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ABSTRACT

Nanoporosity in silicon leads to completely new functionalities of this mainstream semiconductor. In recent
years, it has been shown that filling the pores with aqueous electrolytes, in addition opens a particularly wide
field for modifying and achieving active control of these functionalities, e.g., for electrochemo-mechanical
actuation and tunable photonics, or for the design of on-chip supercapacitors. However, a mechanistic
understanding of these new features has been hampered by the lack of a detailed characterization of
the electrochemical behavior of mesoporous silicon in aqueous electrolytes. Here, the capacitive, potential-
controlled charging of the electrical double layer in a mesoporous silicon electrode (pore diameter 7nm)
imbibed with perchloric acid solution is studied by electrochemical impedance spectroscopy. Thorough
measurements with detailed explanations of the observed phenomena lead to a comprehensive understanding
of the capacitive properties of porous silicon. An analysis based on the Mott-Schottky equation enables the
determination of essential parameters such as the flatband potential, the carrier concentration and the width
of the space charge region. A comparison with bulk silicon shows that the flatband potential in particular is

significantly altered by the introduction of nanopores, as it shifts from 1.4+0.1V to 1.9+ 0.2V.

1. Introduction

Porous silicon is a highly versatile material with a plethora of
possible application fields. Porous silicon exhibits outstanding char-
acteristics concerning fundamental properties and combines these in
research for applications in a wide variety of research fields. These
include medical and biological sciences, where porous silicon has been
studied with respect to sensor applications [1-3], optics and electron-
ics [4,5] and a tightly adjustable control of a drug’s release kinetics [6].
In fundamental research, porous silicon represents an excellent host
material to study the confinement of matter inside the pores, with
respect to its structure and dynamics [7-14].

Furthermore, a mechanical actuation in porous silicon induced by
humidity or gas sorption has been investigated [15-18]. As a contribut-
ing effect of liquid-adsorption measurements, a deformation of porous
silicon is revealing porous silicon’s mechanics [9,19-21]. A highly
reversible deformation, or more precisely straining, of porous silicon
in a controlled manner can be achieved either by an electrosorption-
induced change in surface stress of the inner surface area of porous sil-
icon [22] or by the incorporation of the electro-active polymer polypyr-
role into the pore space of porous silicon [23,24]. These methods have

the benefit of operating under electrochemical control and thus the
reversible straining is highly adjustable by the applied potential.

Another field of research that employs electrochemical properties of
porous silicon is the broad investigation of porous silicon as a lithium
battery anode material [25-27].

Porous silicon can be synthesized in an electrochemical etching pro-
cedure in hydrofluoric acid. The details of the synthesis have been stud-
ied in great detail [28-32]. In particular electrochemical impedance
spectroscopy (EIS) has been widely employed to gain a deeper un-
derstanding of the electrochemical behavior of porous silicon in hy-
drofluoric acid solutions and its synthesis process in this electrolyte
type [33-38]. Therefore, the focus here is set on an EIS investigation
of the electrochemical properties of mesoporous silicon, with a pore
diameter of 7nm (hereafter referred to as simply porous silicon), in
another electrolyte type — aqueous acidic solutions. In contact to
water, a humid atmosphere or oxygen containing (organic) electrolyte
solutions porous silicon is starting to develop a passivating oxide layer
right away [31]. To probe the features of pristine silicon, experiments
need to be conducted in hydrofluoric acid which immediately removes
the oxide layer and hydrates the surface [31]. However, hydrofluoric
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acid is not an expedient electrolyte for everyday applications, e.g. su-
percapacitors or sensors in the life sciences, due to its harmful and toxic
features. Therefore, the aim of this paper is to explore electrochemical
features of porous silicon in a more viable, aqueous electrolyte solu-
tion. EIS investigations in aqueous and especially acidic environments
focus mostly on an anodic oxidation of porous silicon [39-42]. Rather
than that or exploring an electrochemical redox reaction [43], in this
publication the reversible charging of the electric double layer (EDL)
in a porous silicon electrode is focused.

2. Experimental

Porous silicon is synthesized in an electrochemical anodization
procedure. A constant current is applied between a bulk silicon wafer
and a platinum counter electrode (CE) in a hydrofluoric acid electrolyte
in a PTFE etching cell. The starting material is lightly doped p-type
silicon (Si-Mat Silicon Materials GmbH) it has a thickness of 100+10 pm,
a (100) orientation and a resistivity of 0.01 — 0.02Qcm, which corre-
sponds to a doping level of approximately 3-10'® to 8- 10'8 cm™3 [29].
The current applied accounts to a density of 12.5mA cm~2. The elec-
trolyte is a 2:3 volumetric mixture of hydrofluoric acid (48%, Merck
Emsure) and ethanol (absolute, Merck Emsure). A scanning electron
micrograph of the porous silicon layer yields a thickness of 630nm.
A nitrogen sorption isotherm measurement provides an average pore
diameter of 3.36nm and a porosity of 54% for the porous silicon layer.
Electrochemically stable porous silicon is needed to perform an EIS
analysis. In an acidic aqueous electrolyte solution the porous silicon’s
inner surface area is oxidized by an applied potential. Therefore, a
constant potential of 1.2V is applied for 24 h. Thus, the oxidative
currents are suppressed and solely capacitive currents remain [22]. The
procedure is described in more detail in the supplementary information.
All in all, the porous silicon electrode has an electrochemically active
inner surface area of 164.7 + 0.4cm?. The CE in the EIS experiments
consists of a commercially available carbon fabric. It is inert in the
electrolyte solution and has a surface are in the range of 1000 m2.

EIS is performed in a three electrode setup, utilizing a commercial
reversible hydrogen reference electrode (RHE, Gaskatel HydroFlex),
in an electrolyte solution consisting of 1 moll~1 perchloric acid (70%
HCIO,, Merck Suprapur, diluted with deionized water). EIS employs
an alternating, sinusoidal potential E. It consists of a static potential
E, that stays constant for the duration of the measurement and a
sinusoidal potential. The amplitude E, of the sinusoidal potential is
comparatively small. Here 10mV are used. The resulting harmonic
current response J; is measured between WE and CE. The potentio-
stat (Metrohm PGSTAT204) is equipped with an impedance analysis
module (Metrohm Autolab FRA32) to perform EIS measurements. The
frequency is swept over several decades to perform an EIS analysis. The
impedance is recorded and averaged at 12 frequency f steps per decade
from 100kHz down to single Hz. The result is displayed in a Nyquist
plot that shows —Z,,, versus Z.. The aim here is to investigate the
EDL charging of the porous silicon electrode. Therefore, the frequency
range is chosen accordingly so that in a Nyquist plot a half-circle in the
high-frequency range (100 to 1 kHz) and an ensuing vertical increase
in the mid-frequency range (1000 to 1 Hz) is resolved.

The evaluation of the porous silicon’s capacitive features is con-
ducted in terms of the Mott-Schottky equation [44]

kgT
S (o) ®
where cycp denotes the capacitance of the space charge region (SCR)
on the silicon side of the interface, N, the semi conductor’s carrier con-
centration, ¢, and ¢, the relative and vacuum permittivity, respectively.
By e, kg and T is referred to the elementary charge, the Boltzmann
constant and the temperature. The Mott-Schottky Eq. (1) conveniently
connects the physical property of the SCR capacitance on the one
side of the semi-conductor-electrolyte interface to the electrochemical

Electrochimica Acta 483 (2024) 144038

high- mid-frequency f
200 . : : . .
—~ 200 moa
=2 150 } 5—— -
E o 2MCseR » = = = BRI
NE150FE o0 it
N u
Q ' 50 i
m| !
S 100F o ]
8 0.00 0.10 0.20 1V
I
o inv. frequency ' (s) LI
E 50t Wl
_ gquuEEEEEg IIIJ
= L increasing
- ok . flrequenlcy f

0 20 40 60 80 100 120
re. impedance Z_ (Q2)

Fig. 1. Characteristic Nyquist plot of a porous silicon electrode in 1 moll~1 perchloric
acid at a static applied potential of 0.2V with frequencies in the range of 100kHz
to 4.3849 Hz. The high-(100 to 1kHz) and the mid-frequency range (1000 to 4 Hz) are
indicated. In the inset the data points of the vertical increase regime at the lowest
frequencies (red indication) are plotted versus their inverse frequency f~'. A linear fit
to the data points yields a capacitance of cgcp = 0.21 mF.

property of applied potential £ on the other, solution side of the
interface. In a simple experiment, cycg is measured in dependence of
the applied, static potential E; so that in a plot of CS_CZR versus E, the
slope of the linear relation of the two

2
deger

JdE; = =2/eN,¢€. € 2)
yields the carrier concentration N, [45]. Eq. (2) therefore requires
the capacitance normalized to the electrode surface. Furthermore, the
sign of the slope indicates the doping type, either n- or p-type [31].
The flatband potential Ey, indicates the transition from the depletion
regime, where the SCR develops, to the accumulation regime, where the
SCR is annihilated by an opposite band bending at the interface. The
flatband potential Ep, can be determined in the plot of cZ2, versus E

SCR
by the crossing point with zero, i.e. at c;2, = 0, where E = Ep +kpT /e.

SCR
The width w of the SCR is obtained by [46]
_ 2e.€ kgT
w—\/— o (E = En = =), 3

3. Results & discussion

An exemplary Nyquist plot of a porous silicon electrode in perchlo-
ric acid at a static potential of 0.2V with frequencies in the range of
100kHz to 4.3849 Hz is depicted in Fig. 1.

The course of the Nyquist plot closely resembles that of a typical
EDL charging process in an electrode.

At the highest frequency points, at low values for Z,., the onset
of a half-circle can be observed. Subsequently, following an inter-
mediate region, at lower f and larger Z_ the data points approach
towards a vertical increase. These features are typical for double layer
charging [47]. They will be further analyzed in the following.

The intersection at —Z;,, = 0 marks the resistance of the porous
silicon electrode [47] and it amounts here to 8.38 Q. Although the
half-circle is not particularly pronounced as compared to other elec-
trodes [47], it can be clearly identified. The diameter of the half-circle
determines the bulk electrolytes resistance [47]. It is here 82.1 Q, which
is in good agreement to literature [48]. In the vertical regime following
the half-circle, the data points converge to the cut-off frequency at
approximately f. = 4 Hz. The intermediate regime is not distinct, which
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Fig. 2. Mott-Schottky plot of a porous silicon electrode. The capacitance determined

by EIS is plotted as cg, versus E, the respective static potential. A linear data

fit yields a flatband potential of E; = 1.9 +£ 0.2V and a carrier concentration of
N, = (32 +0.5) - 10" cm™. The linear fit is only performed up until a potential of
1.2V. The line of the fit is then prolonged to mark the flatband potential at c¢gZ, = 0.

is an indication that the EDL charging is not inhibited by the resistance
of the bulk electrolyte [47].

In the subsequent vertical regime, solely at the lowest frequencies
near f,, the EDL can be considered as fully charged. An approximation
by an equivalent circuit of the Nyquist plot’s total course constitutes a
difficult endeavor as it is often equivocal and prone to errors introduced
by choosing an appropriate equivalent circuit [47]. However, in the
vertical regime a simple RC-circuit can be utilized to approximate the
EDL. The resistance can be identified with Z,., while the capacitance

re’

is connected to cgcg. Thus, Z;, simplifies to [47]

Zin = —m, for /< /. @
The data points of the vertical regime near f, are further analyzed
in a second plot, shown in the inset in Fig. 1. Here, —Z;,, of these points
is plotted versus f~!. Their linear dependence is clearly noticeable.
The slope of a linear fit to the data is given by 1/2zcgcg. Therefore,
it is possible to determine the EDL capacitance as cgcg = 0.21mF.
This is in good agreement to a value of 0.26 mF determined by cyclic
voltammetry, described in the supplementary information.

The described evaluation procedure for cycy is repeated for Nyquist
plots with different static potentials in the range of E, = 0.2V-1.7V.
Thereby, the data for a Mott-Schottky plot is obtained and the result is
displayed in Fig. 2. The values for cs‘éR are decreasing with increasing
potential E,. The data points decrease in a linear fashion until an
ensuing plateau is reached at approximately 1.4V and 7 mF~2. However,
around 1.0V the course deviates from the linear dependence and a
feature, that could be described as a peak, is present. Surface states
occurring on the oxidized surface [49] of the porous silicon electrode
would result in such a deviation to higher cgczR values [31]. A linear fit
to the data in the range up until 1.2V yields further insights. Firstly, the
intersection of the fit with CS_CZR = 0 at the abscissa marks the flatband
potential. A value of E;, = 1.9 + 0.2V is determined. That means,
up until Ey, the porous silicon electrode is in the depletion regime.
This value is larger in comparison to 0.38 V, which marks the flatband
potential determined in hydrofluoric acid as an electrolyte solution
and for, not porous, but bulk silicon with a resistivity four order
of magnitude lower [34]. Porous silicon with a higher conductivity
investigated in a non-hydrofluoric aqueous electrolyte might have a
higher flatband potential, as seen here [50].

To gain further insight, an equal EIS analysis is performed on
bulk silicon. The bulk silicon sample has the same properties as the
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Fig. 3. Mott-Schottky plot of a bulk silicon electrode in 1 moll~1 perchloric acid. The

capacitance determined by EIS is plotted as cS‘CZR versus the respective static potential

E,. cycr is determined via EIS measurements with frequencies in the range of 1 MHz

s

to 500mHz and static potentials in the range of 0.05— 1.5V. A linear fit to the Mott-
Schottky plot yields a flatband potential of Ey, = 1.4+0.1V and a carrier concentration
of N, = (2.6+0.3)- 10" cm~>. The linear fit is only performed up until a potential of
1.0V. The line of the fit is then prolonged to mark the flatband potential at cs’gR =0.

starting material for the porous silicon synthesis, in particular the
same resistivity as stated above. The bulk silicon sample is prepared
equally, i.e. the same anodic oxidation step is undertaken. The resulting
Nyquist-plots are analyzed in the same fashion as described above so
that cgcg is determined for different values of E; and a Mott-Schottky
plot is obtained, depicted in Fig. 3. It has a similar course compared to
the Mott-Schottky plot of porous silicon. CS_CZR decreases linearly until
a plateau starting at 1.2V is reached. A linear fit to the data yields a
flatband potential of Ef;, = 1.4+0.1 V. This value is larger in comparison
to a value of approximately 0.9V obtained for bulk silicon with an
identical resistivity in an EIS measurement conducted with 1kHz [51].
However, it has to be noted that this value is obtained in a hydrofluoric
acid electrolyte so without any oxide layer. The flatband potential here
determined for oxidized bulk silicon is slightly lower in comparison
to Ey, of oxidized porous silicon. Thus, porous silicon seems to have
an altered flatband potential compared to bulk silicon, which has been
reported before in literature [33,52]. The values reported before for a
porous silicon electrode are lower and in the range of 0.2V albeit in
a hydrofluoric acid electrolyte [33]. Moreover, this flatband potential
has been determined on a porous silicon electrode produced from bulk
silicon with a three orders of magnitude higher resistivity.

For both the bulk and the porous silicon electrodes a negative
slope of the linear fit can be ascertained. Thus, a p-type semiconductor
characteristic can be confirmed for the electrodes. Furthermore, the fit’s
slope yields the carrier concentration, see Eq. (2). A carrier concentra-
tion of N, = (3.2 +0.5) - 101°cm™3 is obtained for the porous silicon
electrode. The carrier concentration is slightly larger compared to the
one stated by the manufacturer, which has been reported before in
literature [51]. The fit of the bulk silicon’s Mott-Schottky plot yields
a carrier concentration of N, = (2.6 + 0.3) - 10!° cm~3, which is in good
agreement with the porous silicon electrode.

Finally, the knowledge of the flatband potential Ey, and the carrier
concentration N, enables a computation of the SCR width within the
pore walls of the porous silicon electrode. The boundaries of the applied
potential £ 0.0V and 1.2V lead to width values of w = 8.9 + 0.2nm
and w = 5.5 + 0.1 nm. These values seem reasonable as the pore wall
thickness is well within this range.
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4. Conclusion

In summary, we successfully investigated a porous silicon electrode
with respect to a capacitive charging of its electric double layer in an
aqueous, non-hydrofluoric electrolyte solution by technique of electro-
chemical impedance spectroscopy. The Mott-Schottky analysis yields
insight into the energetic band structure within the porous silicon pore
walls as it was possible to determine the flatband potential and the
width of the SCR of the porous silicon electrode. In particular, the
flatband potential is significantly altered as it shifts from 1.4 + 0.1V
to 1.9+ 0.2V by the introduction of pores into a silicon electrode.

Overall, this study provides unique insight into the interaction
between the semiconductor properties of porous silicon and its electro-
chemical features. Here, it could be interesting to further investigate
porous silicon’s potential in terms of a supercapacitor application [53].
A direct measurement of the band bending occurring at the interface,
by technique of e.g. photoemission spectroscopy (PES) or scanning tun-
neling microscopy (STM) might benefit this research area. Furthermore,
research into a hybrid material with a deposited metal layer onto the
pore walls of porous silicon could benefit from the presented study. The
goal to create such a material combination could be to influence the
capacitive or conductive features of porous silicon. This hybrid sample
type would establish a semiconductor-metal contact at the interface
of the pore wall which, in case of a Schottky contact, resembles the
electrolyte-semiconductor interface.
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