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Abstract
Pulse electrochemical etching was used to improve the quality of porous
silicon (PS) layers. Although alternative PS layers of different porosities
have been realized by this etching technique, there is no systematic study on
the influence of different etching pulse parameters on PS during the etching
process. We test various combinations of pulse parameters, including duty
cycle and duration, in fabricating PS-layered structures. The optical
thickness and actual thickness of the PS structures fabricated are
investigated by means of reflectance spectroscopy and scanning electron
microscopy. It is found that reducing the duty cycle and pulse duration of
the pulse can promote the formation of PS layers with a large optical
thickness and high refractive index. Meanwhile, the uniformity of PS is also
improved. The duty cycle of 1:10–1:20 and pulse duration of 0.1–0.2 ms
can result in the best uniformity and smoothness for the highly doped p-Si
wafers. We believe that our work could set the foundation for further
improvement of pulse electrochemical etching.

Introduction

Since the discovery of room-temperature visible
photoluminescence (PL) by Canham in 1990 [1], much
attention has been paid to the properties of PL [2, 3] and
electroluminescence (EL) [4–7] of porous silicon (PS) and
to silicon-based optoelectronic integration [8–10]. Earlier
research concentrated on the properties of a single PS layer.
In 1995, Pavesi et al first demonstrated that alternate PS
layers of different porosities, i.e. different refractive indices,
can be realized by electrochemical etching using appropriate
modulation of anodization time and current density. This
technique resulted in a sharp optical emission about 15 nm
and made possible the fabrication of PS microcavity (PSM)
[11–17]. To make the optical emission narrower, the quality
of each PS layer in a Bragg reflector must be improved.
We proposed the pulse anodic etching method [18, 19] and
ultrasonic etching method [20] before. PS layers of better

uniformity have been made through the pulse anodic etching
method, compared with the dc anodic etching method.
However, there has yet been no systematic study about the
influences of different etching pulse parameters on PS during
the etching process.

In this work, the effects of pulse parameters of duty cycle
and pulse duration on the PS formation are systematically
investigated. The properties of a series of PS layers fabricated
under different conditions are experimentally measured.
The experimental results are studied and some underlying
mechanism is discussed.

Materials and equipments

A (1 1 1) oriented, highly doped p-type silicon wafer with
resistivity 0.06 � cm is cut into pieces, the area of each being
1.5 × 1.5 cm2. Every piece is taken as a sample. The sample is
then mounted in a polytetrafluorethylene (PTFE) etching pool,
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Figure 1. Reflectance spectra of samples A and B fabricated with
different pulse duty cycles: 1:2 (curve I) and 1:10 (curve II).

Table 1. The pulse parameters used in fabricating samples A and B.

Pulse Duty Effective Dipping
Sample duration cycle Current etching time time

A 0.2 ms 1:2 40 mA 2.5 min 5 min
B 0.2 ms 1:10 40 mA 2.5 min 25 min

in which the etched area of the sample is about 1 cm2. The
etching electrolyte is composed of HF (40 wt%), deionized
water and ethanol with the volume proportion of 3:3:2.
The pulse is generated by a Lecroy 9211 pulse generator. The
pulse duration can be adjusted from 20 ns to 500 ms, while the
pulse duty cycle from 0.01% to 99%. The optical thickness
of the fabricated porous silicon sample can be calculated
according to the measured reflectance spectra. The excitation
source for the reflectance spectra measurements is a 250 W
tungsten halogen lamp; signals are amplified by standard lock-
in techniques, and then detected by a photomultiplier. The
actual thickness of each sample is measured with a Philips XL
30 FEG field emission scanning electron microscope.

Experiments and results

The pulse voltage is applied between the Si sample (as anode)
and cathode (Pt electrode). A resistance is connected in series
with the etching pool in this circuit and the anodization current
is obtained by measuring the voltage on this definite resistance.

Two PS samples denoted as A and B are fabricated by
different pulse duty cycles of 1:2 and 1:10 (corresponding
dipping times of 5 min and 25 min) respectively, while other
etching conditions are the same (shown in table 1). The
reflectance spectra of the two samples are shown in figure 1 as
curve I (sample A) and curve II (sample B) respectively. The
clear oscillations of the reflectance spectra show the optical
interference between the light reflected from the top surface
and that from the bottom surface of the PS.

It can be seen in figure 1 that the periods of interference
patterns of samples A and B are different, indicating different
optical thicknesses. The optical thicknesses of A and B can
be calculated according to the peak wavelength and Bragg
formula

nd = λ1λ2

2(λ2 − λ1)
, (1)

(A)

(B)

Figure 2. Cross section of PS fabricated with different pulse duty
cycles: 1:2 (sample A) and 1:10 (sample B).

where n stands for the effective refractive index; d is the actual
thickness of PS and λ1, λ2 are two adjacent peak wavelengths.
If we transform formula (1) into

1

2nd
= 1

λ1
− 1

λ2
, (2)

then we can deduce a useful formula:

(K − 1)
1

2nd
= 1

λ1
− 1

λK

. (3)

Using formula (3) and selecting two peaks at 602 nm and
794 nm for sample A and 628 nm and 800 nm for sample
B, let K = 5, the optical thicknesses of samples A and B are
calculated as 4980 ± 110 nm and 5840 ± 140 nm respectively.
The optical thickness of sample B fabricated with the pulse
duty cycle 1:10 is (17.3 ± 5.0)% more than that of sample A
fabricated with the pulse duty cycle 1:2. The result indicates
that increasing pulse duty cycle will result in less optical
thickness of PS for the same effective etching period.

The actual thickness of each sample is measured directly
by SEM. The cross-sections of the two samples are shown in
figures 2(A) and (B), respectively. The actual thicknesses of
samples A and B are 3.36 ± 0.05 µm and 3.80 ± 0.05 µm,
respectively. This indicates that the actual thickness of sample
B etched with less duty cycle is 13.1% more than that of sample
A, showing that less duty cycle increases the vertical etching
effect. According to the optical thickness and actual thickness
of the samples, the refractive indices [21] are calculated to be
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Figure 3. Reflectance spectra of samples fabricated with different
pulse durations: 1 ms (curve I) and 0.2 ms (curve II).

Table 2. The pulse parameters used in fabricating samples C and D.

Pulse Duty Effective Dipping
Sample duration cycle Current etching time time

C 1 ms 1:2 40 mA 2.5 min 5 min
D 0.2 ms 1:2 40 mA 2.5 min 5 min

1.48 ± 0.03 and 1.53 ± 0.03 for samples A and B respectively.
The PS holes in figure 2(B) look straighter than those in
figure 2(A).

Another two samples, denoted as C and D, are fabricated
with pulse durations of 1 ms and 0.2 ms respectively while
the anodization currents are both 40 mA, duty cycles are both
1:2 and effective etching times are both 2.5 min (shown in
table 2).

The reflectance spectra of these two samples are shown
in figure 3 as curve I for sample C and curve II for sample D,
respectively. The oscillation of the reflectance spectra similar
to that in figure 1 can also be seen. According to figure 3, the
optical thicknesses of samples C and D are calculated to be
4230 ± 80 nm and 4980 ± 110 nm respectively. For the same
effective etching period, the optical thickness of sample D is
17.7 ± 4.5% more than that of sample C, indicating that wider
pulse duration makes the optical thickness of PS reduced. In
figure 4, SEM measurements show their actual thicknesses of
3.00 ± 0.05 µm and 3.36 ± 0.05 µm respectively. Meanwhile,
their refractive indices are calculated to be 1.41 ± 0.02 and
1.48 ± 0.03 respectively.

Discussions

The experimental results indicate that during the pulse anodic
corrosion, the vertical etching effect strengthens while less
duty cycle or pulse duration is used. It is known that in
the electrochemical etching process, reaction products and
bubbles are produced and HF concentration reduces at the
bottom of PS holes, which leads to the resistance to the etching
process going up. In the case of less duty cycle pulse, the off
time (the period of zero voltage) is longer, which is in favor of
the diffusion of the reaction products away from the PS holes
and of HF into the holes. Thus the HF concentration in the
holes, especially in their bottom, could recover to a certain
extent before the next pulse. This makes the electrochemical

3.0 µm

3.36 µm

(C)

(D)

Figure 4. Cross section of PS fabricated with different pulse
durations: 1 ms (sample C) and 0.2 ms (sample D).

etching occur mainly at the bottom of PS holes. In our
experiment, for sample A, the off time between two adjacent
positive pulses is only 0.2 ms, whereas for sample B it is 1.8 ms,
i.e. nine times of that of sample A. Thus, those reaction
products created during the etching process of sample B can
diffuse away from the holes more easily than those produced
in sample A. Then the hardness of reaction which happened at
the bottom of the micropores is lessened.

Pulse duration is another important parameter; the
decrease of pulse duration leads to a corresponding decrease
of reaction time in one pulse. Fan et al found that noticeable
current decline occurred at the forepart of each positive pulse
period [18]. The reason of this phenomenon is that in each
pulse duration, especially under the condition of large etching
current, F− ions in the PS holes are consumed rapidly. The
accumulation of the reaction product suppresses the vertical
etching at the bottom of PS holes, while lateral etching
probably happens. Only shortening the pulse duration could
make the etching reaction happen within the forepart of a pulse,
i.e. the period of the highest etching rate. Thus, the vertical
etching ability strengthens.

The decrease of either pulse duty cycle or pulse duration
is in favor of the vertical etching of PS and increases
the optical thickness and actual thickness of PS. However,
further decreasing of duty cycle brings negative effects on the
uniformity of the sample. It is found that the etching time
of the sample etched with pulse duty cycle 1:200 would be
as long as about 8 h. The surface part of PS will more or
less dissolve in this case. Some coarseness appears, which
can be clearly seen even by naked eyes. Meanwhile, the
interference pattern in its reflectance spectrum disappears due
to the roughness of the surface of the PS layer. The smoothness
of the monolayer is destroyed. Present experiments show that
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the optimal pulse duty cycle ranges from 1:10 to 1:20. Within
this range, not only the HF concentration in the PS holes can
be well recovered, but also the lateral etching effects caused
by long time etching can be neglected. Similarly, neither can
a continuous decrease of pulse duration limitlessly increase
the optical thickness and uniformity of PS. Because of the
limitation of the pulse generator and of the time required for
the distribution of the charge on the surface of silicon, a too-
short pulse duration cannot maintain stable etching. Present
experiments show that if the pulse duration is shorter than
0.05 ms, the optical thickness of the samples is not further
increased. Therefore, the optimal pulse parameters are
determined as duty cycle 1:10–1:20 and pulse duration 0.1–
0.2 ms. Under this condition, it is found that the increase rate
of optical thickness is a little larger than the increase rate of
the actual thickness, which indicates that the vertical etching
ability strengthens.

Experiments also show that the above results are
independent of the resistivity and the orientation of the silicon
wafers used. For example, a (1 0 0) oriented, highly doped
p-type silicon wafer with resistivity 0.01 � cm has also been
etched by pulse. The optical thickness and actual thickness
increase with the decrease of duty cycle and pulse duration.
Meanwhile, if both the duty cycle and pulse duration are
decreased simultaneously, the optical thickness will increase
even faster, which indicates that each pulse parameter plays
its role independently. All these results give strong evidences
for the mechanism we discussed above.

Conclusion

The effect of pulse parameters on the PS optical thickness and
actual thickness has been systematically investigated. The
result demonstrates that reduced pulse duty cycle and pulse
duration in the PS fabrication process can effectively reduce
the production and accumulation of the reaction products. This
method benefits the diffusion of the reaction product away
from PS holes and that of HF into the holes, leading to the
enhanced recovery of the HF concentration at the bottom of
the holes. The electrochemical reaction then occurs mainly
at the bottom of holes and does not occur on the hole wall,
decreasing the lateral etching probability. Some optimal pulse

parameters are determined, being pulse duty cycles of 1:10–
1:20 and pulse duration of 0.1–0.2 ms.
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