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Mesoporous silicon photonic structures with thousands of periods

Sergey E. Svyakhovskiy,? Anton |. Maydykovsky, and Tatiana V. Murzina
Department of Physics, M.V. Lomonosov Moscow State University, 119991 Moscow, Russia

(Received 2 May 2012; accepted 24 May 2012; published online 5 July 2012)

In this work, we present the results on the fabrication and characterization of the structural and
optical properties of thick mesoporous silicon-based 1D photonic crystals (PC) containing up to
2500 periods (400 um thick) made by electrochemical etching in the hydrofluoric acid solution.
The composition of multilayered structures with good spatial periodicity up to thousands of
layers and with good reproducibility of porosity of alternate layers is demonstrated that is proven
by SEM measurements. Comparative studies of the reflectivity spectra from the front and back
sides of a thick free-standing PC also testify a good periodicity of the multilayer structure which
manifests itself by the appearance of the photonic band gaps. We demonstrate that the main
mechanism that restricts the fabrication of thick porous silicon-based photonic crystals is the
local decreasing of the HF concentration in pores. © 2012 American Institute of Physics. [http://

dx.doi.org/10.1063/1.4732087]

. INTRODUCTION

Wave propagation in periodic structures has been inten-
sively studied for a long time." A renaissance in the interest
in this area traces back to the end of the last century after the
appearance of the paper by Ref. 2, where the concept of pho-
tonic crystals (PC) was announced. Since that time, a number
of new effects were observed in PC such as an enhancement
of nonlinear optical effects, Borrmann effect, slow light, and
enhanced emission.>*

Among various methods for the fabrication of photonic
crystals, a special place belongs to porous silicon (PS) based
technique.” Numerous studies® have demonstrated that in case
of crystalline silicon with the surface orientation (001), the
electrochemical etching results in the formation of pores
growing in the direction perpendicular to the surface. The sur-
face densities of pores that are being randomly formed on the
silicon surface as well as the porosity factor, i.e., the volume
fraction of air in the PS structure, are controlled by the etching
parameters.” In particular, a multilayer structure can be com-
posed by the temporal modulation of the etching current as
the layers with different porosities, i.e., with different refrac-
tive indexes, are formed. The PS layers are oriented parallel to
the surface plane thus forming a periodic structure in the
direction that is normal to the surface or one-dimensional
(1D) photonic crystal. The thickness of the layer is determined
by the etching time and surface density of current.

Recently, a number of theoretical works appeared where
novel effects like spatial and temporal splitting of ultrashort
laser pulses® and the optical echo’ were predicted. At the
same time, practical implementation of these effects has
been lacking mostly due to a problem of fabrication of the
PC structures containing several hundreds of layers. The
most common fabrication techniques can hardly be applied
for the realisation of this task, so it was the main motivation
of our study: acoustic standing waves' cannot provide high
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refraction index contrast; holography and photopolymeriza-
tion'®!"" cannot provide high refraction index contrast and
high aspect ratio in one-dimensional case; spin coating'*"?
and spray coating'* cannot provide stable structures of high
number (100+) of periods.

In this paper, we present the results of the consecutive
study of the electrochemical etching procedure of porous sil-
icon PCs and demonstrate that under special efforts these
can be used for the fabrication of rather thick (up to several
thousands of spatial periods) 1D photonic crystals. The paper
is organized as follows. Section II contains the description of
the main experimental details of the electrochemical etching
procedure; in Sec. III, conditions of the stability of the etch-
ing process are studied and the influence of the hydrofluoric
acid concentration inside the pores on the parameters of thick
PC is described. In Sec. IV, structural and optical properties
of porous silicon structures are observed. Section V deals
with the unique properties of annealed porous silicon based
PC, followed by conclusions.

Il. EXPERIMENTAL PROCEDURES

Porous silicon samples were fabricated by the electro-
chemical etching of a p-type Si(001) wafers with the resistiv-
ity of 0.002 =+ 0.005 Q-cm in the electrolyte HF:H,O:ethanol
in proportion of 2:4:3 (HF concentration of 21% (w/w)) unless
otherwise stated. Silicon wafers were placed in a cylindrical
two-electrode electrochemical cell, where the Si plate was
used as the bottom electrode while a Pt wire as the top one.
The cell volume was approximately 20 cm® and the area of
the silicon anode exposed to the etchant was about 1.76 cm?.
The electric current density during the etching process was
modulated by a computer-controlled galvanostat P-5848.

The electrochemical etching results in the formation of
pores with the average diameter of about 10 + 60 nm grow-
ing in the direction perpendicular to the Si (001) surface. In
our experiments, photonic crystals were composed of a set of
two layers of high refractive index n; and the thickness d;
(low porosity layer) and of low refractive index n, and the

© 2012 American Institute of Physics

Downloaded 31 Jul 2012 to 93.180.54.99. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.4732087
http://dx.doi.org/10.1063/1.4732087
http://dx.doi.org/10.1063/1.4732087

013106-2 Svyakhovskiy, Maydykovsky, and Murzina

thickness d, (high porosity layer). The etching current den-
sities used for the composition of these layers were j; =10
mA/cm? and j, = 100 mA/cm?, respectively. Multilayer pho-
tonic crystals were composed by a consecutive repetition of
the necessary number of etching cycles as the time and cur-
rent density were fixed. The largest number of layers we
composed was 5000. The average thickness of the sample
was about 400 um and was restricted only by the thickness
of the silicon plate. The schematic view of the etching cell is
shown in Fig. 1. In order to make a free-standing PC, it was
released from the Si(001) substrate by a pulse of etching cur-
rent of about 1 A/cm?.

The etching procedure was automatized using a Lab-
VIEW (National instruments) computer program that was
applied to control the etching process.

It is known from the literature'> that one of the main dif-
ficulties in the composition of thick PC using the electro-
chemical etching procedure is the decrease of the etching
rate in of the deep PS layers. In order to avoid this, we have
introduced a mixing system within the cell intended to
improve the electrolyte circulation within the pores. This
system consists of mixing fan placed above platinum elec-
trode and an orbital shaker on which cell is mounted (Fig. 1).
The rotation of the orbital shaker enables the flow of the
etchant and provides an interfusion of the solution. The rota-
tion rate was selected to obtain the proper quality of the sam-
ple but should not exceed the threshold while the flow
remains laminar. Below, we compare the structural and opti-
cal properties of the PC samples made using this system and
without it.

Optical properties of the samples were characterized by
measuring their transmission or reflectivity spectra using a
set-up based on the spectrometer ASP-100 M. The optical
excitation of the structure was performed using a halogen
lamp which provided the illumination of the examined struc-
ture in the wavelength range from 400nm up to 1000 nm.
The calibration of the reflectivity spectra of the sample over
the excitation spectrum of the lamp was carried out in all the
measurements.

lll. CALIBRATION OF THE ETCHING PROCEDURE

In order to develop a reliable electrochemical technique
for the fabrication of a photonic structure with desired pa-
rameters, we have performed a set of calibration measure-
ments for uniform porous silicon films. Namely, the
dependence of the etching rate on HF concentration was

®

Mixing fan
(fixed) —
Cathode (Pt)—

Anode (Si)——=

Orbital shaker

FIG. 1. The schematic view of the electrochemical cell.
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measured, the dependencies of homogeneous PS film thick-
nesses on the etching time and the value of the etching cur-
rent as well as the PS porosity on the etching current and
time were revealed. The results of such a calibration were
used later for a proper choice of the etching conditions for a
composition of PS-based photonic crystals.

A. Estimation of porous silicon film thickness

First of all, it was necessary to develop a reliable probe
of the thickness of the PS film. We have implied two meth-
ods: (1) a direct measurement based on the observation of
the sample cleavage in an optical microscope and (2) the
analysis of the spectral interference pattern of the reflected
light. In our studies, we used both of them, while in spite of
a relative simplicity of the second one we will discuss it in
more detail. The point is that in order to estimate correctly
the thickness of a PS layer from the reflectivity spectra one
needs to know the dispersion of the refractive index of the
porous silicon layer, which in turn depends on the porosity.
In an effective medium approximation, the refractive index
of a porous silicon layer of a constant porosity f, i.e., the
bulk concentration of air, can be calculated from Bruggeman
formula'® for the effective dielectric constant of a silicon-air
porous media

Eair — Eeff

( _ Esi — Eoff
' 28eff + &air

7 2egpr + &si

=0, ey

where &5 = n%; and &, = n2, are the dielectric function of
silicon and air, respectively.

The reflectivity spectrum of a homogeneous film
depends on its thickness d and the effective refractive index
nefr = n(A) and is determined by a well-known expression:

2)

4
R(A) =1+ cos (%COSO),

where 0 is the angle of incidence of the light beam. For the
sake of simplicity, we will assume below 0 =0 and nd > 4,
where 4 is the wavelength of light. In the first approximation,
n(A) = const and the expression for the optical thickness of
the PS film takes the form

1/1 1 \!
n(ik)d = 5 (/1_1 — /1i+1> s (3)

where /; and 4;, are the wavelengths that correspond to the
neighbour interference maxima. For the case of n(1) # const

_ L (G nGi))
d_Z( ﬂ.i JVH_[ ) ' (4)

It stems from Eq. (4) that PS layer thickness d can be esti-
mated from the reflectivity measurements if the dispersion
n(2) is known. In case of porous silicon, the function n(1) is
determined by the dispersion of silicon ng;(4) and the poros-
ity f. As the function ng;(2) is well known,'” the approxima-
tion 4 for different interference maxima can be applied for
the estimation of the f value. Thus, both the thickness of a
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homogeneous porous silicon-based films and their porosities
were determined from the reflectivity spectra.

We have applied this method for the estimation of d and
f and have proven its validity by comparing the values of
these quantities with those obtained from the direct structural
measurements. It should be noted that the described proce-
dure is quite convenient as it allows to determine these pa-
rameters without performing SEM or AFM studies for each
particular sample.

B. Depth dependence of the etching rate on the
etching depth and current density

The dependencies of the optical (nd) and physical (d)
thickness of homogeneous porous silicon films on the etch-
ing time 7 are shown in Fig. 2. The values nd and d were esti-
mated from both the optical reflectivity measurements and
the optical microscopy. When fabrication the samples of ho-
mogeneous PS films for these measurements we used the
electrochemical cell with the mixing system. One can see
that the obtained dependencies are linear within the experi-
mental accuracy. This correlates with the results obtained
previously by other authors and allows to introduce the etch-
ing rate r that is determined as the ratio r = d/x.

Moreover, an important result here is that the refractive
index of a porous silicon film remains nearly constant up to
the thickness of d =50 um, which means that the porosity of
the PS layer remains constant at such film thickness. This
result supports the idea of a sufficient improvement of the
proposed etching technique.

As the next step, the dependence of the etching rate r on
the current density was measured; the obtained dependence
is shown in Figure 3. It can be seen that r is a linear function
of j in the whole accessible range of the current densities up
to 200 mA/em®.

It is worth noting that the linear character of d(t) de-
pendence is very important for the fabrication of PS-based
photonic crystals. It allows to provide the required thickness
of a PS layer with fixed porosity by controlling the etching

T T " nd:jl ° d’jl T T T

50 r I s l'ld,jz v d:jz } T
1
1
1
o .
~ Il
g I '
= 30+ 1 = .
] T '
e I - i
R -
ﬁ L %iz % Q . e
10} =< [) 2 -
0 |

0 400 800 1200 1600 2000

Etching time (s)
FIG. 2. The dependence of the optical (nd) and physical (d) thickness of po-

rous silicon films on the etching time for current densities of j; = 10 mA/cm?
and j, = 100 mA/cm?, HF concentration of 21 wt. %.
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FIG. 3. The dependence of the PS etching rate on the current density, HF
concentration of 21 wt. %.

time if all the other etching parameters are fixed. This is
exploited in our computer-controlled experimental procedure
of the fabrication of photonic crystals. Prior to making a pho-
tonic crystal, we performed the necessary calibration meas-
urements for each type of Si(001) wafers and the electrolyte
in order to estimate the etching rates r; and r, that corre-
spond to the two chosen values of the etching current j; and
J» (i.e., ny and ny). After that, the parameters ji, jo, 71, and r;
are introduced in the computer program which controls the
electrochemical etching procedure to achieve the ratio
nidy = npdy = 1./4, where 1 is the central wavelength of the
photonic band gap (PBG).

C. The role of HF concentration

It was mentioned above that the main problem in the
fabrication of thick PS-based structures is the decrease of the
etching rate » with the increase of the thickness of the porous
layer d. We have also observed this effect when making po-
rous silicon films or PC without mixing the solution during
the electrochemical etching. As all the other parameters of
the etching are controlled during the fabrication of the sam-
ple, it is evident that the decrease of  is caused by the reduc-
tion of the HF concentration participating in the process.

The reduction of the HF concentration can take place (1)
in the bulk of the solution due to a fast acid consumption
during the reaction and (2) a local reduction of the HF acid
concentration at the bottom of pores due to a low convection
rate of the electrolyte within the pores.

Simple estimations prove that the relative change of HF
bulk concentration during the fabrication of thick PS-PC is
less than 4%. It is known that in accordance with the reaction
stoichiometry,6 4 moles of HF are required for the anodiza-
tion of one mole of silicon. During the etching of a PS layer
of 400 um thick and of the porosity of ~0.5 about 0.002
moles of Si is anodized, which requires about 0.008 moles of
HF. Taking into account the volume of the electrochemical
cell (20 cm3) and the concentration of hydrofluoric acid in
the solution (about 21% (w/w) volume fraction), it gives
about 0.2 moles of HF. Thus, the possible decrease of the
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bulk concentration should be rather low, about 0.04 (down to
approximately 20%). This means that the main effect in the
decrease of the etching rate in case of thick PS-based sam-
ples is the local reduction of the acid concentration within
the pores.

In order to keep the HF concentration in pores the same
as in the cell volume a mixing system was introduced in the
electrochemical cell, as has been mentioned in Sec. II. The
idea was that such a procedure provides a certain constant
flow of the electrolyte in pores, thus only a rather small aver-
age bulk reduction of the HF concentration in the solution
would affect the etching process.

To prove this assumption, we checked by SEM measure-
ments that under the constant parameters of the electrochem-
ical etching and when mixing the electrolyte during the
fabrication the porosity of a PS film remains constant over
the whole film thickness. We have also measured the de-
pendence of the PS etching rate on the HF concentration.
The corresponding dependence is shown in Figure 4. It can
be seen that d(t) dependence is linear within the experimen-
tal accuracy within the variation range of the experimental
parameters. This property is also used for the controllable
growth of porous silicon structures with desired parameters.

The most convenient way to check the mechanical mix-
ing of this was to make a thick PS-based photonic crystal
with constant values 71,j; and 15,j,. Modification of the
microstructure of such samples with the thickness and the
corresponding changes of their optical properties should
reveal the HF concentration decrease. Such an experiment is
described in the next section.

IV. CHARACTERIZATION OF THE MICROSTRUCTURE
AND OF THE OPTICAL PROPERTIES OF THICK
PS-BASED PHOTONIC CRYSTALS

The main approach for the fabrication of PS-based pho-
tonic crystals is a periodic in time variation of the current
density and the etching time. We used the estimated values r
and f and optimised the optical thickness of the layers in
order to meet the requirement nd; = nd, = A/4, where 1 is

sf T T T T T T
70/ '
65!
60
55 . ]
5ol |
45/ '
4l T i
16 18 20 22 24 2 '

T
HH
1

Etching rate (nm/s)
i

24 26 28 30 32
HF concentration (w%)

FIG. 4. The dependence of the etching rate of porous silicon films on the
HF concentration for j = 100 mA/cmz; the mechanical mixing of the electro-
lyte during the electrochemical etching was realised.
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FIG. 5. SEM image of the porous silicon photonic crystal (PC-I) cleavage
(side view, layers are horizontal, etching direction is from top to bottom)
(a): for the layers with the numbers 1 <+ 25 (front side), (b): layers in the
middle of the sample, and (c): layers placed close to the back side of the PC
(numbers 988 -+ 1000).

the central wavelength of the desired photonic band gap. We
made two sets of free-standing photonic crystals each of
them composed of several thousands of layers. Estimated
periods D = d; + d, of the structures were Dy = 0.16 um.
The first and the second sets of samples (refereed below as
PC-I and PC-II, respectively) were made without and with
the mixing of the electrolyte, respectively.

Figure 5 shows the SEM images of the cleavage of
PC-I. Two areas corresponding to the layers with the num-
bers 1 = 14 and 988 + 1000 are presented. It can be seen
that the structure of the layers formed in the beginning and
in the end of the etching process is different, both the poros-
ity and the thickness of the layers are modified. The period
of this structure D; does not remain constant: periods in the
beginning and in the end calculated using fast Fourier trans-
form (FFT) of the SEM images are 160=*=7, 150=*7,
131 =7 nm. A continuous decrease of the thickness of each
type of PS layers that form the PC with etching depth was
observed. In accordance with the calibration measurements
described above, this testifies that the r value is decreasing.
The spatial period differs much for the first and last etched
sets of layers, thus the etching rate also differs much as the
thickness of the PS layers is increasing.

On the contrary, in case of PC-II, the SEM images
(Fig. 6) of three spatial regions are shown, placed close to
the front side, in the middle, and close to the back side of the
sample. These images reveal similar microstructure, i.e.,

k3

500 nm ;
—

FIG. 6. SEM images of the cross section of porous silicon photonic crystal
(PC-II) of 5000 layers (layers are horizontal, etching direction is from top to
bottom) (a): for the layers with the numbers 1 + 25 (front side), (b): layers
in the middle of the sample, and (c): layers placed close to the back side of
the PC.
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FIG. 7. Reflectivity spectra measured
from the front (solid line) and back
(dashed line) sides of free-standing pho-
tonic crystals fabricated (a) without and
(b) when mixing the electrolyte during
etching.
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the spatial periodicity as well as the diameter of pores are the
same. This is also illustrated by the FFT of these images
which prove that the spatial period is constant (calculated
periods of images are 160 = 7nm, 157 =7 nm, 150 = 7 nm,
respectively) throughout the structure if the mechanical mix-
ing of the electrolyte is introduced during the etching. Ap-
proximate diameters of pores measured in SEM image are
a;=30nm and a, =60nm for layers corresponding to cur-
rent densities of j; and j,, respectively.

This same conclusion was proven by the direct measure-
ments of the reflectivity spectra measures from the front and
back sides of thick free-standing PC fabricated without and
in the presence of mixing the solution. Figure 7 shows such
spectra measured in case of a PC-2, i.e., made when mixing
the electrolyte. One can see that both spectra reveal clear
photonic band gaps, which manifest themselves by a spectral
region with high reflectivity (low transmittance). What is im-
portant here is that the spectral positions of the PBG as well
as the reflectivity within the PBG are nearly the same, which
proves that such parameters of the PS structure as the spatial
periodicity, porosity of the layers, and quality of interfaces
remain constant within the structure.

These results prove that the described method of the
electrochemical etching can be applied for the composition
of PS-based 1D photonic crystals with the number of layers
of at least up to 5000. The total time required for this is about
6 h, while there are nearly no technological restrictions for
the composition of PC with the desired number of layers and
for a given spectral position of the PBG. The main difference
between the existing multilayer structures and PS-based ones
is that in the latter case there is no mismatch between the
crystalline lattices of the neighbouring layers, which is an
intrinsic property and a great advantage of porous silicon
based structures.

V. ANNEALED POROUS SILICON-BASED PHOTONIC
CRYSTALS

One of the main restrictions for the usage of PC is their
absorption in the visible spectral range. In case of porous sil-
icon, the transmission of the structure is determined by the
volume fraction of silicon which absorbs in the visible spec-
tral range. At the same time, an idea of making a periodical
stack of layers on the base of a transparent porous material
seems to be very attractive, as there is no principal restriction
for the fabrication of large number of layers as there is
intrinsically no lattice mismatch between the neighbour

700 800

Wavelength (nm)

layers. Another dignity of such structures which is also valid
in case of nonannealed PS is the possibility to infiltrate their
pores by functional materials which may change their refrac-
tion index under the external subjections and thus to tune the
PBG. These considerations determined the main motivation
for the development of the procedure of thermal annealing of
porous silicon based structures.

It is known'®'? that annealing of crystalline silicon in ox-
ygen atmosphere and at the temperature 7 > 900°C leads to
the oxidation of Si to SiO,. We annealed our PS-based struc-
tures under these conditions for 2h. Reflectivity spectra of
the PC prior to and after the thermal annealing are shown in
Fig. 9. The sample consisted of 1000 layers with the following
parameters: n; = 2.1, d =90nm, n, = 1.8, d, = 100 nm.
The PBG center was attained at Ay ~ 740 nm.

It can be seen that annealed PC also demonstrates the
PBG with the reflectivity of about 99%, which proves that
the high periodicity of the structure remains. At the same
time, a PBG blueshift of about 200 nm is achieved, which is
evidently due to the decrease of the PC refractive index as
silicon in the porous structure is substituted by amorphous
quartz. This transformation can be also noted by eye, as the
PC sample after the annealing becomes transparent (glass-
like) with a definite changing of colour from yellow to blue
under the variation of the angle of incidence.

The estimation of the oxide layer thickness?® for these
conditions is about 25 nm.

1.2 T T T T " T

non-annealed

------- annealed

0.8

0.6

Reflectivity

0.4

0.2

008 —t —
400 500 600 700 800 900
Wavelength (nm)

FIG. 8. Reflectivity spectra of the photonic crystal prior to (solid line) and
after (dashed line) the thermal annealing.
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Transmittance

0.0
500 600 700 800 900
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FIG. 9. Transmission spectrum of the annealed porous silicon photonic
crystal of 1000 layers (total thickness about 100 um). Inset: transmission
spectra of uniform 100 um layers of annealed porous silicon with the same
refraction indices ny, n, as layers of the photonic crystal.

The estimation of the effective refraction indices of the
each PC layer type was made using homogeneous annealed
porous silicon films. It shows that the effective values in
annealed sample for each type of layer are about n; = 1.48
and np, = 1.32, respectively. The thicknesses of films remain
unchanged according to accuracy of measurement. This esti-
mation gives the value of the PBG center for the PC with
di = 90nm, d, = 100nm of about 530 nm which stays in a
reasonable agreement with the experimental value (Fig. 8).

Figure 9 shows the transmission spectrum of the
annealed PC composed of 1000 layers. This spectrum repre-
sents total opaqueness inside band gap region and good uni-
form transmission beyond it. The decrease of the
transmission at short wavelength can be explained as Ray-
leigh scattering: the transmission of scattering medium is

T = i — e—UNz

5 6 /2 2

1 ’ azz%a_“c? 1) ’ )
0 A\t +2

where 7 is sample thickness, N is concentration of pores, a is
pore diameter, 1 is wavelength, and n is refraction index.
Transmission spectra of uniform 100 um layers of refraction
indices n; and n, (Fig. 9, inset) can be fitted with the function
f(2) =e " with parameters A; =2.6 x 10 um* and
Ay = 2.5 x 102 um*, respectively.

For z; =2z =100um, n; =148 and n, =1.32,
a;=30nm and a, =60nm, N;, N, obtained from porosity
calculated by Bruggeman formula 1 and A = 400nm,
the cross-sections of Rayleigh scattering are o) = 1.4
x107%cem? and o, = 1.5 x 1073 ecm?. Corresponding
transmission coefficients for 4 = 400nm are 7, = 0.9 and
T> = 0.4, which match the experimental result (Fig. 9, inset)

VL. SUMMARY

Summing up, we carried out the experimental studies
on the composition of porous-silicon based 1D photonic
crystals with large number of periods. An important role of

J. Appl. Phys. 112, 013106 (2012)

the concentration at fluoric acid inside the pores in the
electrochemical etching rate is demonstrated. Good quality
of the composed PC structure was confirmed by a compara-
tive study of the reflectivity spectra of the front and the back
sides of a thick free-standing PC.

Another issue to be pointed out here is the demonstrated
possibility for the fabrication of nearly transparent photonic
crystal based on the annealed porous silicon PC. The authors
prove that the temperature annealing of such structures
results in the formation of fused quartz PCs with good qual-
ity of photonic band gap. This opens exciting perspectives
for the applications of transparent porous quartz PC with
nearly no restriction for the desired spectral range.
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