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Abstract—Porous silicon (PS) with high porosity is used in energy storage, solar photovoltaics, and sensing
applications. The anodization method is the most widely used fabrication method since it is easy and eco-
nomical. However, the method has various interdependent controlling parameters to fabricate PS, such as
wafer resistivity, current density, hydrofluoric acid concentration, and anodization time. The parameters
need to be optimized for a particular application to achieve the optimum porosity with fewer accouterments
and time. The optimization can be carried out using the Taguchi design of experiment, which is based on the
fractional factorial orthogonal array (OA). Mean output parameter graph, Signal to noise ratio, and interac-
tion plot help to decide the interdependency and the optimized parameter for the desired output. The opti-
mization achieved is validated by the factorial design of experiments.

Keywords: porosity, Taguchi design, orthogonal array, signal-to-noise ratio

DOI: 10.1134/S0036024423040295

1. INTRODUCTION

Porous silicon (PS)—a derived anisotropic and
moreover homogeneous material from silicon—pos-
sesses tunable optical, physio-mechanical, and elec-
tronic properties such as porosity, surface area,
refractive index, and bandgap, to list a few [1]. Engi-
neering these properties via controlling the fabrica-
tion parameters led to the use of the free-standing PS
film for various device and storage applications such
as hydrogen storage, battery anode, sensors (bio and
optical), solar photovoltaics, optics (e.g., wave-
guides), and due to its structures and dimensions of
the pore [2—6]. Apart from formation parameters, PS
properties can be tuned on surface modification of PS
or implanting PS with foreign bodies such as enzymes
[7] and metals [8].

Scores of methods reported in [9] to fabricate PS
films can be categorized into two major groups based
on the synthesis approach: top-down and bottom-up.
The top-down procedure, such as ultrasonication
[10], metallothermic reduction [11], and anodization,
removes clusters of Silicon crystals from the substrate
either chemically or physically. The bottom-up
approach, such as microemulsion [12] and solution
synthesis [13], arranges Si clusters to form bigger crys-

tal structures, leaving space in between. Anodic etch-
ing or anodization is a widely used technique to form a
porous layer on the surface of a silicon substrate [14].
Control over the porosity of the layer depends on the
controlling parameters such as electrolyte concentra-
tion, the resistivity of the substrate, anodization time,
and the anodization current. Porosity can be mea-
sured by the gravimetric method or by the Brunauer—
Emmett—Teller (BET) technique directly [15]. The
controlling parameter for the thickness of free-stand-
ing PS film is majorly the anodization time [16]. To
optimize the morphology of the film, controlling
parameters need to be optimized first. SEM micro-
graphs can be used to determine pore size, pore size
distribution, and film thickness.

The desired application governs the requirement of
a particular property of the PS film. Since several
parameters simultaneously affect the outcome, a set of
parameters need to finalize to achieve an optimized
structure for the application. Achieving the optimiza-
tion of performing physical experiments, also known
as the Factorial method, is a tedious and expensive
stint considering the numerous possible combinations
of parameters. To save the resources, the design of
experiments (DOE) using optimization methods (e.g.,
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Fig. 1. Schematic flowchart of the porosity experimental design and procedure.

Response surface design, mixture design, optimal
design, and Taguchi design) is an intelligent way out
[17]. DOE studies the combined effect of controlling
parameters variation having specific levels [18].

The Taguchi design is a statistical technique of
optimization that uses fractional factorial design and
orthogonal array (OA) [19]. The OA is the orthogonal
matrix of fabrication parameters and parameter levels.
A mixed OA is constructed if the parameter levels are
different for the controlling parameters. The method
helps design a minimum possible experiment using the
OA to test the effect of the controlling parameters on
the outcome. The first step is to construct the param-
eter matrix and prepare OA to carry out the Taguchi

Table 1. Parameters and their levels employed in Taguchi
design of experimental matrix (L18) for optimization of
porosity parameters

Current, A 0.1 0.2 0.3 04 | 0.5 0.6
1 2 3 4 5 6

Levels

Resistivity,

O em 0.001-0.005

0.01—0.02

Levels 1 2 3

Electrolyte
concentration

Levels 1 2 3

1:4 3:7 2:3
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design. A reduced number of experiments with the
controlling parameter combinations suggested by OA
are then carried out, and the desired output parame-
ters are measured. Using software like “Minitab
20.3.0,” the data obtained is analyzed to calculate the
signal-to-noise (S/N) ratio and interaction of param-
eters [20]. Either of three strategies decides optimiza-
tion: larger-the-better (for maximization), smaller-
the-better (for minimization), and nominal-the-best
(for a particular fixed outcome or around the target).
The algorithm to carry out the DOE using the Taguchi
design is depicted in Fig. 1. The objective of the paper
is to study the application of Taguchi Design to
achieve optimal controlling parameters for PS fabrica-
tion for a particular application.

2. EXPERIMENTAL

Experimentation uses Silicon substrate (p-type and
thickness ~250 £ 25 um) with three different resistivi-
ties (0.001—0.005, 0.01—0.02, and 1—10  cm) to form
PS using the anodization method (refer to Fig. 2a) for
various controlling parameters and levels as tabulated
in Table 1.

The substrate is dipped into 40% HF for two min-
utes before anodization to remove native oxide formed
on Si surface. The effect of HF concentration involves
three different electrolyte concentration (HF to etha-
nol) ratios: 1:2, 3:7, and 2 : 3. The anodization cur-
rent applied for 20 min and varied between 0.1 to 0.8 A

No. 4 2023
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Fig. 2. Schematic of (a) fabrication porous silicon free-standing film, (b) pore and its terminology.

decides the level. Electropolishing at 2 A for one min-
ute follows anodization, which lifts off the PS film
using the two-step separation method. The porosity of
the film is measured by gravimetric analysis. The
porosity is maximized using a larger-the-better S/N
ratio approach. S/N ratio is determined by Eq. (1),
where n is the number of experiments and y; is the
response of each orthogonal array experiment [21].
Similarly, porosity can be minimized using a smaller-
the-better S/N approach, where S/N is determined
using Eq. (2)
Larger-the-better:

S 1<
ﬁz—lologi—ny], (D

ni=

Smaller-the-better:
S e 2
= =10log| - 7. 2
N g[n ;:1 B% ] (2

3. RESULTS AND DISCUSSION

When the anodization current increases, increased
H* and F~ ions collide with the Si surface to increase
the etching rate. The highly resistive wafer does not
allow the low anodization current initially. However,
as the pore grows gradually, the resistance decreases,
allowing current to flow and increase porosity. The
thickness and porosity of the PS film increase linearly
with etching time. Due to prolonged chemical dissolu-
tion (anodization time), porosity and pore diameter
increase.

The pore diameter and porosity decrease as the
concentration of HF increases. The space charge layer
width, which is decided by the anodization current
and HF concentration, formed between the substrate
and electrolyte, determines the pore size and wall

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 97

thickness (refer to Fig. 2b). Due to the overlap of the
two space charge regions at the entrance of adjacent
pores, the substrate surface is depleted of carriers and
is not conducting. When continued, it leads to pore
collapse and merging. As a rule of thumb, if the pore
wall thickness is more than twice the space charge
layer width, it depletes the carriers, and etching con-
tinues horizontally. However, the pore formation con-
tinues vertically until the reaction is allowed to con-
tinue.

For a PS formed for controlled space charge layer
width, the wall thickness is relative to the difference
between the dissolution rate near the pore bottom (/)
and the dissolution rate at the pore tip (Z,). If I, is com-
parable to I, significant dissolution occurs near the
pore bottom forwarding the vertical etching. Con-
versely, if /, is small compared to [, the ions at the
pore tip propagate relatively faster, promoting hori-
zontal etching. The etching stops at the pore tip due to
alack of carriers; however, it is still ongoing at the pore
bottom. Thus, the pore on the walls due to horizontal
etching becomes smaller, making the pore wall
between the adjacent pore thicker.

Figure 3a shows a Scanning Electron microscopic
(SEM) image of PS film synthesized on p-type (0.01—
0.02 Q cm) with the anodizing current of 0.6 A, HF to
the ethanol concentration ratio 2 : 3. The dependency
of porosity on various controlling parameters is shown
in Fig. 3b.

If the Full Factorial design is implemented, the
total number of experiments required would be 54.
This number reduces to 18 if the proposed Taguchi
design is used for the number of levels of controlling
parameters is considered.

Table 2 represents the orthogonal array matrix con-
sisting of controlling parameter levels, the outcome as
mean porosity, and the average S/N ratio. The Tagu-
chi design is appropriate for an experiment with suffi-
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Fig. 3. (a) SEM image of the surface of PS synthesized by optimized parameters and cross-section image in the inset, (b) variation
of porosity with current density for substrates of different resistivity and 1 : 4 electrolyte concentration ratio.

cient control parameters, enough levels, and multiple
responses. If the controlling parameters for any exper-
iment have different levels, an array cannot be formed
for mixed design.

The pore morphology during the synthesis exhibits
thin pore walls or the annihilation of walls. A well-
accepted argument is that gravimetric analysis is not the
best method to measure the porosity of the PS film. The
errors shown by the method can be significant and

unpredictable since the sources of errors are: moisture
in the film and errors in the weights due to drying.

The mean porosity and S/N ratio graph at different
anodization current, resistivity, and HF concentration
levels are shown in Fig. 4. Suppose for an application;
it is desired to maximize the porosity using a larger-
the-better approach the set of controlling parameters
would be anodization current of 0.4 A, substrate resis-
tivity of 0.001—0.005 Q cm, and 2 : 3 concentration

Table 2. Orthogonal array (Lg) of the Taguchi design for optimization of the controlling parameters

Controlling parameters Output parameter
Experiment — Mean S/N ratio,
sequence current, A resglzst::/;ty, concentration ratio| mean porosity, % dB
L, 0.1 0.001—0.005 1:4 64.92 36.25
L, 0.01-0.02 3:7 15.76 23.95
L; 1-10 2:3 77.67 37.81
Ly 0.2 0.001—0.005 1:4 70.67 36.98
Ls 0.01-0.02 3:7 29.82 29.49
L¢ 1-10 2:3 73.90 37.37
L, 0.3 0.001—0.005 3:7 51.44 34.23
Lg 0.01-0.02 2:3 27.98 28.94
L, 1-10 1:4 36.15 31.16
Lo 0.4 0.001—0.005 2:3 70.94 37.01
Ly 0.01-0.02 1:4 33.82 30.58
L 1-10 3:7 89.11 38.99
| 0.6 0.001—0.005 3:7 50.84 34.12
Lis 0.01-0.02 2:3 36.92 31.35
Lis 1-10 1:4 52.60 34.42
Lis 0.8 0.001—0.005 2:3 72.95 37.26
L 0.01-0.02 1:4 41.37 32.33
Lig 1-10 3:7 43.85 32.84
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vol. 97 No. 4 2023
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Fig. 4. The graph of mean porosity (%) and signal-to-noise (S/N) ratio at: (a) anodization current levels, (b) resistivity, and

(¢) HF and ethanol concentration ratio.

ratio (experiment sequence L,,). Whereas, if needed to
minimize the porosity using a smaller-the-better
approach, the optimized condition set would be the
anodization current of 0.3 A, substrate resistivity of
0.01—0.02 Q cm, and 2 : 3 concentration ratio (exper-
iment sequence Lg). Though the combinations in
experimental sequence L;, Ly, Lj,, and L¢ result in
mean porosity greater than L, the Taguchi design
finalizes the L, considering the effective mean of the
porosity (refer to Fig. 4b). The effective mean of the
porosity for resistivity ranges 0.001—0.005, 0.01—-0.02,
and 1-10 are 63.76, 30.95, and 62.21, respectively.
Hence the resistivity range 0.001—0.005 gives the
highest effective mean porosity; the Taguchi design
initially optimizes the same and proceeds further to
select the optimal anodization current and concentra-
tion ratio. Among the parameters affecting the poros-
ity, resistivity is the most important, followed by anod-
ization current and electrolyte concentration ratio
(resistivity > anodization current > concentration
ratio). S/N ratio decides the most affecting controlling
parameter to the output parameter. However, there is
no correlation between the S/N ratio and the optimal
mean output parameter.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYA  Vol. 97

The Taguchi design predicts maximum porosity of
70.94% as it uses the mean effect of each parameter
and provides the average results. Figure 5 represents
the interaction graph of optimizing parameters. The
interaction of anodizing current and resistivity in
Fig. 5a shows anodizing current at 0.4 A, and resistiv-
ity at 1—10 € c¢m has the highest porosity, 89.11%. The
interaction of anodizing current and concentration
ratio in Fig. 5b shows at 0.4 A, anodizing current and
concentration ratio at 3:7 has maximum porosity,
89.11%. However, Fig. 5c shows that resistivity at 1—
10 Q cm and concentration ratio at 2 : 3 has a maxi-
mum porosity of 75.78%. As explained above, the
mean porosity calculated in the OA gives only the
average porosity for each experimental sequence
rather than the sufficient condition for optimization.
Hence, considering all the parameters effects, the
anodizing current, resistivity, and concentration ratio
areat 0.4 A, 0.001—-0.005 Q cm, and 2 : 3, respectively,
providing the maximum mean porosity.

Table 3 concludes the effect of four controlling
parameters on the porosity, etch rate, and thickness of
the PS film as reported in the literature and confirmed
by the Taguchi design carried out. These four can be
divided into two groups: group I parameter has a pro-
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Fig. 5. The interaction graph of mean porosity with (a) current and resistivity, (b) current and electrolyte concentration ratio, and

(c) electrolyte concentration ratio and resistivity.

nounced effect on the film properties as it affects the
distribution of etching reaction, whereas group II
parameters are less dominant, affecting the carrier
density at the surface of the pores.

As per the requirements for the application of PS
film, the controlling parameters may be chosen to fab-
ricate PS films. Silicon with higher porosity is helpful
for gas sensors [22] and photodetectors [23]. Although
high surface area and decreased refractive index improve
optical performance, increased porosity reduces
mechanical strength and increases the electrical resis-
tance of the free-standing porous film. The Low-poros-

ity surface is preferred for storage applications such as
solid-state hydrogen storage and battery anodes due to
increased adsorption-desorption cycle life.

4. CONCLUSIONS

The optimization of three controlling parameters,
anodizing current, resistivity, and HF to ethanol con-
centration ratio, was performed to optimize the poros-
ity using the Taguchi design. The total number of the
experiments was reduced by 66.7% using an orthogo-
nal array in the case studied. The S/N ratio obtained

Table 3. Individual Parameters’ effect on the porosity, etch rate, and PS film thickness

Group and its effect Porosity parameter Porosity Etch rate Thickness
I: Distribution of etching reaction | Resistivity/doping density T ) l J
II: Carrier density at the surface HF concentration T l l T
of the pore Anodization current T T T T
Anodization time T T — T
* Where, T represents increase and d represents a decrease.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A Vol. 97 No. 4 2023
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concludes that resistivity is the most influential
parameter, followed by anodizing current and concen-
tration ratio. Depending upon the application, Tagu-
chi design helps to reduce the physical number of
experiments to fabricate PS thin films while choosing
optimized controlling parameters.
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