
A

e
A
r
d
T
C
r
©

K

1

c
a
c
g
a
a
i
c
a
T
q
s
[

d

0
d

Materials Science and Engineering B  138 (2007) 293–297

Short communication

Photoluminescence response of gas sensor based on CHx/porous
silicon—Effect of annealing treatment

Be. Mahmoudi a,∗, N. Gabouze a, L. Guerbous b, M. Haddadi c, H. Cheraga a, K. Beldjilali a
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bstract

The most spectacular feature of porous silicon (PS) is its ability of emitting very intense visible light at room temperature and to use this light
mission as a sensor signal. In this paper, we report the sensitivity of porous silicon photoluminescence (PL) to carbon dioxide and propane gases.

hydrocarbon film has been applied to PS surface to enhance its luminescence since a complete surface passivation is important to suppress or
educe non-radiative recombination centres. The operation sensor effect is based on the variation of the photoluminescence of the CHx/PS region
ue to the interaction with gaseous substances. Presence of carbon dioxide reduces the PL intensity while propane provokes an opposite behaviour.

he PL quenching phenomenon leads itself to interesting optical sensor applications. The annealing effect on the photoluminescence of a p-type
Hx/PS has been investigated. The orange light disappears and an intense blue light is obtained. Moreover, the effect of this treatment on the PL

esponse of porous silicon in presence of CO2 and propane gases has also been studied.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

The discovery of room temperature visible photolumines-
ence (PL) from porous silicon (PS) has attracted considerable
ttention [1]. Due to its large internal surface and high
hemical reactivity with the environment, PS has stimulated
reat interest on sensing applications [2,3]. Properties such
s PL and electrical conductivity change when molecules are
dsorbed to the PS surface [4,5]. When an oxidizing or reduc-
ng gas interacts with the nanostructure surface, the local
harge transfer induces electric dipoles, which can either give
positive or negative contribution to the confining potential.
hese potential height variations may significantly change the
uantum wire electronic structure to a point where a clear
ignature is detectable in the optical and transport properties

6].

Stabilization of PS photoluminescent properties in the actual
evice is an important step towards the fabrication of devices for
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haracterization in reactive environments. As a matter of fact, the
ature of visible photoluminescence of PS has not been estab-
ished yet, as the efficiency and wavelength range of the emitted
ight can be affected by the physical and electronic structures of
S surface [7–9]. However, the most basic questions concern-

ng the origin of the PL of porous silicon films still remain not
ompletely understood.

Strong PL emission is generally in the red-green region and
lue light emitting porous silicon materials are difficult to pre-
are. Some approaches, such as high-temperature annealing,
oiling water treatment and carbon plasma implantation have
een attempted. Their objective is the same, reducing the size
f the silicon nanocrystal to further enlarge the band gap and a
lue light emission could result [10–12].

In this work, porous silicon coated with a hydrocarbon groups
CHx) was annealed at different temperatures, where the C will
eact with Si to produce SiC [13] and an intense blue light is
mitted from the thermally carbonised PS surface after annealing

t 600 ◦C.

Luminescence properties of modified PS samples towards
arbon dioxide and propane gases before and after the annealing
reatment were investigated.

mailto:benyahiabedra@hotmail.com
dx.doi.org/10.1016/j.mseb.2007.01.033
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[17]. In addition, another vibration band is clearly observed
around 1000–1290 cm−1 which is attributed to the Si CH3 sym-
metric bending at 1240 cm−1 (as a shoulder) and the stretching
vibration of SiOx bound confound to the Si O C vibration [18].
94 Be. Mahmoudi et al. / Materials Scienc

. Experimental procedure

One centimetre square PS samples have been prepared by
lectrochemical anodization from (1 0 0) oriented, 1 � cm p-
ype, 450 �m thick FZ-silicon wafers. The etching solution was
repared by the addition of methanol to 25% of an aqueous solu-
ion of HF. Etching was carried out as a three electrode anodic
rocedure at a current density of 15 mA/cm2 for 30 min. After
tching, the samples were rinsed in methanol and allowed to
ry under nitrogen. The samples were then stored in a dessica-
or until use. Before CHx deposition, the silicon samples were
ipped in a mixture of 1 M hydrofluoric acid and 2 M ammo-
ium fluoride solution for 1 min. Then, porous silicon samples
ere coated with hydrocarbon groups (CHx) by RF (13.56 MHz)
lasma decomposition of methane gas [14,15]. The deposition
ate was about 60 Å/min. The samples were divided into two
roups: the first group, without annealing, was analysed in the
ow of different gases. The second group was first annealed
t different temperatures from 200 to 600 ◦C for 30 min under
itrogen atmosphere and then exposed to a flow of the gas.

PL spectra were recorded at room temperature using an UV
ight (325 nm) from a Xenon lamp as the excitation source from
Perkin-Elmer LS-50B luminescence spectrometer. All spectra
ere corrected for wavelength dependent detection efficiency
sing the correction curve delivered by spectrometer supplier.
ensitivity: signal to noise is 500:1 rms, excitation and emission
and pass: 10 nm.

The sample holder was contained in a chamber, equipped with
quartz window, where a mixture of 100 ppm of CO2 or CH4 in
ir from certified bottles can be introduced monitoring pressure
nd flux. Knowing the volume of the chamber and by control of
he volumetric flow of the gas through the mass flow controllers
nd pressure of gas, we determined the mass concentration then
e carried out conversion into ppm.
Fourier transform infrared spectroscopy (FTIR) was used to

haracterize samples before and after the annealing treatments.
ll FTIR spectra were recorded at 4 cm−1 resolution in the
00–4000 cm−1 range with a Nicolet Nexus spectrometer in
ransmission mode.

. Results and discussion

The photoluminescence spectra of the porous silicon in as-
repared samples (a), coated with a CHx layer (b) and after
nnealing at 200 ◦C (c), 400 ◦C (d) and 600 ◦C (e) are presented
n Fig. 1.

As seen from this figure, the as-prepared PS sample shows
broad asymmetric PL band with an apparent maximum at

70 nm. The band intensity increases when the samples were
oated with a CHx layer of 240 Å thickness. And the orange light
s intense enough to observe with the naked eye with a maxi-

um PL peak intensity located at 623 nm. In a previous work
16], we have shown that an efficient visible PL was obtained

rom a hydrocarbon layer coated PS. Using FTIR analysis, we
educed that the contribution of a higher carbon content in the
S layer in the form of methyl groups bonded to the silicon,
s shown in Fig. 2, was probably the origin of the PL enhance-

F
d

ig. 1. Room temperature PL spectra of as-prepared samples (a), coated with a
Hx layer (b) and after annealing at 200 ◦C (c), 400 ◦C (d) and 600 ◦C (e).

ent. This could arise from exciton-like electron–hole pairs with
strong Coulomb interaction and the confinement of photo-

enerated electron hole pairs inside �-bonded ‘grains’ in the
olymer-like carbon films. However, the origin of luminescence
f PS still remains unclear and this seems to prevent us from
stablishing a definitive explanation for the origin of the PL.
ig. 2 compares the FTIR spectra from an as-prepared PS sam-
le and a CHx coated PS sample. In the 2100–2300 cm−1 region,
eaks related to Oy–SiHx stretching vibrations appear (O2SiH at
190 cm−1, O3SiH at 2248 cm−1) for the as-prepared PS sam-
le. An intense band located in the 1000–1100 cm−1 region
ttributed to Si O Si and Si Ox stretching vibrations indicates
n oxidation of the surface. This could be attributed to the Si H
ound oxidation in the etching solution and to exposure to ambi-
nt conditions. After CHx deposition, strong absorption peaks
ssociated with CHx species are found in the stretching region
850–2980 cm−1 and in the bending region 1300–1500 cm−1
ig. 2. Infrared absorption spectra of porous silicon before and after the CHx

eposition.
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Fig. 3. FTIR spectra for samples annealed at 200, 400 and

After annealing at 200 ◦C, the PL intensity increases sub-
tantially and shows a red shift of about 16 nm, as illustrated
n Fig. 1. But following annealing at 400 ◦C, the PL intensity
ecreases. When increasing temperatures to 600 ◦C, a remark-
ble PL enhancement in the blue region was observed. The
ell-known red emission is now totally absent, the original peaks

t 670 and 623 nm have been quenched. The PL arising from
S is generally located in the red and/or infrared spectral region
nd the blue band cannot be observed [19]. From our PL spectra,
he orange light does not reappear even after high-temperature
nnealing (>600 ◦C, not shown here). Hence, the quenching of
range light and resurgence of blue light are probably due to
he reduction of the size of the nanocrystallites in PS according
o the quantum-confinement effects. Therefore, to identify the
lue PL origin, luminescence is usually related to the change
f the surface composition of the samples annealed at different
emperatures.

In the FTIR spectra depicted in Fig. 3(a and b), peaks at 870,
040–1160, 2080–2190, 2250, 2850–2960, represent Si H2
cissor, Si O Si stretching, Si H stretching, O Si H stretch-
ng and CHx stretching respectively. After annealing at different
emperatures, the peak intensity at 2100 cm−1 associated with
i Hx bond stretching is reduced. Traces of SiHx have almost
ompletely disappeared in the sample treated at 600 ◦C. Com-
ared with the FTIR spectrum of the untreated CHx PS sample,
he peaks associated with CHx species (stretch 2800–3000 cm−1

nd bend 1300–1500 cm−1) have broadened significantly and
ecreased in intensity after annealing at 400 ◦C. After annealing
t 600 ◦C, the blue PL has some characteristic infrared vibrations
ith new peaks at 488, 800 and 1240 cm−1 in the FTIR spectrum

nd most of the hydrogen is desorbed from the surface. In this
ample, a sharp peak at 488 cm−1 is observed which indicates
he Si O C vibration. The 800 cm−1 peak represents stretch-
ng vibration of Si C bonds, while the band at 1240 cm−1 which
ndicates the symmetric bending mode of the CH3 attached to
ilicon, has a large intensity and becomes larger for samples
reated at 600 ◦C [20].

These results suggest that the increase in the blue band inten-
ity is likely due to the formation of these substances. In the other

and, the fact that no significant change occurs at SiOx peaks
fter annealing treatment indicates that the silicon oxide is not
he major source of luminescence and is a very small contributor
o the total luminescence from the sample.

o
t
t
P

C compared to the PS coated with CHx without annealing.

Other groups have previously studied the PL originating
rom SiC-related materials [21]. The PL peaks from porous
iC reported by some researchers were located in a range of
.4–2.7 eV [22]. Some results showed an intense blue light emis-
ion (454 nm) from carbon plasma-implanted porous silicon. It
as attributed to SiC nanoparticles or SiC-related luminescence

entres [12].
Biteen et al. attributed the blue shift of the silicon nanocrystal

hotoluminescence to the reduction of the size of the nanocrys-
allites in PS by an oxidizing anneal [23].

However, a model was proposed to explain the origin of the
L of porous silicon when the surface region is covered by a Si
ioxide layer [24]. Zhao et al. proposed that the electron–hole
airs produced in a nanoscale Si unit recombine to emit visible
ight through various luminescence centres, which are located
t the Si/SiO2 interface. In addition, the luminescence centres
re located on the surface of nanoscale Si units when the sur-
ace region is not covered by SiO2. By introducing appropriate
uminescence centres into PS, the blue emission can be obtained
nd its intensity increases with increasing temperature. Consid-
ring these previous studies, we tentatively assign the blue PL
f our samples to substances, created after 600 ◦C, which are the
ilicon carbides with oxygen or hydrogen.

The first group of PS samples coated with a CHx layer was
xposed to propane then to CO2 gases. The magnitude of PL
uenching was recorded by measurements of photolumines-
ence intensity in time when a controlled amount of each gas
as introduced into and subsequently removed from the system
ith air as a carrier gas. As seen in Fig. 4, the PL quenching
ith increasing time of exposure to CO2, propane and air was
easured by the I/I0 ratio, where I0 and I represent the integrated

ntensities of the PL band before and after gas injection. As a con-
rol experiment, the intensity of PL of the CHx/PS sample was
ound to be completely stable for several tens of minutes under a
ow of air. A necessary condition in the development of a sensor
evice with luminescent properties is that the sensor has to work
ormally in air in order to detect any other gas. The PL intensity
ncreases when the sample is exposed to propane. The percent-
ge of PL intensity increase after 5 min of exposure to 100 ppm

f analyte is 26%. After removal of the gas from the system,
he photoluminescence returns totally within 5–7 min to the ini-
ial intensity level, as shown in Fig. 5. We observe a reversible
L quenching behaviour. Measurements suggest a direct role
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ig. 4. Variation of I/I0 for CHx/PS samples with and without annealing treat-
ent as a function of the time of exposure to CO2 and propane gas.

f propane in surface passivation which reduces the number
f non-radiative surface defects, as also reported by different
uthors [25]. The transport of excitons in a nanocrystal network
s strongly suppressed as a result of the presence of potential
arriers. Thus, excitons mainly recombine within the nanocrys-
al, in which they are created, i.e., recombination has a geminate
haracter [26]. Therefore, the main reason for the enhancement
f the emission from PS under propane results specifically from
he non-radiative recombination channels being “disabled” [27].

However, sample exposed to CO2 gas shows a decrease in PL
ntensity with a slight blue-shift by about 10 nm. Several authors
ave performed the experiment on a modified PS surface and
hey observed a shift of the fringe pattern which was attributed
o the change in the refractive index of the medium [28]. The
esults confirmed the optical model invoked by Kim et al. which
ndicates that the PL in PS is emitted mostly from the upper
urface of the layer [29]. Therefore, any change in the proper-

ies of the porous layer surface such as porosity, the refractive
ndex due to the ambient conditions, should have an effect on the
hotoluminescence. During 5 min of exposure, the PL intensity

ig. 5. Recovery behaviour of CHx/PS samples with and without annealing after
xposure to a flow of air.
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as allowed to stabilize and the percentage of quenching was
7%. After removal of CO2 gas, 85% of the original PL inten-
ity was recovered within more than 30 min, the full recovery
f the PL intensity was much slower but after about 1 day the
hotoluminescence returned to the initial intensity level.

Another possibility of the quenching mechanism is believed
o have been due to the formation of CO− ions when the
urface was exposed to CO2, according to the reaction:
O2 → h+ + CO− + 1/2O2. The absorption of CO2 modifies the
oncentration of holes at CHx/PS surface. The injection of a hole
nto the porous silicon valence band was believed to have caused
non-radiative decay of the exciton responsible for the extent of

he porous silicon photoluminescence [30]. Previous works have
hown that the intensity of PL depends on the presence of surface
dsorbates as reported by Harper and Sailor [31]. They found
hat molecules capable of acting as energy or charge acceptors
an quench the PL of porous Si. Sailor and Lee [32] have sug-
ested that surface species could couple into the porous silicon
xcited states as well as acting as non-radiative recombination
entres. As a consequence, the interaction deeply affects material
and structure and the assembly molecule-nanostructure results
n a new material which changes its properties. The authors have
hown that when PS is in the presence of O2, PL quenches pro-
ortionally to oxygen concentration and the results follows a
ynamic Stern-Volmer model. Quenching was attributed to elec-
ron transfer from the luminescent chromophore in porous Si to
n O2 molecule weakly chemisorbed to a surface defect. CO2 is
n oxidizing gas which will probably induce variations near the
urface comparable to O2 gas.

The second group of samples annealed at 600 ◦C was also
xposed to the gases. In Fig. 4 PL intensities variations are
eported and compared to light emission in air. An enhance-
ent of PL intensity is recorded with propane and the opposite

ehaviour is observed for the carbon dioxide. The gases have the
ame effect on the PL variation as in the case of the orange red
mission. However, it has been found that the rate of quenching
ary across the photoluminescence spectrum and that the extent
f quenching should be the greatest at longer wavelength, show-
ng a decrease to 37% of the initial PL intensity in the orange
egion in the previous case, compared to 12% recorded in the
lue region. In addition, the recovery rate was faster and the
ecovery time of 50% of the porous silicon photoluminescence
fter quenching was in approximately few seconds.

This was consistent with reported work on oxygen quenching
f PS photoluminescence [33], where the authors have shown
hat the red-emitters were quenched faster than the blue-emitters
nd the extent of quenching was greatest at long wavelengths.

A variety of photoluminescence quenching mechanisms have
een shown by several authors to be accessible to porous silicon.
he mechanisms can be separated into four basic categories:

he first, interfacial charge transfer which can occur when a
olecular electron donor or acceptor comes in contact with an

xcited silicon nanocrystallite [34], secondly interfacial energy

ransfer which, likewise can occur if the molecular quencher
as accessible singlet or triplet energy levels [35]. Introduc-
ion of non-radiative surface traps by a chemical reaction at
he porous Si surface that generates mid-gap defects [2] is the
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hird possibility, and the fourth, dielectric constant effect of the
edium surrounding the porous Si which modifies the efficiency

f geminate recombination [36]. This large number of quench-
ng pathways accessible to porous Si allows the development
f a variety of chemically specific sensors. However, quench-
ng by the dielectric medium mechanism can occur with any
dsorbate, although the most probable mechanism of quench-
ng is attributed to the interfacial charge transfer. The CO2

olecule is an electronegative species and electron transfer from
hoto-excited PS film to CO2 is highly favourable. When the
as molecules achieve the PS surface, their molecular orbital
acceptor states) mix to donor excited states localized at the
i/CHx surface promoting the electron transfer reaction and
onsequently the PL quenching.

. Conclusion

We have presented a simple and efficient way to fabri-
ate a blue light-emitting device from a thermally carbonised
S surface. The intense blue emission may be related to the
arbon derivatized surface bounds species. Sensitive, direct
etection of CO2 and propane has been achieved by means of
hotoluminescence-quenching of modified porous Si. The effect
f these gases on the porous silicon photoluminescence has been
ound to be reversible. The rate of quenching has been shown
o vary from the red region to the blue region. The extent of
uenching was greatest at long wavelengths. Whereas, the recov-
ry rate was faster in the short wavelength region. The possible
echanism of quenching could be attributed to reversible elec-

ron transfer of quantum-sized nanocrystallites in the porous Si
atrix. Such effects are very interesting for gas sensor applica-

ions especially taking into account that they have been recorded
t room temperature.
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