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Abstract: In the present work, porous silicon (PS) based Bragg reflecto
are fabricated, and the reactive PS surface is passivatertags of thermal
carbonization (TC) by acetylene decomposition. The gasisgrproperties
of the reflectors are studied with different gas compos#tiand concentra-
tions.

Based on the results it can be concluded that thermally carbd Bragg
reflectors provide an easy and inexpensive means to procheraically
stable high quality PS reflectors with good gas sensing ptiege which
differ from those of unpassivated PS reflectors.
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1. Introduction

Properties of PS have been studied extensively since tbewvdisy of visible photoluminescence
at room temperature [1]. Interesting material propersash as a high internal surface area [2],
tunable refractive index [3] and biocompatibility [4], m&RS a strong candidate for a material
to be used in various applications. In particular, the lsspecific surface area of PS can be
utilized in different gas sensing applications. The adsonpof gas molecules into the pores
modifies the optical [5, 6] and electrical [7] propertieslod substance, and this can be used to
detect variations in the ambient gas atmosphere.

PS is usually manufactured from crystalline silicon withedectrochemical etching process
conducted in a hydrofluoric (HF) acid based solution. Theopity of the PS layer may be
controlled by adjusting the anodization current. From aticappoint of view, PS may be con-
sidered as a homogenous effective medium. The refractidexiof the layer depends mainly
on the porosity, and therefore it may also be altered eagihlanging the anodization current
density [8]. This allows the fabrication of optical interéace filters, such as distributed Bragg
reflectors and Fabry—Pérot filters, by simply producinglstaof carefully dimensioned PS
layers with alternating porosities [9, 10, 11]. The chagdstic feature of these multilayer re-
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flectors is a distinct reflectance band observed in the rafieetspectra. These regions of high
reflectivity, found at certain wavelengths, are due to thestwictive interference that takes
place in the filter structure. Moreover, infiltration of chieal species to the porous structure
affects the optical properties of the effective medium. €ampuently, PS interference reflectors
may be used for optical gas sensing by measuring the redshiith may be observed in the

reflectance spectra, when the reflectors are exposed toediffehemical vapours [12, 13].

The natural oxidation that takes place in as-anodized P&ddyas been the biggest obsta-
cle in developing practical gas sensing applicationszititj PS optical filters. This so called
ageing, i.e. progressive oxidation of the porous structig@ds to gradual blue shift of the
reflectance spectrum and may also impair the overall opgiedlormance of the multilayer
structure. Therefore, chemical stability is an importastie, especially in applications where
the reflectors are required to recover from multiple adsonpdesorption cycles. Stabilization
of PS multilayer structures by means of different oxidapoocesses, such as thermal [14, 15],
chemical [15, 16] and electrochemical oxidation [17], hasrbreported previously. However,
oxidation leads to a dramatic reduction of the specific serfarea of the porous structure,
thereby decreasing its sensitivity for ambient adsorbateaddition, the refractive index of
silicon oxide is lower than that of silicon, and this may havelesired effects on the optical
performance of the filter. Recent studies have shown thattfe stabilization of PS based
optical structures can also be achieved by thermally cazbanthe porous structure by means
of acetylene decomposition [18, 19]. Thermal carboniraimovides effective passivation of
the PS structure and preserves the majority of the speciffaciarea [20]. It also provides
the option of affecting the surface chemistry in a way th#tiesi hydrophobic or hydrophilic
surface may be achieved, simply by adjusting the treatneempérature [21].

In the present study, the gas sensing properties of theringdirocarbonized PS Bragg re-
flectors were investigated. For that purpose, PS reflecters exposed to different gas mix-
tures, and their reflectance spectra were measured as #@fun€atmospheric composition.
Furthermore, response time measurements were perfornoedénto study the responsiveness
of the devices.

2. Experimental
2.1. Fabrication of the Bragg reflectors

The samples were prepared by electrochemical etching ofanltmpedp™-type silicon sub-
strate, with resistivity of @1— 0.02Qcm and(100) crystal orientation. The electrolyte used
for the etching consisted of a 1:1 mixture of absolute ethand hydrofluoric (HF) acid (38
wt %). The production of Bragg reflectors was conducted byrotlimg the anodization current
density, while other etching parameters were kept constaetcurrent density was modulated
discretely between 10 and 100 mAcf) so that a Bragg reflector design consisting of 10 bi-
layers was reached. Proper etching times were calculateéteymining the formation rate of
the optical layer thickness for the particular current @& The etching times were 13.0 and
3.94 s, respectively. One etch cycle was comprised of egdiwin consecutive layers followed
by an etch stop of 1's, which was intended to level out possitateentration gradients in the
electrolyte solution inside the pores. The anodizatiomentrwas supplied by a computer con-
trolled Agilent Technologies N5749A DC power supply, whietabled accurate control over
current density and etching time.

The optical thickness formation rate was derived from @bticicknesses of PS single layers
produced with varying etch times. Reflectance measuremesres used to calculate the opti-
cal thicknesses, i.e. the product of the layer thicknessth@defractive index of the porous
material, for individual layers. Based on these calcufetjdhe etch times for Bragg reflector
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production were determined so that each layer fulfilled treegB condition:

Ao
nd=— 1
T (1)
wheren is the refractive indexd is the layer thickness andy is the resonant wavelength.
The optical layer thicknesses were adjusted in a way whistlted to stopband formation in
the infrared range. The resonant wavelength of the refleetas located in the proximity of
1400 nm. Obtained reflectance spectrum for one of the Bratggters fabricated is shown in

Fig. 1.

Reflectance

T T T T T T T T T T
1000 1200 1400 1600 1800 2000
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Fig. 1. The measured reflectance spectrum for a thermalliyolgdbonized Bragg reflector.

2.2. Thermal carbonization

After anodization, the samples were rinsed in absolutenethend then dried at room tempera-
ture for approximately 2 hours. The dried samples were plata sealed quartz-tube and kept
under constant nitrogen flow for 30 min. The treatment wasicoad by introducing an acety-
lene flow to the tube, and a continuous flow of acetylene amdgen in 1:1 volumetric fraction
was continued for 10 min. Finally the samples were placedfinr@ace and kept at 500 °C for
10 min in a constant flow of acetylene and nitrogen. After thathreatment the samples were
cooled down under constanbNow until they reached room temperature.

Temperatures below 600 °C enable the use of continuoudewetjush during the treatment
without problems arising from the graphitization of acety. Carbonization in this tempera-
ture regime also leads to a hydrophobic surface [22]. Hyklitimsurfaces may be obtained by
increasing the temperature used for the heat treatmened@88°C [22]. Therefore, surfaces
treated in higher temperatures can be used for humidityirsgapplications [23]. In general,
thermal carbonization has been found as an attractivdigttimn method for PS sensor appli-
cations [24].

2.3. Experimental setup

The thermally hydrocarbonized (THC) samples were placeal imeasurement chamber, into
which nitrogen flow was introduced through a gas line. Vapairvarying chemical species
were introduced to the chamber by bubbling a fraction of titw@gen carrier flow through a

liquid phase of the species studied. The total amount obgén flow was kept constant at
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250 ml/min, and the concentration of the studied chemicatigs was changed by modifying
the amount of nitrogen led to the bubbling chamber. Fourardform infrared spectroscopy
(FTIR) measurements were performed with a Perkin Elmer Bp@acBX FTIR spectrometer,
in order to determine the gas concentrations for differeuting fractions of the chemical
species studied. The studied chemical compounds and thedeatrations are presented in
Table 1.

Reflectance measurements were carried out in the infrange raith wavelengths extending
from 880 nm to 2000 nm. The electromagnetic radiation wagtetewith a 100 W Xenon short
arc lamp, and a monochromator was used for controlling theelgagth. The infrared radiation
was led to the measurement chamber via optical fibre, andefftected light intensity was
measured with an InGaAs-photodetector.

Table 1. Volumetric vapour concentrations obtained witfedent gas flow ratios. Gas flow
ratio indicates the fraction of the nitrogen carrier flow tedhe bubbling chamber.

Gas flowratio 0.2 0.4 0.6 0.8
Acetone 285% 8.38% 11.4% 12.7%
Decane 0.015% 0.044% 0.068% 0.088%
DMF 0.003% 0.011% 0.049% 0.063%
Hexane 2.99% 6.17% 8.64% 10.1%
Methylamine 3.84% 8.05% 11.5% 13.7%
Toluene 0.047% 0.052% 0.805% 1.33%

3. Results and Discussion
3.1. Effects of the atmospheric composition

A clear redshift in the reflectance spectra was observedliféhe gases studied. Moreover,
the value of the redshift increased as a function of the vaponcentration. This can be seen
clearly from Fig. 2, which presents the obtained redshdtsdifferent gas flow ratios. When
the redshifts are examined as a function of vapour cond@nra linear dependence between
the vapour induced redshift and the adsorbate concentredio be noted. An exception to this
trend is observed for hexane atmosphere, where the redskhifts to grow as an exponential-
like function of the concentration. However, since the disfpon in the measured reflectance
band redshift values, obtained for larger concentratidnisesane, is quite notable, definite
conclusions regarding its behaviour can not be made. Min@rgence from linear growth
may also be observed for smaller concentrations of decametilylformamide (DMF), and
toluene, but these differences are most likely caused bii sar@tions of the adsorbate vapour
pressure. The effects of hexane vapour exposure are pedsarfig. 3.

In addition to the spectral redshift, it became obvious thatoverall shape of the spectra
was also slightly altered when the reflectors were subjectéite studied vapours. This effect
is easy to understand, because the adsorbate gas modifastited properties of the effective
medium matrix. Even though the qualitative verificationli§tphenomenon is easily obtained,
a quantitative analysis method that would allow a simplérgiable method for spectral shape
alteration comparison, is difficult to develop. In order tomitor the spectral alterations, the full
width at half maximum (FWHM) values of the reflectance spestopbands were measured.
From the measured FWHM values, it can be concluded that seetiecane and methylamine
have the strongest effects on the shape of the spectrum. BdB&ne and toluene also affected
the observed shape, but in most cases their influence waigibégl A clear increase in the
FWHM value was observed for acetone vapour. For higher atretions, the increase was as
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Fig. 2. The measured redshifts for different flow ratios. Tedshifts presented are the
mean values of three measurements. Standard deviatidmefdiata points is also included

in the graph.
1.0+
0.8
[0
o
G 06
=
O
Q
D 04
e ' i
Nitrogen flow
N B Hexane 2.99%
0.24% - Hexane 6.17%
,,,,,,,, Hexane 8.64%
00 - Hexane 10.10/Io

. T T T T T T
1200 1300 1400 1500 1600
Wavelength [nm]

Fig. 3. Redshift induced by hexane vapour adsorption to tineys structure.

large as 10 nm, which is almost 7 % of the initial FWHM value led stopband, measured in
pure nitrogen flow. It is normal that the stopband FWHM valneréases when the specrum
shifts to larger wavelengths, but for acetone the obsena@ase was too large to be explained
by this phenomenon. Contrary to acetone, decane caused a&&ade in the observed FWHM
value. Itis also noteworthy that the decane concentrati@ne extremely low, when compared
to those of acetone. Figure 4 shows the measured FWHM vadugefumction of gas flow ratio
for acetone, decane, and methylamine.

Vapour induced spectral alterations may provide meanstairobelectivity for optical sen-
sors, as presented in Fig. 5. It can be seen from Fig. 5(&)thkee is no notable difference
in the observed redshift of the reflectance spectra stoplvameh the reflector is subjected to
acetone and methylamine vapours. However, when we looleattipband alteration, it can be
noted that acetone causes an increase in the FWHM valuegeahardecrease is observed for
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Fig. 4. Full width at half maximum values as a function of gasvflratio for acetone,
decane, and methylamine.
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Fig. 5. The acetone and methylamine induced spectral riéslsiithe resonant wavelength
are almost identical, as shown in graph a). However, theanfia that the adsorbants have
on the shape of the observed spectrum is totally differeneténe widens the stopband,
whereas methylamine has the opposite effect. This behagaube seen for the FWHM
values recorded for the reflective stopbands, which arepted in graph b).

methylamine. This is illustrated in Fig. 5(b), in which tredio between the normalized value
of the transformed FWHM (FWHM) and the normalized initial FWHM (FWHMW) value is
shown for different concentrations. The ratio is describgthe expression:

FWH Mtr/Atro FWH M’[r)\ino

= ) 2
FWHMin/Aino FWHMinAwo @)

whereAyg is the resonant wavelength for the shifted spectra’gds the resonant wavelength
of the initial reference spetrum. Normalized FWHM valuesevased here to rule out the
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influence of the stopband growth caused by the spectraltstdtger wavelengths.

It is reasonable to assume that several properties of therlzate gas affect the detected
reflectance spectrum. The refractive index, dielectricstamt, and saturated vapour pressure
values for the studied vapours are presented in Table 20édth the refractive index and the
dielectric constant are in close relation to each othersthtc dielectric constant evaluated for
a frequency of zero is a better measure for permanent eeliole moments than the refrac-
tive index. It can be seen that acetone, DMF, and methylaimne relatively large dielectric
constant values, when compared to decane, hexane, andeparel more importantly that the
values do not correlate with the refractive index valuesgkalielectric constant values would
provide a logical explanation for the alterations observethe reflectance spectra stopband
width, since dielectric constant, or more precisely théedigic function, describes the interac-
tion between the incident electromagnetic wave and therbdat-adsorbate system. However,
as it was previously stated, DMF, which has the largest digteconstant value, does not ex-
hibit notable changes in the FWHM value of the stopband. €wmely, decane which has a
fairly low dielectric constant value causes a substangatease to the observed FWHM value.
Therefore, it is rather obvious that the differences obsgin the stopband width are not di-
rectly related to the dielectric constant value of the adlater gas molecules.

Table 2. Refractive indices, dielectric constant values and the saturated vapour pres-
sure valuegy for the studied substances [25, 26The pg value for methylamine is for a
solution consisting of 60% water and 40% methylamine.

Chemical species n £ Po [mbar]
Acetone 1.359 20.49 246.0
Decane 1.409 1.985 1.900
Dimethylformamide 1.431 38.25 3.600
Hexane 1.375 1.882 165.3
Methylamine 1.351 12.65 646.6
Toluene 1.497 2.374 38.00

Alternative explanation for the changes in the FWHM valukthe reflectance spectra may
be found from the adsorption behaviour of the adsorbate gdsaules. The width of the re-
flectance spectrum stopband is related to the refractiveximiifference of the high and low

index layers [27]:
M — ﬂarcsin(u) . (3)
Ao T Ny +Np

The high index layers of PS Bragg reflectors result from a f@tehing current density. Small
current density also produces pores with a smaller porausadiherefore, some adsorbate
molecules might have a higher affinity to one of the layer $ypghich would explain the
observed changes in the stopband width. For example, the tircrease in the stopband width
caused by decane, might be explained by a higher affinityasthall refractive index layers.
The behaviour observed for acetone and methylamine, shotigi 5, can be explained by as-
suming that they produce the same change in the overaltigfaefractive index, but affect
the high porosityif.) and low porosity i) layers differently.

The effect of the adsorbate refractive index was also censt] but no direct correlation be-
tween the refractive index and observed redshift of thegtdiee spectra was found. However,
the vapour induced redshift seems to be connected to theasadwapour pressure valugpf
of the adsorbate molecules. This is presented in Fig. 6nibeaseen that there is a correlation
between the relative redshift aipg values of the studied vapours. The relative redshift vedue i
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basically the redshift gradient, which was obtained byedéhtiating the redshift in respect to
the vapour concentration. Based on Fig. 6, it can be condltitE gasses that possess a small
po value produce a larger relative redshift. This in turn willega better sensitivity for those
kinds of gasses.

T T T T T T
= Decane '
6 i
DMF =
S |
) ]
< Toluene Methylamine
<
24 Hexane .
£
04 Acetonem .
—1——
0 1 2 3 4 5 6 7

In[p,]

Fig. 6. A correlation between the relative redshift and @eiated vapour pressure values
was observed. Low value of the saturated vapour pressuie teaa higher sensitivity for
the gas molecules.

3.2. Response time measurements

Response time measurements were carried out by monitdréngeflected light intensity at a
fixed wavelength. The wavelength was set at 1520 nm. Thisleagth was chosen, because the
right-hand side of the stopband is located in this regiorer&fore, redshifts related to the gas
adsorption will cause a rise in the photodiode output vataihis behaviour is demonstrated
for methylamine in Fig. 7.

The time-resolved measurement, presented in Fig. 7, shHmatghe reflector gives an im-
mediate response, when methylamine vapour is introductitetmeasurement chambett at
20s. It can also be seen that the output voltage of the phuitedincreases in co-ordinance with
increasing concentration, as expected. However, for lnighecentrations, the voltage signal
does not level out during a 3 min exposure time. This phenamén most likely related to
the adsorption properties of methylamine. Similar measerds performed for acetone and
hexane vapours are presented in Fig. 8. The reflector respemven faster for acetone and
hexane, and the voltage signal level seems to balance oltlinslalso noteworthy that the
recovery time after vapour exposure is fast, and the sigrtatms to its original value, even
after several cycles of adsorption and desorption. Theorespand recovery times for decane,
DMF, and toluene vapours were also found fast.

Reflector response is closely related to the adsorptionepties of the studied vapour. Ad-
sorption process, is determined by the properties of therbdte and the adsorbent. Therefore,
the observed response time is not the same for differenturapBor example, the polarity of
the adsorbate may influence its probability to stick to aageisurface. Adjusting the pore size,
should allow the fabrication of a surface that is more ativado certain molecules, making
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Fig. 7. Time-resolved photodiode response measurememntdtirylamine vapour at a fixed
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Fig. 8. Time-resolved measurement that describes the tedldight intensity atA =
1520 nm. Acetone and hexane were introduced in the measorerthamber with a ni-
trogen carrier flow at = 20s and flushed away fat 200s.

the reflector response faster. However, in the case of dpéflactors, the optical parameters
for individual layers also require careful consideratibherefore, fine-tunement of the etching
parameters for enhancing the adsorption of certain gasgistiné a long and tedious process
with little practical relevance.

3.3. Effects of thermal carbonization

It has been reported that the effects of thermal carbooizddiC) on the optical properties of
the reflector are quite small [28]. For example, the changgsthe PS surface passivation has
on the resonant wavelength are much smaller than, e.gr@téetmical oxidation [17]. In some
cases, TC treatment may even be used to increase the sen§ivie optical sensor [28].

As it was pointed out, the response times for thermally hgdrioonized (THC) Bragg reflec-
tors were fast. Hence, it can be concluded that the THC saitfeatment seems to be suitable
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for practical applications. Time-resolved measuremelsts i@vealed that the redshift caused
by vapour adsorption is a fully reversible process. Thisdats that the surface treatment has
succesfully stabilized the structure.

The hydrophobicity of the hydrocarbonized sensor was alstet! by exposing it to humidity.
There was no notable change in the reflectance spectra elsfwhumidity values up to
50 RH%. This demonstrates that the redshift observed féerdifit chemical vapours was not
caused by humidity.

4, Conclusions

Based on the presented results, we can conclude that thernyalrocarbonized PS Bragg
reflectors possess good gas sensing properties. The teaddhés obtained from the reflectance
spectra, were shown to increase as a function of the vapmaeoadration. It was also shown
that spectral shape alterations may provide some level@dtagty in gas sensing. The effect of
humidity as a cause of the redshift was also ruled out by ubmfydrophobic hydrocarbonized
silicon surface. This enables the use of the reflectors fecifip gas sensing purposes even in
humid environments.

Time-resolved measurements revealed that the sensorsgaradrapid response, when the
atmospheric composition is changed. Recovery time afteowaexposure was also found to
be fairly fast. Moreover, it was discovered that the sensars fully recover from multiple
cycles of adsorption and desorption. This quality is of thraast importance when practical
applications are considered. It basically demonstrategtblonged usability of the sensors,
which is a requirement for gas sensing applications.
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