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Abstract

Spectral characteristics of an interference optical filter based on a free-standing
mesoporous silicon film containing nematic liquid crystal E7 are studied
experimentally. The porous structure represents two distributed Bragg reflectors
divided by a quarter-wave microcavity having a resonance near 1600 nm. Optical
transmission spectra of the filter are measured in the temperature range from
27°C to 80°C. For the temperatures less than 62°C (a clearing point of the liquid
crystal), we have observed continuous red shift of resonant wavelength of the
microcavity in the range of 11 nm. The therma dependence of the shift measured
by us has sharply increasing slope near the clearing point. The resonant
wavelength of the microcavity exhibits a slow linear decrease for the
temperatures exceeding 62°C. We have also studied the spectra of the filter under
local heating of the sample by a laser. Our results demonstrate that the laser
beam with the power of 100 mW provides total tuning of the microcavity.
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1. Introduction

Technology of electrochemical etching of crystaline silicon [1] alows quick and
relatively cheap fabrication of thin porous films having desired porosity distribution and
pore sizes. The depth distribution of porosity defines the effective refractive index profile
of afilm. For the near infrared (NIR) wavelength range, the effective refractive index of
porous silicon (PSi) can be varied from 1.1 to 3.5, while its optical absorption remains
quite low. In this connection multilayer PSi films find their applications in the NIR pho-
tonic devices such as distributed Bragg reflectors (DBR) with rugate [2] and step [3] po-
rosity profiles, microcavity structures[3, 4], and nonperiodic photonic quasi-crystals [5].
Open cylindrical poresin the PSi film can be easily filled with different substances
which modify its effective refractive index and, consequently, the optical output. This
principle is applied in porous biosensors [6]. If the pores are filled with an optically
tunable medium, then the optical properties of the PSi sample aso become tunable.
Liquid crystals (LC) are widely known for their significant optical anisotropy and high
sensitivity to external influences like temperature, mechanical strains, and electric or
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magnetic fields. Combination of a LC and multilayer PSi structures have given rise to
creation of interference optical filters based on multilayer porous DBRs, with electrically
and thermally tunable spectral characteristics[4, 7, §].

Porous structures for the devices mentioned above are fabricated by etching
electrochemically a crystalline silicon wafer in HF solutions, and than are filled with a
LC. However, the devices designed on a wafer have several disadvantages. (1) the wafer
is not transparent and so only a reflection mode is available; (2) a stable operation
requires capping of LC on the surface but this procedure is rather difficult technically [1,
4]; (3) apore has only a single open end, so that the LC usually occupies only about 50%
of the pore volume [9]. In this work we suggest a new design: infiltration of LC into a
free-standing (FS) PSi film placed in a plane-paralel glass cell. Spectral characteristics
and thermal tuning of the NIR interference filter based on such a multilayer porous film
are then investigated.

Temperature control would alow easy and reliable tuning of LC-based devices. Still,
the process manifests low performance and high energy consumption whenever the
tuning requires heating (or cooling) of great volume of the device. Minimising of the heat
exchange region can decrease power inputs and enhance a response speed of the device.
Local heating of a PSi film within the area of signal ray propagation can reduce linear
dimensions of the heated volume down to the thickness of this FS film itself (about
10 um). This is why the heat source should be placed inside a porous structure to
minimise heating of the glass plates. To solve this problem, we propose to use a powerful
visible-light laser beam, which passes the L C and the glasses almost without losses, but is
strongly absorbed in the PSi. Spectral characteristics of the interference filter based on
this FS PSi and the LC are measured at different values of the laser beam power.

2. Materials and methods

A highly doped p+-silicon with <100> orientation, 0.01 Q/cm resistivity, and 400 um
thickness was used as a substrate while fabricating our PSi samples. Silicon wafers were
electrochemically etched in an HF-based solution (50 wt % HF : ethanol = 3:7) in the
conditions of dark and room temperature [7]. The etch process is quasi-linear only for
short periods of time [1], because the reaction products cumulate at the etch zone and
change the electrolyte concentration. Therefore, pulses of electrical current were applied
with the duration of 0.2 s alternated with the pauses of 5s. The porosity of a single PS
layer was defined issuing from the value of the corresponding current density, in
accordance with the calibration data available in the literature [7-10] (the curves of the
porosity and etching rate versus the current density). The thickness of each layer was
defined by a quantity of discreet steps performed while etching the layer. The porosity of
alayer isknown to be related to its effective refractive index.

The structure designed by us has the scheme (LH)*10+(HL)*10, where H and L
stand for the layers with high and low porosity, respectively. The thickness d of the ith
layer fits to the quarter-wave condition for a given resonant wavelength 2 [11]:
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where n; is the effective refractive index of the layer and 6, the angle of incidence (only
the normal incidence, 6 = 0, is considered in what follows). Thus, the structure consists of
two DBRs having 10 haf-wave (LH or HL) periods each and represents an interference
filter with the first stop band at the resonant wavelength. Periodicity of the structure has
some defect in the middle made as a quarter-wave H layer, which serves as a microcavity
and givesrise to a sharp resonant transmission peak at /.

In the current research we aim at fabricating a sample having its transmission peak 1
within the C-band of the optica fibre telecommunication (1530-1565 nm). For this
purpose we have calculated the parameters of a multilayer composite medium containing
three substances (the air, silicon, and the LC) and meeting the condition given by Eq. (1).
The presence of the LC complicates these calculations because of the two reasons: (1)
anisotropy of the LC requires taking a spatial director distribution in pores into account,
and (2) the volume fraction of the LC in the composite is unknown. Therefore all the
calculations were performed for the LC being in itsisotropic phase and occupying 80% of
the pore volume [7, 8]. The effective dielectric permittivity ¢ of each layer was cal culated
using the Bruggeman effective medium approximation (EMA) for the three media[12]:
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where Eg € and € c ae the dielectric permittivities of the silicon, the air and the

ar
LC, respectively, and pg, Py, and p, - denote the corresponding volume fractions of
these media in the composite. Well-known dispersion curves for the dielectric
permittivities e and & ¢ were used during our calculations of ¢. Since the composite was
non-magnetic (1 = 1), the effective refractive index of alayer was equal to ¢¥? [11].

Thicknesses of the porous layers were found using Eq. (1). Several multilayer PS
structures were fabricated according to the following recipe: (1) the porosity 76%, etch
rate 160 nm/s, and 7 cycles with the current density of 250 mA/cm? for the H layer, and
(2) the porosity 61%, etch rate 63 nm/s, and 14 cycles with the current density of
80 mA/cm? for the L layer. The top and cross-section views of the samples (see Fig. 1a
and Fig. 1b, respectively) were made using a scanning electron microscope with a field
emission gun (SEM-FEG Gemini 300, Carl Zeiss). Using the photos shown in Fig 1, we
have assumed that the pores etched have the average diameter of 50 nm, which
corresponds to a threshold between the mesopores (2-50 nm) and macropores (over
50 nm) [1]. These pores are very convenient for creating PSi-based tunable optoelectronic
devices for the NIR range, since they are wide enough for good infiltration with active
liquids and, at the same time, their diameter is much less than the operating wavelength.
As a consequence, the porous composite behaves as an isotropic medium and can be
adequately simulated using the EMA.
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Fig. 1. SEM-FEG pictures of the PSi sample fabricated by us.

The multilayer PSI samples thus fabricated were made FS by means of the Turner
“lift-off” technique [13]: the current density was ramped to 800 mA/cm? at the end of the
etch process. The latter value corresponds to electro-polishing mode and results in
detachment of PSi film from the substrate. The technique allows one to fabricate several
FS structures on the same wafer, without disassembling of anodisation cell. The first
sample, being etched directly from the wafer surface, has bottle-shaped pores [1, 6] and
the top nanoporous layer (a few nanometres thick) gradually turns into the mesoporous
Si. Nonuniformity of the structure causes strong mechanical strains and damage of the FS
film during electro-polishing. Thus, the first sample is auxiliary: tips of the etched pores
remain on the Si surface [6], then a new etching process starts in these tips, and all the
next samples are etched without nanopores. Each pore in the FS film is open from both
ends, so it can be easily filled with the LC. Treatment of the fresh samples with the
KOH/ethanal solution for 15 min enlarges the pores [5] and dlightly improves infiltration
of theLC.

The FS PSi film thus fabricated (see Fig. 2) was placed between two flat-parallel
glass plates separated by 12 um thick mylar stripes (2-3 um thicker than the PSi film).
Then the glass cell was infiltrated under vacuum with a nematic LC mixture E7 in its
isotropic phase. Low pressures provided removal of both air and moisture from the LC,
while high temperatures reduced its viscosity and so enhanced the infiltration. Finally, the
cell was sealed up with an ultraviolet adhesive glue NOAGS.
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U 2 2 A

Polymer - A
glue ‘

Mylar, ‘

spacer

7
Free-standing porous film with LC a

Fig. 2. Scheme (a) and top-view picture (b) of experimental sample under study.
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Spectral characteristics of the sample were measured using a variable-angle
spectroscopic elipsometer VASE® from JA. Woolam Company. A monochromator of
VASE® had the operating wavelength range from 270 to 1700 nm and the spectra
resolution of up to 2 nm. We used afitting facility of WV ASE32® software to specify the
parameters of the multilayered PSi structure and the LC confined in it. During the
measurements, the PSi-based interference filter was placed in a hot stage from CaLCTec
S.R.l., which was mounted on the sample holder of VASE®. The hot stage was able to
control sample temperature in the range from the room temperature up to 200°C with the
accuracy of 0.1°C. We investigated also local sample heating by means of Ventus 532
(Laser Quantum), with a continuous operation at 532 nm. The size of the laser beam spot
was controlled using a collecting lens with a 10 cm focus. The output power of the laser
was governed by the power supply current and was measured in front of the sample by a
power and energy meter Nova (Ophir Optronics Ltd.).

3. Results and discussion

The transmission spectrum measured for the empty FS PSi film is shown in Fig. 3a by
dots. The spectrum is typical for the Bragg reflectors: one can see the stop band in the
range of 1180-1450 nm, and a number of side lobes. A presence of microcavity explains
a sharp transmission peak |ocated within the stop band at 1291 nm.
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Fig. 3. Transmission spectra measured and fitted for the cases of (a) empty
experimental sample and (b) sample filled with E7 (in the nematic and
isotropic phases).

The analysis of our experimental data has been performed using the WVASE32®
software. The optical model of the structure under test contains al of its layers, including
the glass plates and the 2-3 um thick LC layer above the filled PSi film. The porous film
is represented by a stack of uniform layers, with the effective refractive indices
determined by means of the Bruggeman EMA. The geometry of the porous structure (i.e.,
the porosity and the thickness of the layers) has been obtained by the fitting procedure
that matches the curves generated by the model (see the dashed line in Fig. 3a) with the
experimental data. The procedure is based on minimising the mean sguare deviation. We
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have found the following porosities: 78.4% for the H and 62.3% for the L layers. Their
deviations from the values 76% and 61% implied in the fabrication recipe are caused by
imperfections of the calibration data. The fitted thicknesses are 228 nm for the H and 191
nm for the L layers.

The transmission spectra of the sample after its infiltration with E7 were measured at
27°C and 80°C (see respectively the dots and circlesin Fig. 3b). The lower temperature
value corresponds to the nematic phase and higher to a deep isotropic phase of E7. As
seen from Fig. 3, the resonant peak of the microcavity is shifted by 328 nm towards the
red side if compare to the spectrum taken before the LC infiltration. This shift is caused
by increase in the effective refractive indices of the porous layers occurring after
substitution of air with the LC. The transmission of the sample containing the LC at 27°C
is noticeably lower than that for the empty structure. In our opinion, this fact can be
explained by light scattering taking place within a relatively thick unaligned LC layer
between the PSi film and the upper glass. As against the spectrum for 27°C, the
dependence observed at 80°C is dightly red-shifted and the corresponding transmission
level approaches that for the empty sample, because of clearing of the LC.

A red shift of the microcavity resonance points to increasing effective refractive
index of the LC in the pores, owing to nematic—isotropic phase transition. The dashed line
in Fig. 3b represents the transmission spectrum generated by WVASE32® for 80°C. The
volume fraction of the isotropic LC has been found using the fit procedure, while the
geometry of the porous structure has been kept constant. The best fit corresponds to the
LC volume fractions relative to an empty pore volume (i.e., p.c /(1 — pg)) of 84% and
71% for the H and L layers, respectively. These values are significantly higher than 50%,
which is common for on-wafer PS structures [4, 9]. Thus, we have proved
experimentally that the FS-based designs provide better LC infiltration. This aspect is
very important for the tunable devices since the amount of the active medium would
define the tuning range.

The measured temperature dependence of the microcavity resonance shift is plotted
in Fig. 4. The shift increases nonlinearly with temperature and the slope of the
dependence sharply increases near 63°C. For the temperatures higher than 63°C the
resonant wavelength of the microcavity exhibits a slow linear decrease (the
approximation is shown by the dashed ling), which is typical for the isotropic E7 in abulk
cell [14]. We have observed reversible and quite reproducible therma tuning of the
samplein the range of 11 nm.

The spectral characteristics are measured within a small area of incident signal beam.
In other words, tuning of the FS PSi-based interference filter does not require heating of
the whole sample and the glass cell and so only small volume of the LC should be heated.
In this work we have studied the prospects for local heating of the operation area by
means of a laser beam. First, we have measured the spectra of the filter under
investigation at the room temperature (27°C). They have remained invariable up to the
power value of 180 mW. Still higher powers have been probed, resulting in darkening
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Fig. 4. Shift of the microcavity resonance versus temperature.

surface of the PSi film within the laser beam spot. It is apparent that the porous structure
has become damaged under these conditions. Aiming to protect the sample from a
thermal shock, we have displaced the collecting lens so that the laser spot has increased
up to 2 mm. Then the temperature of the hot stage has been raised up to 47°C. Such a
heating does not affect the spectrum, as evident from Fig. 4, though it should decrease the
laser power required for tuning the filter. Fig. 5a shows the spectra of the investigated
sample referred to the zero laser power (dots) and the power of 100 mW (circles). Here
the dashed lines show the positions of maxima of the microcavity resonance peaks. It is
seen that the power of 100 mW provides a red shift of the resonance peak by 11 nm,
which corresponds to the nematic-isotropic phase transition in E7, as stated above. The
results for the shift of the resonance peak are presented in Fig. 5b. This dependence is
evidently similar to that displayed in Fig. 4.
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Fig. 5. Experimental spectra of the filter under study for the two extreme
laser powers (a) and dependence of the microcavity resonance shift upon
the laser power (b).

Local laser heating gives some prospects for independent tuning of different parts of
the same sample, acting as individual thermooptic filters. As aresult, the overall size of
the tunable devices and the expended material would decrease substantially. Moreover,
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heating or cooling of a small volume occurs much faster than that for the whole structure.
Thus, we expect an increase of performance for the laser driven LC-based optical devices
by one or two orders of magnitude. The threshold laser power required for total tuning of
these devices depends on the size of heated area, the absorption strength in the medium,
and the losses imposed by reflection from the cell surface (about 30% for the oblique
incidence on the glass [11]). Consequently, the threshold power can be lowered by means
of antireflection coatings, laser beam focusing, and by combining the LC with dyes for
thevisible light.

4. Conclusions

We have fabricated and characterised optically an interference NIR filter. The device
contains a thin FS film of multilayer mesoporous silicon, forming a microcavity structure
filled with a nematic liquid crystal mixture E7. Thermal dependence of the spectral
characteristics of that filter has been investigated. We have observed a reversible red shift
of the microcavity transmission peak in the range of 11 nm.

We have found that the nematic LC occupies 84% of the pore volume in the FS
mesoporous silicon. This value is much higher than that obtained for the mesoporous
silicon on wafers. The FS PSi film enables operation of the device both in the reflection
and transmission modes, while the on-wafer designs are not transparent in the optical
range. Thus, the porous FS film technology has much more prospects for different LC-
based photonic applications than the on-wafer ones developed previously.

Local laser heating of the LC in pores has been suggested for tuning our optical
filter. We have found out that the 100 mW laser beam provides total tuning of that filter.
Some recommendations regarding lowering of the laser power threshold are given.
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Anomauin. ExcnepumeHmansHo 00CHiONCeHi CNeKmpanbHi Xapakmepucmuku iHmepgepeHyiiHo2o
onmuuHo20 pinempa, AKUll 6A3YEMbCA HA KPEMHIEGUX 8I00KPEMACHUX, Me30NOPUCTNUX NII6KAX, O
Mmicmamv  HemamuyHnuil piokui xpucman ET7. Ilopucma cmpyxkmypa cxkiadaemovcs 3 080X
PO3N0O0INeHuUx Opeciscokux 6i00UBAYi8, pPO30INEHUX UBEPMb XBUTbOBUM MIKPOPE3OHAMOPOM 3
pesonancom ¢ okoni 1600 wm. Cnekmpu nponyckanns Qinempa 00CrioHceHi 8 meMnepamypHii
obnacmi 6io0 27°C oo 80°C. [na memnepamyp nudcuux 6i0 62°C (memnepamypa npocsimnenns
PIOK020 Kpucmaiy), CROCMepieanocs HenepepeHe UepeoHe SMIUeHHs. Pe30HAHCHOI O06IHCUHU XGUTI
6 oonacmi 11 um. Temnepamypra 3anedicHicmb 3MIWeHHs € PI3KO 3DOCHAIOY0I0 8 OKOLL MOYKU
npocsimaenns. Pezonancha 006dcuna xeuni nposasise nogiibHe memMnepamypHe 3MeHueHHs Ol
memnepamyp, wo nepesuwyyiomo 62°C. B pobomi maxodc 00Crioxncyeanucy cnekmpanvii
Xapakmepucmuku @itempa npu TOKalbHOMY Haepiei 3paska iazepHum npomenem. Pezynomamu
cgiouams npo me, wo GnNIUE 1azepHo2o npomens 3 nomyxcricmio 100 mBm 3a6esneuye noeme
nepecmpoo8ants MiKpo pe3oHamopa.
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