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Photoluminescence Tuning of Porous Silicon by Electrochemical
Etching in Mixed Electrolytes
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We have systematically studied the evolution of the photoluminescence(PL) tuning of porous silicon(PS) by
electrochemical etching in various mixed electrolytes. The electrolytes employed as an etchants were mixtures of
HF:CH,;COOH:HNO;:C,H;0H solutions where the composition ratios (%) were varied from 10:1.98:0:88.02 to
10:1.98:8.4:79.62 under constant concentration of HF and CH;COOH with a total volume of 100 ml. Changes in
the surface morphology of the samples caused by variations in the etching process were investigated by scanning
electron microscopy (SEM) and atomic force microscopy (AFM). After samples are etched in various mixed
electrolytes, FTIR analyses show that there is the non-photoluminescent state and the photoluminescent state
simultaneously. The PL spectra show the PL tuning in the ranging from 560 to 700 nm with the increase of HNO,
concentration. An analysis of the subsequent PL relaxation mechanism was carried out by time-correlated single
photon counting (TCSPC) method. Based on experimental results, it is assumed that a red shift of the main PL peak
position is related to the HNQ, activated formation of silicon oxygen compounds. Therefore, the use of electrolyte

mixtures with composition ratios can be obtained adequate and reproducible results for PL tuning.
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INTRODUCTION

The interest in porous silicon (PS) is increased considerably
by the observation of room temperature visible photolumi-
nescence (PL) [1] and electroluminescence (EL) [2,3]. It
opens the possibility of the development of optoelectronics,
electronics and sensor applications[4] based on PS. The
micro-structural and physical characteristics of PS such as
thickness, volume porosity, pore size distribution, specific
surface area, PL and EL are critically dependent on various
processing conditions, e.g., etching solution concentration [5-
8], current density [9], etching time [10], with or without
illumination [11, 12] and on properties of the silicon substrate
such as doping level and crystal orientation [13]. It should be
noted that systematic research of the PL spectral dependence
of the preparation regimes such as a series of etching solution
change has not been fulfilled so far. Therefore, these factors
make it difficult to obtain adequate and reproducible data of
the PS structure in relation to photo-luminescent and optical
properties.

In this work, we report on a systematic study of the
evolution of the photoluminescence(PL) tuning of porous
silicon(PS) by electrochemical etching in various mixed
electrolytes. The electrolytes employed as an etchants were
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mixtures of HF:CH;COOH:HNO;:C,Hs;OH solutions where
the composition ratios (%) were varied from 10:1.98:0:88.02
to 10:1.98:8.4:79.62 under constant concentration of HF and
CH;COOH with a total volume of 100 ml. Changes in the
surface morphology of the samples caused by variations in the
etching process were investigated by scanning electron
microscopy (SEM) and atomic force microscopy (AFM). In
order to investigate the possible changes that might occur at
the surface of PS samples in different environments, FTIR
spectra were obtained. PL spectra of all the samples were
obtained using a SLM 8100 fluorescence spectrophotometer.
The PL spectra show the PL tuning in the ranging from 560 to
700 nm with the increase of HNO; concentration. We have
also performed the measurement of the decay time which
shows that the HNQO, concentration of etchants provides a
very important influence of PL lifetime. The experimental
results obtained are explained the relationship between PS
microstructure and its anodization parameters, especially,
various mixed electrolytes, through steady and dynamic state
PL measurements.

MATERIALS AND METHODS

Sample preparation of PS

The PS samples were formed on p-type Si(100) wafers with a
resistivity of 10-20 Qcm by standard anodization technique. The
substrates were first degreased in an ultrasonic bath of acetone
for 5 min and then rinsed in deionized water. After drying with
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N, gas, the substrates were then simply sputtered silver paste to
provide a back ohmic contact for anodization. Anodization was
carried out in a solution of HF:CH;COOH:HNO;:C,H;OH where
the composition ratios (%) were varied from 10:1.98:0: 88.02 to
10:1.98:8.4:79.62 under constant concentration of HF and
CH,COOH with a total volume of 100 ml at a constant current
density of 30 mA/cm? for 15 min in the dark condition. The
detailed etching solutions are shown in Table 1. Immediately
after anodization, the samples were taken out from the cell,
rinsed in deionized water and left to dry in N, gas.

Measuring technique

The surface morphologies of PS samples were characte-rized
by SEM, and AFM which is Scanning Probe Nanoscope Illa in
tapping mode. Silicium nitride tip size was 5 nm. The reflectance
infrared spectra of PS samples were measured by FTIR
spectrometer (AVATAR360, Nicolet, USA). The PL spectra of PS
samples measured by spectrofluorometer (SLM8100, SIM
AMINCO, USA) with a 450W Xe arc lamp light source and

Table 1. Conditions for the preparation of PS samples at room
temperature.

HF (%) HNO,;(%) CH,;COOH (%) C,H;OH (%)

A 10 0 0 90

B 10 0 1.98 88.02
C 10 0.3 1.98 87.72
D 10 0.9 1.98 87.12
E 10 1.8 1.98 86.22
F 10 3.0 1.98 85.02
G 10 4.8 1.98 83.22
H 10 6.6 1.98 81.42
I 10 8.4 1.98 79.62

MG W

4 nm bandpass excitation and emission monochromators in room
temperature. Temporal profiles of the PL decays were measured
by using time-correlated single photon counting (TCSPC)
method. The excitation source is a self mode-rocked picosecond
Ti:Sapphire laser (Coherent Co.) pumped by a Nd:YVO, laser
(Edinburgh Instruments). The laser output has a~3 ps pulse
width, and it can span the excitation wavelength in the range of
235-300 and 350-490 nm by using nonlinear optical crystals. The
instrumental response function was measured by detection of the
scattered laser pulse of ca. 1 ps with quartz crystal. The
resolution FWHM is 60 ps. This method allows a time resolution
of about 20 ps after deconvolution.

RESULTS AND DISCUSSION

Figure 1 shows the effect on the pore morphologies for an
increase of HNO; concentration in etchants. In the case of
using typical etching solution of HF:C,Hs;OH without HNO;,
the pore diameters and interpore spacings are small with a
highly interconnected and homogeneous pore network as
shown in Figure 1(A). In the presence of HNO;, a new porous
layer is reconfirmed after removal from the previous surface
layer with progress of oxidation(Figure 1(E)). However, it is
not likely to be the increase the porosity with a consequent
reduction in nanocrystallite sizes. The cross-section image in
the bottom at Figure 1(G) shows the result for a sample
etched with a higher HNO; concentration. In this case the
height of depth increases but the pore size is only slightly
increased. The result of AFM investigation of PS samples
prepared in the absence and presence of HNO; concentration
is shown in Figure 2. These images are also similar to SEM
images. In contrast to A sample, G sample shows that the
HNO,; electrolyte rapidly diffuses into the bottom of the PS

Figure 1. SEM images of PS obtained from the different electrochemical preparation conditions (for details, see table 1).
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Figure 2. AFM images of PS obtained from the different electrochemical preparation conditions (for details, see table 1).
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Figure 3, FTIR spectra of PS from the different electrochemical
preparation conditions (for details, see table 1).

layer through the dense surface layer and the etching is
formed such as a pillar structure. At the same time, the depth
of the pores increases. Thus, for these samples it can be
ascribed to the quantum confinement effect due to decrease of
pore size.

The reflectance FTIR spectra for a PS sample prepared in
the absence and presence of HNO; electrolyte are shown in
Figure 3. From FTIR spectra, we clearly observe the presence
of 2100 and 680 cm™, and 1500 cm™', which can be assigned
to the Si-H and SiH,, respectively [14-16], with the increase of
HNO; electrolyte concentration. This indicates that the nano-
structured silicon layers were reduced with the change of
structure. The SEM and AFM images support this result.
Thus, the retention of Si-H and SiH, proves that the anodiza-
tion take place at the bottom of the porous layer [14]. On the

other hand, the absorption peaks of around 3700, 1190 and
1100 cm™ are characteristics of Si-(OH), Si-O and Si-O-Si,
respectively[17-19]. In particular, strong absorption peaks of
Si-(OH), Si-O and Si-O-Si bonds appear in the low concen-
tration of HNO; electrolytes and then decreased with further
increase of HNO; concentration. However, for the PS sample
prepared in HNO; electrolyte concentration, these absorption
peaks still remained in spite of intense Si-H and SiH,
absorption peaks. It means that the surface layer peeled off
slowly during the etching process accompanying the increase
of HNO; concentration and then reformed the new pores
below the surface. These results are expected that the PL
spectra could be influenced by changing surface Si-H bonds
to Si-O bonds and Si-O-Si bonds. Figure 4 shows that the
evolution from the green PL, 560 nm to the red PL, 700 nm is
notably enlarged with the increase of HNO; concentration
which has not been reported before. We can see that there are
resolved two types of PL-tunable range. The high energy
band luminesces in the green at the photon energy band
around 2.2 eV (560 nm) and the low energy band luminesces
in the red around 1.8 eV (680 nm) with similar to report of
Wang et al. [20]. In this case, the room temperature PL
intensity showed an increasing trend until G sample at the
presence of HNO; concentration and then decreased with
further increase in HNOj; concentration. Based on SEM, AFM
and FTIR results, we can confirmed that both emission bands
come from different ways according to the anodization
conditions. Thus, the PL has the unique property that the
wavelength of the emitted light can be changed by increasing
or decreasing the porosity of the material in parallel with
surface state. Taking into account the fact that the shifts of PL
band in the presence of additional HNO, to lower energy in
comparison with the only HF/C,H;OH solution (A sample),
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Figure 4. PL spectra of PS from the different electrochemical pre-
paration conditions (for details, see table 1; excitation wavelength A =
400 nm. A X 18, B X 50, CX 4.6, DX5.8, EX4.6, Fx2.1, G, H
X22,1X24).

we could suppose that this band is connected with Si-H and
SiH, groups on the Si network surface while the PL band of
high energy side may be connected with Si-(OH), Si-O and
Si-O-Si groups on the Si network surface. It indicates that
high energy band of PL or radiative photoluminescence
centers could be connected with silicon oxide having
oxidation state of the Si network while the reduction state due
to Si-H and SiH, groups could be dominate the non-photo-
luminescent state. However, the steady-state data were not
sufficient to provide insight into the origin of PL mechanism
of PS in different mixed electrolyte condition. We used time-
resolved emission spectroscopy to provide some of the
required data. Considering steady-state results, it could be
expected that the PL relaxation dynamics is more complicated.
The PL decay time of PS increases with increasing the
HNO; concentration during etching condition as shown in
Figure 5. That is, the high energy band has a PL decay time of
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about 1.11 ps(sample A), the medium energy band has a PL
decay time of about 1.20 us(sample E), and the low energy
band has a decay time of 1.32 ps(sample G). The PL decay
dependence studies of the high energy band and low energy
band reveal distinctively different radiative electron-hole
recombination mechanism. These radiative recombination from
both high energy band and low energy band is a competing
process. Thus, the dominant process depends on the oxidation
state of the surface layer which is changed the electron-hole
recombination process between the valence band and oxida-
tive state below the conduction band [12]. The present results
indicate that the appreciable increase of decay time as a
function of HNO; concentration is consistent with that of
existence of two different recombination channels. As already
mentioned, therefore, the red PL shift is related to the degree
of oxidation as well as quantum confinement effect.

CONCLUSION

The etching solution of electrolyte mixture having a
constant composition ratios can be obtained adequate and
reproducible PS.

The red shift in the presence of oxidation state can be
assumed that it is governed not only the change of the
electron-hole recombination mechanism between the valence
band and oxidative state below the conduction band in PS but
also the gradual decrease of nano-crystallite size due to the
increase of oxidation state. The reason for this is considered
to be attributed to the strong dependence of a slow lifetime of
microsecond order. Thus, controlled oxidation by HNO; may
lead to the desired PL spectra and its tuning.
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Figure 5. Measured (**) and computed (— ) emission decay curves of PS samples (excitation wavelength A = 360 nm, emission wavelength A =
560 nm (sample A), A = 600 nm (sample E), A = 650 nm (sample G) ; A (1,=1.110 us (87.16%), 1,=0.109 us (10.28%), 1,=0.066 Ls (2.56%)), E
(t:=1.200 pis(90.74%), 1,=0.124 1s(8.58%), 1:=0.0627 us (0.68%)), G (1,=1.320 us (86.72%), 1,=0.204 us (11.63%), 15=0.024 us (1.65%)).
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