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Downward uniformity and optical properties of porous silicon layers*
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Abstract: Porous silicon (PS) samples were fabricated by pulse current etching using different times. The down-
ward uniformity and optical properties of the PS layers have been investigated using reflectance spectroscopy, photo-
luminescence spectroscopy, and scanning electron microscopy (SEM). The relationship between the refractive index
and the optical thickness of PS samples and the etching depth has been analyzed in detail. As the etching depth
increases, the average refractive index decreases, indicating that the porosity becomes higher, and the formation rate
of the optical thickness decreases. Meanwhile, the reflectance spectra exhibit less intense interference oscillations,
which mean the uniformity and interface smoothness of the PS layers become worse. In addition, the intensity of PL.

emission spectra is slightly increased.
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1. Introduction

Since the discovery of porous silicon (PS) photolumines-
cence (PL) at room temperature in 1990 by Canham et al.!, it
has attracted the interest of many researchers!>!, especially
due to its potential application fields!’~'¥1, such as electro
luminescence (EL), lasers, and optical microcavities. In 1996,
the realization of silicon-based visible light-emitting prototype
devices!!®! integrated into microelectronic circuits was a major
milestone for the applied research on PS. However, in order to
realize PS optical devices with excellent quality, the optical pa-
rameters, such as the refractive index (n) and the optical thick-
ness (nd), must be accurately controlled. Previous works>~!
have concentrated on the effects of anodic parameters on the
microstructure and optical properties of the whole PS layer, re-
sulting in a lot of valuable experimental rules. In general, the
refractive index or porosity is only dependent on the etching
current density under the same conditions!* which include the
composition of the electrolyte, the etching temperature, and
the resistivity and conduction type of the Si wafer. Therefore,
the refractive index or porosity can be controlled by chang-
ing the etching current density, resulting in realization of op-
tical PS devices, such as microcavities and distributed Bragg
reflectors (DBRs). Pavesi et al.!''l were the first group to re-
port that the PS multilayers can be used to fabricate optical
microcavities by stacking high refractive index layers and low
refractive index layers periodically. In 2002, Reece et al.!'3)
fabricated high-quality PS optical microcavities with an opti-
cal resonance in the near infrared range and a line width of
0.63 nm. The PS microcavities fabricated by the aforemen-
tioned groups!!'~13], had a different full width at half max-
ima (FWHMs) indicating that the device quality depends on
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the optical parameters of the PS layers. However, a theoret-
ical simulation of the PS microcavity!'®! predicts that even a
resonance line width of 0.1 nm can be emitted. The theoretical
expectation has not been realized in previous experiments. The
quality of the PS layers is still far from satisfactory for device
applications. One of the primary problems arises from the uni-
formity and smoothness of the PS layer. In 2005, Ghulinyan
et al.""® researched the time-resolved optical Bloch oscilla-
tions in porous silicon superlattice structures by controlling
the linear gradient of the refractive index along the growth di-
rection.

In order to obtain better optical properties of the PS lay-
ers with more uniform and smoother interfaces, Hou et al.l'”!
and Liu et al.l'® have, respectively, reported on the pulse
electrochemical etching technique and the ultrasonic etching
method. These techniques result in more uniform PS layers
with smoother interfaces than those prepared by the direct cur-
rent etching technique. Recently, Ge et al.'”! have studied the
influence of the pulse current on the uniformity and the opti-
cal properties of PS layers. These studies have obtained many
valuable results; however, they have not systematically stud-
ied the downward uniformity and the optical properties of PS
layers along the vertical direction. It is well known that the
quality of PS optical devices, such as microcavities and dis-
tributed (DBR), is determined by the uniformity and the in-
terface smoothness of the PS layers. Therefore, it is necessary
to systematically investigate the effect of the downward uni-
formity and the interface smoothness of the PS layer on the
etching depth.

In this work, we systematically demonstrate that the

downward uniformity and the optical properties of PS layers
strongly depend on the etching process. At a constant current
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density of 60 mA/cm?, reducing the etching times from 4 to
1 min results in more uniform layers and smoother interfaces,
and an increase of the refractive index from 1.79 to 2.03. In
addition, the PL intensity of the PS is slightly decreased, and
a blue-shift of the PL envelope curves is observed.

2. Experiment

In our experiments, the used wafer was (100)-oriented,
highly-doped p-type silicon with a low resistivity (0.007—
0.01 Q-cm), and coated with an aluminum layer on the back.
The wafer was annealed to provide a low resistance ohmic
electrical contact. Each sample was cut into pieces with an
edge length of 15 mm. Each sample was mounted onto a
sample holder. All PS samples were fabricated at 25 °C by
PC-controlled pulsed electrochemically etching!'”! in an elec-
trolyte (HF(40%) : ethanol : H,O =1 : 1 : 2 by volume). Four
samples, denoted as A, B, C, and D, were prepared in the dark
at different etching times of 1, 2, 3, and 4 min, respectively.
The current density was set to be 60 mA/cm? with a repetition
rate of 200 Hz and a duty cycle of 0.5 resulting in sponge-like
PS structures of different thicknesses of 1-5 um. After etch-
ing, each PS sample was dipped into ethanol at 25 °C, then
rinsed in de-ionized water, and finally dried in ambient air.

The prepared PS samples were characterized by re-
flectance spectroscopy, PL spectroscopy and scanning electron
microscopy (SEM). The reflectance spectra with an incidence
angle of 10° were taken by using a white light source (tung-
sten halogen lamp). For the PL spectra, a 405 nm light beam
from a semiconductor laser with a power of 10 mW and a spot
size of about 1 mm? was used. The PL measurements were
carried out using the same detection apparatus as used for the
reflectance measurements. The SEM measurements were per-
formed with a PHILIPS X130 FEG. The refractive index n
was obtained as the ratio of the optical thickness nd, resulting
from highly accurate reflectance spectra measured at a wave-
length of about 700 nm, to the physical thickness d, obtained
from cross-section SEM measurements.

3. Results and discussions

The reflectance spectra of PS samples A, B, C, and D,
prepared by using different etching times, are shown in Fig. 1
as curves a, b, ¢, and d, respectively. As shown in the fig-
ure, intensity oscillations appear over the wavelength range of
450-850 nm. These oscillations result from the optical inter-
ference between the light beams reflected from the top and
bottom interfaces of the PS layers. All four samples exhibit
strong oscillations at a wavelength of 790 nm, but the oscilla-
tion amplitude AR decreases with decreasing wavelength A.
The rates, at which the amplitude decreases, is sample de-
pendent: for sample D etched for 4 min, the oscillations al-
most disappears for wavelength less than 500 nm; but for sam-
ple A etched for 1 min, the oscillations remain almost un-
changed over the whole wavelength range, as shown in the fig-
ure. At a short wavelength of 540 nm, the ratios (AR/R) of the
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Fig. 1. Reflectivity spectra of PS samples A, B, C, and D correspond-

ing to curves a, b, ¢, and d, respectively.

oscillation amplitude (AR) to the maximum reflectance inten-
sity (R) are 98.4%, 87.5% , 80.8%, and 45.4%, for samples
A, B, C, and D, respectively, as shown in Fig. 1. This indi-
cates that the ratio (AR/R) decreases with increasing etching
time and, thus, etching depth. The data shows that a reduced
etching time will lead to more pronounced interferences. In
general, the interference intensity of a mono-layer depends on
the uniformity of the layer and the smoothness of the top and
bottom interfaces. Therefore, the present experimental results
show that sample A, etched for 1 min, is the most uniform sam-
ple with the smoothest surfaces and interfaces. In addition, in
the wavelength range from 540 to 790 nm (indicated by two
vertical dotted lines in Fig. 1), there exist 2.75 oscillation peri-
ods in curve a, and 5.5, 8, and 10 oscillation periods in curves
b, ¢, and d, respectively. Different oscillation periods reflect
different optical thicknesses of the samples. From the maxima
in the reflectance spectra of the PS samples, the optical thick-
ness (nd) can be calculated by the Fabry—Perot equation!'#l:
nd = z(j:l‘f’/l,), where d and n are, respectively, the physical
thickness and the refractive index of the PS layer, while 4, is
the wavelength of the r-th reflectance maximum. The optical
thicknesses (nd) are obtained as 2560, 4730, 6650, and 8540
nm for samples A, B, C, and D, respectively, at around the
wavelength of 700 nm, indicating that the optical thickness in-
creases with etching time. However, the value, by which the
optical thickness increases per unit time, decreases during the
etching process; the formation rate of the optical thickness de-
creases from 2560, 2170, 1920, to 1890 nm/min for etching
in the first, second, third and fourth minute, respectively. The
above results show that a shorter etching time is beneficial for
improving the downward uniformity and the interface smooth-
ness of a PS layer, and it increases the average variation ratio
of the optical thickness and weakens the lateral etching abil-
ity. The fact that the formation rate of the optical thickness
decreases during the etching process can be explained as fol-
lows: the physical thickness of a PS layer increases with etch-
ing time, resulting in the diffusion of reaction products away
from PS pores and the diffusion of HF into the pores more dif-
ficult. The HF concentration in the pores at the Si—PS interface
is, thus, not equivalent to the concentration in the electrolyte.
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Fig. 2. SEM images taken from the cross-section of PS (a) sample A, (b) sample B, (c) sample C, and (d) sample D.

Namely, the F~ concentration decreases along the vertical
direction, resulting in the lateral etching effect!*!. This ef-
fect leads to an increase of the porosity and to a decrease
of the refractive index along the vertical direction. These re-
sults demonstrate that a decreasing etching time is beneficial
for improving the uniformity and the interface smoothness of
PS layers. Accordingly, decreasing the duty cycle of the pulse
etching waveform would be an efficient way!'”! to fabricate
high-quality multilayer optical devices, such as PS microcavi-
ties and distributed DBRs.

Although the optical thickness of the PS layer can be cal-
culated from the interference data of the reflectance spectra,
the physical thickness of each sample is measured directly by
SEM. The SEM images of the cross-sections of the four sam-
ples are presented in Fig. 2 as panels (a), (b), (c), and (d). As
shown in Fig. 2 , the physical thicknesses of samples A, B,
C, and D are 1.26, 2.42, 3.50, and 4.77 um, respectively. In
the present experiment, all four samples were etched with a
current density of 60 mA/cm? for 1, 2, 3, and 4 min, and cor-
responding instantaneous formation rates of 1.26, 1.16, 1.08,
and 1.27 um/min, respectively. Therefore, within the experi-
mental error, it can be said that the physical formation rate
is independent of time. The reason that the vertical formation
rate of the PS layers is almost constant with etching time might
be that the anode provides a constant amount of holes to the Si
atoms at the bottom of the micropores per unit time. Since a
constant current density is used in the present experiment, the
F~ in the pores can react very easily with Si atoms at microp-
ores bottoms, leading to a constant vertical etching ability.

Combining the physical thickness measurements by
SEM with the optical thickness determined from the oscilla-
tions of the reflectance spectra, the average refractive index n
was calculated to be 2.03, 1.95, 1.90, and 1.79 for samples A,
B, C, and D, respectively. The results show that a larger phys-
ical thickness leads to a smaller refractive index or a higher
porosity along the vertical direction. Figure 3 shows the de-
pendence of the average refractive index of the PS layer on
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Fig. 3. Average refractive index of PS fabricated at J = 60 mA/cm?
versus the depth from the PS surface when using HF (40%) : C,HsOH
:H,O=1:1:2 (in volume).

the etching depth. It is seen that the average refractive index
of PS layers formed in the first, second, third to fourth minute
decreases from 2.03, 1.87, 1.78, to 1.49, respectively, as the
depth increases. This shows that in etching process the verti-
cal physical etching rate of the PS layer is almost constant, but
the lateral erosion increases; meanwhile, the formation rate of
the optical thickness of the PS layer is decreased, resulting in
a worse downward uniformity and less interfaces smoothness.
This phenomenon can be explained by the following mecha-
nism: as the physical thickness of a PS layer increases, the dif-
fusion of HF into the pores is decreased, resulting in a gradient
of the F~ concentration along the vertical direction. This facili-
tates the laterally erosion on the micropore walls* and results
in larger pore diameters and, thus, an increased porosity. In
addition, during the electrochemical etching process, hydro-
gen bubbles will be produced in the PS layer. This leads to a
concentration gradient with the lowest HF concentration and
the highest hydrogen concentration at the bottom of PS pores.
Thus, the resistance in the etching process goes up, which
was also observed in the previous paper!!”). During the pe-
riod of a single pulse, the constant current density results in a
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Fig. 4. Photoluminescence spectra of samples A, B, C and D corre-

sponding to curves a, b, ¢ and d, respectively.

constant vertical etching rate. As the resistance of the etch-
ing electrolyte increases!!”!, the electric field in the PS layer
increases along the vertical direction. This leads to the excita-
tion of a lot of holes in the side walls of the micropores and,
thus, form a gradient of holes. The highest holes concentra-
tion exists at the bottom of the micropores, but the F~-ions
react with the Si atoms in the side walls to form Si—F bonds,
thus also increasing the lateral etching. This results in an in-
crease of the porosity and a decrease of the refractive index
along the vertical direction. The results demonstrate that the
uniformity of the PS layer becomes worse during the etching
process, namely, the refractive index decreases and the poros-
ity increases along the vertical direction.

PL spectra of the PS samples A, B, C, and D are shown in
Fig. 4. One can see that the PL intensity slightly increases with
etching time. The ratio of the PL intensity of the four samples
(A, B, C, D) is approximately 8 : 14 : 16 : 16. Such a phe-
nomenon is consistent with the fact that the porosity increases
with increasing etching depth. Furthermore, the oscillations of
the PL spectra of the four samples can be seen in Fig. 4. The
ratios (AR/R) (the position of the vertical dotted lines in Fig. 4)
of the oscillation amplitude (AR) to the maximum PL intensity
(R) are 31%, 28%, 26%, and 15%, respectively. The interfer-
ence intensity, thus, decreases with increasing etching depth.
This result again demonstrates that shortening the etching time
can improve the uniformity and the interface smoothness of
the PS layers. Besides, the peaks of the envelope curves of the
PL spectra in Fig. 4 exhibit a trend of red-shift with increasing
etching depth, which results from an average increase of the
porosity or a decrease of the refractive index.

The dependence of the downward uniformity and the op-
tical properties of PS layers on the etching depth have been
investigated. The above experimental results demonstrate that
under otherwise constant etching conditions, a shorter etching
time leads to a thinner, more uniform PS layer with smoother
interfaces, lower porosity, and higher refractive index. In or-
der to accurately control the refractive index in a multilayer
stack, decreasing the pulse width and the duty cycle would be
an efficient way.

4. Conclusion

In conclusion, the etching time affects the downward uni-
formity and optical properties of PS layers. The refractive in-
dex of PS layers decreases along the vertical direction, indi-
cating higher porosity. In order to obtain a more uniform PS
layer with smoother interfaces, narrower electric pulses should
be used.
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