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Abstract

IMPACT OF GAS ADSORPTION AND pH OF SOLUTIONS ON RADIATIVE LIFETIME
OF MODIFIED POROUS SILICON LAYERS

A. 1. Benilov, 1. V. Gavrilchenko, I. V. Benilova, V. A. Skryshevsky, M. Cabrera

The time-resolved photoluminescence and radiative decay time of modified layers of porous sili-
con (PS) were studied at the adsorption of saturated organic vapors and buffers solutions with dif-
ferent pH. As-prepared PS samples were compared with ones after oxidation and deposition of poly
(3,4-ethylenedioxythiophene) film. New type transducer for pH meter based on radiative decay time
measurement of modified PS layers is proposed. The 1.9 times reduction of radiative lifetime of S-
band is observed at the increasing of pH value from 2 to 9.
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AHoTauig

BILIUB AJICOPBIIII TA3IB TA pH PO3UMHIB HA BUTTPOMIHIOBAJILHUI YAC XKUTTH
MOINPIKOBAHUX IITAPIB ITOPYBATOT'O KPEMHIIO

A. 1. Beninos, 1. B. I'nspunsuenko, 1. B. Beninosa, B. A. Ckpumepcokuii, VM. KaGpepa

Byno nocnimxeHo KiHETUKY (hOTOMIOMiHECLEHIIii Ta Yac XUTTS BUIIPOMiHIOBAJIbHOI peKOMOi-
Hallii Moau@dikoBaHUX IIapiB MOPYBATOrO KPEMHil0 B yMOBax aacopOlLlii HACUYEHUX OpraHiuHMX
napiB Ta OydepHUX PO34MHIB 3 pisHUMM 3HaYeHHsIMU pH. I1[oliHO BUTOTOBJEHI 3pa3Ku MoOpyBa-
TOrO KPEMHil0 OyJI0 MOPiBHSIHO i3 3pa3KaMu, 110 OYJ0 OKMCJIEHO Ta MOKPUTO IIapoM MoJi-3,4-
eTWIINOKCUTHO(MEHY. 3alpOIIOHOBAHO HOBMIA TUI TpaHCAIOCEpa, 1110 0a3yEThCs Ha BUMipi BUITPO-
MiHIOBaJIbHOI'O Yacy XUTTs, 110 YyTAuBMIA 10 piBHSA pH. Cnioctepiraetbes 3MeHIeHHS y 1.9 pa3iB
BUMPOMiHIOBAJIBLHOTO Yacy KUTTSI S-cMyru npu 3MiHi pH 32 10 9.

KnrouoBi ciroBa: mopyBaTuii KpeMHiil, (OTOMIOMIHECIICHIIis, ancopOilis, OyhepHi po3YnHMN.
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AHHOTAIMA

BJIMAHUE AICOPBIIMU I'A30B 1 pH PACTBOPOB HA M3JIYYATEJIbHOE BPEM XKN3HN
MOJINPULTNPOBAHHBIX CJIOEB ITIOPUCTOIO KPEMHUA

A. H. benuaos, U. B. Iaspuavuenxo, U. B. bernuaosa, B. A. Ckporumeseckuii, M. Kaopepa.

Bbun U3y4eHbl KMHETHUKA (DOTOMIOMUHECLHIEHIIUM U BpeMsl XKM3HU U3JTydaTeJIbHO peKOMOu-
Haluu¥ MOIU(MUIMPOBAHHBIX CIOEB MOPUCTOrO0 KPEMHUS B YCJIOBMSIX aACcOpOLMM HACHIIEHHBIX
OpraHMYeCKMX MapoB U OY(EepHBIX PACTBOPOB C pa3InYHBIM 3HaYeHueM pH. CBeXXenpuroToBieH-
HbIe 00pa3Lbl MOPUCTOrO KPEMHUSI CPAaBHUBAINCH ¢ 00pa3laMy, MOABEPIIIUMUCS OKUCICHUIO U
MOKPBITEIMU CJIOEM TTOJN-3,4-strmnnnokeutuodera. [pemmoxeH HOBBIM TUI TpaHCAIOCEPa, OC-
HOBaHHOTO Ha M3MEPEHUU U3JIy4aTeJIbHOTO BPEMEHM XXW3HU, YyBCTBUTEILHOIO K ypoBHIO pH.
HabGmomaeTcss ymeHpineHue B 1.9 pa3 uany4aTeIbHOTO BPEMEHH XXKM3HU S-TI0JIOCHI IIPU M3MEHE-

Hun pHc 2 1o 9.

KiroueBble ciioBa: MOpUCTBI KpeMHUH, (POTOTIOMUHECLEHLIMS, aacopOLus, OydepHbie pac-

TBOPBHI.

1. Introduction

Last 15 years photoluminescence (PL) in porous
silicon (PS) has been devoted much attention. Re-
cently, much effort has been directed to clarify the
mechanism of visible radiative recombination yield
that can achieve 5 and more percents at room tem-
perature, and seems to give a new positive pulse for
sustainable development of silicon optoelectronics.
The first interpretation of this phenomenon was
based on quantum confinement in Si nanoparticles
that results in a bandgap up shift and arising of a
strong visible PL at room temperature. Another im-
portant interest to visible PL in PS is related with
development of chemical and biochemical sensors
that use luminescent transducer. Chemical sen-
sors based on PS display some advantages compar-
ing with other transducers. Thus, it is observed the
reversible quenching of PL intensity in presence of
different gases, the quenching growths with par-
tial pressure and dipole moment of adsorbed mol-
ecules [1]. PL intensity of PS drops by three orders
of magnitude when PS is immersed in organic sol-
vent of dielectric constant varying from 2 to 20 [2].
However, varying PS samples preparation, condi-
tions of PL measurement the contradictory effects
(increasing of PL intensity in gas atmosphere, inde-
pendent of PL intensity versus dielectric constant,
etc) are observed too [1, 3, 4]. The detail knowledge
about kinetic of radiative recombination can give an
important new insight in the interpretation of PL
lifetime and assists to elaborate high sensitive and
reversible chemical sensors.

In this work the PS time-resolved PL and PL de-
cay time were studied in the atmosphere of different
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saturated organic vapors and the immersion to liq-
uid solutions with pH varying from 2 to 9.

2. Samples and principles of pl decay time
measurement

PS samples were prepared using routine ano-
dization process by applying of a constant anodic
current to p- doped silicon slabs (10 Q-cm) with
(100) crystallographic orientation. The etching had
been carried out in a solvent of HF (48%):Etha-
nol = 1:1(vol.). The porosity of prepared samples
is approximately 60%, the porous layer thickness is
about 1um. Samples were washed by distillated wa-
ter and dried under nitrogen stream. Some samples
were further exposed to open air for natural oxi-
dation and improvement of red-band PL yield.
More deep oxidation was implemented to provide a
better PS protection in aggressive environment (es-
pecially, for solutions with high pH values). Also a
conductive poly (3,4-ethylenedioxythiophene) film
(PEDOT) was deposited by routine spin-coating
technique.

Time-resolved (PL) spectra have been measured
in different environments such as saturated organic
vapors and buffer solutions with different pH. We
used the multi-component “polymix” buffer with
following composition: 2.5 mM Tris, 2.5 mM citric
acid, 2.5 mM sodium tetraborate, 2.5 mM potassi-
um phosphate, pH was adjusted with 1 M HCl or 1
M NaOH solutions in order to obtain the expected
pH value. Its buffer capacity is stable over a wide
range of pH (5-9). This buffer is used for studying
of pH influence on the ISFET responses, (especial-
ly enzyme-modified ISFETS) [5]. In range of pH
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(2.2-3.6) we applied acidic 0.1M buffer composed
of Glycine and HCI. PH was adjusted of 1 M HCL.

PL spectra were studied at a room temperature
by excitation the samples with a pulse of nitrogen
laser A = 337.1 nm, FWHM = 8§ ns, power in pulse
is 20 kW. The light spot was focused on the samples
surface with diameter of 1 mm approximately. The
proper band of emission was selected by a mono-
chromator (MS2004, SOLAR T II) and registered
by a combination of photomultiplier (HAMA-
MATSU C6270) and analog-to-digital board (up to
1 GHz sample rate). The signal was processed and
analyzed by PC.

The time correlated single photon counting
technique (TCSPC) is applied for time-resolved
PL spectra and decay time measurements [6]. The
method uses an idea that luminescence intensity
at a given time is proportional to the probability
of a photon occurring at this time. Thus in TC-
SPC technique we wait for a single photon coming
from the luminescent sample and measure a time
at witch this photon was captured. Continuing
such measurements we’ll get a set of time intervals
passed between excitation pulse and photon captur-
ing. Having enough of these time intervals one can
build a photon appearing probability distribution
and in such way obtain a luminescence transient
signal. TCSPC displays an excellent sensibility and
signal acquisition precision but takes too much time
to gain a necessary statistics (from tens minutes till
hours) for signal reconstructing.

In our work we use a slightly different method to
obtain PS luminescence transient signal: multiple
photon counting or multichannel scaler (MS). MS
operates within fixed time windows (from several ns
to us) at witch several photon pulses can come from
photon counter tube. This method is less time-pre-
cise as TCSPC but saves a lot of time and computer
memory while data acquisition. A sequence of re-
petitive after excitation signals can be accumulated
over many signal periods. This allows obtaining of
transient waveform of desired precision but with a
fixed time step corresponding to the data fetching
time window. It uses a fixed time window of 200ns
to fetch the data from the counter and a memory ar-
ray to keep 1000 counts. This allows monitoring up
to 200us of signal decay (200ns time window steps
per 1000 steps). As an excitation source a simple
blue LED (405nm emission) was used. Hamamatsu
H7360-03 photon counter is assembled with band-
pass filter and objective lens (fig. 1).

Hamamatsu
photon counter

Band-pass fluorescence
filter (670nm-730nm)

Objective Excitation LED

lens

To the counting
board

o= =]

I T
PSi sample |/

Fig. 1. Setup for PL decay time measurement.

Liquid flow cell

3. Results and discussion

3.1 Influence of dipole moment of organic vapors
on PL decay time

All measured samples manifest complex PL
spectra which can be fitted, by at least, two in-
tensive spectral bands centered at the 585nm and
655nm, approximately (fig.2). Besides quantum
yield they are distinguished different decay time.
Red-shifted band displays slower PL decay time
comparing with other one. This PS emission is
named S- band and is related to the exciton radia-
tive recombination in quantum confinement [7].
The large spectral width comes from inhomogene-
ous broadening and vibronic coupling of the ra-
diative transitions. Sample aging at room ambient
conditions results in surface oxidation that leads
to blue shift of S- band and the increasing of PL
intensity.

PL intensity and decay time both for 585 nm and
655 nm bands change while samples are being ex-
posed in different organic vapors (fig. 3). However,
only at long time decay time the PL decreases ac-
cordingly to exponential law.

It was established before that PL intensity can
be quenched reversibly at the molecule adsorp-
tion via different mechanisms: i) the increase of
the non-radiative recombination rate in the nano-
particles due to the alteration of polarizability of
Si surface, ii) the change of the nanoparticle elec-
tronic structure; iii) the capture increase on the
non-radiative traps at the forming of the strain-
induced defects when molecules are adsorbed; iv)
increasing of electron-phonon interaction with
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surface vibronic modes of PS [1]. The adsorbed
molecules with larger dipole moment stronger
polarize the semiconductor surface, improves the
capture of charge carriers on energetic levels of
traps and rate of Schokley-Read-Hall recombina-
tion via those deep levels increases that leads to
stronger PL quenching.
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Fig. 2. Transient PL spectra for PS aged in air at 293 K.
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Fig. 3. PL decay time in different atmospheres of
saturated vapors for PS aged in air at 293 K

The radiative recombination rate W, is es-
sentially an intrinsic property of the crystalline
[2], whereas nonradiative recombination rate
W, depends on the environment. The radiative
quantum efficiency is: n=W /(W ,tW,), where
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W~1/t. Owing to small quantum PL efficiency of
PS (less than 5%) it can be written that W, << W,
n=W,/W,=t,/t.. Therefore, PL intensity should
increase proportionally to the time of nonradiative
recombination and inversely proportionally to ra-
diative recombination time.

As it can be seen from fig.3, the PL decay time
in saturated vapor of ammonium (9 ps, dipole mo-
ment of ammonium is u=1.47 Debyes) is much less
then in air (17 ps), in ethanol (19 us, u = 1.68 De-
byes) and toluene (45 us, u=0.375 Debyes). Then,
in contradictory to literature fact, that PL intensity
decreases at adsorption of molecules with bigger di-
pole moment [1], the observed long time PL decay
time is not correlated with dipole moment of ad-
sorbed molecules.

Among reasons of such PL lifetime behavior we
can note the following. The difference in molecule
sizes and surface reactivity of PS film leads to dif-
ferent transparency of PS for different kinds of
molecules that penetrate inside to pores. It means
the condition of “saturation” does not achieve ob-
ligatory for all kinds of adsorbed molecules dur-
ing the adsorption-desorption processes and above
mentioned results are related to different partial
pressures for tested gases. Since the PL intensity
as well as lifetime depends on partial pressure the
correlation between PL intensity (lifetime) and
dipole moment is not manifested. Besides, there
is the possibility of change of radiative recombina-
tion rate W, at adsorption of polar molecules that
is discussed in [2].

Another effect is related to the alteration of ad-
sorbed molecules polarizability as compared with
gas of these molecules [8]. The molecular polariz-
ability /ability of electronic system of a molecule to
be distorted by an electric field/ may be divided into
atomic and bond contributions. The bond dipole of
the polarizable bond iis: y, = u +u/ ,where 4; isthe
total dipole moment of the bond 7, 4 isthe “perma-
nent” dipole moment of the bond 7, and y/ is the in-
duced dipole moment of the bond i. The induced di-

pole moment is given by u; =-a,E, = —q, Z T,u;,

Jj=Li=1
where ¢; is the bond polarizability tensor, E| is the
total electric field acting on the bond i and T, i is the
dipole field tensor. Accounting of bond polarization
effects leads to change of dipole moment, i.e. for
ethanol from 1.68 to 1.61 Debyes, ammonium from
1.472 to 1.334 Debyes, toluene from 0.375 to 0.421
Debyes, etc. [8].
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3.2 Influence of pH solution on PL decay time

Fig. 4 shows the PL decay time versus pH of
buffer solution. Low pH value environment (acids)
leads to H* protons adsorption on the PS surface,
when the higher pH value (bases) results in OH-
hydroxide groups’ adsorption [9]. Remembering,
that pH scale is logarithmic and that each next
value contains ten times less hydrogen ions we can
conclude that PL decay time measurement is sensi-
tive to change of H* ions concentration in range of
more than 7 orders. The increasing of pH from 2 to
9 results in the decreasing of t from 37 to 22 ps.
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Fig. 4. PL decays of PS in several pH buffers (20000
integration cycles) (a) and PL decays time versus pH

(b).

There is the correlation between t and quantum
efficiency of PS emission behaviors (fig.5). However,
long time keeping in solution with high pH provokes
a luminescence intensity quenching which is related
to gradual PS layer degradation. As the same time,
neither high pH solutions nor low pH solutions do
not provoke any noticeable degradation of PL lumi-

nescence decay time. The supplementary coating of
PS surface by PEDOT or supplementary oxidation
prevents against this degradation. The oxidized and
covered by PEDOT samples display better sensitivity
and stability to pH change. The possible explanation
of sensitivity increasing is the swelling of the polymer
insides the pores [10], increasing capillary condensa-
tion effects or passivation effects [11,12].
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Fig. 5. PL intensity (a) and PL decay time (b) for PS

covered by PEDOT at successive immersion to buffer
solutions. Arrows show the moment of pH solution
changing.

4. Conclusions

The measurement of PL decay time of S-band
in PS layers is useful transducer for sensor applica-
tions. For example, it can be used as pH meter in
range of pH change from 2 to 9 for biosensors. The
observed PS degradation at the immersion into high
pH solution can be resolved by supplementary oxi-
dation or polymer deposition on PS surface.
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