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Abstract: Tuning the pore diameter of porous silicon (PS) is essential for some applications such as
biosensing, where the pore size can filter the entrance of some analytes or increase its sensitivity.
However, macropore (>50 nm) formation on p-type silicon is still poorly known due to the strong
dependence on resistivity. Electrochemically etching heavily doped p-type silicon usually forms
micropores (<5 nm), but it has been found that bigger sizes can be achieved by adding an organic
solvent to the electrolyte. In this work, we present the results of using dimethylformamide (DMF),
dimethylsulfoxide (DMSQO), potassium hydroxide (KOH) and sodium hydroxide (NaOH) for
macropore formation in p-type silicon with a resistivity between 0.001 and 0.02 QO-cm, achieving
pore sizes from 5 to 100 nm.

Keywords: porous silicon; pore diameter; macropore; dimethylformamide; dimethylsulfoxide

1. Introduction

Porous silicon (PS) is a nanostructured material generated by electrochemically etching silicon
(5i) into electrolytes containing hydrofluoric acid (HF) [1]. The growth of the pores is a combination
of two chemical reactions: a direct dissolution of Si in fluoride and the oxidation of Si in the presence
of oxygen and its later dissolution [2]. Both reactions are strongly dependent on etching conditions,
both chemical and electrical [3].

PS has many potential application areas such as optoelectronics and biosensing [4-6], mainly
because it retains the advantages of silicon technology while adding the ability of controlling optical
properties. Porosity, thickness, pore diameter, pore morphology and distance between pores are
some of the tunable properties available during fabrication [7]. High porosities combined with small
pore diameters commonly lead to high sensitivity sensors. Contrarily, high pore diameters allow a
better adsorption ability. On the other hand, when using PS membranes for sensing, longer distances
between pores are preferred for a better endurance. Unfortunately, not all combinations of
parameters are possible or at least different approximations must be carried out to overcome the
initial limitations.

The macropore (pores with average diameter greater than 50 nm) formation mechanism on n-
type silicon is well known [3,8]. Low-doped p-type silicon wafers have also been used for macropore
formation [9]. However, achieving mesopores (5-50 nm) and macropores in moderately-doped and
heavily-doped silicon is more challenging. Aqueous HF-based electrolytes (HF diluted in water and
optionally surfactants such as alcohols) will yield only micropores (<5 nm) and mesopores if no
additional fabrication step is introduced [10,11]. In order to overtake this limitation, several
approaches have been developed:
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e  PS oxidation and HF dissolution. When PS is thermally oxidized, a S5iO2 layer is formed on its
surface. Dissolution of this oxide in HF can increase the pore diameter up to half the SiO: layer
thickness [12]. This process can be repeated but doing so will reduce the pore walls and
jeopardize the structural stability.

e  Post-treatment with alkaline mixtures. KOH and NaOH solutions anisotropically etch Si and can
be used to expand the pores after fabrication [13], although this method has the same limitations
as the previous one. They have also been used for partially dissolving the PS film and obtaining
a pattern that—if used afterwards in a new electrochemical etching—can yield macropores [6].

¢  Organic electrolytes. The combination of HF-based solutions with non-aqueous electrolytes, e.g.,
dimethylformamide and dimethylsulfoxide, facilitates the Si dissolution during anodization
[14,15]. This method offers more control over the PS properties.

Even though numerous studies have reported the obtainment of macropores on heavily-doped
p-type silicon, there is still a lack of analyses for certain ranges of resistivity.

2. Methods

PS was prepared by electrochemically etching p-type silicon wafers (boron doped, <100>
oriented) with different resistivity: 0.001-0.005 Q-cm and 0.01-0.02 Q-cm, both purchased from
MicroChemicals GmbH (Ulm, Germany). Aqueous electrolytes were prepared with ethanol (EtOH)
obtained from Scharlab S.L. (Barcelona, Spain) and hydrofluoric acid (HF) (48% solution in water)
purchased from BASF (Ludwigshafen am Rhein, Germany). For organic electrolytes, N,N-
dimethylformamide (DMF) from Sigma-Aldrich (Saint Louis, MO, USA) and dimethylsulfoxide
(DMSO) from Scharlab S.L. (Spain) were employed. In the cases where alkaline solutions were used,
potassium hydroxide (KOH), obtained from Panreac S.L. (Barcelona, Spain), and sodium hydroxide
(NaOH), from Scharlab S.L. (Spain), were mixed in different concentrations with deionized water
(DIW) produced in house by a Millipore water purification system.

For cleaning purposes, all samples were pretreated for 30 min in a 3:1 volumetric mixture of
sulfuric acid (H2S0s) and hydrogen peroxide (H202), both purchased from BASF (Germany), for
removing organic residues off the substrate. Afterwards, they were dipped into a solution of <5% HF
for 30 s in order to eliminate the native oxide layer.

Electrochemical etching of Si was performed under galvanostatic conditions in a vertical cell in
which a Pt electrode worked as a cathode and the Si itself as anode. Different aqueous and organic
solutions have been used as electrolytes.

Field emission scanning electron microscopy (FESEM) was performed using both a Hitachi S-
4500 SEM and a Zeiss Ultra 55 microscope.

3. Results and Discussion

The results of the pore morphology dependence with different etching parameters for a
resistivity of 0.01-0.02 ()-cm are summarized in Table 1.

The lower the HF concentration within the electrolyte, the bigger the pore would be. However,
etching heavily doped silicon wafers with very low HF concentrations (Figure 1la) lead to pore
interconnection. This implied thin walls and a slow vertical growth. PS films created this way would
be structurally weak and only a small range of porosities can be achieved. Rising the HF concentration
reduced the pore diameter but strengthened the structure. PS films formed this way were not
appropriate to be used as membranes but they may be suitable for sensing gas or humidity, due to
its high sensitivity.

Comparing Figure 1b,c, we can see that both samples have similar pore diameters. The difference
between those two images is pore interspacing, being higher in the case of the KOH etching of the PS
film. This effect was caused due to the deposition of the Si on the surface and could be reduced if
agitation is added.
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Table 1. Influence on pore morphology of fabrication parameters for a resistivity of 0.01-0.02 Q-cm.

HF:EtOH 1:2 HF:EtOH1:2 HF:DIW:DMF HF:DIW:DMF HF:DIW:DMSO

Electrolyte =~ HF:EtOH 1:9 + Oxidation +KOH 1:1:4 1:1:9 1:1:9

Resistivity of

150 Q-cm 100 Q-cm 100 Q-cm 750 Q-cm 1300 Q-cm 1500 Q-cm
the electrolyte

Current range

¢ <18 mA/cm? <130 mA/cm? <130 mA/cm? <25 mA/cm? <18 mA/cm? <18 mA/cm?
of PS formation

Pore surface Pores inter-

Holes Holes Holes Holes Hexagons
shape connected
Pore section Randomand  Secondary Secondary Secondary Secondary
Smooth pore wall
shape short branches branches only branches only branches only  branches only
Pore diameter ~20 nm ~25 nm ~25 nm ~25 nm ~30 nm ~50 nm
~0.5 nm/s, ~8 nm/s, ~8 nm/s, ~20 nm/s, ~8 nm/s, ~5nm/s,
Etch rate I=5mA/cm2, I=6mA/cm? I=6mA/cm? I=22mA/cm?, I=11mA/cm?  I=11mA/cm?
T=310s T=100s T=120s T=90s T=90s T=90s
Spacing ~50 nm ~30 nm ~60 nm ~40 nm ~20 nm <10 nm
between pores
Micropore No No No No No No

layer on top
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Figure 1. Field emission scanning electron microscopy (FESEM) images of electrochemically etched
p-type Si 0.01-0.02 Q-cm (a) hydrofluoric acid (HF):ethanol (EtOH) 1:9, I =22 mA/cm? T =90 s, (b)
HF:EtOH 1:2, I = 6 mA/cm?, T = 100 s, oxidized for 30 min and dipped in HF, (¢) HF:EtOH 1:2, I =6
mA/cm?, T =120 s, etched with 45 mg of potassium hydroxide (KOH) in 100 mL of deionized water
(DIW) for 5 min, (d) HF:DIW:N,N-dimethylformamide (DMF) 1:1:4, I = 22 mA/cm?, T = 90 s (e)
HF:DIW:DMF 1:1:9, I = 11 mA/cm?, T = 90 s and (f) HF:DIW:dimethylsulfoxide (DMSO) 1:1:9, I = 11
mA/cm?, T=90s.

Adding DMF to the electrolyte yielded higher pore diameters. It can be seen in Figure 1d,e that
increasing DMF proportion directly increased the pore size. These PS samples are more convenient
than the ones etched with aqueous electrolytes for applications such as biodetection since the pore
size allows the entrance of molecules and proteins. Instead, anodization with DMSO resulted in pores
extremely close to adjacent pores, creating a hive-like structure (see Figure 1f) and adopting a
hexagonal form instead of the typical circular one. PS films formed with 1:1:9 DMF and DMSO were
structurally more fragile than the other electrolytes, and also organic electrolytes had a negative
impact on vertical uniformity but pore diameters up to 50 nm could be achieved.
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In Table 2, the results for a resistivity of 0.001-0.005 Q-cm are shown. Oxidation of PS films and
removal dipping in HF as well as alkaline etching were omitted as they yielded intermediate pore
sizes.

In this case, for some HF concentrations, a small layer of micropores appeared on top of the
desired layer. It could be easily removed by dipping the sample in a 1 M NaOH dissolution in order
to achieve PS films with pore diameters up to 100 nm (see Figure 2). These sensors display lower
sensitivities but are preferred in some applications for its adsorption ability.

(a) (b)

Figure 2. FESEM images of electrochemically etched p-type Si 0.001-0.005 ()-cm (a) HF:EtOH 2:1, I =
650 mA/cm?, T =30 s, (b) HE:EtOH 2:1, I =730 mA/cm?, T = 30 s, dissolved 2 min in 0.1 M NaOH.

Table 2. Influence on pore morphology of fabrication parameters for a resistivity of 0.001-0.005 C-cm.

Electrolyte HF:EtOH 2:1 HF:EtOH 2:1 + NaOH
Resistivity of the electrolyte 10 Q-cm 10 Q-cm
Current range of PS formation <750 mA/cm? <750 mA/cm?
Pore surface shape Holes Holes
Pore section shape Secondary branches only Secondary branches only
Pore diameter <10 nm ~100 nm
Etch rate ~400 nm/s, I =650 mA/cm2 T =30s ~450 nm/s, =730 mA/cm2 T=30s
Spacing between pores ~20 nm ~20 nm
Micropore layer on top Yes No

4. Conclusions

Pore morphology and fabrication properties for PS formed in heavily doped p-type Si (100) have
been presented. The effect of organic electrolytes such as DMF and DMSO and alkaline etchants e.g.,
KOH and NaOH has been reported. The use of organic electrolytes on Si wafers with a resistivity of
0.01-0.02 Q>:cm showed an increase the pore diameter of up to 50 nm. On the other hand, pore sizes
of around 100 nm could be achieved on wafers with a lower resistivity. Macropores could be formed
in heavily doped p-type Si, which could allow for a wider range in the design of PS based sensors for
different applications.
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