).
The investigated macroporous silicon structures were
anisotropically etched after electrochemical treatment,
according to the procedures outlined in [8-10] regarding
the formation of a macroporous layer. Fig. 4 shows SEM
image of macropore wall surfaces before and after KOH
etching. Before KOH treatment there are pronounced
microporous layers around macropores (Fig. 4a, d). Af-
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Fig. 4. SEM images of macropore outer surfaces (a)-(c) and

macropore walls (d)-(f) of macroporous silicon sample treated
with 10% KOH for different time; (a) and (d) 0 s, (b) and (e) 10
s, (¢) and (f) 20 s.

ter KOH etching the micropore layer on the macropore
surfaces was almost etched off, as in Fig. 4b, c, e, f. Fig. 5
shows typical FTIR spectra of absorption for the mac-
roporous layer before and after etching in KOH. FTIR
data indicate that the microporous layer on the macro-
pores contains hydrides, oxides and organic species. Af-
ter KOH etching, the FTIR peak intensities decreased.
In our case, a high concentration of donor type OH bonds
takes place after removal of the microporous layers from
the macropore walls (Fig. 5). So the formation of elec-
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Fig. 5. FTIR spectra of absorption for two macroporous silicon
samples, treated with 10% KOH for different time; (a) Os, (b) 10,
sample 1; (c) 5 s, (d) 20 s, sample 2.
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tron-enriched regions with thickness AD = 1 pym is a re-
sult of the electrochemical and chemical treatments of
macroporous silicon structures.

The model based on the concept of an electron-en-
riched region explains the experimental dependencies of
the electron conductivity and concentration on the macro-
pore volume (Fig. 1a, b). The electron conductivity and
concentration increase for samples with a distance be-
tween pore walls of @ — D, > 2 pm, have a maximum at
a—D,=2AD =2 um and then decrease for a — D, <2 um.
The enriched region volume V is proportional to the
macropore concentration N, as in Fig. 2a, and Eq. (2).

Conclusions

The dependencies of electron conductivity, concentra-
tion and mobility on pore sizes and concentration have
been measured for two-layer macroporous silicon struc-
tures. It has been shown that the electron conductivity
and concentration in two-layer structures, and also in a
matrix of macroporous layers reach a maximum for a
macropore volume ¥ = 0.3-0.4. Thus, the mobility of
electrons decreases monotonically. Experimental results
were explained by the model of the electron-enriched re-
gion around macropore with thickness AD = 1 pm formed
after electrochemical and chemical treatment of the
macropore walls.
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