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Post-anodic formation of luminescent porous
silicon layers in atmospheric environment
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The changes occuring in HF pre-etched porous silicon (PS) samples during aging are
studied by measurement of photoluminescence (PL) and IR transmission spectra. The PL
behavior of the etched sample is found to depend on the time of PS pre-exposure to the air
after anodizing and, hence, on the initial luminescence quantum yield. The results are
explained by the PS structure modification during the etching and oxidation of the
samples.

C momomibio cekTpockonuu dotomaomunectiennuu (PJI) u UK morsomienuns mccaegosa-
JINCh U3MEHEeHUs, MPOUCXOAAIIME B Tipolecce crapenus rtpasaeHusix B HF o6Gpasios mopue-
Toro Kpemuusa (IIK). IToBegenme @JI TpaBieHHBIX 00PasIOB 3aBUCUT OT JJIUTEILHOCTH IPE-
BaApUTENBHOTO sKermouupoanus [IK Ha Bosgyxe mocse aHOAMPOBAHUSA M, COOTBETCTBEHO, HAYAJbD-
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HOTO KBaHTOBOT'O BBIXOJa

JTIOMUHECIIeHITUU.

ITonryyennunie pe3yabTATHl  OGBACHAIOTCA

mMoguduranmeil cTpykTyps! IIK B mporiecce TpaBieHUsS M OKHCJIEHUA 0OPa3IlOB.

The unique environment sensitivity of
chemical, electrical, optical and especially
luminescent properties is a characteristic
feature of porous silicon (PS). On the one
hand, such a feature hampers the practical
use of PS in light-emitting devices due to
its instability in air [1, 2]. On the other
hand, this feature makes it possible to con-
trol the PS luminescent properties [3, 4].
Investigations in this direction can be use-
ful to identify the luminescence mechanism.
Study of chemical treatment effect on the
PS evolution process in the ambient atmos-
phere can also be of interest.

The as-anodized PS samples were shown
[2, 5] to have a small quantum yield of pho-
toluminescence (PL). Storing the samples in
the air results in a progressive oxidation of
PS and increase in their PL intensity. Nota-
ble changes in the PS sample occur in the
atmospheric environment for several
months, its PL intensity rising. The oxida-
tion rate and final PL characteristics de-
pend on preparation conditions, the sample
washing and drying methods. Evolution of
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luminescent properties and chemical compo-
sition of HF pre-treated samples stored in
the ambient atmosphere has been studied in
this work.

Two types of samples were studied. The
first are the samples with low initial quan-
tum yield which were held in the ambient
atmosphere for a short time after prepara-
tion, and the second are the samples with
efficient PL where the natural oxidation
has been completed.

The PS samples were obtained by electro-
lytic anodizing the (111) boron doped p-Si
wafers in 48 % HF and isopropyl alcohol
(1:1) solution at the current of 10 (samples
A and A’) and 20 mA/cm? (sample B) for
5 min. After anodizing, the sample A was
stored for 2 months in the ambient atmos-
phere. The samples A’ and B were exposed
to air for one year, their luminescent prop-
erties were stabilized during this storage.
The samples A and B were further subjected
to HF chemical treatment for 38 min and
20 seconds respectively, and thereafter
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Fig. 1. PL spectra evolution during storage
of the samples A and A’ in ambient atmos-
phere without HF treatment (Al, A’) and 5

min (A2), 7 days (A3), 60 days (A4) after HF
etching.

were washed in CCl,. After the treatment,
the samples were exposed to air for 60
days, the PL intensity of sample A peaked
for this time (PL efficiency was almost un-
changed for longer storage time).

The visible PL spectra were measured at
room temperature, an ILGI-503 nitrogen
pulsed laser (337 nm) was used for excita-
tion. IR absorption spectroscopy was used
to investigate silicon surface bonds with
oxygen and hydrogen. The IR transmission
spectra were measured at room temperature
by a Specord IR-75 two-beam spectro-
photometer in the 400 to 4000 ¢cm™! range.

In the experiment, it was noted that a
red shift occurs in PL spectrum of A-type
PS sample as a result of HF treatment and
the PL intensity increases substantially.
Further, the spectrum shifts rapidly to-
wards higher energies, the luminescence in-
tensity slightly decreases for the first min-
utes and thereafter starts to rise. These
data agree with those published before [6].
The PL spectra of sample A for different
stages of the intensity rise are presented in
Fig. 1. During 7 days, the spectrum peak
was shifted from 1.7 to 1.83 eV (curve A3).
The further storage in the air results only
in an increase of the sample quantum yield.
Already after 2 months of aging, the lumi-
nescence efficiency exceeded that of the un-
treated sample stored in the air for more
than a year (curve A’). The structure of this
curve is caused by interference.

Before the HF treatment, the absorption
bands at 2090-2185 cm™! caused by Si-H,
vibrational modes (x = 1-8), the wide band
between 1070 and 1200 cm™l caused by
Si—-O-Si bonds mode as well as two lines at
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Fig. 2. PS sample IR transmission spectra
corresponding to those in Fig. 1. Spectrum
A2 is measured 1 h after the chemical treat-
ment.

875 and 2250 ecm™! of the vibrational modes
of Si-H bonds in O3-SiH species [7, 8] are
observed in the IR transmission spectrum of
sample A (Fig. 2). The HF treatment of the
sample has resulted in almost complete van-
ishing of the absorption bands caused by
vibration of the silicon-oxygen bonds from
the spectrum. During several next days, the
substitution of hydrogen coating by oxygen
one takes place as well as oxidation of so-
called "back bonds”, and the bands caused
by vibration of the Si-H bonds in the
O3-SiH species are observed in the spectrum
of the sample which was stored for 7 days in
air after the chemical treatment. It should be
noted that the sample oxidation occurs
quickly during the first days after etching.
Intensity of the band at 1070-1200 ecm™! has
increased essentially during this period. At
the next stage, the oxygen content in the
sample rised more slowly. The IR transmis-
sion spectra of the completely aged samples
without HF treatment (A’) differ from those
of HF treated ones (A4) only in the presence
of O3-SiH caused bands. In the second ones,
these bands were completely disappeared. A
wide low-intensity band at 3000—-3800 em!
which is related to O-H bond vibration in
H,0 or SiOH molecules adsorbed on the sur-
face [8] is observed in both spectra.

Effect of chemical treatment on the PL
of sample B which has effecient lumines-
cence due to prolonged pre-storage in air
differs from that on sample A with low
initial quantum yield. Even a short-time
(10 s) HF treatment of sample B results in
a significant decrease in PL intensity (by a
factor of nearly 200). The PL intensity rises
very rapidly during first few minutes when
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Fig. 3. PL spectra of sample B before (Bl)
and after HF etching, the sample being ex-
posed to air for 5 min (B2), 7 days (B3),
60 days (B4).

exposing to air and the peak shifts quickly
towards higher energies. The spectrum evo-
lution slows down after 10 minutes, no es-
sential shift of the maximum occurs during
further aging, and PL quantum yield of the
sample increases gradually, although the
value before chemical treatment is not re-
stored (Fig. 3).

Only intense Si—-O-Si and O3;—-SiH bands
were observed before the etching in the IR
transmission spectrum of sample B (Fig. 4,
curve Bl). As a result of the chemical treat-
ment, the hydrogen bands appear in the
spectrum and intensity of the oxygen bands
essentially drops. The further spectrum evo-
lution progresses during the sample aging
essentially in the same manner as for sam-
ple A (see Fig. 2).

The porous layer of as-anodized sample is
known to be structurally inhomogeneous in
the depth [9]. A film of so-called contami-
nated oxide, i.e., SiO, compound with C, H,
OH group impurities [10] is formed in the
porous layer during oxidation. The oxida-
tion progresses more rapidly in the near-
surface region of a sample [11], the nanos-
tructure sizes decreasing and even frag-
ments being separated from the silicon
skeleton by oxide layer. The oxidation in
deeper PS layers is not so efficient, the
sizes of silicon structure are larger, its sur-
face is probably passivated with both oxy-
gen and, to an appreciable extent, with hy-
drogen. There is a high concentration of
silicon dangling bonds at these depths,
which are known to be centers of non-radia-
tive recombination [9]. The visible PL of
such samples can be considered as the band-
to-band luminescence of silicon nanostruc-
tures where the bandgap is enlarged due to
the quantum-size effect.
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Fig. 4. Sample B IR transmission spectra
which correspond to those presented in Fig.
3. Spectrum B2 is measured 1 h after the
chemical treatment.

When etching sample A in HF, dissolu-
tion of the surface oxide layer and passiva-
tion of the silicon dangling bonds with
hydrogen occur. Just after etching, the PL
intensity increases as compared to that of
untreated sample due to decreased number
of non-radiative recombination centers. The
red shift occurs due to a greater contribu-
tion to PL of the larger nanofragments
where the suppression of non-radiative sur-
face recombination channel manifests itself
more effectively at passivation [12]. Further-
more, the small-sized silicon nanocrystallites
separated by oxide are washed out of the
sample when dissolving the oxide layer.

The silicon dangling bonds are generated
again during the first minutes of PS expo-
sure to air, hydrogen desorption probably
runs more rapidly than surface saturation
with oxygen [11]. This results in some PL
intensity drop and the spectrum peak shift
towards higher energies. The further oxida-
tion causes a better passivation of the sur-
face as well as the nanostructure size reduc-
tion accompanied by a rise of the PL quantum
yield and the spectrum shift toward shorter
waves. It should be noted that silicon oxide is
believed to be the luminescence sensitizer,
therefore, increase in its content alone must
enhance the luminescence intensity.
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As the oxide layer is built up on the
silicon skeleton, the oxidation is slowed
down gradually. Change of the PL spectrum
peak position is no longer to be observed,
although reduction of the crystallite size
must occur at this stage as well. This pro-
vides reason to suppose formation of an-
other channel of radiative recombination.
So, it was noted [13] that the Si=0O double
bonds are generated at the Si/SiO, interface
during oxidation, thus resulting in appear-
ance of new electron states in the small
crystallite bandgap. Radiative recombination
can occur through these states. The lumines-
cence in the small crystallites is an intracen-
ter one, and its spectrum does not essentially
depend on the nanocrystallite size.

The spectrum of aged etched sample (see
Fig. 3, curve B4) is shifted towards higher
energies as compared to that of non-etched
sample. This can be explained by different
sizes of crystallites in these samples. The
etched sample obviously has a smaller-sized
nanostructure. This can be caused by oxide
building up during the preliminary aging.
This oxide is removed during HF etching. It
is just the already thinned structure that is
further subjected to oxidization.

It should be noted that the chemical
treatment accelerates significantly the oxi-
dation of porous layer and, respectively, en-
hancement of its PL intensity. It causes
etching the contaminated oxide film off the
sample surface, resulting in an enlargement
of voids between the nanostructure ele-
ments as well as cracking the PS layer. As
a result, air penetration deep into the sam-
ple is facilitated.

The HF chemical treatment of sample B
results in destruction the oxidized layer
structure. The PL intensity drops signifi-
cantly due to removal of large number of
the separated crystallites which were im-
mersed in the oxide compound and emitted
efficiently. The subsequent aging occurs es-
sentially in the same manner as for sample
A but noticeably faster because the pores
were considerably enlarged due to the pre-
oxidation. However, the final efficiency is
much lower than the initial one because of
the large amount of the material removed
by the etching.

So, the prolonged exposure of the sample
to air makes it possible to obtain the PS
layers with a high quantum vyield of PL
which can attain 0.2 [11]. The natural PS
oxidation is a prolonged and irreproducible
process that can be substituted by other,
more technological methods as well. How-
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ever, each of those has drawbacks. Thus,
the anodic oxidation is performed to the
stage when the drastic rise of sample resis-
tance begins, which is interpreted as the
local separation of silicon quantum wires
with oxide [3, 14]. The oxidation process
occurs non-uniformly over the sample
depth, i.e., the oxygen content is the maxi-
mum in the PS interlayer adjacent to the
substrate. The main part of the porous
layer is not completely oxidized. The rapid
thermal oxidation [15] is performed by ex-
posing the PS samples to the oxygen atmos-
phere at high temperatures. However, vac-
uum annealing of the sample at tempera-
tures exceeding 450°C affects negatively
and irreversibly the luminescence intensity
because the porous structure is modified
[16]. Of course, the oxide coating formed at
high temperatures (up to 1000°C) at the
nanostructure surface is likely to hinder the
modifications. However, the negative action
of high temperatures on the luminescence
obviously takes place in this case, as well,
because researchers report only two or three
times rise of the PL intensity as compared
to the as-prepared sample. The chemical
oxidation of PS by immersing the sample in
H,SO, allowed to increase twice the PL in-
tensity [5]. However, the acid treatment
causes cracking and destruction of the po-
rous layer [17].

The natural oxidation of PS by exposing
the samples to air is free of drawbacks in-
herent in the artificial methods, although it
has its own limitation: saturation of PS by
oxygen is inhomogeneous over the layer
thickness due to small sizes of the pores
through which the atmospheric components
penetrate deep into PS. The air penetration
deep into porous layer can be promoted by a
short-time acid etching of the sample, what
eventually makes it possible to obtain the
samples with high PL quantum yield. Such
a technique can be suggested as a method to
enhance the PL efficiency.

Thus, the HF etching effect on the evolu-
tion of PS sample luminescent properties in
air depends on the aging stage whereat the
chemical treatment of sample is carried out.
The difference is due to the structure fea-
tures of the studied samples which are due
to different oxidation degrees. The lumines-
cence of the PS samples untreated in HF is
considered to be the band-to-band PL of
quantum-size silicon, whereas PL of the
etched samples is related to the surface
electron states formed as a result of the
sample oxidation.
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Ilicnaanogue ¢opMyBaHHA JIOMiIHECHEHTHHUX MIAPiB
MOPYBATOT0 KPEMHiI0 B YMOBax aTMoc(epHOro OTOUYEeHHSHA

B.A.Maxapa, O.B.Baxynenkxo, B.B.Illeéuwenro, O.1./]ayenko

3a gomomoro crexTpockonii doromominecueniii (PJI) ra 1Y moraumanus gociigxysa-
aucsi 3sMinu, 10 BigOyBaroThea y mporieci crapimma tpaBnenux y HF spaskis mopysartoro
kpemuiio (IIK). IToseginka @DJI 3paskis, 110 TpaBUAUCH, 3aJEKUTh BiJi TPUBAJOCTI Tomepes-
Hporo excrnonyBanusa IIK ma moBiTpi micaa amogyBanusa i, BiATOBiAHO, MOYATKOBOTO KBAHTO-
BOTO BUXOAY JitoMiHecieHIili. OTpuMaHi pesyabTaTy MOACHIOITHCA MOAMMPIKAIIEI0 CTPYKTYPH
ITK mpotaroM TpaBJeHHS Ta OKUCJIEHHS 3PasKiB.
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