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CHANGE IN THE PHOTOLUMINESCENCE PROPERTIES OF STAIN ETCHED
POROUS SILICON AFTER POSTTREATMENT IN VARIOUS ACID AND
ALKALINE ETCHANTS
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The effect of posttreatment in aqueous solutions of HF, KOH, NaOH and Na2SeOs on the photoluminescence spectra of
stain etched porous silicon has been investigated. It is shown that this posttreatment of as-prepared samples leads to a shift of
the photoluminescence maximum from ~1.85 eV to 2.1 eV. Subsequent atmospheric oxidation during 2+3 min leads to the
transformation of the spectra, and its maximum shifts back to 1.85 eV. The intensity of photoluminescence after posttreatment
of porous silicon depends on the composition of the etchant. In the HF solution, the photoluminescence intensity hardly
changes, while in alkaline solutions it decreases. This is due to the different etching rates of silicon and silicon oxide in different
etchants. The role of oxygen bonds in the formation of local radiative recombination levels in the band-gap, responsible for

photoluminescence transformations, is discussed.
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1. INTRODUCTION

The phenomenon of visible photoluminescence
(PL) in porous silicon (PS) has been intensively studied
from both a practical and theoretical point of view since
its discovery [1, 2]. From a practical point of view, this
material has potential possibilities of practical
application in  micro- and  optoelectronics,
photovoltaics, biomedicine, as chemical and biological
sensors, antireflection coating for solar cells, and so on
[3, 4]. From a theoretical point of view, it is of interest
to find out the physical mechanism of this phenomenon
[5, 6]. Being an indirect-gap semiconductor with a band
gap of 1.1 eV and with a lot of dangling bonds on the
surface, a bulk crystal doesn’t exhibit visible PL. After
electrochemical or purely chemical etching, the
transformed material, called porous silicon, begins to
exhibit visible luminescence with a maximum higher
than 1.1 eV. At present, it has been established that this
is primarily due to the quantum size effect broadening
the band gap in silicon nanocrystallites, which are
obtained during the technological process of PS
formation. And indeed, especially at small porosities,
its observed that with an increase in porosity, i.e. with
a decrease in the size of silicon nanocrystallites, a shift
of the maximum PL to the high - energy region is
observed [3, 4, 7]. But only the quantum-size effect
cannot explain all observed experimental facts. In
particular, at high porosities, the further shift of the PL
maximum to the high - energy region stops [3, 4]. This
experimental fact can be explained by the appearance,
due to surface states, of radiative recombination levels
located in the band gap. Theoretical works indicate that
these levels arise during the oxidation of silicon
crystallites [5, 6]. It is shown, that when hydrogen
bonds Si-H are replaced by oxygen bonds Si-O, local
levels appear in the band gap of PS. Moreover,
depending on the formation method of PS, this
substitution can occur both during PS formation [8-11]
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and during atmospheric oxidation after formation [12-
14]. It is the appearance of such radiative
recombination levels that leads to red - orange
photoluminescence, regardless of the porosity and size
of silicon nanocrystals.

The PS samples, obtained by stain etching, are
usually highly porous, and oxygen bonds in them are
formed in the process of the formation of porous silicon
in the etching solution [11]. As a consequence, instead
of band-to-band transitions, transitions through these
local levels prevail here. As a result, stain-etched
porous silicon, regardless of porosity, exhibits stable
red-orange or orange PL immediately after preparation.
To shift the PL maximum in these PS samples, it is
necessary to remove these oxygen bonds.

As is known, the silicon surface is well etched
with aqueous solutions of HF and alkalis. But the
effects of these solutions are different from each other.
Depending on the type of etchant, its concentration, and
etching duration, postetching can lead to the removal of
oxygen bonds, a further reduction in the size of Si
nanocrystallites, as well as to etching of the silicon
itself, and a decrease in the thickness of the PS layer.
Therefore, the final result of the effect of posttreatment
on the maximum and intensity of PL requires further
experimental research and comparative analysis.

In this work, we studied the effect of
posttreatment on the PL spectra of stain etched porous
silicon in HF, KOH, NaOH and Na;SeOs solutions of
various concentrations.

2. EXPERIMENT

Porous silicon samples were obtained by stain
etching on p-type monocrystalline silicon substrates
with a resistivity of 0.1 Om-cm and (111) orientation.
To remove contaminant and degrease the surface, the
plates were immersed in acetone for 50 min and then
washed with bidistilled water. Then, to remove the
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oxide layer, the surface of the plates was treated in a
10% aqueous HF solution for 1 min and then in
concentrated HF (50%) for 5 min [19]. PS layers were
formed at room temperature under daylight
illumination in an HF(50%):HNO3(65%):CH;COOH
(glacial) modified solution in a volume proportion of
1200:1:800, i.e., at oxidant insufficiency [20]. After the
incubation time, the reaction of PS formation lasted 9
min. Such samples have a porosity of more than 70%,
with crystallite sizes of 1.5+2.8 nm [9, 21, 22]. Some of
the samples immediately after the formation of PS were
washed in bidistilled water and then was treated in
various acid and alkaline etchants. It was very
important to prevent contact of the PS with atmospheric
air when transferring the obtained sample from the
cleaning solution to the etching solution. PS samples
were postetched in the following etchants: 10%
aqueous solution of HF, NaOH, KOH and Na,SeOs
aqueous solutions in 0.0001M, 0.001M, 0.01M and 1M
concentration within 1+60 minutes. Then the samples
were washed in bidistilled water, isopropyl alcohol and
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dried by N jet. Immediately after drying, the PL
spectra of the obtained samples were studied under
ambient atmospheric conditions.

The PL spectra have been investigated at room
temperature. The PL was excited by a Xenon lamp
DKSL-1000, passed  through an  SPM-2
monochromator, and was recorded with an 1KS-12
monochromator in the reflection geometry. In PL
measurements, the excitation wavelength was 320 nm.
3. RESULTS
Fig.1 shows the PL spectra of stain etched PS
samples both immediately after formation (a) and after
posttreatment (b) in an alcohol solution of 10% HF in a
volume proportion of 1:1. An alcohol solution was used
to increase wettability. As can be seen from the figure,
the samples that have not undergone additional
treatment exhibit red PL with a peak at ~1.85 eV
(Fig.1a).
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Fig.1. PL spectra of stain etched PS without and with posttreatment in dilute HF. a) as-prepared PS without postetching;
b) as-prepared PS immediately after postetching in dilute HF; b") postetched PS after 5 min exposure in air.

This is a common PL spectrum observed in
relatively highly porous PS samples obtained by
conventional electrochemical or stain etching methods
without posttreatment. Those samples that were
subjected to posttreatment in an alcohol solution of
10% HF for ~ 10 min immediately after formation
exhibit yellow PL with a maximum at 2.1 eV (Fig.1b).
I.e. such additional etching of PS samples leads to a
shift of PL peak to high-energy region (Fig.1, transition
a — b). Upon contact with air, this PL spectrum is
transformed very quickly (1 + 3 min) and its maximum
shifts back to ~ 1.85 eV (Fig.1, transition b—b'). As can
be seen from Fig.1 the PL spectra of untreated samples
and samples posttreated in an alcohol solution of 10%
HF and exposed in air for more than 5 min practically
coincide. Further exposure in air leads to a slight
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increase in the PL intensity without shifting its
maximum.

Fig. 2 depicts the characteristic PL spectra of PS
samples after 2 minutes of posttreatment in aqueous
solutions of KOH of various concentrations. The PL
spectra of PS samples subjected to posttreatment in
aqueous solutions of NaOH and Na,SeOs are not given
because of their similarity to the spectra in Fig.2. As
can be seen from the PL spectra, the posttreatment of
PS samples in alkaline etchants also leads to a shift of
the PL maximum to the high-energy region (Fig.2,
transition a — b), i.e., red PL (~1.85 eV) turns into
yellow (~2.1 eV). However, as shown in Fig. 2b, there
is a significant decrease in intensity compared to the
previous case's additional treatment in diluted HF in
Fig. 1b.
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Fig.2. PL spectra of stain etched PS without and with posttreatment in KOH solutions. a) as-prepared PS without postetching;
b) and b") PS postetched in 0.001M KOH immediately and after 5 min exposure in air; ¢) and c’) PS postetched in
0.01M KOH immediately and after 5 min exposure in air; d) and d') PS postetched in 1M KOH immediately and

after 5 min exposure in air.

Further exposure to air, as in the previous case,
leads to the reverse shift of the PL peak to the initial
position of 1.85 eV, but with a significant decrease in
the intensity (Fig.2, transition b — b'). The increase in
the concentration of etching alkaline solution doesn’t
change the position of the corresponding maxima, and
it only leads to a decrease in intensity at each stage
(Fig.2, transitions ¢ — ¢'and d — d').

4. DISCUSSION

The PL emission spectra shown in Fig.1la and
Fig.2a correspond to stain etched PS without
posttreatment. These are typical PL spectra of PS, with
amaximum in the red - orange region. Such spectra are
observed both in the electrochemical and stain etching
methods of PS formation. The reason for such PL is a
total manifestation of the quantum-size effect in silicon
nanocrystallites and their surface oxidation. The
quantum-size effect expands the band-gap and surface
oxidation leads to the appearance of local levels of
radiative recombination. In the case of low PS porosity
when the sizes of silicon nanocrystals are larger than
~4nm, these local levels are located inside the
conduction band and do not show up in the PL emission
spectrum [5, 6]. In this case, PL is a consequence of
radiative zone-to-zone transitions. As the size of
nanocrystals decreases, the peak of the PL spectrum
slightly shifts to the high-energy region. But when the
PS porosity is high and the size of nanocrystals
becomes smaller than ~ 4 nm, the local level associated
with surface states is located inside the band-gap. And,
because radiative recombination occurs at these local
levels in this case, a further decrease in the size of
silicon crystallites, resulting in an increase in the width
of the band gap, does not cause a shift in the PL
maximum [5, 9, 22]. Such spectra are observed both in
the electrochemical and stain etching methods of PS
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formation. The difference in the PL spectra obtained by
different methods manifests itself when they are
oxidized in air immediately after their preparation. The
PL spectra of PS samples in the first case are strongly
transformed, while in the second case they are quite
stable. Early Fourier spectral studies show that this is
due to the oxygen bonds (Si-O-Si asymmetric
stretching of interstitial oxygen in Si at the band of
1108 cm-1 and O3-SiH bending and stretching mode at
882 cm-1 and 2245 cm-1 absorption peaks) that are
already formed during the PS formation process during
stain etching [11, 13, 23,]. Le. in these samples’ local
radiative recombination levels, located in the band-gap
and associated with Si-O bonds, appear in the etchant
solution as PS is formed. As a result, despite the size
and porosity of silicon nanocrystallites (1.8-2.3 nm),
as-prepared stain-etched PS exhibit only red-orange PL
[21, 22].

A comparison of Fig.1 and Fig.2 shows that, upon
postetching of PS in various solutions of HF and KOH,
a similar transformation of the PL spectra occurs. In all
cases, the posttreatment leads to a significant shift of
the PL maximum from 1.85 eV to 2.1 eV (a—b, a—c,
a—d transitions). However, it should be kept in mind
that such a shift can be detected only immediately after
PS postetching, namely, only in as-prepared samples,
until atmospheric oxidation affects. This similarity
indicates the identity of the influence of various
etchants on the PL mechanism. It is known that both
dilute aqueous solutions of HF and alkaline aqueous
solutions very quickly remove the oxide layer from the
silicon surface [2, 5, 15 - 18]. Such a posttreatment of
the samples in the above-mentioned etchants leads to
the removal of Si-O bonds and, hence, to the removal
of the local radiative levels located in the band-gap of
silicon nanocrystallites. In the absence of these local
levels in the band-gap, recombination occurs through
band-to-band transitions, which is manifested in the
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shift of the PL maximum from 1.85 eV to 2.1 eV. It
should be noted that the position of the maximum of the
PL spectrum (~2.1 eV) after postetching does not
depend on the applied etchant, its concentration and the
duration of postetching. Those, the limiting value of the
maximum of the PL spectrum is always ~2.1 eV.
Rather, this is the limiting value of the maximum PL
which can be achieved in PC formed by
electrochemical or stain etching methods [2, 13, 23,
24].

When exposed to atmospheric air, another similar
transformation of the PL occurs (b—b', c—c', d—d'
transitions). Within a few minutes, the PL peak reverse
shifts from the yellow region (2.1 eV) to the low-energy
red region (1.85 eV). This indicates the fact that silicon
nanocrystallites are re-oxidized, which means that
radiative recombination levels are again formed in the
band-gap, leading to the observed shift of the PL peak.
Radiative recombination proceeds again through these
centers, regardless of the prehistory of sample
processing.

The comparison of Fig.1 and Fig.2, in addition to
the similarity in the shift of the PL maximum, also
shows their difference in intensity behavior. The same
reversible shift of the PL maximum red-yellow-red is
observed after postetching PS in dilute HF solution or
in alkaline KOH solutions followed by atmospheric
oxidation. However, while after additional etching in
HF solutions, the PL intensity remains almost
unchanged, after additional etching in KOH solutions,
the intensity noticeably decreases. Here, a different
etching rate of silicon and its oxide in these etchants is
manifested [2]. The posttreatment in a dilute HF
solution for short etching times leads only to the
removal of the oxide layer without changing the
average size of Si nanocrystallites. In this case, the
thickness of the luminescent layer almost does not
change, and therefore the luminescence intensity also
remains almost unchanged. In alkaline solutions, the
etching rate of silicon and its oxide is high and grows
with increasing concentration. As a result, when the PS
is postetched in alkaline solutions, the thickness of the

luminescent layer decreases, resulting in a reduction in
PL intensity. Since the rate of PS etching increases with
an increase in the concentration of KOH, the thickness
of the luminescent layer also decreases. Therefore, with
an increase in the KOH concentration, the intensity of
PL also decreases.

5. CONCLUSIONS

A comparative study of the effect of additional
etching in various etchants on the photoluminescence
of stain etched porous silicon was carried out. The PS
layers were obtained on the Si wafers by stain etching
in a HF:HNO3;:CH;COOH solution at oxidant
insufficiency. Immediately after formation all PS
samples exhibited red PL (~1.85 eV). All samples were
subjected to posttreatment in a dilute HF solution and
various alkaline solutions. It was revealed that such
posttreatment of the investigated samples always leads
to a shift in the maximum of their PL maximum from
the red (1.85 eV) to the yellow (~2.1 eV). This shift is
associated with the removal of oxide layers from the
surface of Si nanocrystallites and leads to the removal
of radiative recombination levels in the band-gap. The
removal of these levels leads to the predominance of
band-to-band transitions in the PL spectrum. When
exposed to air, the PL spectra transformed within 2-3
minutes due to atmospheric oxidation, and the PL
maximum shifted back to the red region (2.1 eV 1.85
eV). This proves the decisive role of oxygen bonds on
the PS surface in the PL mechanism. Despite the
similarity in the PL maximum behavior, the
posttreatment with various etchants affects its intensity
in a different way. After additional etching in a dilute
HF solution, the PL intensity remains almost
unchanged. The postetching in alkaline solutions leads
to a decrease in the PL intensity, and the higher the
concentration of the solution, the lower the PL
intensity. Such a change in the PL intensity is related to
the different etching rates of silicon itself in these
etchants.
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