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The rate of oxide formation during growth of pores structures on silicon was investigated by in situ I-V measurements. The
measurementswere designed to get two I-V curves in a short time (total time for the twomeasurementswas 300 seconds) taking into
account the gap (inmA/cm2) for each corresponding voltage.The in situ I-V measurements weremade at different pore depth/time,
at the electrolyte-pore tip interface, while etching takes place based on p-type Si. The results showed increasing, decreasing, and
constant I-V gap in time, for macropores, nanopores, and electropolishing regimes, respectively. This was related to the expected
diffusion limitation of oxide forming (H

2
O) molecules reaching the electrolyte-pore tip and the anodizing current, while etching

takes place. The method can be developed further and has the potential to be applied in other electrochemically etched porous
semiconductor materials.

1. Introduction

A startling and groundbreaking insight into porous silicon
appeared towards themiddle of the last century [1]. Yet during
that time, scientific details on the porous silicon were not
recognized well and the issue was not tackled for some time
after the initial studies [2]. Thereafter, in the late 1980s, the
science of porous silicon has shown some advances, and the
studies were made by altering electrochemical etching con-
ditions [3]. In 1990, Lehmann and Föll also discovered that
very regular arrays ofmacropores with extremely large aspect
ratio could be obtained in n-Si/HF system, and they explained
the phenomenon using the “Space Charge Region” model [4].
The discovery of porous silicon opened new possibilities and
extended applications in three-dimensional semiconductor
structures [2], sensors [5, 6], microelectromechanical system
(MEMS) [7], photonic devices [8], and the like. In relation to
such novel applications, the issue of porous silicon structures
has also gained considerable attention in the last two decades.
The studies expand the scope of our understanding on the
possible electrochemical process, reaction kinetics on oxide
formation, and electropolishing mechanisms at the silicon-
electrolyte interface. Particular studies on the oxidization

mechanisms at the silicon-electrolyte interface were also
made in the past [4, 9]. Some of the past studies have shown
that the rate of oxidation is affected by electrolyte concen-
tration, anodizing current density, and diffusion limitation
of oxide forming (H

2
O) molecules [4, 6]. Such studies have

extended our understanding of the oxide formingmechanism
for pore formations. However, the rate of oxide formation
during pores formation is still something not clearly under-
stood [4, 10]. Thus, in this study, we used a new method
hereafter referred to as “fast I-V curve” to study the rate of
oxide formation during pore formations and electropolishing
regimes. Consequently, the effects of anodizing current, pore
morphology, and pore type on the rate of oxide formation are
crucial elements of this study.

The fast I-V characterization method is designed to get
two I-V measurements within short time (300 sec). Com-
pared to the first measurement, the second I-V measurement,
one in forward and the other in reverse I-V measurements,
shows displacement of the current (in mA/cm2), for each
particular voltage values.The periodic fast I-V measurements
were considered six times for each experiment completed
within 360 or 120min. The displacement of the current
attributes to the oxide formation in the time range between
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Figure 1: Schematic illustration of the etching cell.

the twomeasurements, where it is affected by electrochemical
pore regimes, that is, macroporous, meso/nanoporous, and
electropolishing. Besides, it is worth mentioning that the rate
of oxidation also depends on diffusion rate of the oxide form-
ing (OH−) molecules reaching at the pore tip-semiconductor
interface, where the diffusion in turn depends on the mor-
phology, type, and depth of the pores that change in time
during etching [2, 11].The pore types, pore etching depth, and
poremorphologywere characterized by SEM (Scanning Elec-
tronMicroscopy) after themultiple in situ I-Vmeasurements.
Thereafter, based on the ex situ (SEM) and in situ (I-V gap)
measurements, a comparative rate of oxide formation, during
pore formation and electropolishing, was made as a function
of time. In other words, rate of oxide formation is also studied
indirectly as a function of pore depth in the porous regime.
Thus, in this study, the newmethod is used to study the rate of
oxide formation during porous and electropolishing regimes
at different time for the p-type Si, and the method can be
extended to other porous semiconductor materials including
n-type Si and other porous single crystalline semiconductors.

2. Experimental Details

The investigationswere done on p-type (100)wafer with resis-
tively of 10–20Ω⋅cm. In order to get a good ohmic contact, the
samples were dipped into 10% HF. After removing the oxide
by scratching, a layer of In/Ga alloy was applied to the sample
for contact. Consequently, the samples are introduced into
the cell (see Figure 1) [12, 13], and the experimental param-
eters including current density and etching time were com-
puter controlled. The electrolyte contains 4% wt. HF without
surfactant/tenside addition.The experimentswere conducted
at a constant temperature of 20∘C and constant pumping rate
(100 rpm).The current density (𝑗) for a single experiment was
constant during the experiment (except during the periodic
fast I-V measurement) but varied from experiment to exper-
iment between 𝑗 = 0.1mA/cm2 and 𝑗 = 30mA/cm2 (voltage
−0.5–1.5 V). The etching time was adjusted to 120min, and
for some cases, where it was not possible to get pores with
120min, the timewas increased to 360min and the time effect
was considered. However, unlike the macropores etched for
360min, both nanopores and electropolishing were achieved
at the lower time and the in situ characterizations were per-
formed for up to 120min. The time interval between the two
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Figure 2: SEM images of the samples anodized at different cur-
rent densities in 360min at 0.5mA/cm2 (a), 1mA/cm2 (b), and
2mA/cm2 (c).

fast I-V measurements was 300 sec for all the experiments.
Subsequently, the fast I-V data, measured six times for single
experiment/sample, were plotted and analyzed. At the end
of the experiment, the sample was removed from the cell,
rinsed in water, and broken in two parts for cross-section
investigation of the porous morphology. The etched samples
were investigated bymeans of SEMPhilips XL30microscope,
that is, SEM as ex situ measurement.

3. Results and Discussion

Macropores were observed from 0.5 to 2mA/cm2 with
etching time of 320min; however, it was not possible to get
deep and straight macropores unlike the known cases using
surfactant or tenside added electrolyte [14]. The nanopores
start to grow at 3mA/cm2 and their percentage of surface
coverage increases up to 15mA/cm2. Finally, a complete
electropolishing was obtained at 25mA/cm2 (or higher).
Thus, in the study, the three phases of the electrochemical
etching of the porous silicon were observed: macropores,
nanopores, and electropolishing.

3.1. Macropores. The etching times to get macropore struc-
tures were first tried at 120min, but no evident macropores
were obtained. Thus, the time was extended to 360min to
get macropores. Figure 2 presents SEM images of the p-type
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Figure 3: Typical in situ fast I-V measurements (at 20, 90, 160, 230, 300, and 360 minutes) during the growth of macropores structures at 𝑗
= 1mA/cm2.

silicon etched at 1mA/cm2. When the pores are seen in cross-
sections, it is evident that pores are not perfectly straight
and their opening is narrowed. Besides, the pores seem
to show low aspect ratio and remain “shallow” in 360min
(e.g., ∼10 𝜇m at 1mA/cm2). Furthermore, when the pores are
seen at different current densities, pores channel walls are
not straight (see Figure 2). Instead, the pores structures are
branched and spongy type, tumbler shape (narrowed opening
and bulged base), and pores with cavity like structures at
0.5mA/cm2, 1 mA/cm2, and 2mA/cm2, respectively. Addi-
tionally, as shown in Figure 2, as the current density increases
from 0.5 to 2mA/cm2, the pore growth rate increases. Such
an enhancement of the pore growth rate, including pore
depth and opening/diameter, by increasing the current is also
consistent with other findings [15, 16]. The anodizing current
and the way pores are grown can also affect the rate of oxide
formation and can be manifested in the fast I-V gaps.

The in situ fast I-V measurements for the macropores
structures at 𝑗 = 1mA/cm2 are presented in Figure 3. As
seen in Figure 3, the fast I-V gap between the forward and
reverse I-V tends to increase in time (from 20 to 360min).
Yet, the increased gap seems to be noticeable in the first
90min and thereafter the change/increase of the gap in time
is smaller in extent. Similarly, the increase of the I-V gap in
time is also observed for the other macropores obtained at 𝑗
= 0.5mA/cm2 and 𝑗 = 2mA/cm2. The increase in the fast I-
V gap in time can be related to the morphology of the pores
which change in time, that is, themorphology seems to create
favorable mass transfer geometry in time. As a result, such an
improved mass transfer, at the pore tip-semiconductor (Si)
interface, resulted in enhanced oxide thickness growth which
in turn leads to increased I-V gap. As can be observed from

Figure 1, the macropores are not straight and deep, instead,
spongy like, having cavity or tumbler structure. The pores
intersect with each other (mainly at 𝑗 = 0.5mA/cm2) due to
the fact that they increase their diameter as they grow into
the substrate. The mass-transfer-controlled electrochemical
etching is determined by diffusion of the oxide forming
species and the diffusion depends on the geometry of pores
[11, 17]. However, the geometry of pores changes in time
during etching. Such a change of poremorphology, to sponge
or tumbler/cavity like structure, can increase diffusion of
oxide forming species in time as pores grow down. This can
be due to the dynamic pore geometry favoring/improving
mass transfer in time or the effect of cross-connected pores
(spongy) resulting in multidirectional mass transfer at the
pore tip-Si interface enhancing oxide formation, for example,
from two channels for two pore tip-Si interfaces to two
channels for a single pore tip-Si interface. In other words,
the amount of oxide forming species per pore tip area, at the
active/etching site interface, within the pore seems to increase
in time by multichannelled electrolyte path for spongy like
structure. Similarly, in relation to the morphology of the
pore for tumbler/cavity like structure, the amount of oxide
forming species per pore tip area seems to increase as pores
get deep. Thus, taking into account the fact that the fast I-V
gapwas assumed to be related to the amount of oxide, one can
expect that such structure increases the gap as the structure
develops in time.

To get deep insight into the rate oxide formation,
an extended experiment by varying the current densities
(0.5mA/cm2, 1 mA/cm2, and 2mA/cm2) was made to study
the I-V gap at a specific or constant time, that is, I-V gap
at different current density. Figure 4 presents in situ fast I-V
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Figure 4: In situ fast I-V measurements at 90 minutes during pore
formation using anodizing current of 0.5mA/cm2 (a), 1mA/cm2 (b),
and 2mA/cm2 (c).

measurements at 90min for the corresponding macropores
obtained at 0.5, 1, and 2mA/cm2. As shown in the figure,
the I-V gap visibly expands as the current density increases
from 0.5 to 2mA/cm2. Similarly an increase of the fast I-V
gap by increasing the current density was also observed at
each case, that is, 20, 160, 230, 300, and 360 minutes. Such a
trend seems to indicate that the rise of current density, within
the macropores regime, enhances oxide formation once the
etching process starts. This is consistent to previous findings
[15, 16]. Here, the diffusion limitation of the oxide forming
species can possibly vary in the three cases as there are
differences in pores morphologies (see Figure 2). However,
here, the significant increase in the I-V gap at 90min for
the three cases (Figure 4) with the increase of the anodizing
current tends to indicate that the anodizing current can have
a more dominant role than the pore morphology in the oxide
formation.

3.2. Nanopores. The electrochemical process at 3mA/cm2
did not show pore etching and seems to be at a point
where growth of macropores terminates. Figure 5 presents

the major etching process after the macrospores regime, that
is, nanopores and electropolishing regimes. The macropores
are easily seen by means of a microscope. This is not the
case of nanopores, so an ultraviolet (UV) lamp illumination,
UV excited photoluminescence, was used in order to prove
the existence of nanopores [18–20]. Here, it is important
to note difficulty in differentiating between mesopores and
nanopores, but mesopores are expected to exist on the
transition from macropores to nanopores.

The nanopores start to grow at 3mA/cm2 and their
growth of surface coverage is very minimal, while there
are no well-etched grown macropores. Yet, its coverage is
still minimal but little improved as the current increased
to 4 and 5mA/cm2 (see Figures 5(a)–5(c)). Thus, it seems
that ∼3–5mA/cm2 is at a transition from macropores
to nanopores regime. Here, it is worth noticing that
the nanopores growth has unique orientation, somehow
“island/hill” like and inhomogeneous growth over the surface
as seen in Figures 5(a)–5(c), unlike that of macropores and
electropolished surfaces [21, 22]. As the anodizing current
increases, the growth of nanopores continues with improved
surface coverage up to 15mA/cm2; however, the nanopores
percentage of surface coverage reduces as the current density
declines from 15 to 20mA/cm2. Compared to the transition
frommacropores to nanopores samples (samples anodized at
𝑗 = 3–5mA/cm2), the nanopore dominating samples exposed
a uniform distribution of the light under the UV light.
Interestingly, nearly on all samples with nanopores craters
are also observed, which are likely to be starting sites for
the macropores. Thus, a mixture of nanopores and nuclei of
macropores was present on all the samples. Three examples
of the nanopores plus macropores nuclei are presented in
Figures 4(a)–4(c).

Figure 6 shows the typical fast I-V curves, in time, during
the nanopore growth at 𝑗 = 15mA/cm2. As shown in the
figure, the fast I-V gap tends to decline in time. A similar
trend, reduction of I-V gap in time, was also observed for
the samples having other nanopores (e.g., nanopores at 𝑗 =
10mA/cm2). As observed in Figure 6, it is also evident that
the gap in the first 50min is significant and then suddenly
diminishes just after about 75min and remains relatively
the same till 120min. This I-V gap declining effect is more
pronounced for the sample anodized at j = 15mA/cm2, which
had the highest light intensity under the UV lamp. Here, it is
important to note that though the nanopores have minimal
coverage for 3–5mA/cm2, unlike the 10 or 15mA/cm2, a sim-
ilar trend or reduction of the fast I-V gap in time is observed.

The reduction in the fast I-V gap, during nanopores
formation, suggests that the amount of oxide forma-
tion/thickness decreases in time. Here, it is worth remem-
bering that the formation of nanopores requires less oxide
to form than macropores [23, 24]. Taking into account
the fact that we have a transition range from macro- to
nanoporous, we can assume that at the beginning of etching
the macropores are favored (more oxides, bigger gap), and as
the time goes the role is interchanged leading to less oxide,
smaller gap. In short, the decrease of the I-V gap is caused by
the fact that as the time goes the nanopores start to dominate



Journal of Nanomaterials 5

20 Ｇ

5 Ｇ

(a)

50 Ｇ

10 Ｇ

(b)

50 Ｇ

20 Ｇ

(c)

20 Ｇ

(d)

Figure 5: SEM images of the samples anodized for 120min at 4mA/cm2 (a), 15mA/cm2 (b), 20mA/cm2 (c), and 25mA/cm2 (d). The first
three images, with insets of surface view, show nanopores ((a), (b), and (c)), while the last (d) shows electropolishing.
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Figure 6: Typical in situ fast I-Vmeasurements (at 5, 25, 50, 75, 100, and 120minutes) during the growth of nonporous structures at 15mA/cm2.

over the crater formation of macropores, thus leading to less
oxide formation and consequently to a smaller fast I-V gap.

3.3. Electropolishing. The transition from nanopores to elec-
tropolishing was observed for a current density value of 𝑗 =
20mA/cm2 (see Figure 5(c)). When the sample, anodized at
20mA/cm2, was investigated for photoluminescence prop-
erty (under the UV lamp), it indicates the presence of
nanopores. On the other hand, it should be noted that in this

case a partial (minimal) surface of the sample was electropol-
ished. Hence, it is a mediator of the previous/nanopores and
the next/electropolishing regime.

An effective or complete electropolishing was obtained at
25mA/cm2 or higher (see Figure 5(d)). Figure 7 presents a
typical in situ fast I-V measurement during electropolishing.
As expected, because of the electropolishing, the sample at 𝑗=
25mA/cm2 shows a “high” I-V gap and a relatively constant
fast I-V gap in time. This effect happens because of the fact
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Figure 7: Typical in situ fast I-V measurements during electropolishing at 25mA/cm2. The measurements were made at 5, 25, 50, 75, 100,
and 120 minutes.

that the oxide forming molecules have almost equal concen-
trations at different times of the etching, because there are no
deep pores which can create diffusion limitations. In other
words, the oxidizing species at the silicon-etchant solution
interface is not diffusion limited in time. Moreover, as seen
in Figure 7, the I-V gap (regardless of the time) is relatively
high when compared to I-V gap of the macro- or nanopores.
Apparently, this effect is attributed to the relatively high
rate of oxide formation in electropolishing than the pores
formation [2, 25] and thus results in high I-V gap.

The fast I-V curves at 𝑗 = 20mA/cm2 show a media-
tor phenomenon between 15 and 25mA/cm2 or mediator
between nanopores and electropolishing. In other words,
there is a reduction of the gap/area of the fast I-V curves as
a function of time, but it is not that much pronounced as in
the previous case (𝑗 = 10 and 15mA/cm2) of the nanopores
and it is not with constant gap over time, like the observed
electropolishing case (see Figure 6). That is, the fast I-V gap
in time decreases slowly during a transition from nanopores
to electropolishing and the reason remains the same as that
of the other cases having nanopores, that is, having small
creature like or macropores nuclei (more oxides, bigger gap)
to nanopores (less oxide, smaller gap) and partially minimal
electropolishing.

4. Conclusion

A new method called in situ fast I-V curve method is
used to study the growth of porous structures on p-type
Si. The method is used to study the relative rate of oxide
formation at different pore depth or time, while pore etching
and electropolishing is proceeding. The macropores grown
in this study are not significantly deep (up to 14 𝜇m) and

more importantly they are not straight, instead the pores
exhibit spongy like, cavity, or tumbler like structure. The
rate of oxide formation is determined by the diffusion rate
of oxide forming molecules which in turn depends on the
pore morphology. As a result, the in situ fast I-V gap for
macropores increases in time, which is attributed to the pore
morphology favoring the diffusion rate of oxide forming or
watermolecules. On the other hand, in nanopores regime, the
I-V gap decreases in time. This is because at the beginning of
etching the macropores are favored, more oxides with bigger
gap, while as the time goes nanopores overtook, less oxides
with smaller gap. Furthermore, the electropolishing process
(at 25mA/cm2) resulted in two major features: constant gap
of the fast I-V in time and relatively high I-V gaps compared
to the micro/nanopores regimes. The effect is attributed to
relatively high rate of oxide formation of electropolishing
than the pores formation (high I-V gap) and the absence of
diffusion limitation unlike that of pore formation (relatively
no I-V gap change in time). The fast I-V method has a
potential for its development into a more advanced study, to
investigate the rate of oxidation, either by changing different
parameters of the electrochemical etching conditions or
extending its application in other semiconductor materials
etched electrochemically.
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