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Nanoporous amorphous silicon (a-Si) with <5 nm cylindrical pores have been fabricated by phase separation of
aluminum (Al) and silicon, forming self-assembled Al nanowires (NWs), followed by subsequent removal of Al by
wet etching. This work studies the removal process of the Al NWs when using the different etchants HCI, H3PO,,
and H,SO,. Total reflectance measurements are used in combination with theoretical modeling to estimate the
lateral gradient of Al concentration formed during the etching process. X-ray Photoelectron Spectroscopy is used
to show that the choice of Al etching agent has implications for the surface states of the remaining a-Si matrix.

We have found that H3PO, is the most efficient etching agent, while HCl provides a less oxidized a-Si matrix in
addition to the least reflective surface. By varying the etching agent, the degree of surface oxidation and shape of
Al gradient throughout the film can be tuned.

1. Introduction

Nanostructured silicon (Si) such as porous silicon and Si nanoholes
has received a lot of attention because of its potential in photovoltaics,
battery technology and as a host material for particles, molecules, and
metals [1-8]. Porous Si is normally fabricated through anodization of
crystalline Si, and may be manufactured with a variety of pore sizes.
The porous Si with pore sizes in the nanometer range has a more
sponge-like structure, rather than the cylindrical pores that are found
in, for example, anodic alumina [9]. Therefore, structures such as
anodic alumina are often preferred as a template for deposition of ar-
rays of nanowires (NWs) or nanotubes [10-12]. Anodic alumina may be
fabricated with diameters down to approximately 10 nm, excluding it
as a template for smaller structures often necessary for the exploitation
of quantum confinement or other size-dependent effects [13-15].

A combination of cylindrical shape pores of merely a few nanometer
diameters and the advantageous properties of Si can be achieved in a
nanostructured thin film manufactured by sputtering of aluminum (Al)
and Si [16-18]. This method utilizes the immiscibility of Al and Si,
where Al self-assembles as nanowires inside an a-Si matrix given the
correct aspect ratio of sputtered Al and Si, resulting in a nanostructured
a-Si:Al film. We have previously shown that by co-sputtering Al and Si
at room temperature, vertically aligned 5 nm diameter Al NWs can be
formed and that subsequent removal of the Al NWs gives a nanoporous
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film of a-Si with an interpore distance of approximately 5 nm [18,19].

As removal of the Al NWs from the nanostructured a-Si:Al is a
prerequisite for many of the potential applications, process control and
insight into the implications that the removal process has on the re-
maining a-Si is paramount. Wet etching is a simple, inexpensive and
easily scalable technique that suits perfectly this task. In our previous
work, we have used an aqueous solution of HCI to selectively remove
the Al NWs and established that the removal process may be monitored
on a macroscopic scale by measuring the reflectance of the film [19,20].
HCI is not the only potential etching agent and previous works by
others have used concentrated H,SO4 and H3PO, to selectively remove
Al, but no details have been given on the impact of the etching process
on the remaining a-Si[16,17].

In this work, we continue our investigations of Al NW removal by
investigating the effects of using the etching agents H,SO,4 and H3POy,
in addition to HCl. The surface states of the nanoporous a-Si is char-
acterized by X-ray photoelectron spectroscopy (XPS) and porosity is
measured by ellipsometric porosimetry (EP). We continue our work on
utilizing UV-vis spectroscopy as a method to monitor the Al NW re-
moval, by modeling the reflectance using the transfer matrix model as a
method of estimating the Al content as a function of depth during the
etching process [19,20]. The results from the model are supported by
EP and energy dispersive spectroscopy (EDS) measurements using
Transmission Electron Microscopy (TEM).
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Fig. 1. (a) Schematic illustration of the nanostructures a-Si:Al and (b) cross-section TEM image of nanoporous a-Si.

2. Methods

The nanostructured a-Si:Al was produced by co-sputtering of Si and
Al with a CVC 601 magnetron sputtering system onto single-crystalline
(100) substrates. The system consisted of two 8” targets with normal
sputter angle and 6 cm distance between substrate and targets. The
deposition was performed at room temperature with thin alternating
layers with a ratio of approximately 40 at.% Al and 60 at.% Si obtained
by using a power of 400 W for Si and 150 W for Al with a substrate
rotation of 2.5 rpm and a sputtering time of 22 min, resulting in a
100 nm thick film. For a more detailed description of the deposition
process see work by Thegersen et al. [18].. The sputtering process was
carried out in an argon atmosphere at 0.4 Pa and with a hydrogen flow
of 4 ml/min. The formation of Al nanowires was confirmed by TEM.
Fig. 1(a) shows a schematic illustration of the nanostructure and
Fig. 1(b) shows a cross section TEM image of the nanostructures a-Si:Al
where the Al NWs have been removed . For TEM images with corre-
sponding EDS line scan of the nanostructured a-Si:Al, both as-grown
and with Al NWs removed, please see Ref. [19].

Al NWs were removed by a wet etch process in a 1:1 solution of 37%
HCI, 1:1 solution of 85% H3PO,, 1:1 and 1:50 solution of 95% H,SO4
diluted in deionized water. The etching process was done at room
temperature without agitation of the solution. After etching, the sam-
ples were rinsed in deionized water.

The surface states of Si and Al were measured by XPS in a KRATOS
AXIS ULTRAP™ instrument using monochromatic Al Ko radiation
(hv= 1486.6 eV). The X-ray source was operated at 10 mA and 15 kV,
and high-resolution spectra were acquired with a step size of 0.1 eV and
pass energy of 40 eV. The spectra were fitted with the computer pro-
gram CasaXPS Version 2.3.17PR1.1. The spectra were referenced to the
native Si peak and fitted to known values of the different oxidation
states of Si. For elemental Si, two spin-orbit coupled peaks were fitted
with asymmetrical peaks with a tail length of 1.5, tail scale of 0.6% and
70% Gaussian (GL(30)T(1.5)). The Si-2p spin-orbit coupled peaks were
fitted with a set peak shift of 0.6 eV, the same full width half maximum
(FWHM) for both spin orbit coupled peaks, and an area constraint ratio
between 2p-3/2/2p-Y2 of 2. However, small variations have been con-
sidered from these optimum values. To fit the remaining part, four
Gaussian peaks were used and peak position were adjusted according to
known values of the different oxidation states [21-24]. In the fitting,
the Full Width Half Maximum (FWHM) was limited to 1.5.

Optical characterization was performed by measuring total re-
flectance at room temperature using a Shimadzu SolidSpec-3700/
3700DUV spectrophotometer equipped with an integrating sphere and
allowing measurements within the wavelength range from 186 nm to
2500 nm.

Cross-sectional TEM imaging and energy dispersive spectroscopy
(EDS) was performed using an FEI Titan G2 60-300 microscope with an
acceleration voltage of 300 kV equipped with a with a super EDX de-
tector. The cross-sectional samples were prepared by grinding and ion-
milling using a Gatan Precision Ion Position System with 4 kV gun

voltage.

Porosity was investigated by ellipsometric porosimetry using a J.A.
Woollam M-2000 Spectroscopic Ellipsometer with an additional en-
vironmental cell. The ellipsometric data were modeled by Cauchy
models using the CompleteEASE Software. Pore volume was de-
termined by modeling the water adsorption/desorption isotherm using
the Lorenz-Lorenz effective medium model.

3. Results
3.1. Surface oxidation

As the Al NWs are removed and the a-Si is exposed, the latter will
begin to interact with the etchant. The degree of interaction, such as
oxidation of the a-Si, can impact the properties of the remaining a-Si
through spatial confinement of the a-Si [25,26]. To evaluate the effect
the etchant has on the a-Si, XPS was performed. XPS is a surface-sen-
sitive technique, it is therefore expected that information is provided
from the first 10 nm of the a-Si:Al nanostructure. 5 h of etching was
considered sufficient for Al removal in this top layer. Fig. 2 shows the
XPS spectra of the Si-2p peak for samples etched for 5 h in HCl, con-
centrated H,SO, and H3PO,. The Si-2p peak shows peaks from both the
a-Si matrix as well as oxidized Si. To quantify the composition, the
spectra were fitted as described under Methods. Peak positions and the
corresponding FWHM parameters for the peaks which correspond to Si
(5i%), Si,0 (Si™), SiO (Si%*), Siy05 (Si®™) and SiO, (Si**) are given in

| As deposited

106 104 102 100 98
Binding energy (eV)

Fig. 2. XPS spectra of Si-2p peak for an as deposited film and samples etched for
5 h in HCl, H3PO4 and concentrated H,SOy, respectively. Gaussian peaks fitted
to the spectra for quantification of Si oxidation state.
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Table 1
The binding energy (EB), full with half maximum (FWHM) and atomic% for
different oxidation states of Si present in etched a-Si:Al.

Oxidation state EB [eV] * 0.1 eV FWHM [eV] Atomic% of Si

HCl H3PO, Conc. H>SO4

Si® 99.4, 100.04 1.0-1.2 51 53 47
Sit 100.7 1 3 1 3
si2* 101.5 1.5 8 5 8
Si+ 103.9 1.5 32 16 21
it 104.1 1.3-1.15 6 25 21

Table 1. This analysis shows that etching in concentrated H,SO,4 and
H3PO, results in a larger fraction of Si** as compared to HCl, which
consists of mostly Si**. In addition, the remaining elemental Si after
etching is close to 50%, and is comparable for all three etching pro-
cesses. It may be noted that 5 h etching in H,SO, is not sufficient to
remove Al in the top layer of the film, thus the fraction of elemental Si
may be somewhat higher than for a fully etched sample, as the areas
where NWs still remain will not have been exposed to the etchant re-
sulting in a larger amount of elemental Si.

3.2. Reflectance and its dependence on the Al etching process

As XPS only gives information on the top surface of the nanoporous
a-Si, other techniques were used to obtain information about the whole
100 nm nanostructured film. We have previously shown that mea-
surement of total reflectance is a simple way of monitoring the etching
process [19]. To investigate the development of reflectance during Al
NW removal, etching and measurement of total reflectance were al-
ternated for samples etched in HCI, H3PO4 and H,SO4. To avoid un-
necessary exposure of the nanoporous a-Si matrix, the etching process
was stopped when the characteristic shape of an interference peak for a
~100 nm film with a refractive index of ~1.55 appeared. This peak is
observed in the wavelength range between 400 and 500 nm, with a full
width half maximum of approximately 200 nm. As previously shown,
this indicates that a large amount of Al has been removed from the thin
film [19]. The solid lines in Fig. 3 (a—c) show the measured total re-
flectance for samples etched in HCl, H3PO,4, and H,SO, for different
etching times. The dotted lines in Fig. 3 (a—c) and the Al content as a
function of depth shown in Fig. 3 (d—f) is a result of modeling of the
reflectance described in the next paragraph. The reflectance shown in
Fig. 3 (a—c) is gradually reduced with increasing etching time until the
interference peak starts to appear. As shown in Ref [19], the as de-
posited film has a reflectance of approximately 40-50%, which is re-
duced by all etchants. However, it takes 2 h of etching to achieve a
reflectance of 20% for HCI and H3PO,, while 6 h of etching is required
for the concentrated H,SO4 solution. While the etching process was
stopped after 10.5 h and 18 h for H3PO, and HCI, respectively, the
interference peak was not clearly visible for concentrated H>SO,4 even
after 27 h when the experiment was stopped.

The change in reflectance during the etching process is a result of Al
gradually being removed, causing a change in the Al concentration as a
function of depth. As the Al NWs and interpore distance is much smaller
than the wavelength of light, the nanostructured film may be con-
sidered optically homogenous [27]. Therefore, this depth-dependent Al
concentration may be estimated by simulating the reflectance using the
transfer matrix model (TMM) and approximating the nanostructure to
consist of several planar layers with different Al concentrations [28].
For each layer, the effective refractive index is given by mixing the
different constituents, a-Si, SiO,, Al, and air. Several models may be
used for this, such as Lorenz-Lorenz and Maxwell Garnett approach
[27]. In this work, we have chosen the Bruggeman Effective Medium
Approach which is appropriate for more homogeneous mixtures [27].
Thus, the effective refractive index in each layer has been calculated by
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where f; and n; is the fraction and refractive index of the respective
constituent, neq is the refractive index of the film and L; is the depo-
larization factor. For cylindrical inclusions, L; is set as 1/2, while for
spherical inclusion L; is set as 1/3 [27,29]. Bearing in mind that the as
deposited film is comprised of Al nanowires with an aspect ratio of 20
and the etched film consists of cylindrical pores, it may seem reasonable
to use a depolarization factor of 1/2. However, the aspect ratio of the Al
nanowire is reduced during Al removal, and it may therefore be more
appropriate to use the depolarization factor for spherical inclusions.
Because of this, the TMM was calculated for both depolarization factors.
L; for cylindrical inclusions was found to give the best fit with the
measured reflectance. In the calculations we used known refractive
indexes for the bulk material [30-33]. To estimate the volume fraction
of a-Si and SiO,, as a function of Al, we assume that as the Al is removed,
half of the remaining elemental silicon is in the form of silicon oxide,
which is in accordance with the results from XPS. Due to the volume
expansion when Si is oxidized to SiO,, we assume that the void is re-
duced by 50%. This gives volume fractions of Vsjox = 0.5 — Vy, V,.
si = 0.25 + Va/2, Vi = 0.25 - Va1/2. The volume fraction of Al as a
function of depth is estimated by an exponential function:

Va=a+ bl —e™®), 2)

where a, b and c are fitting parameters. Fig. 4 shows the volume fraction
of the film based on the Al gradient that provided the best fit to the
reflectance for porous a-Si etched in HoPO, for 10 h. Fig. 3 shows the
modeled reflectance (a—c) and the corresponding Al gradient (d-f) for
nanostructured a-Si:Al etched in HCl, H3PO,, and H,SO4. To verify the
simulated Al fractions in Fig. 3d-e as a function of depth, the curves
have been compared to EDS line scans from TEM investigations. The
EDS line scans of the Al, Si and O concentrations through the thin film
from an a-Si:Al film etched for 4 h in HCI is shown in Fig. 4. Both line
scans are from different areas in the sample within 1 cm proximity of
each other. This shows that Al is present as a gradient and there are
local deviations in the Al gradient within the film. As the reflectance is
measured from a 0.5 cm? area, the Al gradient used for the TMM cal-
culation is considered an average within the film.

Fig. 3 shows that there are some deviations between the measured
reflectance and the calculated reflectance. The transfer matrix model
does not include plasmonic effects from the Al nanowires, which may
give deviations on the plasmonic regime [34]. In addition, as shown in
Fig. 4, the Al gradient varies and is not necessarily accurately described
by the chosen exponential function. Despite these deviations, this
model may be used to explain the difference in reflectance development
for the different etching processes. The reflectance results show that
H3PO4 requires a shorter etching time for Al removal, while etching
with HCI results in a film with lower overall reflectance during the
etching process. The lower reflectance is a result of a more linear Al
gradient as compared to the Al gradient achieved by etching in H3PO,.
This means that the sample etched by H3PO, has a larger Al con-
centration towards the surface of the thin film, thereby causing higher
reflection as compared to the sample etched by HCI.

As shown in Fig. 3(c) and (f), concentrated H,SO, is not suitable for
Al removal as the etching stops while still a large fraction of Al remains
in the film. Fig. 5(a) shows measured and modeled reflectance of a-Si:Al
etched in HCl and a diluted H,SO4 (1:50) solution for 48 h. The Al
gradient that provided the best fit is given in Fig. 5(b). Etching in di-
luted H,SO4 results in Al removal, but at a much slower rate as com-
pared to HCl and H5PO,. This shows that prolonged etching results in
almost complete removal of Al and that the concentration of the H,SO4
used is important.
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Fig. 3. Reflectance measured for films etched in HCl, H3PO, and H,SO, (solid lines) and the fitted reflectance calculated using the transfer matrix model and
Bruggeman Effective Medium Approximation (dotted lines) (a—c). The corresponding Al gradients are plotted on the lower row panels, where the Al volume fraction
as a function of depth from film surface for each modeled reflectance is shown in respectively (d-f).

3.3. Porosity

Removal of the Al NWs results in a porous structure consisting of
nanoporous a-Si with an oxidized surface, and the estimated volume
fraction of air may be deduced from the TMM calculations. To com-
plement the estimated porosity provided by reflectance modeling, el-
lipsometry porosimetry was performed. Fig. 6 shows the water ad-
sorption within the porous a-Si matrix for the a-Si:Al samples etched in
HCl and H3PO, for 18 h and 10.5 h, (a) and (b) respectively, and HCl
and diluted H,SO, for 48 h, (c) and (d). The water adsorption is cal-
culated by modeling the measured ellipsometric data in the range from
450 nm to 800 nm during adsorption and desorption with a Cauchy
model [35]. The Lorentz-Lorentz effective medium approximation [27]
was used to calculate the water content within the pores as a function of
vapor pressure based on the change in refractive index. The refractive

index was chosen at the wavelength A. = 600 nm as the Cauchy model
gave the best fit at this wavelength. The results show a porosity of 20%
for the sample etched in HCI for 18 h and a porosity of 18% for the
sample etched in H3PO,4. These values are comparable with the void
fractions calculated using the reflectance data, which give 20% for
samples etched in HCl and H3PO,. For the sample etched in con-
centrated H,SO,, it was not possible to obtain a sufficient fit of the
ellipsometry data to calculate the change in refractive index. This is
likely due to the large Al concentration still present in the film.

Fig. 6(c) and (d) shows the hysteresis curve of water adsorption for
porous a-Si etched for 48 h in HCI and 1:50 diluted H,SO,4. The pre-
sented results suggest increased etching time increases the porosity to
approximately 25%, which is similar to the void fraction estimated
from reflectance modeling (23% for sample etched in HCl and 22% for
the sample etching in 1:50 H,SO,4). In addition to increasing the
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Fig. 4. (a) Volume fraction used to model reflectance for a thin film etched in H3PO, for 10 h. (b) and (c) EDS line scan of cross-section of different areas of a-Si:Al

film etched in HCI for 4 h.
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Fig. 5. (a) Measured (solid lines) and simulated (dotted lines) reflectance of porous a-Si etched for 48 h in HCI and diluted H,SO,4 and the corresponding Al gradient

used for the simulation (b).

porosity, the prolonged etching conditions results in a larger hysteresis
area, which is typical for inkbottle pores, indicating that the pore dia-
meter at the top of the pore is smaller than the remaining porous cy-
linder [36]. This effect is larger for the film etched in HCl, which may
be explained by longer exposure to the etchant, as HCI etches more
efficiently, thus removing the Al earlier and exposing the remaining a-Si
for a longer time. Consequently, in case a uniformly porous a-Si is in-
tended for use as a template, it is imperative to optimize the etching
time, both to ensure sufficient Al removal and minimize a-Si surface
exposure to the etchant.

4. Discussion

Fig. 3 shows that the shapes of Al profiles in the films are different
for the three etchants. As care has been taken to ensure that the com-
position of the three samples is very similar, the differences must be a
result of the removal process. Fig. 7 shows time-lapse sequences of the
removal of a 200 nm thick Al film deposited by e-beam on Si substrate

in the case of HCl and H3PO, treatment. After 7 min of etching, no
change can be seen for the sample in H3POy,, but in HCI small areas of Al
have already been removed. These are assumed to be from defects in
the protective oxide layer, enabling HCl to reach the underlying Al,
accelerating the removal of Al as flakes, all accompanied by significant
evolution of gas. For the sample in H;PO,, slow development of bubbles
is observed from 7 min and onwards, but no sign of attack of the Al
trough defects, such as for the HCI treatment, is observed. This indicates
that the Al is evenly etched, probably due to the formation of the low
soluble aluminum phosphate on the surface during etching [37].
There are several limiting factors in removal of the Al NWs. Firstly,
the naturally occurring oxide on the surface acts as a barrier between Al
and the etchant. Secondly, the Al removal is dependent on transport of
reaction products from within the pores and availability of etchant at
the NW interface. This transport may slow down as the aspect ratio of
the pores increase, thus reducing the etching rate. In addition, possible
products of the dissolution may act as a limiting factor, as in the case of
removal by H3PO,4, where aluminum phosphate may hinder further
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Fig. 6. Solvent volume as a function of partial water pressure during adsorption (solid) and desorption (open) for thin films etched in HCI for 18 h (a) and H3PO, for

10 h (b), and for thin films etched in HCI (c¢) and diluted H,SO4 for 48 h (d).
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Fig. 7. Removal of a 200 nm film of Al on a Si substrate in HCl and H3POj,.

etching.

The limiting factors described above can be used to explain the
development of Al gradient during its removal, which is shown in Fig. 3
(d-f). As the Al concentration in the as deposited sample is approxi-
mately 50%, it is clear from Fig. 3 that the etching rate in the first 2 h
for etching in HCl and H3POy is faster than for the subsequent etching
periods. This may be explained by a reduced etching rate due to the
increased aspect ratio. The development of a gradient implies that the
etching rate is different for different nanowires. In the case of HC, this
may be explained by the large dependence on defects in the protective
Al,0s. In addition, variations in the NW quality such as diameter and
level of verticality may limit diffusion in and out of the wire and pro-
vide different etching rates. These differences will also affect the NW
removal by H3POy, as the limitations of this process may be dominated
by the transport of aluminum phosphate out of the pores. Therefore, the
etching of Al NWs may be hindered locally, depending on the formation
of aluminum phosphate. The process using H3;PO, results in a more
curved concentration gradient of Al than compared to HCI, which may
be explained by aluminum phosphate acting as a stronger barrier for
some wires compared to Al,O3. Hence, although H3PO,4 overall has a
larger etching rate compared to HCl, etching of some wires may be
hindered by a different mechanism compared to etching by HCI, thus
not providing a linear gradient of Al

We have shown in Fig. 3 and Fig. 5 that diluted H,SO, is suitable,
while concentrated H,SO4 only partially removes the Al NWs before the
removal is stopped. This may be explained by the dehydrating prop-
erties of concentrated H,SO4. Water is required for the etching process
to complex the formed AI®* ions and as means of transporting these
ions and the formed hydrogen gas from the reaction front, allowing
access for new reactants. This is not an issue as long at the pore surface
is sufficiently wetted, as this will force the H, bubble towards the
surface. Due to dehydration from concentrated H>SO,4, the surface be-
comes hydrophobic and the wetting properties are substantially re-
duced, which may trap H, within the pores and thus slows the etching
process. A viable way to avoid such H, trapping is therefore to dilute
the H,SO, solution during etching.

5. Conclusion

We have studied selective etching of Al nanowires from nanos-
tructured a-Si:Al using HCI, H3PO,4, and H,SO,4 as etchants, and their
effect on surface oxidation, Al content, and porosity of the remaining
porous a-Si. To estimate the Al gradient throughout the film during Al
NW removal, we have used measurements of total reflectance in com-
bination with theoretical modeling. H3PO, is found to be the most ef-
ficient etching agent, but HCI provides a less oxidized a-Si in addition to
a less reflecting film due to a more linear gradient of Al as a function of
depth within the film. Due to its dehydrating properties, concentrated
H,SO, is not suitable as an etching agent as it stops the Al removal
while a large fraction of Al NWs remains. Most Al may be removed
given a sufficient etching time, resulting in a porous a-Si with oxidized
surface with 25% porosity. We have shown that varying the etching
agent may alter the optical and surface properties of the remaining

porous a-Si film. It is therefore important to optimize the removal
process depending on the application in mind, both with regard to
choice of etching agent and etching time.
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