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Abstract

A new type of HF solution, HF-acetonitrile (MeCN), has been employed to produce 10—30 um thick porous silicon (P-Si) layers by
photoelectrochemical etching of different types of Si wafers, Si(100), Si(111) and polycrystalline Si, with different resistivities. A combined
optical, surface and nuclear microscopic assessment of these P-Si layers was performed using photoluminescence (PL), Raman scattering, X-
ray photoelectron spectroscopy and Rutherford backscattering spectroscopy. With increasing resistivity of the Si(100) wafers, the P-Si layers
show a slight blue shift of their visible light emission peak energy, an up shift of the peak position and a narrowing of the band width of the
dominant Raman band, and a decrease in the amount of residual elemental Si on the surface. Those Si(111) wafers, etched in HF-MeCN,

showed no porous structures and no visible light emission.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Porous silicon; PL; Raman; RBS; SEM; Raman scattering; XPS

1. Introduction

The observations of the blue shift of the absorption edge
[1] and the visible photoluminescence (PL) at room
temperature (RT) [2] from porous silicon (P-Si) in the
1990s have attracted world-wide attention to P-Si and
related materials [3—6]. These developments have led to the
publication of a large number of reports and papers in
various journals and conference proceedings [3—5] as well
as review books [6—8]. After entering into the 21 century
until current days, research on porous Si has been still very
active [9—15]. Traditionally, Si is the dominant material for
modern electronics and computers. But, its indirect band
gap, which lies in the near infrared (NIR), and low light
emission quantum efficiency had limited its use in visible
optoelectronics. The recent developments in porous Si may,
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however, fortunately result in the use of the material in
visible optoelectronics by merger of its optoelectronic
properties and Si-based integrated processing techniques.
This may open a new field of processed optoelectronic Si
microelectronic devices.

Porous Si can be formed easily by electrochemical
etching of single crystalline Si in HF solutions containing
electrolytes. The porous Si structures generate visible
photoluminescent or electroluminescent light. Many authors
[1,2] believe that quantum size effects, based upon the free
standing quantum wire model, is the major reason for visible
light emission, although several other mechanisms have also
been proposed to explain the behavior of RT visible light
emissions from P-Si, such as siloxene [16], oxidized Si [17],
hydride complexes [18], and an amorphous phase of Si or its
complexes [19]. We have used a combination of several
sophisticated techniques to understand and distinguish
different luminescent mechanisms [20—22].

Porous Si was indeed first described nearly half a century
ago [23] and used as the anti-reflectance (AR) layer for solar
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cells [24]. Recently, applications of porous Si in photo-
voltaics have been explored [25—-31]. It has been observed
that the porous Si layer may greatly decrease the reflectance
than the bared Si wafer and thus decrease the optical loss in
solar cell structures [26—28,30,31]. Menna et al. [31]
studied the reflectance variations with changing the con-
centration of the oxidizing species and etching times on AR
coating P-Si on polycrystalline Si, and concluded that the
reduction of the optical losses is affected by the process
parameters and is almost independent of the starting
substrate. Other studies on the P-Si layers for solar cells
[24-30] did not study the effects of the Si substrates also.

The ordinary electrochemical etching of Si in aqueous
electrolytes leads to the formation and dissolution of oxide
intermediates, which causes dissolution limited currents,
hydrogen gas evolution and highly branched microporous
structures [1]. It has been shown that these effects can be
eliminated or reduced by the photoelectrochemical etching
of Si in HF-acetonitrile (MeCN) solutions [32]. Unlike the
results in aqueous fluoride electrolytes, in acetonitrile no
hydrogen gas is generated, no critical current is observed
and the dissolution limited current is more than 1.4 A/cm?
for p-type Si [33]. It is worthy to investigate in depth the P-
Si layers produced in these solutions and their various
properties.

In this study, we prepared P-Si layers by photoelec-
trochemical etching of Si in HF-acetonitrile (MeCN), which
is different from most of the cases reported in the literature.
Different types of Si wafers, including single crystalline
Si(100), Si(111) and poly-crystalline Si, with different
resistivities, were used to fabricate P-Si layers. Photo-
luminescence (PL), Raman scattering, X-ray photoelectron
spectroscopy (XPS) and Rutherford backscattering spectro-
scopy (RBS) were employed to study their optical, surface,
and structural properties. The properties of P-Si layers
prepared from this special HF-MeCN solution are found to
be a strong function of the Si substrate crystallinity and
resistivity.

2. Experiment
2.1. Sample preparation

Four different boron doped p-type Si wafers, 2 () cm and
0.2 Q) cm Si(100), 0.02 ) cm Si(111) and 1 Q cm poly-
crystalline Si, with thicknesses ranging between 250 and
350 um, were used for this investigation. Semiconductor
purity anhydrous HF and the pure (<5 ppm water) MeCN
electrolyte were used in an inert atmosphere dry box with
the water and oxygen concentrations maintained below 2
ppm. A three electrode cell was used with a platinum
counter and silver reference electrode. The P-Si layers were
formed by anodizing Si wafers under the same conditions,
e.g. in 2 M HF:0.25 M TBAP (tetrabutylammonium
perchlorate) with a current density of 7 mA/cm? for 30

min. The porous structures produced by this technique were
examined by a Hitachi S-2700 scanning electron micro-
scope (SEM). The thickness of P-Si layers was found to be
in the range of 10—30 pum. P-Si samples prepared in (100) Si
and poly-Si wafers, showed macro-pores of about 1 to 2 um
in diameter and 10—20 um in depth [31], associated with the
micro-porous structures (<100 nm) [34]. However, unlike
the etching of (111) Si in aqueous HF solutions, no pores
were found for the Si(111) sample etched in HF-MeCN [33].
More details on the P-Si preparation by using these special
HF-MeCN solutions were given in Refs. [20,21].

2.2. Assessment techniques

Room temperature (RT) PL measurements were per-
formed, using a SPEX-1404 system with a laser excitation
of 4880 A (50 mW) from a Ar' ion laser. Spectral
reflectance was measured at RT in the wavelength range
of 400—850 nm with 10 nm per data. Scanning electron
microscope (SEM) observation was done using a Philips
SEM system. Raman scattering was measured at RT and in
the near backscattering geometry. Samples were excited
with the 4067 A line from a 8 W Coherent Kr" ion laser. The
scattered light was dispersed by a SPEX-1877 triple
spectrometer with a resolution of ~3 ¢cm™', detected and
accumulated by an optical multichannel analyzer (OMA)
with high signal-to-noise ratio under computer control. XPS
was performed using a VG ESCALAB MKII spectrometer
with a Mg Ka X-ray source (1253.6 eV, 120 W) at a
constant analyzer pass energy of 20 eV. RBS and ion
channeling were measured using 2 MeV o-particle beams as
the incident source.

3. Results and discussion
3.1. Room temperature photoluminescence

All samples display broad emission bands ranging
between 5300 A and 8700 A. The central or peak position
of the PL bands differs slightly among these samples and is
located in the red color region between 6500 and 6800 A.
The PL emission intensities are also varied with the
samples. The sample prepared from the 0.2 Q) cm Si(100)
wafer possesses the strongest PL emission band, the 2 () cm
Si(100) sample second and the 1 ) cm poly-Si third. The
0.02 Q cm Si(111) sample showed almost no visible light
emission, consistent with the SEM observation of no pores.
It is suggested that (111) Si oxidation—dissolution occurs
through a tetravalent route in HF-MeCN solutions [33],
which leads to no pores formed for Si(111) etched in HF-
acetonitrile and no RT PL light emission is observed for this
sample in Fig. 1.

According to the literature [35—37] the PL peak energy
from P-Si exhibits generally a blue shift with increasing the
resistivity of Si wafer. It has also been shown [1,37] that
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Fig. 1. RT-PL spectra from four porous-Si samples.

increasing the porosity of P-Si may lead to a blue shift of the
PL peak energy which has been demonstrated by the
quantum size effect. Comparing two PL curves of P-Si
prepared from Si(100) wafers in Fig. 1, a slight PL blue shift
can be seen as resistivity, p, increases from 0.2 () cm to 2 ()
cm. However, this trend is not true if we compare the 1 ()
cm poly-Si case with the above two Si(100) wafers.
Therefore, the appearance of the blue shift of PL peak
energy depends not only on the resistivity but also on
crystallinity and other material parameters of Si wafers used
to form P-Si. This is also true for the PL intensity
comparison of different P-Si layers.

3.2. SEM

Fig. 2 shows two typical SEM photos from P-Si prepared
from 2 and 0.2 Q) cm Si(100). It is seen that the pore sizes of
the P-Si layer on 2 ) cm Si(100) are much larger than that
of the P-Si layer on 0.2 ) cm Si(100). This can be explained
as follows. As a Si wafer contains more impurities with a
low resistivity, the electrochemical etching rate along the
normal direction of the surface will be fast but the total
amount of the etched masses per unit time may be almost

bei 0%
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Fig. 2. Two typical SEM photos of porous-Si prepared from (a) 2 {}-cm and
(b) 0.2 Qrem Si(100).

constant. Therefore, the etching rate in plane is less for a
low resistivity Si(100) wafer than for a high wafer. Thus, we
obtained the pore sizes of P-Si/0.2 () cm Si(100) to be less
than that of P-Si/2 () cm Si(100). The bigger pore structures
will make the left Si skeleton with small dimensions in the
plane direction, leading to stronger quantum size effect. This
is consistent with the above observation of the PL blue shift.

3.3. Optical reflectance

Fig. 3 exhibits the optical reflectivity spectra over 400—
850 nm for several P-Si samples and a single crystalline Si
wafer. The Si wafer possesses high resistivity of 30—50%
over this wavelength range. As porous layers were formed,
the reflectance is greatly reduced. It can be seen that with an
increase of p, the reflectivity over the entire wavelength
range is reduced. This can be explained with our above
SEM observation. Larger pore size structure, as seen from
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Fig. 3. Optical reflectivity spectra over 400—850 nm for four porous-Si
samples and a single crystalline Si wafer.
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P-Si prepared on higher p Si wafer, will make more incident
light to enter into the sample and produce less reflected
light, leading to a lower reflectance. But P-Si layers formed
from too high p wafers, such as 13 and 240 Q cm Si(100),
show no or very weak luminescence. Therefore, we do not
discuss these two samples in this study further.

3.4. Raman scattering

Fig. 4 exhibits RT Raman spectra of these four samples
under the excitation of 4067 A at 50 mW. The P-Si sample
prepared from a Si(100) wafer with a resistivity of 2 {} cm
displays a Raman band peaked at 520 cm™'. Its band
shape is slightly asymmetric with a left half width of 6
cm™ ' and a right half width of 4 cm™'. This is close to but
slightly different from the line shape of the major Raman
mode from a crystalline (c-) Si. As decreasing the
resistivity from 2 ) cm to 0.2 ) ecm for Si(100), 0.02 Q
cm for Si(111), and 1 € cm for poly-Si, shifts the
dominant Raman band downwards, broadens and makes it
more asymmetric. The extension of the downshift, broad-
ening and asymmetry increases as decreasing p. The shift
or variation in Raman line shape characterizes the change
in porous Si structures from sample to sample, and is
similar to our results on P-Si membranes prepared in
ordinary HF solutions [20—22].

3.5. Raman line shape analysis

A theoretical model, named “Spatial Correlation model”,
has been developed to describe the Raman line shape of
disordered crystals. In an ideal crystal translational symme-
try leads to plane wave phonon eigenstates. Only phonons
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Fig. 4. Room temperature Raman spectra of porous Si prepared from
different Si wafers: (a) 2 (-cm Si(100), (b) 0.2 Q-cm Si(100), (c) 0.02 Q-cm
Si(111), and (d) 1 Q-cm polycrystalline Si.

with ¢ =0 at the center of the Brillouin zone (I" point) are
involved in the first-order Raman scattering. The correlation
lengths of these phonons are infinite. However, disorder or
finite-size effects may completely or partially relax the
momentum conservation to have non-zero momentum
phonons involved in the first-order Raman process, leading
to a downshift and as-symmetric broadening of the Raman
peak. The intensity dependence of Raman spectrum on the
phonon frequency can be expressed as

Ho)exp( - 'L 4)dq/ {0 — 0@ + ()2}, (1)

where the correlation length L is in unit of a, the lattice
constant, g, is expressed in units of 2n/a, I" is the natural
line-width including the intrinsic width from a non-
disordered crystal and the instrumental contributions. The
dispersion relation has a form of

o(q) = A — Bg*. (2)

This spatial correlation model has been employed to
analyze the Raman line shape from porous Si. In these work,
A and B were used with the values for a crystalline Si with
A=520.5 cm™ " and B=120 cm™'. I is also setting at a
constant value of 3 or 4 cm™ .

In an attempt to use this model to fit our Raman data
from porous Si samples, we found that we cannot obtain
good fits if we used fixed 4, B and I'. We consider that the
phonon dispersions for a crystalline Si and a porous Si
might be different because of different structures, and that I’
might differ slightly also because of different measurements,
in which we can only set the measurement conditions,
including laser beam focusing and optical alignment, as
close as possible for different sample measurements, but
cannot make them exactly same. Therefore, we perform our
theoretical fits including to vary 4, B and I slightly. The
following theoretical formula is used:

() = Lg*exp( — ¢*L* /4)dg /{ [ — 4+ B¢

+ (F/z)z} + Ik, (3)

where [, is the adjusted constant intensity and Iy is the
background. /, and [y, can be adjusted also in fits. In this
way, we have very good fits between the experimental and
theoretical results. Two examples for the porous Si grown
on p=2 ) cm Si(100) and poly-Si are shown in Fig. 5(a)
and (b), respectively. The fitted parameters are listed in
Table 1.

3.6. X-ray photoelectron spectroscopy (XPS)

Fig. 6 (left side) shows the XPS wide-scan spectra of
the four porous Si samples. In addition to the peaks due to
Si (Si 2p and Si 2s), carbon (C 1s) and oxygen (O Is)
were also detected; other elements could not be detected
because of the XPS sensitivity limit of 1% (surface
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Fig. 5. Raman line shape fits by the spatial correlation model for two porous Si samples: (a) G873, (b) G890.

concentration). There is some variation in relative inten-
sities of the peaks between the four samples. The surface C
concentration of the 0.02 0 cm Si(111) sample is the
lowest. This may be due to the relative stability of the
dense (111) surface to etching, which may introduce
carbon contamination. The Si 2p narrow scans (Fig. 6,
right) show that the surfaces of all four samples are largely
SiO,, supporting the strong O 1Is peak. The Poly Si
spectrum however displays significant amounts of elemen-
tal Si at lower binding energy, and to a lesser extent the
Si(111) sample as well. This may be explained by the
difference in the surface area of poly-Si and c-Si after
etching and the subsequent oxidation.

3.7. Rutherford backscattering spectroscopy (RBS)

RBS measurements on these four samples also show the
existence of Si, O and C in the porous layers, which is
consistent with the XPS results. Moreover, F was detected in
very small concentration, which came from the HF
solutions. Simulation of RBS data gives the thickness and
composition of the P-Si layer for each sample, which shows
a large scatter from sample to sample, although they were
prepared under the same photoelectric etching conditions.
Ion channeling was also done for these samples. Crystalline

structural variations between the porous and non-porous
regions and from sample to sample were revealed. Fig. 7
shows such an example for the 2 () cm Si(100) sample.
Random and aligned spectra from porous region, non-
porous region and c-Si are exhibited. Different minimum
yield ratios were obtained between the aligned and random
RBS. Detailed analyses of nuclear data will be given in a
future publication.

4. Conclusion

We have prepared porous silicon (P-Si) on various Si
substrates by photoelectrochemical etching of silicon in HF-
acetonitrile (MeCN) solutions, a new type of HF solutions
for forming P-Si. Different types of Si wafers, Si(100),
Si(111) and polycrystalline Si, with different resistivities,
were employed to produce 10—30 um thick P-Si layers. A
combined optical, surface and nuclear microscopic assess-
ment of these P-Si layers was performed using photo-
luminescence (PL), Raman scattering, X-ray photoelectron
spectroscopy (XPS) and Rutherford backscattering spectro-
scopy (RBS). Red wavelength PL was emitted from these P-
Si samples, prepared from (100) Si and polycrystalline Si,
which showed clear porous structures by SEM. The PL

Table 1

Fitting parameters of four porous Si samples

Sample L (a) (em™ ") L (A) (em™ I (em™ " A (em™ B (em™ " Io (em™ ) T (em™ 1)
# Substrate

1) 2 Q cm Si (100) 14.6 79.3 6.0 522.2 116.9 6.03¢9 3.67¢4

2) 0.2 Q) cm Si (100) 13.2 71.7 6.3 520.8 120.4 2.62e9 1.09¢4

3) 0.02 Q cm Si (100) 9.75 52.9 7.5 519.0 119.8 6.42¢8 1.15¢4

4) 1 Q cm poly Si 11.8 64.1 6.0 520.0 117.1 4.16e9 2.01e4
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Fig. 6. XPS wide scan spectra of porous Si prepared from different Si wafers: (a) 2 Q-cm Si(100), (b) 0.2 Q-cm Si(100), (¢) 0.02 Q-cm Si(111), and (d) 1 Q-cm

polycrystalline Si.

emission intensities are dependent on the properties of Si
wafers prepared for forming P-Si. But there is no visible
light emitted from samples prepared from (111) Si wafers in
which no porous structures were formed. All samples
exhibit dominant Raman bands with a slight downshift
and a broader/asymmetric shape compared to the c-Si
Raman band. The extent of Raman line shape variation is
found to be a function of the resistivity of the substrate. XPS
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Fig. 7. Random RBS and ion channeling spectra from a porous Si prepared

from 0.2 Q-cm Si(100) wafer (porous and non-porous regions) and
simulations (two solid lines, respectively).

studies reveal different surface and oxidation properties
from these P-Si layers. Strong C Is, O 1s, O KLL and C
KLL signals together with Si 2s and Si 2p were observed.
The amount of contaminant C is varied with p. The surfaces
of these samples are shown to be largely SiO, with different
amount of elemental Si, which increases with decreasing p
of single crystalline Si. P-Si obtained by etching of poly-Si
showed the largest amount of elemental Si on the top. RBS
data reveal the existence of F on the top in addition to Si, O
and C. Simulations of RBS data indicate that there exists a
large difference in the thickness and composition of the P-Si
layers grown from different wafers. Ion channeling meas-
urements distinguish the crystalline variations between the
porous and non-porous regions and from sample to sample.
It is worthy to make further investigation on P-Si prepared
in HF-MeCN solutions, their luminescence mechanisms and
various properties.
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