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Controlled Microfabrication of High-Aspect-Ratio Structures
in Silicon at the Highest Etching Rates: The Role of H,0,
in the Anodic Dissolution of Silicon in Acidic Electrolytes

Chiara Cozzi, Giovanni Polito, Kurt W. Kolasinski, and Giuseppe Barillaro*

In this work the authors report on the controlled electrochemical etching of
high-aspect-ratio (from 5 to 100) structures in silicon at the highest etching
rates (from 3 to 10 um min~") at room temperature. This allows silicon micro-
fabrication entering a previously unattainable region where etching of high-
aspect-ratio structures (beyond 10) at high etching rate (over 3 pm min™)
was prohibited for both commercial and research technologies. Addition of an
oxidant, namely H,0,, to a standard aqueous hydrofluoric (HF) acid electro-
lyte is used to dramatically change the stoichiometry of the silicon dissolution
process under anodic biasing without loss of etching control accuracy at the
higher depths (up to 200 um). The authors show that the presence of H,0,
reduces the valence of the dissolution process to 1, thus rendering the elec-
trochemical etching more effective, and catalyzes the etching rate by opening
a more efficient path for silicon dissolution with respect to the well-known
Gerischer mechanism, thus increasing the etching speed at both shorter and

medicine.®’] Finally, emerging applica-

tions in microelectronics, e.g., through
silicon vias for 3D chip stacking and 3D
capacitors with dramatically enhanced
value for unit area, are among the new
critical challenges that silicon microstruc-
turing technologies are facing today.®!
Both these applications require the devel-
opment of novel high-aspect-ratio struc-
tures that are well beyond values attainable
by commercial technologies (aspect ratio
AR < 40). On the other hand, state-of-the-
art technologies able to control microfab-
rication at higher aspect-ratios (AR > 100)
are limited in terms of etching rate, which
is usually restricted to below 2 um min!
when the aspect-ratio increases over 20.
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higher depths.

1. Introduction

Since the famous talk of R. Feynman in 1959 “There is plenty
of room at the bottom,” silicon microstructuring technolo-
gies have been continuously developed with the ambition of
sculpting silicon at the microscale, thus pushing silicon toward
novel research topics and market opportunities beyond Moore’s
law, a trend also known as More Than Moore.l'’”l As a result,
silicon microoptoelectromechanical systems (e.g., pressure
sensors, accelerometers, gyroscopes) are nowadays an inte-
gral component of virtually any of the sophisticated devices
(e.g., mobile phones, cars, videogames, airplanes) of everyday
life.’=>] On the other hand, lab-on-a-chip systems integrating a
multitude of micrometer-sized components on a silicon chip
(e.g., microneedles, microchannels and valves, biosensors) are
on the way and will radically transform clinical diagnostics and
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Figure 1 groups experimental data
on etching rate versus aspect-ratio value
typical of the principal commercial and
research microfabrication technologies,

according to authors’ best knowledge. Prior results define an
unattainable region that is inaccessible for silicon microfab-
rication technologies, either at commercial or research level
(gray area in Figure 1). Its boundary is quite reasonably well
described by a power law ER = a AR?, as estimated from experi-
mental data available on the different microfabrication technol-
ogies, where ER is the growth rate in um min~!, AR is the aspect
ratio, and a and b are fitting parameters (a = 23.9 um min~!
and b =—0.55 on the basis of data available on Figure 1).

Time-multiplexed etching (TMEP) process, also known as
Bosch process, is the leading microfabrication technology at
industrial level.' It relies on alternating etching and passiva-
tion (polymerization) steps, e.g., using SFg as etch gas and C,Fq
and Ar as polymerization gases. In spite of TMEP being highly
reliable and greatly flexible, TMEP features an aspect-ratio
dependent etching rate (ARDE).'!] ARDE usually limits AR of
microfabricated pores in the range from 1 to 16 at etching rates
from 6 to 3 um min~!, respectively (black stars in Figure 1).
Although ARDE is less restrictive for trenches, their aspect
ratio is also limited to a maximum value of 21 at etching rate of
about 4 um min™! (green squares in Figure 1).

Metal-assisted chemical etching (MaCE) is a novel micro-
fabrication technology that allows targeting AR of 30 though
at etching rate <1 um min™! (red upside-down triangles in
Figure 1).127'Y MaCE makes use of HF-H,0, solutions
to catalyze chemical silicon dissolution in correspondence
with noble metal (e.g., Pt, Au) sites patterned on the silicon
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Figure 1. Figure of merit of main silicon micromachining technolo-
gies. Comparison between this work and commercial/state-of-the-art
silicon microfabrication technologies, namely deep reactive ion etching
(DRIE),"™ metal-assisted chemical etching (MaCE),'>"3] electric bias-
attenuated MaCE (EMaCE),[") electrochemical etching (ECE) at [HF] of
5% and 10%,12" in terms of etching rate (ratio between etch depth and
etch time [um min~']) versus aspect ratio (ratio between the depth of
in-silicon vertical feature and its width). The Figure highlights as this
work allows silicon microfabrication entering the previously unattainable
region for aspect-ratio values in the range 10-100.

surface. Although largely used at research level, the low
etching rate (about ten times lower that TMEP processes) hin-
ders MaCE application to large-scale manufacturing. An elec-
tric bias-attenuated metal-assisted chemical etching (EMaCE)
was recently reported that enhances the etching rate of MaCE
to 11.3 um min~" at AR of 4 (cyan diamonds in Figure 1)."%
EMaCE exploits electrical biasing of the silicon substrate to
focus holes responsible for initiation of silicon dissolution
underneath the metal catalyst, thus improving both etching
control and speed. Still, the EMaCE etching rate decreases rap-
idly with aspect ratio, with a value of about 2.7 um min~' at
AR of 11.

Silicon electrochemical etching (ECE) is a well-known tech-
nology for microfabrication of both ordered pores!!®’l and
complex systems!'®1°! with high aspect ratio. In spite of many
advantages’®19 (e.g., surface roughness, in-plane and out-
of-plane uniformity, anisotropy control, aspect ratio) of ECE
technology with respect to other microstructuring approaches,
a number of limitationsi?? (e.g., etching rate, maximum/min-
imum size, and spacing) still exist that need to be addressed
toward commercial applications. Back-side illumination is used
to focus holes specifically to defects patterned on the surface
of n-type silicon wafers and enable, in turn, controlled dissolu-
tion in aqueous HF (5 vol%) electrolytes under anodic biasing.
AR values over 100 are obtained for ordered pores and sys-
tems with micrometric features, though the etching rate (about
2 um min~! at low AR) reduces to 0.5 pm min~! at the highest
ARs (blue circles in Figure 1). Increasing the HF concentration
from 5 to 10 vol% allowed maintaining the etching rate con-
stant at 2.2 um min~! regardless of the AR value, in the range
from 17 to 88 (orange hexagrams in Figure 1).2!l However, only
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pore fabrication (no microstructures) has been demonstrated
with such an increased HF concentration.

Summarizing, silicon technologies, either wet or dry, are
strongly limited by diffusion of reactive species within narrow
and deep pores, which limits the fabrication of high AR pores
at high etching rate. Diffusion of chemical species within the
pores (i.e., Fick’s law) as well as removal of reaction byproducts
from the pores is responsible for such a reduced etching rates
as AR increases. A necessary trade-off among concentration of
reactive species, removal of chemical byproducts, and flexibility
and control on the etching process has set this boundary so far.

In this work we report on a micromachining technology able
to enter the previously unattainable region in Figure 1 (cyan tri-
angles). More in detail, we enable the controlled electrochem-
ical etching of high-aspect-ratio (from 5 to 100) structures in
silicon at the highest etching rates (from 3 to 10 um min™),
at room temperature using a low HF concentration (5 vol%).
This sets a novel record among either commercial or state-of-
the-art silicon etching technologies. We show that the addition
of an oxidant, namely H,0,, to a standard aqueous HF elec-
trolyte facilitates a dramatic change in the stoichiometry of the
silicon dissolution process under anodic biasing without loss of
etching control accuracy at the higher depths (up to 200 pum).
The presence of H,0, acts both in dropping the valence of the
silicon dissolution process to 1, thus rendering the electro-
chemical etching more effective, and in catalyzing the etching
rate by opening a more efficient path for silicon dissolution
with respect to the well-known Gerischer mechanism,?223] thus
increasing the etching speed at both shorter and higher depths.

2. Results and Discussion

2.1. Controlled High-Speed Electrochemical Etching at High
Aspect Ratio of Regular Macropores and Microstructures in
n-Type Silicon in Aqueous HF-H,0, Electrolytes

Figure 2 shows scanning electron microscope (SEM) cross-
section images of regular arrays of macropores electrochemi-
cally etched under back-side illumination at anodic voltage of
1.2 V in two aqueous electrolytes containing [HF] = 5% with
H,0, at concentration of 25% (Figure 2a,c) and without H,0,
(used as control) (Figure 2b,d), at two etching times, namely 10
and 60 min. The control electrolyte (without H,0,) was a well-
known mixture of HF:H,0 (5%:95%, v/v) commonly employed
for the electrochemical etching of both regular macropores!'®!7]
and complex microstructures!®!% in n-type silicon electrodes
at low anodic voltage under back-side illumination. Remark-
ably, macropores etched for 10 min in the electrolyte with
[H,0,] = 25% feature a mean depth of 48.99 um (standard devia-
tion sd = 0.07 um), which corresponds to an average etching rate
over 10 min of about 5 um min~'. The average etching rate with
[H,0,] = 25% was about 2.8 times larger than that of the control
electrolyte (without H,0,) for which shorter macropores with
depth of only 18.45 um (sd = 0.25 pum) were etched in the same
time (about 1.8 pm min™), in agreement with the current liter-
ature.?* By increasing the etching time to 60 min, macropores
with mean depth of 177.93 um (sd = 0.37 um) were etched
using the electrolyte with [H,0,] = 25%, whereas macropores
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Figure 2. Effect of the addition of H,0, to HF-aqueous electrolyte on the fabrication of regular macropore arrays in silicon by electrochemical etching.
SEM cross-section of regular macropore arrays etched under back-side illumination for a,b) 10 and ¢,d) 60 min at 1.2 V and etching current density
of 36.49 mA cm™2 a,c) in the presence of [HF] = 5%-based electrolyte with [H,0,] = 25% and b,d) without H,0, (control). The significant increase of
the etching rate by addition of H,0, to the control electrolyte is appreciable. e,f) SEM bird-views of a silicon microstructure that integrates a 2D array
of holes with depth of 50 um and different aspect ratios (namely, 1 and 10) on the same silicon die, fabricated in 10 min at 3 V and 60 mA cm™2 in
the presence of [HF] = 5%-based electrolyte with [H,0,] = 25%. Noteworthy, the possibility of control the etching anisotropy in real-time and fabricate

complex microstructures is retained at high etching rates.

etched with the control electrolyte feature a mean depth of
90.38 um (sd = 0.59 um). The average etching rate over 60 min
in the electrolyte with [H,0,] = 25% was about 3 um min~},
which was two times larger than that in the control electrolyte
(about 1.5 um min™). It is important to note that the etching
rate was evaluated as the ratio between etch depth and etch
time. On the basis of these experimental results, we can assert
that the presence of [H,0,] = 25% in the electrolyte during
silicon electrochemical etching facilitates significant enhance-
ment of the silicon etching rate and, in turn, macropore growth
rate, at any depth with respect to the control electrolyte (without
H,0,). Nonetheless, reduction in the etching rate from about
5 um min~! at a depth of 50 um to about 3 um min~' at a depth
of 180 um clearly indicates that the diffusion kinetics of active
species, i.e., HF and H,0,, to the active site of reaction, i.e.,
the macropore tip, still plays a major role in the electrochemical
dissolution of silicon over depth.[16:24

Remarkably, the enhancement of the etching rate in the
presence of H,0, does not negatively affect macropore quality
(e.g., in terms of surface roughness, pore diameter control, or
their dependence on depth) with respect to macropores etched
in control electrolyte (Figure S1 and S2, Supporting Informa-
tion). From SEM analysis of macropore cross-sections no
appreciable difference in either surface roughness or diameter
variation over depth was observed in the presence of H,0, with
respect to the control solution. In particular, Figure S2 in the
Supporting Information allows appreciation of the presence
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of a microporous layer covering the inner sidewall surface of
pores etched both in the control electrolyte and in the pres-
ence of H,0,. No microporous layer is visible at the very pore
tip, in agreement with the Lehmann model for which Jy,(6) =
Jiipcos(6), being Jy;,, the current density value at the pore tip and
0 the angle formed between axes of the pore and a line perpen-
dicular to the surface of the pore (6 = 0 at the very pore tip and
becomes 90° at the pore sidewall).l¢]

Moreover, the peculiarity of the electrochemical etching tech-
nology enabling fabrication of complex microstructures at high
AR value with high accuracy by modulation in real-time of the
etching anisotropy'®!? is also retained at such high etching
rates. Figure 2e,f shows SEM bird-views of a silicon microstruc-
ture that integrates a 2D array of square holes with sides of about
40 um and spatial periods of 70 pm together with a 2D array
of square pores with sides of about 4 um and spatial periods
of 10 um. The larger square holes were obtained through the
use of sacrificial structures that were removed by switching
the etching from the anisotropic to the isotropic regime.l'®!
Both arrays feature a depth of about 50 um after an etching
time of 10 min in a [HF] = 5% electrolyte with [H,0,] = 25%.
An etching time of 35 min is needed to fabricate the same
microstructure using the control electrolyte.?) The etching
depth is in good agreement with depth of regular macropore
arrays in Figure la. The microstructure combines on the same
die low (about 1) and high (about 10) AR holes etched at an
average rate of 5 um min!. Quality of microfabrication and

Adv. Funct. Mater. 2017, 27, 1604310
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Figure 3. Effect of the H,0, concentration within HF-aqueous electrolyte on depth and etching rate of regular macropore arrays fabricated in silicon
by electrochemical etching. Experimental data on a) depth (average value and standard deviation) versus time and b) etching rate (average value
and standard deviation) versus depth of regular macropore arrays etched at 1.2 V and etching current density of 36.49 mA cm™ in the presence of
[HF] = 5%-based electrolyte with different H,0, concentrations (i.e., 0%, 5%, 10%, 20%, 25%); experimental data on c) pore diameter and d) dissolu-
tion valence of regular macropore arrays, etched in the same conditions above reported, as a function of the [H,0,] concentration. Remarkably, the
dissolution valence of pores etched in the presence of H,0, at concentration of 25% is lowered to 1.

surface roughness are comparable to those obtained using the
control electrolyte.?”! Figure S3 in the Supporting Information
shows a top view of the microstructure in Figure 2e,f with a
sacrificial structure sitting on top, which allows appreciation of
the low surface roughness resulting from the etching process.
To gain insight into the effect of addition of H,0, to the
control electrolyte on the silicon dissolution process, regular
macropore etching in n-type silicon under back-side illumi-
nation was investigated for different H,0, concentrations
([H,0,] = 0%, 5%, 10%, 20%, 25%) as a function of the etching
time (from 0 to 65 min). Regardless of the electrolyte composi-
tion, all experiments were carried out with same initial etching
parameters, and etching current density was adjusted over
time to keep the pore diameter constant over depth, as detailed
in the Experimental Section. For a given H,0, concentration
an experimental growth curve linking macropore depth and
etching time was recorded by using a labeling methodology.
This latter method allows marking the macropore growth over
time on a single silicon sample using a time-pulse modulation
of the etching current density (Figure S4a, Supporting Informa-
tion), as detailed in the Supporting Information. Preliminary
experiments were carried out with the control electrolyte and
with an electrolyte containing [H,0,] = 5% aimed at validating
the effectiveness of the labeling methodology with respect
to the standard methodology, for which a new experiment is
required for any different etching time. Outcomes of these
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experiments (Figure S4, Supporting Information) confirm that
pore growth curves obtained by using the two methodologies
are identical within the experimental error (Figure S4c, Sup-
porting Information).

Figure 3a shows experimental growth curves (mean value
and standard deviation) of regular macropores electrochemi-
cally etched in n-type silicon under back-side illumination up
to 65 min using aqueous HF-based electrolytes without (con-
trol) and with H,O, at concentrations in the range from 5 to
25 vol%.

From Figure 3a it is immediately apparent that: (1) for any
tested electrolyte the pore depth consistently increased with
etching time; (2) for any etching time the etching depth con-
sistently increased with H,0, concentration in the electrolyte.
The growth curves for both control electrolyte and electrolyte
with [H,0,] = 25% are in good agreement with the results of
experiments reported in Figure 2. The higher H,0, concentra-
tion in the electrolyte enabled the etching of about 200 um deep
regular macropores with aspect-ratio of about 100 in roughly
1 h, thus breaking new ground in the silicon micromachining
arena. For comparison, etching of regular macropores with the
same depth using control electrolyte takes about 4 h.

Figure 3b shows experimental data on the etching rate (in
um min~') versus depth of regular macropores as a function of
the H,0, concentration in the electrolyte. It is apparent that the
control electrolyte ([H,0,] = 0%) has a maximum etching rate
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of about 2 um min™! for smaller etching depth (<20 pm) that
decreases with depth due to HF diffusion within the pores and
tends to a limiting value below 1 um min™' at higher etching
depth (>80 um), in agreement with literature data.?*! Con-
versely, by increasing the concentration of H,0, in the electro-
lyte it is possible to monotonically and significantly increase the
etching rate both at the smaller and higher depths, with respect
to the control electrolyte (Figure S5a,b, Supporting Informa-
tion). Indeed, at smaller depth (<20 pm) the macropore etching
rate is higher than 7 um min~! and decreases to about 3 pm
min~! at higher etching depth (2200 um), in the presence of
[H,0,] = 25%. In agreement with the trend in Figure 3a,b,
macropores with depth of 10 um were etched in 1 min at H,0,
concentration of 25%, which corresponds to an etching rate of
10 um min~!. Figure S5¢c, Supporting Information highlights
the significant increase of the etching rate versus aspect ratio
of etched pores in the presence of H,0,, which results to be
greater than 7 um min~! at AR < 10, with a maximum value of
10 um min~! at AR = 5. As the H,0, in the electrolyte increases,
there is a dramatic increase of the etching rate for any aspect
ratio, with respect to the control electrolyte. It is worth noting
that: (1) addition of [H,0,] = 5% to the control electrolyte is
enough to roughly double the macropore growth rate both at
the smaller and higher depths, with respect to the control elec-
trolyte itself; (2) addition of [H,0,] = 10%, 20%, and 25% to the
control electrolyte allows increasing the macropore growth rate
respectively 2.7, 3.6, and 4 times at the smaller depth, and 2,
2.2, and 2.4 times at the higher depth, with respect to the con-
trol electrolyte itself; (3) electrolytes containing H,0, feature a
growth rate at the higher depth that is always higher than that of
the control electrolyte in spite of the lower depth of macropores
etched for the latter, regardless of the H,0, concentration.

To gain a deeper understanding of the effect of H,0, on
the electrochemical dissolution of silicon in HF-aqueous elec-
trolytes, diameter of etched ordered macropores (Figure 3c)
and dissolution valence of electrochemical etching pro-
cess (Figure 3d) were investigated as a function of the H,0,
concentration.

The diameter of macropores etched in electrolyte with
[H,0;] = 25% had an average value of 1.99 um (sd = 0.18 um),
whereas macropores etched in the control electrolyte featured
an average diameter of 3.05 um (sd = 0.19 um), which was
about 1.5 times larger and in agreement with literature data.l®l
This means that the presence of [H,0,] = 25% in the electro-
lyte during anodic dissolution of silicon enhances macropore
etching rate in the out-of-plane direction with respect to the in-
plane direction, if compared with control electrolyte, which is
consistent with the etching of deeper macropores with smaller
diameter.

The dissolution valence, by definition the number of charge
carriers required for the dissolution of a single silicon atom, of the
electrochemical etching process in the presence of [H,0,] =25%
had an average value of 1.12 (sd = 0.24), whereas the dissolu-
tion valence with the control electrolyte had an average value
of 2.97 (sd = 0.40), which is in good agreement with litera-
ture data.’l Remarkably, the dissolution valence decreased as
the H,0, concentration in the electrolyte increased, thus cor-
roborating the hypothesis that the oxidant agent, namely H,0,,
was able to promote a change in the stoichiometry of silicon
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dissolution process by consuming conduction band elec-
trons.?”l Note further that the reduction in valence stands in
contradiction to the current burst model® prediction of an
increase in the dissolution valence with increasing oxidant con-
centration. This model predicts that the presence of an oxidant
should enhance the contribution of a valence 4 process, which
we obviously do not observe.

Further experiments were carried out to investigate the effect
on the etching rate of increasing HF concentrations in the
presence of H,0,. It is known that using a standard HF:H,0
electrolyte, the etching rate of macropores in n-type electrodes
under anodic biasing and back-side illumination is governed by
the following equation

ER=—J_ (1)
n,,eNSi

where n, is the dissolution valence, e the elementary charge,
and Ng; the atomic density of silicon.'®?* The electropolishing
current density value at the pore tips Ji, mainly depends on
both HF concentration Cy;, and temperature T at the pore tips
according to the following equation

Jip = aCﬁpexp(flf_;) (2)

where a and b are suitable constants, E, is the activation energy,
k is the Boltzmann constant, and T is the temperature.l'®24 The
following simplified expression for Cy,

()
Cﬁp = C() 2c (3)

can be retained for most practical cases, where ¢ is a suitable
constant and x,, is the pore depth.?*) Equation (3) points out
that Cy, depends nonlinearly on the bulk HF concentration
Cy on flat electrodes and decreases as the macropore depth
increases.

From Equations (1) to (3) it is clear that the etching rate of
macropores in n-type silicon can be increased, in principle
at least, by increasing both operation temperature T and HF
concentration. In order to obtain the highest microfabrication
quality, it is essential to keep the operating temperature as low
as possible in order to optimize etching of both macropores
and microstructures. The use of low temperature avoids iso-
tropic electron-hole pair generation in silicon between etched
features that gives rise to the etching of secondary pores (a
phenomenon known as branching).l'®l Therefore, further
experiments were conducted at room temperature though
increasing the HF concentration. All experiments were car-
ried out for an etching time of 10 min, with HF concentrations
ranging from 5% to 8% and H,0, concentrations ranging from
0% to 15%. Figure S6 in the Supporting Information summa-
rizes experimental data on macropore growth rate obtained
at increasing HF concentration in the presence of H,0,. It is
apparent that the increase of the HF concentration leads to an
augmented etching rate for any tested H,0, concentration. For

Adv. Funct. Mater. 2017, 27, 1604310
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Figure 4. Investigation of the effect of H,0, concentration within HF-aqueous electrolyte on the silicon dissolution process. Experimental current den-
sity—voltage curves (average value and standard deviation) of n-type silicon electrodes a) in the presence of two different [HF] = 5%-based electrolytes
with [H,0,] = 25 vol% and b) without H,0, (control), both in dark and under back-side illumination; c) current density value in dark and d) open-circuit
potential value as a function of the [H,0,] concentration, both in dark and under illumination of the silicon electrode.

a given H,0, concentration, the higher the HF concentration
the higher is the growth rate. For instance, for [H,0;] = 15%
macropore etching rate increases from 4 pm min! at [HF] =
5% to about 7 um min~! at [HF] = 8%. A power law dependence
of the growth rate on the HF concentration is found regardless
of the H,0, concentration value, in agreement with Equations
(1) and (2).

2.2. Current Density—Voltage Curves of n-Type Silicon Electrodes
in Aqueous HF-H,0; Electrolytes

Figure 4a,b shows typical experimental current density—voltage
(J-V) curves (average value and standard deviation) of n-type
silicon electrodes in the presence of the two electrolytes with
the same [HF] = 5% though different [H,0,], namely 25%
(Figure 4a) and 0% (control) (Figure 4b). The J-V curves
were recorded around the open-circuit-potential (OCP) region
between —1 and +2.5 V at different illumination intensity values
obtained by tuning the lamp power from 0% to 100%. The -V
curves mostly refer to the anodic region of the silicon/electro-
lyte system, because silicon dissolution in HF-based electro-
lytes only occurs under anodic biasing. J-V curves referring to
the other electrolytes under investigation, with H,0, concen-
tration between 5% and 20%, are reported in Figure S7 in the
Supporting Information.

From the J-V curves of Figure 4a,b it is apparent that, regard-
less of the presence of H,0,, the silicon/electrolyte system was
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reverse-biased under anodic voltage and the use of back-side
illumination of the silicon electrode allowed for fine control of
the etching current density flowing through the silicon/electro-
lyte junction.

In dark condition (red curves in Figure 4a,b) only a small
current density flowed through the silicon/electrolyte junction,
with an average value increasing with the H,0, concentration,
from 3.7 A cm™ (sd = 0.8 UA cm™?) in the control electrolyte
to 26.1 A cm™? (sd = 1.1 pA cm™?) for the electrolyte with
[H,0,] = 25% (Figure 4c). The current density value recorded
in dark condition with the control electrolyte (without H,0,)
was in good agreement with data reported in the literature(2%3¢
the slow charge injection from fluoride ions (F7) during silicon
etching determined its low value. The addition of different con-
centrations of H,0, to the control electrolyte increased current
density values in dark and, in turn, charge injection by a factor
of 7 (Figure 4c), though its value was still extremely low in com-
parison with charge injection recorded under back-side illumi-
nation (from blue to black curves in Figure 4a). We argue that
the direct charge injection from H,0, into the Si valence band
makes a negligible contribution to the current that flows during
etching.

Under illumination of the silicon electrode (blue, green,
magenta, and black curves in Figure 4a,b), the electrical current
flowing through the silicon/electrolyte junction significantly
increased thanks to the contribution of holes photogenerated
at the back-side silicon surface and collected at the silicon/
electrolyte interface. Under high illumination intensity (=50%
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Figure 5. A schematic representation of the standard Gerischer mecha-
nism augmented by H,0, assisted etching of Si. The series of steps along
the left hand column corresponds to the Gerischer mechanism. Etching
is always initiated by hole injection into the valence band. However, in
the presence of H,0,, a second etching pathway opens up (the right
hand pathway) in which the electron injected into the conduction band by
F~ is captured by H,0,. This liberates OH™ at the surface, which induces
further etching through base-catalyzed hydrolysis. Both reactions, when
performed separately, are known to yield hydrogen-terminated surfaces
after Si atom removal.

of the lamp power), a typical electropolishing current density
peak Jo, = 66.45 mA cm™ at anodic voltage of V, = 1 V was
clearly visible with the control electrolyte (Figure 4b), beyond
which the current density increased almost linearly with anodic
voltage.l'®! Conversely, as the H,0, concentration in the elec-
trolyte increased from 5% to 25%, on the one hand, the elec-
tropolishing current density peak did not show up anymore
(being already barely visible with 5% of H,0,) and the current
density linearly increased with the anodic voltage until satura-
tion (Figure 4a and Figure S7a—c, Supporting Information);
on the other hand, under high illumination intensity (=50%
of the lamp power) the slope of the current density-voltage
curves (dJ/dV) decreased as the H,0, concentration increased
(Figure S7d, Supporting Information), thus confirming that
H,0, was unable to significantly inject charges into silicon
during etching.

We argue in the next section that the ability of the oxi-
dant (i.e., H,O, in this case) to change the stoichiometry of
anodic silicon dissolution is related to its ability to consume
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the conduction band electrons produced in the second step of
the well-known Gerischer mechanism.?? It can also explain the
reduction of the current density—voltage curves slope (dJ/dV) as
H,0, concentration increased: H,0, molecules scavenge con-
duction band electrons, which are then not measured, to gen-
erate hydroxide ions (OH"), well known to catalyze the reaction
of H,0 with silicon.3:32]

The OCP value was also dependent on the presence of H,0, in
the electrolyte, both in dark and under illumination conditions,
as shown in Figure 4d. In dark condition, the OCP value exhib-
ited a clear cathodic shift in the presence of H,0,, from —0.5 V
(sd = 0.05 V) for the control electrolyte to =1 V (sd = 0.09 V)
for the electrolyte with [H,0,] = 25%, with no significant
dependence on the H,0, concentration. Under illumination,
the OCP value showed an anodic shift with respect to dark con-
dition, from —0.5 V (sd = 0.05 V) to —0.325 V (sd = 0.05 V) for the
control electrolyte and from -1 V (sd = 0.09 V) to —0.5 V (sd =
0.0005 V) for the electrolyte with [H,0,] = 25%, in agreement
with the literature.?3 Moreover, under illumination, the OCP
value exhibited a cathodic shift as H,O, concentration increased
in the electrolyte, from —0.325 V of the control electrolyte
(OCPy) to —0.5 V for the electrolyte with [H,0,] = 25% (OCP;s).
The cathodic OCP shift value (AOCP = OCP,5— OCP,) is equal
to —0.175 V, which means that the Fermi level is shifting up in
energy by +0.175 V. We argue that addition of H,0, lowers the
band bending of 0.175 V in silicon/electrolyte band diagram, in
good agreement with the literature.34

2.3. Dissolution Mechanism of n-Type Silicon in Aqueous
HF-H,0; Electrolytes

We have demonstrated that the rate of anodic etching in acidic
fluoride solutions is enhanced by the presence of H,0, in
the electrolyte. In the previous section we proposed that this
enhancement involves the capture of conduction band electrons
by H,0,. In this section we describe this enhancement mecha-
nism. The mechanism is depicted schematically in Figure 5.

In the absence of H,0,, anodic etching of Si in acidic fluo-
ride solutions occurs by the Gerischer mechanism,?? which
can occur along a dominant valence 2 pathway and a less likely
valence 4 pathway.?>3* Therefore, the effective valence during
pore formation is usually measured to be slightly above 2. There
also is a valence 4 oxidation pathway that contributes to elec-
tropolishing at high current density.l'®3* The valence 2 pathway
is depicted in Figure 5. Etching is initiated by hole injection
into the Si valence band at the top of the figure. In step 2, a
fluoride ion injects an electron into the conduction band. This
“doubling electron,” when measured in conjunction with the
hole injected in step 1, accounts for the valence of 2. It has been
shown that the balance between the valence 2 and valence 4
pathways can be altered by the reaction conditions; for example,
metal catalysts induce etching with valences between 2 and 4
depending on the chemical identity of the metal.}>-37]

Even though H,0, has a standard reduction potential
(E° =1.775 V) that lies far below the Si valence band maximum
(E° ~ 0.7 V), it is unable to inject holes into the valence band
at an appreciable rate compared to the rates of anodic dissolu-
tion. This is consistent both with the results we have presented
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above and with literature reports.?13238 The reason for this is

that H,0, couples very weakly to the electronic states of the Si
valence band. Therefore, specific adsorption and the presence
of catalytic metals are required for rapid electron transfer.?¢37]

We propose that the manner in which H,0, enhances the
rate of anodic dissolution is not via direct electron transfer
from the valence band. Instead, the H,0, enhances the
etching rate by capturing the doubling electron, which resides
in the conduction band. As shown in the right hand side of
Figure 5, the capture of a conduction band electron will gen-
erate OH™. Hydroxide is well known to catalyze the etching of
Si by H,0.81321 While this normally only occurs at high pH,
in the mechanism proposed here OH™ is generated directly
on the Si surface. Furthermore, the consumption of the dou-
bling electron by the H,0, means that the effective valence in
the presence of both the right hand and left hand pathways will
be measured as 1. Both pathways are initiated by hole injec-
tion into the valence band but neither can proceed without the
adsorption of F~ and the concomitant injection of an electron
into the conduction band.

3. Conclusions

We demonstrate that the rate of macropore formation by the
anodization of Si in HF solutions is dramatically enhanced
by the addition of H,0,. The enhancement facilitates the
machining of structures into Si at rates that were previously
unattainable. More importantly, higher etching rates are main-
tained during the formation of high-aspect-ratio structures
compared to processes that are considered to be state-of-the-art.
The rate enhancement is accompanied by a drop of the effec-
tive reaction valence to a value of 1. We propose that a parallel
etching mechanism introduced by the addition of H,0, is trig-
gered by the capture of a conduction band electron released
during fluoride-induced etching. This parallel pathway is
responsible both for the rate enhancement and the reduction
in effective valence.

4. Experimental Section

Materials and Chemicals: The starting material was a CZ-growth n-type
silicon wafer with resistivity of 3-8 Q cm, (100) oriented, phosphorous-
doped, with a 298 nm thick silicon-dioxide layer on top, provided by ST
Microelectronics.

HF 48 wt%, Perdrogen H,0, 30 wt%, pentane (CH;(CH,);CHj3)
99 wt%, acetone (CH3;COCHs3) 99 wt%, and 2-propanol ((CHs3),CHOH)
99.8 wt% were purchased from Sigma-Aldrich. Sodium lauryl sulfate
powder (CH;(CH,);;0SO3;Na) was purchased from Carlo Erba
Reagents. Potassium hydroxide (KOH), pure powder at 85%, and
ethanol (CH;CH,0H) 99.8 wt% were purchased from Fluka Analytical.
Ammonium fluoride solution (NH,F) 40 wt% was purchased from
Riedel-De Haén (Aldrich).

Electrochemical ~ Characterization of n-Type Silicon Electrode in
Aqueous HF-H,0O, Electrolytes by Linear Sweep Voltammetry: Linear
sweep voltammetry on n-type silicon electrodes in contact with
aqueous HF-based electrolytes ([HF] = 5 vol%) containing different
H,0, concentrations (namely 0% (control), 5, 10, 20, and 25 vol%)
was carried out at voltages from —1 to +2.5 V, around the OCP, under

Adv. Funct. Mater. 2017, 27, 1604310

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

back-side illumination of the silicon at different intensity values (from
0% to 100% power of a 250 W halogen lamp). The silicon-dioxide
layer on top of the silicon wafer was removed by chemical etching in
HF:ethanol (1:1, v/v) before the silicon was loaded in a three-electrode
electrochemical cell. Details of the electrochemical cell are provided
in the Supporting Information. The J-V curve of the electrochemical
systems under investigation was recorded by monitoring the current
flowing through silicon electrode (used as the anode) and the counter
electrode (i.e., a platinum disk) after applying a variable voltage in the
range from +2.5 to —1 V with sweep rate of 0.1 V s™! between the
silicon electrode and a pseudo-reference electrode (i.e., a platinum
wire). A set of three measurements was carried out for each parameter
configuration.

Preparation of Regular Macropores in n-Type Silicon Electrode in Aqueous
HF-H,O, Electrolytes by Anodic Etching: A square hole array oriented
along the (110) direction with side-to-side pitch of 3.5 um was defined
on the surface of the silicon wafer. Standard UV lithography was used to
define the pattern on positive photoresist layer deposited on the silicon-
dioxide surface on top of the n-type silicon wafer. The pattern was then
transferred to silicon-dioxide layer by buffered hydrofluoric acid (BHF)
etching using the patterned photoresist as a mask. BHF etching was
performed at room temperature with a solution of HF:NH,F (4:25, v/v).
The positive photoresist layer was removed by chemical dissolution in
acetone, and then the pattern was transferred to the silicon surface by
KOH etching using the silicon-dioxide layer as mask, so as to create an
array of inverted pyramid-shaped defects. KOH etching was performed
at 50 °C in a 20% KOH solution saturated with 2-propanol to improve
solution wettability and, in turn, to increase the etching uniformity. The
silicon-dioxide layer was removed by chemical etching in a solution
of HF:ethanol (1:1, v/v), thus leaving the patterned silicon surface
uncovered. The patterned silicon samples were loaded in a three-
electrode electrochemical cell and electrochemically etched under back-
side illumination at constant anodic voltage of 1.2 V for different etching
times, namely 10, 20, 40, and 60 s, in the presence of different aqueous
electrolytes with same HF concentration ([HF] from 5 to 8 vol%) though
different H,0, concentrations, namely [H,0,] = 0% (control), 5, 10, 15,
20, and 25 vol%. In order to keep the macropore diameter constant as
a function of depth, the photogenerated etching current density (J.)
was linearly decreased over time with respect to its initial value J, o =
36.49 mA cm?, which was maintained constant regardless of the
electrolyte composition. Accordingly, the lamp power was reduced over
time to set the decreasing rate value to —1.67 UA s for the control
solution, —=1.67 HA s for the electrolyte with [H,0,] = 5%, —3.44 LA 57
for the electrolyte with [H,0,] = 10%, —4.04 pA s7' for the electrolyte
with [H,0,] = 20%, and —4.04 pA s for the electrolyte with [H,0,] =
25%. The macropore growth versus time was investigated using two
different methodologies: (1) a standard methodology, which required
performing a number of experiments equal to the number of etching
times/depths (i.e., 10, 20, 40, and 60 min) to be investigated; (2) a
labeling methodology, which required performing a single experiment at
the higher etching time to be investigated (i.e., 65 min) during which
depth was marked over time at specific time intervals.?* Details on
the labeling methodology used in this work are provided in Supporting
Information. After the electrochemical etching the microfabricated
silicon samples were rinsed in deionized water, ethanol, and pentane,
then dried on a hotplate at 100 °C and diced in two pieces along the
(100) direction to allow morphological investigation of cross-sections.

Preparation of Microstructures in n-Type Silicon Electrode in Aqueous HF—-
H,0, Electrolytes by Anodic Etching: Silicon microstructures integrating a
2D array of square holes with sides of about 40 um and spatial periods
of 70 um together with a 2D array of square pores with sides of about
4 um and spatial periods of 10 um were pre-patterned on the surface
of silicon samples according to technological steps detailed above.
The larger holes were partitioned with sacrificial structures consisting
of basic elements (i.e., a straight line with a suitable length of 36 um
and width 2 um) arranged as 1D arrays of parallel lines and designed
to become free-standing at the end of the electrochemical etching
step. The patterned silicon samples were loaded in a three-electrode
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electrochemical cell and electrochemically etched under back-side
illumination at constant anodic voltage of 3 V for 10 min in an aqueous
electrolyte with [HF] = 5 vol% and [H,0;] = 25 vol%.

The electrochemical etching consisted of a single step with an initial
anisotropic phase and a final isotropic phase, both controlled by varying
the etching current density (J.) as the etching progresses.['¥ During the
anisotropic etching phase the pattern is deeply grooved into the silicon
substrate. In this phase the J. value was set to 103.9 mA cm™2 and
gradually decreased over time with a slope of —=11.7 uA s™' for the next
10 min. During the isotropic etching phase, only silicon at the bottom of
the anisotropically etched structures is etched. In this phase the J. value
was abruptly brought to a constant value of 148.4 mA cm™2 for 90 s so
as to fully consume silicon at the bottom of sacrificial structures, which
were then removed from inside the larger holes.

Investigation of Morphological Features of Regular Macropores and
Microstructures: Optical (Leica Microsystems DFC295) and scanning
electron (JEOL JSM-6390 at an acceleration voltage of either 3 kV or 5 kV)
microscopy were used to investigate both top-view and cross-section of
electrochemically etched macropore arrays and microstructures in order
to probe both depth and diameter as a function of etching time and
electrolyte composition.

Calculation of the Dissolution Valence of the Electrochemical Etching
Process: The number of charge carriers required for the dissolution of a
single silicon atom, by definition dissolution valence n, was estimated
from experimental data on regular macropore etching according to the
following equations

P
s “)
A,
ne= Te(Je_o + Je_end) ()
ns; = VgiNs; ©)

where n. is the number of charge carriers supplied to the silicon/
electrolyte system during the etching process; J. o and Je eng [MA cm™2]
are initial and final etching current density values, respectively, used for
each tested electrolyte (as detailed above); A, [cm?] is the area under
etching of the silicon electrode; t. [s] is the etching time; e [C] is the
electron charge; ng; is the total number of silicon atoms removed during
the etching; Vg [um? is the volume of silicon removed during the
etching, and Ng; [atom um™] is the silicon atomic density.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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