
RSC Advances

COMMUNICATION

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

01
6.

 D
ow

nl
oa

de
d 

on
 3

/2
5/

20
26

 3
:1

9:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Fabrication of po
aCIICAp, UAEM, Av. Universidad 1001 Col.

Mexico
bDepartment of New Materials and Biosyst

Systems, Heisenbergstr. 3, 70569 Stuttgart,

† Electronic supplementary information (
experimental details, additional SEM ima

‡ Present address: University of Potsdam,
3, 14476 Potsdam, Germany, cpachols@u

Cite this: RSC Adv., 2016, 6, 21430

Received 15th December 2015
Accepted 17th February 2016

DOI: 10.1039/c5ra26816h

www.rsc.org/advances

21430 | RSC Adv., 2016, 6, 21430–2143
rous silicon-based optical sensors
using metal-assisted chemical etching†

R. F. Balderas-Valadez,a V. Agarwala and C. Pacholski‡*b
Optical biosensors based on porous silicon were fabricated by metal

assisted chemical etching. Thereby double layered porous silicon

structures were obtained consisting of porous pillars with large pores

on top of a porous silicon layer with smaller pores. These structures

showed a similar sensing performance in comparison to electro-

chemically produced porous silicon interferometric sensors.
Introduction

Porous silicon (PSi) is a versatile nanomaterial which has been
utilized in several applications such as optical switching, drug
delivery and sensors since its discovery in 1991.1 This material
has been extensively investigated as an optical sensor due to its
high surface area, high sensitivity and variety of optical trans-
duction possibilities, e.g. changes in uorescence or reectance
(interferometric sensing).2,3 It can be produced by electro-
chemical etching, stain etching, and metal-assisted chemical
etching.1 For fabricating highly reective PSi layers suitable for
interferometric sensing PSi was exclusively produced by elec-
trochemical etching – to the best of our knowledge. In an
electrochemical etching process a silicon (Si) substrate is xed
in an electrochemical etching cell, immersed in a uoride
containing etching solution and a current is applied. In the
electrochemical reaction the Si acts as anode whereas a plat-
inum electrode represents the cathode. Depending on a variety
of parameters such as the doping of the Si, the composition of
the etching solution and the applied current density different
porous structures can be generated. Thereby the current density
plays a major role in the resulting pore size and was successfully
exploited for controlling the pore diameter in the porous layer
Chamilpa, Cuernavaca, Morelos 62210,
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parallel to the substrate surface. In this way not only Fabry–Pérot
etalons, but also more elaborated optical structures such as rugate
lters andmicrocavities can be easily prepared. The necessary high
reectivity of the substrate surface is directly connected to the
growth mechanism of the pores in which the dissolution of Si
almost exclusively occurs at the pore tips.

In contrast, in stain etching the surface of the porous layer as
well as the pore walls can also be etched during the formation of
the pores leading to a porosity gradient in thick PSi layers.
Consequently, these structures show only low reectivity. The
development of this porosity gradient during wet chemical etching
of Si can be circumvented by utilizing metal-assisted chemical
etching (MACE). In this case a metal such as Ag, Au, Pt or Au/Pd is
deposited onto the Si substrate prior to the etching process. When
this metal-decorated Si substrate is immersed in a solution
composed of hydrouoric acid (HF) and an oxidant (typically
H2O2), the metal catalyses the dissolution of Si enabling the
preparation of elaborated PSi micro- and nanostructures.4–8 In
addition, by adjusting the composition of the etching solution the
porosity of the resulting PSi layers can be controlled sufficiently.
The characteristics of this technique have been reviewed in-depth
by Huang et al.9

The optical properties of PSi manufactured by MACE are
different in comparison to the optical properties of electrochemi-
cally etched PSi. Whereas both fabrication methods allow for the
preparation of uorescent PSi structures, only electrochemically
produced PSi shows high reectivity facilitating their utilization as
interferometric sensors. However, most structures obtained by
MACE are either disorganized (as nanowires) or too big to show
optical signals applicable for interferometric sensing purposes. In
fact MACE has proved to be a good option to synthesize antire-
ective surfaces (black Si).10 However, the benets of MACE for
preparing chemi-transistor sensors have been reported.11

The aim of the present work is to demonstrate that MACE
can be a powerful method for fabricating reective porous Si
structures capable of interferometric sensing. By using MACE
for sensor production a large variety of sensor designs including
micro/nanostructures are easily accessible.
This journal is © The Royal Society of Chemistry 2016
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Results and discussion

PSi sensors were fabricated in a two step process; namely by
depositing a gold nanostructure onto a Si substrate and
subsequent MACE using different etching solutions. A scheme
of the fabrication steps is shown in the ESI (Scheme S1†). The
gold nanostructure was a periodic hole array in a gold lm. A
similar procedure has already been published for PSi structures
with one pore size.12 Briey, hydrogel microspheres were self-
assembled into a loosely packed hexagonally ordered array on
a Si substrate and acted as a mask for subsequent gold depo-
sition by sputtering. Aer removal of the hydrogel mask by
ultrasonication, the gold decorated Si sample was placed face
down over an aqueous solution of HAuCl4$3H2O at 5% w/w and
0.65 mM of hydroxylamine hydrochloride. Aer 25 min the
sample was washed with water and dried with N2 stream. Then
the sample was ready for MACE. SEM images of the production
steps of the periodic hole array in a gold lm are shown in
Fig. S1.† MACE was carried out by immersing the substrate
subsequently in two different etching solutions: (a) ethanol
99.9%/HF 48%/H2O2 36% (referred to as ethanol etching solu-
tion, EES in the following text) and (b) water/HF 48%/H2O2 36%
(referred to as water etching solution, WES in the following
text), both in a volumetric ratio of 1 : 1 : 1. In order to demon-
strate the inuence of the composition of the etching solution
on the formation of PSi, two gold patterned Si substrates were
exclusively etched for 4 min with one of the above mentioned
etching solutions.

Then, the etching solution was removed to stop the reaction
and the samples were rinsed with ethanol and dried with
a stream of N2. Top-view images of the resulting PSi are dis-
played in Fig. 1.

In comparison, PSi obtained with EES has larger pores than
PSi formed in WES. For electrochemical etching of Si it has
already been reported that the addition of ethanol to the etching
solution results in the formation of larger pores and a more
homogenous porous silicon layer. These ndings have been
explained by the improved inltration of the ethanol containing
etching solution into the pores. In the case of water-based
etching solutions the inltration is hindered by the hydro-
phobic nature of silicon surface and by the attachment of
formed bubbles.13 Similar results were reported in the context of
fabricating biodegradable PSi barcode nanowires by Chiappini
et al.14 In accordance with their ndings, the presented experi-
ments prove that the pore size of PSi can be modulated for the
Fig. 1 Top view SEM images of PSi pillars obtained from gold-
patterned Si substrates after MACE treatment with two different
etching solutions: (a) ethanol/HF/H2O2 and (b) water/HF/H2O2.

This journal is © The Royal Society of Chemistry 2016
same wafer type by changing the composition of the etching
solution. In general it is assumed that the following reactions
occur during MACE.15

Cathode reaction (at the metal)

H2O2 + 2H+ / 2H2O + 2h+

2H+ + 2e� / H2[

Anode reaction

Si + 4h+ + 4HF / SiF4 + 4H+,

SiF4 + 2HF / H2SiF6,

Overall reaction

Si + H2O2 + 6HF / 2H2O + H2SiF6 + H2[

In this proposed reaction mechanism H2O2 reacts with the
metal nanostructure and the formed holes (h+) are injected at
the metal/Si interface into the Si valence band by diffusion.16

The hole injection due to H2O2 is too weak to result in signi-
cant etching by itself17 but the presence of the gold layer facil-
itates a stain etching mechanism leading to the formation of
pores. However, this model is still under discussion and there is
evidence that the holes cannot diffuse from the metal into the
Si. Instead a polarization of the Si substrates is suggested which
is based on the charging of the metal nanostructure aer hole
injection.18 Be that as it may, the formation of the presented PSi
structures with dual pore sizes could be explained by the
different availability of H+ and F� in the two employed etching
solutions. Dissociation of HF in uoride and hydrogen ions
should be inuenced by the presence or absence of ethanol in
the etching solution. This hypothesis is supported by the faster
reaction rate observed in WES in comparison to EES.

PSi sensors, composed of PSi pillars with large pores on top
of a PSi layer with smaller pores, were prepared by consecutively
etching gold patterned surface with both etching solutions
(EES and WES). First, 3 mL of EES was dropped onto the
substrate and aer a certain amount of time the reaction was
stopped by removing the etching solution. Aer rinsing the
sample with ethanol and drying it in a stream of N2, the porous
structure was immersed in 3 mL WES. This etching step was
carried out for several s to min. It was also terminated by rinsing
and drying. During the PSi fabrication two etching mechanism
were observed leading rst to the formation of a PSi monolayer
and aerwards to the generation of PSi pillars. These observa-
tions could be traced back to the ne balance between two
etching regimes: polishing (total dissolution of silicon) at the
silicon surface in contact with the deposited Au and pore
formation (partial dissolution of silicon) far from themetal. The
rate of the reactions corresponding to the two regimes are
inuenced by several parameters such as the initial resistivity of
RSC Adv., 2016, 6, 21430–21434 | 21431
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the silicon substrate, the concentration of ethanol and the
concentration of H2O2.14 Extensive experimental and theoretical
work would be required in order to unravel the exact reaction
mechanism. These experiments go far beyond the scope of this
communication and are still under investigation.

Fig. 2a shows a SEM image of a PSi monolayer which was ob-
tained aer etching the gold patterned Si for 75 s with EES. Etching
this sample aerwards in WES resulted in PSi structures whose
appearance depended on the reaction time. If the sample was
etched only for 90 s a PSi double layer was obtained (Fig. 2b). In the
SEM image a distinct interface between the two porous layers is
observed. Moreover, the PSi layers show differentmaterial contrast
indicating that the porosities of the two layers are different. Pillar
formation is limited and their height is less than 100 nm. A further
increase in etching time resulted in a simultaneous increase in the
length of the pillar structure and in the thickness of the bottom
layer. Aer an etching time of 120 s the interface between the two
differently porous layers almost coincide with the appearance of
pillars (Fig. 2c). Aer a reaction time of 150 s different pore sizes
within the pillars can be noticed (Fig. 2d). In Fig. 2e a SEM image of
a porous Si structure is displayed which has been etched 10 s
longer with respect to the sample presented in Fig. 2d. It can be
easily noticed that once the pillars cross the interface of the two
differently porous layers, the rate of pillar formation is increased.
This can be attributed to the decrease in the resistivity of the
second layer with respect to the rst layer due to the relative
difference in the pore diameter and hence in the thickness of the
pore walls. Related results have been reported for electrochemical
etching.13,19,20 Fig. 2f shows a magnied view of the pillar interface.

Top view SEM images of the double layered PSi pillar struc-
tures revealed that the top of the pillars was blocked by
an unidentied material (no more than 10 nm, Fig. S2†). This
layer was observed in all samples fabricated by the double
etching method.
Fig. 2 Cross sectional SEM images of the fabricated PSi structures. (a) PS
PSi-pillars bilayer: EES 75 s, WES 120 s; (d) PSi-pillar bilayer: EES 75 s, WES
pillar interface.

21432 | RSC Adv., 2016, 6, 21430–21434
In order to avoid the blocking of the pores, gold nanoparticles
were deposited in the holes of the perforated gold lm prior to
MACE (Fig. S3†). Details of the procedure can be found in the ESI.†
Fig. S4a and b† show SEM images of the resulting PSi structure
with open pores which has been tested as optical sensor.

The reectance spectrum is the base for PSi sensors utilizing
changes in the interference pattern of the porous lm for the
detection of analytes. The fringe patterns are caused by inter-
ference of light rays which are reected at the borders of the
PSi lm. Positions of fringe maxima can be predicted by the
Fabry–Pérot relationship:

mlm ¼ 2nL

here, m is an integer, lm the wavelength at which a fringe
maximum appears, n is the refractive index of the porous layer
and L is the thickness of the PSi layer. Hence changes in the
refractive index of the PSi layer by introduction of analytes into
the pores leads to a shi of the interference pattern (therefore
a shi in the optical thickness (OT)).21 This method is referred
to as reective interferometric Fourier transform spectroscopy
(RIFTS).22,23 The name originates from the fast Fourier trans-
form that is applied to the inverse of the reectance spectrum
(interference pattern) in order to obtain a characteristic peak
corresponding to the double of OT (2nL, twice the refractive
index times physical thickness).

The optical behavior of the fabricated PSi structures was
studied with the help of RIFTS (Fig. 3). In Fig. 3a(i) a reectance
spectrum of a PSi pillar structure obtained by MACE with EES is
displayed. The typical sinusoidal behavior, similar to an elec-
trochemically etched PSi monolayer can be noticed. Represen-
tative reectance spectra of double layer PSi pillar structures
with and without gold lm (shown in Fig. 2d, gold lm removed
with aqua regia) are depicted in Fig. 3a(ii) and (iii), respectively.
i monolayer: EES, etched for 75 s; (b) PSi bilayer: EES 75 s, WES 90 s; (c)
150 s; (e) PSi-pillar bilayer: EEs 75 s, WES 160 s; (f) magnification of the

This journal is © The Royal Society of Chemistry 2016
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The expected fringe pattern for a double layer with pillars is
obtained. An enhancement of the reectance signal was
observed aer the gold layer removal.

Fig. 3b shows the FFT obtained from the inverse reectance
spectrum of the double layer PSi-pillar structure, which is
characterized by three peaks at different OTs – in accordance
with published results for PSi double layers fabricated electro-
chemically.23 Peak 1 corresponds to the layer with pillars,
fabricated using EES, peak 2 can be assigned to the OT of the PSi
layer prepared withWES, and peak 3 is related to the average OT
of the two layers.

Finally, the presented PSi sensors, composed of a PSi bottom
layer with small pores covered with hexagonally arranged PSi
pillars with larger pores, were tested as a sensing platform for
protein A and sucrose. By using two differently sized biomole-
cules (sucrose: 342.30 g mol�1, less than 2 � 2 � 2 nm; protein
A: 42 kD, Stoke radius 5 nm) the special properties of the double
layer sensor can be demonstrated which acts as molecular sieve.
In the present case sucrose can enter both PSi layers whereas
protein A is only admitted in the top layer with larger pores. For
the sensing experiment the PSi sensor was rst oxidized in air at
300 �C for 1 h in order to increase its stability against corrosion
reactions.23 Aerwards, the sensor was placed in a ow cell and
Fig. 3 Optical characterization of the fabricated PSi structures. (a)
After each production step a reflectance spectrum was recorded.
Here, (i) is the spectrum of the structure obtained by etching with EES,
(ii) spectrum of the structure after the second etch step with WES, (iii)
spectrum of the PSi structure after gold removal. (b) The inverse
spectrum of the reflectance spectrum of the PSi structure was
analyzed using fast Fourier transform in order to obtain the charac-
teristic OT peaks.

This journal is © The Royal Society of Chemistry 2016
reectance spectra were recorded in real time with a ber optic
spectrometer during the exposure of the sensor to different
solutions. In general, three factors determine the magnitude of
the optical response of the sensor to the presence of analytes: (1)
changes in the refractive index of the buffer solution upon
addition of analyte molecules, (2) size of the analyte molecules,
and (3) the affinity of the analyte molecules to the sensor
surface. In the presented sensing experiment, sucrose is
detected by changes in the refractive index of the solution and
protein A leads to changes in the reectance spectrum due to
adsorption to the sensor surface. Details of these experiments
can be gleaned in literature.23,24 In Fig. 4 the shis of the
different peaks in the FFT of the inverse reectance spectra are
displayed which result from the penetration of sucrose or
protein A into the pores. Fig. 4a shows changes in the position
of peak 1 (Fig. 3b), corresponding to the porous pillars with
large pores during the sensing experiment.

It can be clearly seen that both analytes, protein A and
sucrose enter the porous pillars leading to an increase in the
OT. Furthermore, the admission of protein A to the pores is
relatively slow and its removal from the porous matrix surpris-
ingly fast. These ndings can be explained in two ways. On the
one hand the sensor is rinsed with 0.1 M acetic acid solution in
order to support the removal of protein A from the pores.24 On
the other hand the top layer possesses strictly speaking two pore
sizes: small pores in the pillars and the space between the
pillars. The presented optical sensor cannot distinguish
between these ‘pores’ and only detects the average refractive
index of the PSi layer.

The position of peak 2 related to the bottom PSi layer with
the smaller pores, does not shi during the exposure of the
sensor to protein A solution, i.e. that protein A is too large for
Fig. 4 Optical response of the presented PSi sensor expressed as
changes in the OT. Peak 1 corresponds to the OT of the pillar top layer
and peak 2 is related to the OT of PSi bottom layer with smaller pores.
The following solutions were consecutively flown over the sensor
surface: (i) PBS pH 7.4, (ii) 0.25 mg mL�1 protein A in PBS, (iii) 0.1 M
acetic acid followed by PBS pH 7.4, (iv) 0.25 mg mL�1 protein A in PBS,
(v) 0.1 M acetic acid followed by PBS pH 7.4, (vi) 20% w/w sucrose in
PBS, (vii) PBS pH 7.4.

RSC Adv., 2016, 6, 21430–21434 | 21433
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penetrating the porous layer (Fig. 4b). Only a smaller molecule
like sucrose provoked an increase in the OT of this peak. These
observations are in accordance with results obtained with
electrochemically fabricated PSi double layer sensors suggest-
ing the utilization of the presented PSi sensor as double beam
interferometer (separate sensing and reference channel).

Conclusions

PSi sensors composed of hexagonally ordered PSi pillars with
large pores on top of a PSi layer with smaller pores were fabri-
cated by a combination of colloidal lithography, gold lm
deposition and MACE. By changing the composition of the
etching solution in the MACE process differently sized pores
were obtained. The resulting sensors show the expected
sophisticated interference pattern in the reectance spectrum.
Its individual components are extracted from the spectrum by
FFT enabling the detection of refractive index changes in the
different porous ‘layers’ in real time. Thereby the penetration of
differently sized biomolecules, namely protein A and sucrose,
into the different PSi layers was successfully detected demon-
strating the applicability of the presented PSi structure as
optical sensor.
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