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Abstract: A novel design of an electrochemical anodization cell dedicated to the synthesis of mesoporous, single-crystalline
silicon is presented. First and foremost, the design principle follows user safety since electrochemical etching of silicon requires
highly hazardous electrolytes based on hydrofluoric (HF) acid. The novel cell design allows for safe electrolyte handling prior,
during and post etching. A peristaltic pump with HF-resistant fluoroelastomer tubing transfers electrolytes between dedicated
reservoirs and the anodization cell. Due to the flexibility of the cell operation different processing conditions can be realized
providing a large parameter range for the attainable sample thickness, its porosity and the mean pore size. Rapid etching on the
order of several minutes to synthesize micrometer-thick porous silicon epilayers on bulk silicon is possible as well as long-time
etching with continuous, controlled electrolyte flow for several days to prepare up to 1000 um thick self-supporting porous
silicon membranes. A highly adaptable, LabVIEW-based control software allows for user defined etching profiles.

Introduction

Crystalline silicon with nanometer-sized pores in the range between 1 nm and 200 nm is commonly referred to as
micro- and mesoporous silicon [1]. Its discovery dates back to 1956 [2] though its full potential was only recognized
roughly 20 years later [3]. Since then, it found widespread applications in fundamental as well as applied science
[4-7]. Among its appealing properties are biocompatibility, tunable surface chemistry, huge pore-surface to pore-
volume ratios, controllable morphology as an earth abundant, non-toxic and cheap source material [1, 8-10]. It is
this diversity in properties that led scientists and engineers to propose porous silicon on a technological level for
micro- and nano-fluidic applications [11], novel electrodes for ion batteries [6, 12,13], solar cell technology [14,
15], on-chip heat management [16] and thermoelectric elements [17-19], photonic and sensor applications [48-50]
and to consider photoluminescence-based cancer markers [20, 21]. On a more fundamental level, porous silicon
emerged in recent decades as versatile host material to study the effect of nano-confinement on the structural and
dynamical properties of condensed matter [5, 22-24]. For a detailed and comprehensive review of porous silicon
and its role in fundamental and applied science, we refer the interested reader to references [5, 7, 25].

E-beam lithography [26-28], polymer-template processing in combination with reactive ion etching [29, 30], metal
assisted etching [31-33] and dry etching [34-36] are sophisticated, modern approaches to nanostructure silicon
with exceptionally high control of pore and pitch sizes as well as pore arrangement. However, these methods are
often limited to the synthesis of thin films, time consuming, expensive and do not allow for scalable synthesis of
macroscopic amounts of micro- and mesoporous silicon. Consequently, today electrochemical wet-etching [1, 7,
25, 39] of silicon appears still as the most effective, yet not the safest synthesis route.

The etching of macroscopic amounts of mesoporous silicon heavily relies on hydrofluoric (HF) acid-based
electrolytes. No feasible substitute for this highly hazardous substance exists to etch silicon effectively.
Consequently, safety concerns are at the forefront of any synthesis attempt involving HF. In short, any possible
contact of the experimentalist with the electrolyte even accidentally must be avoided under any circumstances.
Proper personal protective equipment, a safe working environment, proper safety training of the experimentalist
and a carefully designed electrochemical etching cell are as mandatory as the proper HF first aid-kit in the
laboratory.



In this article, we present a novel electrochemical etching cell for the synthesis of mesoporous silicon in
hydrofluoric acid-based electrolytes. The cell design’s primary objective is to guarantee safe working conditions for
the experimentalist. For this purpose, it employs multi-wall containments for the electrolyte in combination with a
peristaltic pumping system to transfer safely the electrolyte between the etching cell and the storage containers. A
broad flexibility with respect to electrochemical synthesis conditions was also an important design goal. In this
sense, the presented cell can be utilized to synthesize self-supporting mesoporous membranes as thin as several
tens of micrometers. Etching of mesoporous epi-layers thicker than 1000 um on silicon substrates becomes equally
possible. A customized control software allows to run user-defined etch profiles. This article is organized as
follows: We discuss first the design of the etching cell and elaborate on its benefits. Subsequently, we introduce
the LabVIEW-based control software before we move on to a detailed description of cell handling. First synthesis
results conclude our article.

Cell Design
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Fig. 1 Anodization cell: (1) inner container (2) outer container (3) stirring bar (4) Pt-tube (5)
Pt—cathode (6) magnetic coupling (7) exhaust (8) high-current adapter (9) Al-anode (10) motor
(112) Si wafer



Fig. 1 shows a cutaway drawing of the etching cell with the most important components of the cell. These are the
inner and outer electrolyte containers, the aluminum and platinum electrodes, the stirring bar with its drive motor,
a platinum tube and several hydrofluoric-acid-resistant seals.

The primary electrolyte container is the central part of the etching cell. This vessel is made from Teflon to avoid
any contamination of the electrolyte due to chemical reactions with the wall material. Its inner dimensions are 55
mm in diameter and 135 mm in height. During cell operation, this vessel holds between 150 ml and 320 ml of the
electrolyte for the synthesis of the porous silicon samples. Such a large volume of the primary container reduces
the necessity of refilling and exchange of the electrolyte during the synthesis process and thus enables rather long
etching times corresponding to increased sample thickness. The starting material for the synthesis of porous
silicon, a bulk single-crystalline silicon wafer with a diameter of 76 mm, is mounted at the bottom of the vessel.
Here, an aluminum bottom plate, which acts as an electrode provides a single electrical contact for anodization.
The electrochemically formed porous epilayer does not reach the bottom of the silicon wafer. The remaining bulk
silicon forms the blockade between the electrolyte and the electrode. Two HF-resistant seals reliably prevent HF-
leakage from the electrolyte reservoir and consequently prevent any electrolyte-electrode contact. Note that this
article is by no means a thorough and complete introduction into the safety requirements for HF-anodization.
Here, we present a novel etching cell, which we think provides a higher degree of safety for experimentalists.

An access port, also made from Teflon, seals the top of the primary electrolyte container by another two seals.
Three feedthroughs located at this exit port allow for electrical contact, electrolyte transfer and venting. A
platinum ring electrode with adjustable height is located inside the container, respectively inside the electrolyte
roughly 50 mm above the silicon wafer. This O-ring sealed ring electrode provides a feedthrough for electrical
contact penetrating the access port. A platinum tube with an inner diameter of 3 mm extends into the inner vessel.
The HF-resistant Pt tube, which is adjustable in height allows for filling and removing the electrolyte via the access
port as well as for cleaning of the cell post-etching with water or other suitable solvents. The inner vessel also
hosts a stirring bar made of Teflon. The stirring bar is magnetically coupled to the drive motor on top of the access
port (Fig. 1). During operation, it permanently circulates the electrolyte and guarantees a spatially homogeneous
electrolyte for well-defined etching conditions. The third and last feedthrough is used as exhaust for gaseous
hydrogen produced during the synthesis.

A secondary containment encapsulates the inner vessel with the stirring bar, the Pt-electrode, the pumping tube,
the silicon wafer and the aluminum electrode. Its main parts are a transparent PVC-U tube combined with two
protecting caps. The tube is made of transparent PVC-U with temporary HF-resistivity and threaded at both ends
to attach the caps. Its inner diameter is 114 mm with a wall thickness of 6.37 mm. During normal operation, the
two HF-resistant seals introduced above separate primary and secondary electrolyte container. However, in the
case of an inner leak, the secondary containment provides a buffer volume of 300 cm? to prevent a hazardous,
dangerous HF spill into the environment.

The threated tube and the protection caps facilitate a screw-less design of the etching cell. They allow for adjusting
the appropriate pressure on the seals between the silicon wafer and the primary electrolyte container as well as
on the seal between the primary container and the access port. The entire cell design minimizes electrolyte
evaporation. In particular, selective evaporation of electrolyte components (HF, ethanol) that changes the
electrolyte composition is significantly reduced leading to little variation of the process conditions. In turn, these
stable long-time etching conditions allow for the synthesis of samples with huge thicknesses into the millimeter
range. Such large samples, which retain macroscopic single-crystallinity [17, 39] despite the nanopore structuring,
opening up the avenue towards a whole range of experiments hitherto not possible. For example, new insights of
heat transport or elastic properties can be gained by the study of phonon properties by such as phonon dispersion
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[44] or phonon lifetimes [45]. Due to the flux limitation of neutron sources these experiments are indeed
demanding in terms of sample volume.

Electrolyte Transfer:

A peristaltic pump [46] connects the primary electrolyte container of the etching cell with various liquid reservoirs
via elastic tubing (Fig. 2). Depending on the particular process step, these reservoirs are either the electrolyte
reservoir, the waste disposal container or diverse solvent containers to transfer and remove liquids to and from
the cell.

peristaltic pump

| vwrez

anodization cell

Fig. 2 Anodization cell and peristaltic pump

The present setup utilizes a fluoroelastomer tube with an inner diameter of 2.79 mm that is well suited for
pumping hot and highly corrosive liquids [47]. In order to ensure that the sample morphology is not altered by
excessive contact to the electrolyte it is important to remove the electrolyte promptly after the synthesis is
completed, i.e. as soon as the electrical current is switched off. With the current pump model and tubing, it takes
about 10 min to fill (or empty) the electrolyte vessel with 150 ml of electrolyte, which is adequate for the current
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application. Peristaltic pumps with a larger flow rate are available, which would allow to reduce the time for filling
and removal of the electrolyte liquids to less than one minute.

The concept of peristaltic pumping relies on the cyclic compression and relaxation of the flexible tubing. This is a
mechanically demanding process, which quickly leads to material fatigue. Given the potential risk of a leakage in
the tubing during electrolyte transfer or sample synthesis it is highly recommended to exchange the
fluoroelastomer tubing in the apparatus in regular intervals. Good experience for reliable operation is made when
exchanging the tubing after 10 hours of exposure to HF (48%) : Ethanol (99.99%) in 4:6 ratio electrolyte.

Software Control:

A highly adaptable LabVIEW™-based software monitors and controls the anodization process. This software
provides a direct interface to operate the power supply, Ampere meters and Voltmeters used for anodization. It
records and time-stamps the current density and the applied voltage bias during etching. Customized anodization
sequences with time-dependent current density or etching voltage can be readily defined within the input mask of
the graphical user interface. Various etching conditions can result in different pore morphologies [1, 7, 37-39] that
are desired for applications therefore this mode is a great advantage of our set-up.
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The graphical user interface of the control software is shown in Fig. 3. The two graphs in the panel display the time
dependence of the anodization current, which is kept constant during synthesis and the voltage, which slowly
decreases with time as a result of varying concentration of mobile ions in the electrolyte. The input mask shows
user defined parameters for a constant-current etching profile to synthesize a mesoporous Si membrane. In order
to produce a free-standing membrane, the current needs to be raised for a short time right at the end of the
synthesis process. The thus enlarged pore size leads to enhanced interconnection of the pores finally leading to the
separation of the mesoporous membrane from the remaining bulk Si wafer.

Electrochemical Synthesis of Porous Silicon, Cell Operation:

Electrochemical anodization of single-crystalline silicon wafers is a versatile approach to synthesize micro- and
mesoporous silicon [7]. The control parameters for the etching process fall into three categories: properties of the
source material, the electrolyte composition and the anodization conditions. Single-crystalline silicon wafers with
p-type or n-type doping, different doping levels and different crystallographic orientations lead to different pore
morphologies [37]. Likewise, different electrolyte compositions, concentrations and temperatures cause different
porosities, pore size distributions, specific surface areas and overall different pore networks. An efficient and
widely used electrolyte for etching under constant current density conditions is hydrofluoric acid mixed with
different solvents, like ethanol or methanol. Tuning the etching time and current density has a similar impact on
the anodization result. We refer the interested reader to references [1, 7, 38, 39], which give a comprehensive
discussion of the influence of the various control parameters on the obtainable sample morphology. The
electrochemical oxidation and reduction processes at the electrolyte silicon interface that trigger the pore growth
during anodization are described comprehensively in references [39-42].

In detail, the synthesis sequence for micro- and mesoporous silicon utilizing the novel cell consists of the following
steps: 1. Assembling of the cell, 2. connecting the electrodes to the current source, 3. defining the etching
parameters in the control software, 4. electrolyte pumping from the reservoir to the primary containment, 5.
starting the etching process by the control software, 6. pumping the electrolyte from the etching cell to a waste
disposal container, 7. flushing the primary vessel multiple times with water and solvents via peristaltic pumping, 8.
disassembling the cell to remove the sample, and 9. sample cleaning.

To illustrate the performance of the novel etching cell we have characterized a mesoporous Si sample synthesized
with the apparatus described. As starting material we used a 375 um thick, p-doped Si wafer purchased from Si-
Mat and specified to have a resistivity p = 0.01-0.02 Q cm™. The wafer was oriented with the crystallographic [100]
direction along the surface normal. Using an electrolyte mixture of 40 vol% hydrofluoric acid (48% concentration)
and 60 vol% ethanol (99.99%) this wafer has been anodized for 5 hours with a constant current density of 13
mA/cm?. The synthesis process resulted in a 200 um thick porous epi-layer on bulk silicon as has been confirmed
by optical microscopy (see Fig. 4, top left). SEM micrographs demonstrate the mesoporous morphology of the
sample (Fig. 4 top right). For a volume-sensitive, quantitative characterization of the average pore diameter, the
pore size distribution and the porosity we used N2 sorption isotherm measurements [43]. These measurements
confirm a rather narrow pore size distribution with an average pore diameter of 8 nm. A porosity of 60% is
obtained for the present sample.

The apparatus allows also to perform a long etching synthesis. To demonstrate this possibility we prepared a
porous epilayer with the thickness in a millimeter range (Fig. 5). The thickness of the layer is reduced by about 10%
over the last few millimeters towards the edge. Similar than the thickness of the epilayer, its porosity changes only
close to the edge. At the boundary of the epilayer the relative change in porosity amounts to approximately 20%.
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Fig. 4 Optical microscopy image of a porous epi-layer (top left), SEM micrograph of epi-layer
(top right), pore-size distribution (bottom) and N2 sorption isotherm (inset)
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Fig. 5 Optical microscopy image of a 1006 um thick porous epi-layer. The sample was etched in
a 8:2 HF(48%):Eth solution with a constant current density of 13 mA/cm? for 29 hours.

Summary:

This article presented a novel anodization cell for the synthesis of micro- and mesoporous silicon by
electrochemical etching using hydrofluoric-acid-based electrolytes. The cell’s primary and secondary safety
containment for the electrolyte in combination with a closed peristaltic pumping system for the electrolyte
transfer guarantee an improved and safe working environment for experimentalists performing Si anodization. The
presented control software allows for more complicated, time-dependent etching sequences and provides a high
degree of flexibility for the operator to control and adapt the etching process. The entire cell design was optimized
to perform both, short-time etching up to several minutes as well as long-time etching over several days. An
obvious upgrade path for the cell is the implementation of a continuous flow mode. So far, long-time etching relies
on an appropriate amount of electrolyte in the primary container. Under continuous flow, the electrolyte in the
cell is then permanently replenished by means of peristaltic pumping and an external electrolyte reservoir to
achieve a time-independent electrolyte concentration during long-time etching processes.
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