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Abstract. This paper explores the potential for diagnosing bacterial presence in biological fluids using
Fabry–Perot interference in silicon nanostructures with different morphologies. It compares the bacterial
detection capabilities of porous silicon films and silicon nanowires, specifically focusing on the detection
of Escherichia coli bacteria. The reflectance spectra of these nanostructures exhibit interference fringes
resulting from Fabry–Perot interference. By analyzing changes in the effective optical thickness of the
silicon nanostructures after bacterial deposition, the study concludes that silicon nanostructures with
varying morphologies can be effectively used for bacterial detection.
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Introduction

Escherichia coli (E. coli) is a bacterium commonly found in the lower intestine of warm-
blooded organisms [1]. While most strains are harmless, certain serotypes, such as En-
teropathogenic E. coli, can cause severe food poisoning and serious foodborne illnesses in their
hosts [2]. Major sources of Shiga toxin-producing E. coli outbreaks include ground meat prod-
ucts [3], dairy products [4], and vegetables contaminated by fecal matter [5]. In many cases, the
illness is self-limiting, but it can lead to life-threatening conditions, including Hemolytic Uremic
Syndrome, particularly in young children and the elderly [6].

Several methods are used for the detection of E. coli, including surface-enhanced Raman spec-
troscopy (SERS) [7], polymerase chain reaction (PCR) [8], and colony-counting techniques [9].
However, each of these methods has significant limitations. For example, SERS requires addi-
tional sample modification, PCR demands stringent laboratory conditions, and colony-counting
methods require 24–48 hours to produce results [10]. An alternative approach to bacterial detec-
tion involves exploiting light interference effects in thin porous films with different morphologies.
In this method, white light is reflected at the top and bottom interfaces of the porous layer,
generating Fabry–Perot interference. The frequency of this interference is determined by the
film’s effective optical thickness (EOT ) [11].

Biosensors based on silicon nanostructures have a wide range of applications due to their
high sensitivity and rapid response times. One such structure is thin films of porous silicon
(pSi), which are produced by electrochemical (EC) etching of single-crystal silicon (c-Si) [12, 13].
The adsorption of various biomolecules or cells on the surface of these nanostructures alters the
effective refractive index of pSi, leading to a shift in interference fringes and/or a change in their
amplitude [12-16]. Detection capabilities can be further enhanced by modifying the pSi surface
with antibodies or aptamers. It has been demonstrated that these functionalized structures, as
well as those without surface modifications, can detect H1N1 viruses [14], E. coli bacteria in
complex food industry process waters [15], and IgG binding [16].

Silicon nanowires (Si NWs) represent another type of silicon nanostructure commonly used
in the creation of biosensors [17]. The most widely used method for fabricating Si NWs is metal-
assisted chemical etching (MACE) [18]. Si NWs decorated with silver and/or gold nanoparticles
have been successfully employed in the detection of bilirubin [19], internalin B [20], and Listeria
innocua [21] using SERS. Additionally, nonspecific binding of the H1N1 virus to the surface of
porous Si NWs (pSi NWs) has been demonstrated through changes in Fabry–Perot interference
patterns [18]. By combining MACE with EC etching, double-etched porous silicon nanowire
arrays have been fabricated, enabling the development of an impedance sensor for the H1N1
virus [22] and an interferometric sensor for E. coli bacteria [23].

This work presents the detection of E. coli using Fabry-Perot interference in silicon nanos-
tructures with various morphologies. The detection capabilities of porous silicon and porous
silicon nanowires for E. coli are compared.
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1. Materials and methods

1.1. Fabrication of silicon nanostructures

Three different types of silicon nanostructures were prepared from p-type c-Si with crystal-
lographic orientation (100) and resistivity 1–5 mΩ×cm. All samples were cleaned in C2H5OH
before the fabrication:

1. ec-pSi.

Electrochemically etched porous silicon (ec-pSi) was prepared using EC etching of c-Si in a
solution of HF (48%) and C2H5OH with a 3:1 volume ratio, at an etching current density
of 385 mA/cm2 for 30 seconds.

2. sec-pSi.

Sacrificial-etched porous silicon (sec-pSi) was prepared using sacrificial EC etching of c-
Si. Initially, a c-Si wafer was etched in a solution of HF (48%) and C2H5OH with a 3:1
volume ratio for 30 seconds, at an etching current density of 300 mA/cm2. The sample was
then immersed in a 0.01 M NaOH solution, which dissolved the resulting porous structure.
Following this, the EC etching process was repeated under the same conditions.

3. pSi NWs.

PSi NWs were prepared using MACE method. Prior to etching, the c-Si wafer was cleaned
in a 5 M HF solution for 1 minute to remove any SiO2 from the surface. First, silver
nanoparticles were deposited onto the c-Si surface by immersing the sample in a solution
of AgNO3 (0.02 M) and HF (5 M) with a 1:1 volume ratio for 15 seconds. In the second
stage of MACE, the wafer coated with silver nanoparticles was placed in a solution of H2O2

(30%) and HF (5 M) with a 1:10 volume ratio for 20 minutes. Etching occurred in the areas
coated with silver nanoparticles, which penetrated into the c-Si and formed filamentous Si
NW structures. To remove the silver nanoparticles, the sample was subsequently placed in
HNO3 for 5 minutes.

1.2. Bacteria strains and growth conditions

E. coli strain JM109 maintained at -70◦C in 10% glycerol, was obtained from N. F.Gamaleya
National Research Center for epidemiology and microbiology. The bacteria were cultivated in
the Luria–Bertani (LB, VMR Chemicals, USA) broth at 37◦С with shaking at 180 rpm. Then,
it was centrifugated at 4200 rpm for 10 min; supernatant was removed, and the bacteria were
resuspended in sterile phosphate-buffered saline (PBS, pH 7.2-7.6, Sigma-Aldrich, USA). The
resulting suspension was stored at 4◦С.

1.3. Scanning electron microscopy

The structural properties of nanostructures were studied using a Carl Zeiss SUPRA 40 scan-
ning electron microscope (SEM). To visualize E. coli on silicon nanostructures prior to measure-
ments, the bacteria were immobilized on the substrates using a 2% glutaraldehyde solution in
PBS for 90 minutes, followed by a dehydration process utilizing an ethanol series ranging from
50% to absolute ethanol [15].
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1.4. Interferometric reflectance spectra acquisition

The reflectance spectra were measured in the spectral range 1500-5000 cm−1 using a Bruker
IFS 66v/S spectrometer.

1.5. Adsorption process of E. coli

Silicon nanostructures were immersed in solution of E. coli with concentration of 106 CFU/mL
for 15 minutes. The samples were then dried in a constant temperature oven at 37◦C.

2. Results and discussions

SEM micrographs of the silicon nanostructures with E. сoli are shown in Fig. 1. The thickness
of the ec-pSi is approximately 8 µm (Fig. 1a), the sec-pSi is approximately 7 µm (Fig. 1d), and
the pSi NWs is approximately 5.5 µm (Fig. 1g). Comparison of Fig. 1b and 1c with Fig. 1e and 1f

Figure 1. SEM micrographs of silicon nanostructures with E. oli: a) side view of ec-
Fig. 1. SEM micrographs of silicon nanostructures with E. сoli : a) side view of ec-pSi; b) top
view of ec-pSi; c) enlarged top view of ec-pSi; d) side view of sec-pSi; e) top view of sec-pSi;
f) enlarged top view of sec-pSi; g) side view of pSi NWs; h) top view of pSi NWs; i) enlarged top
view of pSi NWs. In the top-view SEM micrographs of the silicon nanostructures, bacteria are
pseudo-colored to facilitate observation
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clearly shows that the pores in sec-pSi are more "open" than those in ec-pSi, which is attributed
to the additional sacrificial EC etching. The pore size of the ec-pSi is approximately 5–10 nm
and the pore size of the sec-pSi is approximately 10–15 nm. The distance between nanowires in
the pSi NW sample is approximately 100–200 nm (Fig. 1h and 1i), which is significantly larger
than the pore size of pSi. Thus, in pSi, bacteria settle only on the surface, while in pSi NWs,
bacteria settle not only on the surface, but also partially in the pores between the nanowires.
In the top-view SEM micrographs of the silicon nanostructures, bacteria are pseudo-colored to
facilitate observation.

The reflectance spectra of nanostructures are characterized by the presence of interference
fringes obtained as a result of Fabry-Perot interference (Fig. 2a). EOT of silicon nanostructures
is calculated from the equation (1) [24]:

EOT = mλ = 2Lneff , (1)

where m is the spectral order, λ is the wavelength of light, L is the thickness of silicon nanostruc-
tures and neff is the effective refractive index. Applying the fast Fourier transform (FFT) to the
reflectance spectrum helps to find the difference in the EOT of silicon nanostructures without
and with bacteria.

The reflectance spectra of ec-pSi both without and with E. coli at a concentration of 106

CFU/mL are shown in Fig. 2a. The EOT calculated from these reflectance spectra using FFT
is presented in Fig. 2b.

Fig. 2. a) Reflectance spectra of ec-pSi without and with E. сoli at a concentration of 106
CFU/ml. b) Calculated EOT from the reflectance spectra using FFT

When E. coli was deposited on the surface of ec-pSi, the EOT decreased. This decrease
can be attributed to two main effects. First, the presence of bacteria on the surface increased
the overall thickness of the layer where interference fringes are observed. Second, the neff of
the layer decreased because the bacteria were deposited only on the surface of the porous silicon
film. Consequently, the upper part of the layer contained air and bacteria, rather than the silicon
material. The combination of these effects — an increase in layer thickness and a decrease in
neff — resulted in a reduced EOT .

The reflectance spectra of sec-pSi both without and with E. coli at a concentration of 106

CFU/mL are shown in Fig. 3a. The EOT calculated from these reflectance spectra using FFT
is presented in Fig. 3b.
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Fig. 3. a) Reflectance spectra of sec-pSi without and with E. сoli at a concentration of 106
CFU/ml. b) Calculated EOT from the reflectance spectra using FFT

A similar decrease in EOT is observed during E. coli deposition for sec-pSi. However, the
reduction in EOT for sec-pSi is more pronounced compared to ec-pSi. This greater decrease for
sec-pSi can be attributed to the increased openness of the pores on the surface after sacrificial
etching. This enhanced pore openness facilitates more efficient bacterial adsorption compared to
ec-pSi, which was produced using the traditional method.

The reflectance spectra of pSi NWs both without and with E. coli at a concentration of
106 CFU/mL are shown in Fig. 4a. The EOT calculated from these reflectance spectra using
FFT is presented in Fig. 4b.

Fig. 4. a) Reflectance spectra of pSi NWs without and with E. сoli at a concentration of 106
CFU/ml. b) Calculated EOT from the reflectance spectra using FFT

When E. coli were deposited on the surface of pSi NWs the EOT was increased. It can be
explained that because of the big distance between nanowires the bacteria deposited not only
on the surface, but also partially in the pores, which led to an increase of the EOT due to the
growth of neff and L.
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Conclusions

In this study, three different types of silicon nanostructures — traditional porous silicon film,
sacrificially etched porous silicon film, and porous silicon nanowires were prepared and evaluated
for E. coli detection using Fabry-Perot interference. Distinct effects on the EOT were observed
depending on the type of nanostructure. For both pSi, the EOT decreased upon bacterial
deposition. This reduction was due to the combined effects of an increased layer thickness and a
decreased effective refractive index, as bacteria were mainly deposited on the surface of the small-
pore-size pSi film, resulting in a layer predominantly composed of air and bacteria. However, the
reduction in EOT for sec-pSi is more pronounced compared to ec-pSi, that can be attributed to
the increased openness of the pores on the surface after sacrificial etching.

In contrast, the EOT increased for pSi NWs. This increase was attributed to the larger
spacing between the nanowires, which allowed bacteria to be deposited not only on the surface but
also partially within the pores. This deposition led to an increase in both the effective refractive
index and the thickness of the layer, resulting in a higher EOT. The observed differences in EOT

changes for pSi and pSi NWs underscore how the structural characteristics of the nanostructures
affect bacterial interactions and their impact on optical properties.

Overall, this study confirms that all three types of silicon nanostructures — pSi, sacrificially
etched pSi, and pSi NWs — are viable for detecting E. coli bacteria using Fabry–Perot interfer-
ence. Each nanostructure exhibited distinct responses in EOT changes upon bacterial deposition,
reflecting how structural differences influence sensor performance. Specifically, while pSi showed
a decrease in EOT , pSi NWs exhibited an increase. These variations highlight that the effec-
tiveness of bacterial detection can be significantly impacted by the nanostructure’s morphology.
Thus, this study not only validates the use of these silicon nanostructures for biosensing appli-
cations but also emphasizes the need to carefully consider structural characteristics to optimize
sensor design for specific detection tasks.
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Аннотация. В данной статье исследуется возможность диагностики бактерий в биологических
жидкостях с помощью интерференции Фабри–Перо в кремниевых наноструктурах с различной
морфологией. Сравниваются возможности обнаружения бактерий с помощью плёнок пористого
кремния и кремниевыми нанонитями, делая упор на обнаружение бактерий Escherichia coli. В
спектрах отражения от этих наноструктур наблюдаются интерференционные полосы, возникаю-
щие в результате интерференции Фабри–Перо. Анализируя изменения эффективной оптической
толщины кремниевых наноструктур после осаждения бактерий, в исследовании делается вывод,
что кремниевые наноструктуры с различной морфологией могут эффективно использоваться для
обнаружения бактерий.

Ключевые слова: пористый кремний, кремниевые нанонити, Escherichia coli, интерференция,
сенсорика.
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