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Abstract

A new approach is presented to produce amorphous porous silicon coatings (a-pSi) with closed porosity
by magnetron sputtering of a silicon target. It is shown how the use of He as the process gas at moderated
power (50-150 W RF) promotes the formation of closed nanometric pores during the growth of the
silicon films. The use of oblique-angle deposition demonstrates the possibility of aligning and orientating

the pores in one direction. The control of the deposition power allows the control of the pore size
distribution. The films have been characterized by a variety of techniques, including scanning and
transmission electron microscopy, electron energy loss spectroscopy, Rutherford back scattering and
x-ray photoelectron spectroscopy, showing the incorporation of He into the films (most probably inside
the closed pores) and limited surface oxidation of the silicon coating. The ellipsometry measurements
show a significant decrease in the refractive index of porous coatings (%500 nm = 3.75) in comparison to
dense coatings (1500 nm = 4.75). The capability of the method to prepare coatings with a tailored
refractive index is therefore demonstrated. The versatility of the methodology is shown in this paper by
preparing intrinsic or doped silicon and also depositing (under DC or RF discharge) a-pSi films on a
variety of substrates, including flexible materials, with good chemical and mechanical stability. The
fabrication of multilayers of silicon films of controlled refractive index in a simple (one-target chamber)

deposition methodology is also presented.

(Some figures may appear in colour only in the online journal)

1. Introduction

Over the past decade research in nanoporous materials
has been an expanding field facing a wide range of
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technological challenges. The continuous advances in silicon
based materials in photonic devices, microelectronics and
solar energy conversion [1-4], have drawn attention once
more to porous silicon [5-7], a material discovered for the
first time in 1956 [8]. Being fully compatible with the
established microelectronics technology, one of the most
attractive features of porous silicon is its customizable
refractive index.
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Porous silicon has been produced by a variety
of approaches, but it is most commonly prepared by
electrochemical etching in HF based solutions. Herein,
we present for the first time the possibility to produce
amorphous porous silicon coatings (a-pSi) with closed
porosity by magnetron sputtering. Our approach is a new
bottom-up methodology to produce porous silicon coatings
with closed and controlled porosity. Recently we reported
on the formation of porous silicon oxynitride coatings by
magnetron sputtering with a controlled refractive index
depending on their deposition conditions [9, 10]. The closed
porosity structure with pores filled with molecular nitrogen
and aligned in the growth direction allowed the retention
of the good mechanical properties characteristic of these
coatings. In the present work we show new results following
a similar principle to produce porous silicon coatings with
closed porosity by magnetron sputtering under controlled
deposition conditions.

The application of porous silicon as an antireflective
coating (ARC) on silicon solar cells is fully compatible with
a closed pore structure [11-14]. Moreover, it is known that
chemically etched native porous silicon layers show ageing
effects, and thermal oxidation has been considered to ensure
their long-term stability, however, increasing the production
costs. On the other hand the production of chemical etched
porous silicon layers often involves the transfer of these layers
to glass substrates [15, 16]; magnetron sputtering allows
the direct deposition of large areas of ARC layers on less
expensive substrates such as glass. Since no additional heating
during deposition is employed, a wide variety of substrates
can be used, increasing enormously the possible applications
of the a-pSi coatings presented in this paper.

The closed porous structure of these novel magnetron
sputtered a-pSi coatings protects the internal pore walls from
progressive oxidation. Porous silicon oxidation leads to a
lowering of the refractive index, which is critical for its
application in photonic devices.

Recently oblique-angle deposition (OAD) of ARC has
been presented as a particularly promising method to fabricate
nanoporous silicon based films with highly desirable optical
properties [17, 18]. In this work oblique-angle magnetron
sputtering was also investigated to grow a-pSi coatings with
closed pores aligned at a given angle, which can be an
interesting way to explore anisotropy in the coatings. The
effect of the power supplied to the target on the microstructure
and refractive index of porous silicon coatings obtained by
oblique-angle deposition is presented.

Another advantage of magnetron sputtering is the ease in
producing multilayers of porous and dense material, in this
case just by changing the deposition gas. In previous works,
Bragg reflectors or microcavities have been produced with
alternating low and high refractive index layers prepared by
electrochemical methods [19-21]. As a proof of concept, we
report in this paper how it is possible to fabricate multilayers
of porous and dense silicon just by changing the deposition
gas.

The versatility of the fabrication method is finally
demonstrated by using intrinsic, p- or n-doped silicon targets.

Table 1. Deposition conditions.

Setup 1 Setup 2
0
' /)
J /4
a ) W
IIO cm b 5em
Conditions / /
RF power (W) 150 150, 50
Substrate bias (V) — —, 100
Target—substrate distance (cm) 10 5
Magnetron angle from vertical (deg) 0 30
Base pressure (Pa) 1x10*
Working pressure (Pa) 1.33
Deposition gases Ar, He

An example of a p-doped amorphous porous silicon coating is
presented.

2. Experimental details
2.1. Preparation of coatings

In this work we show the possibility of producing a-pSi
coatings with closed porosity by magnetron sputtering. Also
denser layers were deposited to show the considerable
reduction in refractive index achieved by the introduction of
porosity.

Table 1 summarizes the deposition conditions. Two
setups were used for the deposition of porous coatings. The
first (setup 1) uses a cathode placed parallel to the substrate
holder at a distance of 10 cm and the second (setup 2), for
oblique-angle deposition, has the magnetron head placed at a
30° angle to the normal to the substrate holder and the cathode
at a distance of 5 cm from the substrate. In both setups, dense
and porous amorphous silicon coatings were deposited from
a pure Si target (Kurt J Lesker 99.999% pure) using an RF
sputtering source at a power of 150 W. For the OAD, the
effects of lower power (50 W) and substrate bias (100 V) were
also investigated.

To demonstrate the possibility of also depositing doped
silicon coatings with closed porosity, a p-doped Si target from
Neyco (boron content of 0.006 at.%, (110) orientation with
a resistivity of 0.018 € cm) was used. These coatings were
deposited using setup 1.

In both setups the base pressure before deposition was 1 x
10~* Pa. The coatings were deposited at 1.33 Pa using argon
to obtain denser coatings and helium to produce coatings with
closed porosity. Silicon (100), glass and quartz were used as
substrates.

Table 2 summarizes the names used for the prepared
samples.

2.2. Characterization of coatings

The thickness and morphology of the samples were studied by
scanning electron microscopy (HITACHI S-4800 SEM-FEG).
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Table 2. Names used for the samples prepared under different deposition conditions.

Sample Setup  RF power (W)  Dep.gas  Sub. bias (V)  Deposition rate (nm min~")
a-pSi(0°) 1 150 He 0 7.5
a-Si(0°) 1 150 Ar 0 11.2
a-pSi(30°)(150) 2 150 He 0 15.2
a-pSi(30°)(50) 2 50 He 0 2.6
a-Si(30°)(bias) 2 150 Ar 100 13.0
a-pSi(p-doped) 1 150 He 0 7.5
a-Si(p-doped) 1 150 Ar 0 10.4

The samples were cleaved from coatings grown onto silicon,
and were observed without metallization in cross-sectional
views at 1-2 kV.

The composition of the coatings was evaluated by
x-ray photoelectron spectroscopy. A VG ESCALAB 210
was used, working in the constant analyzer energy mode
with a pass-energy of 50 eV. The binding energy reference
was taken as the main component of the C 1s peak at
284.6 eV for adventitious carbon. For quantification, the x-ray
photoelectron spectroscopy (XPS) spectra were subjected to
background subtraction (Shirley background) and sensitivity
factors supplied by the instrument manufacturer were used.

The thin film composition was also evaluated by
Rutherford backscattering spectrometry (RBS) at the National
Center for Accelerators (CNA, Sevilla, Spain) using a 3 MV
tandem accelerator. RBS spectra were obtained using two
different energies, 1.0 and 2.3 MeV, for the proton beam and
a surface barrier detector set at 165°. The lower energy is
necessary to separate the Si coming from the substrate and
from the film, in order to obtain the sample thickness. The
higher energy is required to obtain the He content, because
of the energy range where the *He(p, po) *He cross-section
is available. To obtain the thickness and composition of the
films, both spectra were simulated simultaneously for every
sample using the SIMNRA code [22].

The microstructure of the coatings, pore size and distri-
bution, was investigated using a TEM Philips CM200 mi-
croscope. Cross-sectional transmission electron microscope
(TEM) specimens were prepared in the conventional way by
mechanical polishing followed by Ar™ ion milling to electron
transparency. The bonding state of elements in the coating
was also evaluated by electron energy loss spectroscopy
(EELS) using a PEELS spectrometer from Gatan (mod
766-2 kV) coupled to the TEM. The energy resolution
of the microscope/spectrometer system was ~1.2 eV. All
spectra were corrected for dark current and channel to-channel
gain variation. A low-loss spectrum was also recorded with
each edge in the same illuminated area and using the same
experimental conditions. After background subtraction with
a standard power law function, the Si-L, 3 EELS spectra
were deconvoluted for multiple scattering by the Fourier-ratio
method. All these treatments were performed within the EL/P
program (Gatan).

The optical characterization of the coatings was
performed by ellipsometry on samples deposited on quartz
substrates. The measurements were executed in a UVISEL
spectroscopic ellipsometer from HORIBA Jobin Yvon with

an incidence angle of 60° and a wavelength range of
300-2100 nm. The data were analyzed using the Deltapsi2
software developed by HORIBA Jobin Yvon.

3. Results and discussion
3.1. Fundamentals of the methodology

Figure 1(a) is a SEM-FEG cross-sectional view of the
structure of a porous silicon coating produced by magnetron
sputtering using setup 1 and helium as the deposition gas
(sample a-pSi(0°)). As it is possible to observe in this
micrograph, and in more detail in figure 1(b), where a TEM
cross-sectional view is shown, the coating consists of a dense
matrix in which drop-shape closed pores are dispersed. It is
possible to appreciate that the closed pores are aligned in the
direction of coating growth, with sizes ranging from 10 to
50 nm. For comparison purposes a SEM-FEG cross-section
of a dense coating, deposited using argon as the working gas
in similar conditions is also presented (figure 1(c) sample
a-Si(0°)). This gives evidence of a new kind of porous
silicon coating with closed porosity produced by magnetron
sputtering. Up to now, the reported PVD or CVD porous
silicon coatings were mainly columnar, presenting open
porosity [18, 23]. These results demonstrate experimentally
that the use of a He plasma in magnetron sputtering deposition
equipment is a key factor in controlling the formation of
closed porosity. Extensive work is presently being carried
out to simulate the microstructure of the growing films by
considering the different nature and energy of the species in
the Ar and He plasmas. This work will be the subject of a
future publication.

EELS studies in TEM can provide the chemical nature of
a material. In particular, they are very helpful in understanding
the bonding state of elements in materials, as EELS spectra
act as ‘fingerprints’ from the same elemental edge in
different compounds [24]. The EELS spectra of both porous
(a-pSi(0°)) and dense (a-Si(0°)) TEM cross-sectional samples
are presented. Figures 1(d) and (e) show respectively the
low-loss and the Si L, 3 core-loss edges normalized to the
continuum after the edge. The spectra of a silicon monocrystal
and an amorphous silicon oxide coating are given as reference.
Both silicon coatings, dense and porous, present very similar
spectra and are comparable with the reference spectra of
the silicon monocrystal, showing the characteristic plasmon
resonance at 16.0 eV for bulk Si. The main difference is the
broader plasmon peak in the low-loss region for the a-pSi(0°)
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Figure 1. Samples deposited in vertical configuration (setup 1): (a) SEM cross-sectional view of the a-pSi(0°) sample; (b) TEM
cross-sectional view of the same sample; (c) SEM cross-section of the a-Si(0°) sample; (d) EELS low-loss and (e) Si core-loss spectra of
porous (a-pSi(0°)) and dense (a-Si(0°)) samples compared with reference spectra of an amorphous SiO; coating and a pure silicon

monocrystal (100).
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Figure 2. XPS and RBS analysis of the a-pSi(0°) sample: (a) XPS Si2p core level, experimental data and fitted spectra, (b) chemical
composition given by XPS, (c) RBS spectrum, (d) thickness and chemical composition given by RBS.

coating, which could be due to the presence of SiO» resulting
from surface oxidation.

The bonding state of silicon was also evaluated by XPS.
Figures 2(a) and (b) show the Si 2p peak and the surface

chemical composition of the porous a-pSi(0°) sample. The
Si2p peak is composed of a main peak corresponding to
elemental Si and a smaller peak corresponding to SiO,. The
ready oxidation of silicon in contact with air is probably the
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Table 3. Thickness (given by SEM and RBS) and chemical composition (given by RBS) for selected coatings. Samples named according to

table 2.
Composition
RBS (at.%)
Sample (setup 2)  RF power (W) Dep. gas  Thickness (nm) (SEM)  Thickness 10" atm cm™2 (RBS) Si He Ar
a-pSi(30°)(150) 150 He 450 2000 66 34 —
a-pSi(30°)(50) 50 He 1000 5000 66 34 —
a-Si(30°)(bias) 150 (100 V sub. bias)  Ar 4990 18 000 940 — 6

main reason for such a high surface oxidation, as indicated
by the oxygen content in the table of figure 2(b). The EELS
spectra presented are consistent with the hypothesis of surface
oxidation of the material.

To evaluate the bulk composition of the porous coating
RBS measurements were also performed. Figures 2(c) and
(d) show respectively the RBS spectra and a table with
the chemical composition obtained. The RBS measurements
indicate a very small oxygen content in the coating. This
fact confirms the expected high surface oxidation. The
RBS measurements also reveal a peak corresponding to the
incorporation of He in the coating. The presence of helium
seems to point in the same direction as our previous work,
where the deposition gas (N> in this case) was found inside
the pores in silicon oxynitride coatings [10]. The amount of
incorporated helium is of the same order of magnitude as
previous values obtained by ion implantation experiments in
metals [25].

The ability to orient the pores in other directions was
also explored in this work; porous silicon coatings deposited
with the magnetron axis at 30° to the normal to substrates
were produced using setup 2 (table 1). Figures 3(a) and (b)
present the porous silicon coatings deposited with helium in
glancing incidence at 150 and 50 W respectively. A dense
coating deposited with Ar and with a substrate bias was
also deposited using the same setup (sample a-Si(30°)(bias),
figures 4(a)—(c)).

Figure 3(al) presents the SEM-FEG cross-sectional view
of the a-pSi(30°)(150) sample. It is possible to observe the
pores aligned and tilted with respect to the coating growth
direction. Figure 3(a2) shows the TEM cross-sectional view
of this sample, while the scheme in figure 3(a3) shows the
angle (~17°) that the pores present with respect to the normal
of the substrate holder as measured from figure 3(a2). On the
magnified TEM images in figures 3(a4) and (a5) it is possible
to observe pore sizes ranging from 2 to 42 nm. Selected area
electron diffraction (SAED) is also presented as an inset in
figure 3(a4), proving that the coating is amorphous.

Decreasing the power supplied to the silicon target at
50 W (figure 3(b)) results in a porous structure with smaller
pores, oriented also at ~17° with respect to the normal to the
substrate holder. Figure 3(b1) presents a SEM cross-sectional
view of the a-pSi(30°)(50) sample, in this micrograph the
pore direction is not easily observed. The TEM cross-sectional
view in figure 3(b2) allows one to better observe the pore
direction and the scheme in figure 3(b3) shows the angle of
the pores. Decreasing the power supplied to the target results
in pores ranging from 2 to 23 nm, as measured in the higher

magnification images in figures 3(b4) and (b5). Controlling
the power supplied to the target allows one to control the
pore size while keeping the same pore alignment. Smaller
pore sizes can be observed at a lower voltage. The inset in
figure 3(b5) shows the amorphous character of the coating.

A very dense coating deposited with a substrate bias
is presented in figures 4(a)—(c) for comparison purposes
(sample a-Si(30°)(bias)). The TEM and SEM cross-sectional
views ((a) and (b) respectively) show a very compact and
dense amorphous coating, as proved by the SAED pattern
(figure 4(c)).

Figure 5 shows a photograph of the a-pSi(30°)(150) and
a-pSi(30°)(50) porous samples deposited directly over glass
substrates (1.5 mm thick). The coatings show a red transparent
color, characteristic of thin silicon films.

The bulk composition of these coatings was investigated
by RBS. Figure 6 and table 3 show the RBS spectra and
chemical composition of the coatings deposited by the OAD
magnetron sputtering technique (setup 2). The porous silicon
coatings deposited at 150 and 50 W are mainly composed
of silicon, and present an important He peak (figures 6(a)
and (b)). Once more the results indicate the formation of
an amorphous matrix with closed pores that may contain
the deposition gas inside. For this series of coatings only a
small oxygen contamination below the detection limit of the
technique under our measurement conditions (5 at.%) was
found.

The a-Si(30°)(bias) dense sample, deposited with Ar and
under a substrate bias, apart from silicon, shows a small
incorporation of Ar, while the amount of oxygen in the coating
was below the detection limits for the technique (figure 6
and table 3). Similar results have been published before; the
benefits of depositing under an argon atmosphere and the
application of a substrate bias to improve the density and
prevent oxygen contamination in magnetron sputtered thin
films were discussed by Veprek and co-workers [26, 27].

3.2. The optical properties: refractive index

The optical properties of these samples were investigated
by ellipsometry. Figure 7 shows the refractive index and
extinction coefficient of some representative coatings as a
function of the wavelength. Table 4 summarizes the refractive
index values at 500 nm. For the a-Si(30°)(bias) dense coating,
both the refractive index and coefficient of extinction are
high—typical of amorphous silicon [28, 29]. As expected,
the introduction of closed porosity leads to an important
decrease in the refractive index of the coatings. The porous
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a)

S
500nm

Figure 3. Porous samples deposited under OAD conditions (setup 2). (a) The a-pSi(30°)(150) sample: (al) SEM cross-sectional view; (a2)
TEM cross-sectional view; (a3) scheme of the pore orientation; (a4) detail of TEM micrograph showing the pore size and SAED pattern;
(a5) detail of TEM micrograph showing the pore size. (b) The a-pSi(30°)(50) sample: (b1) SEM cross-sectional view; (b2) TEM
micrograph showing the sample cross-section; (b3) scheme of the pore orientation; (b4) detail of TEM micrograph showing the pore size;
(b5) detail of TEM micrograph showing the pore size and SAED pattern.
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1.00um

Figure 4. The a-Si(30°)(bias) dense sample: (a) TEM micrograph on the sample cross-section, (b) SEM cross-sectional view, (c) SAED

pattern.

Figure 5. Photograph of the two porous coatings (left
a-pSi(30°)(50), right a-pSi(30°)(150)).

a-pSi(30°)(150) and a-pSi(30°)(50) samples, as well as the
dense a-Si(30°)(bias) sample, present an oxygen content
below 5 at.% according to RBS. The refractive indices for
these three samples can be directly compared in table 4.
These data demonstrate the capability of the method to control

the preparation of porous silicon coatings with a reduced
and tailored refractive index. The a-pSi(0°) sample has been
selected also because the presence of oxygen (10 at.%) leads
to a further reduction of the refractive index, as expected for
the formation of silicon oxide phases. This effect is clearly
observed both in figure 7 and table 4.

If we take the effective medium approximation, express-
ing the relative electrical permittivity of a heterogeneous
media (& eff), according to the Maxwell-Garnett theory, as a
function of the dielectric constants of the continuous (gr,¢) and
dispersed phase (g q) it is possible to calculate the volume
fraction (¢) occupied by the dispersed phase, the pores,
according to equation (1):

. 3¢ (Sr,c - 8r,d) ] (1)
28r,c + &rd +f(€r,c — &r,d) ’

Considering the dense coating as having the same refractive
index as the dense matrix of the porous coatings (erc),
and the dielectric constant of the pores (er4) as unity; a
porosity fraction ¢ can be estimated for these coatings (see
table 4). The values found are consistent with the published
refractive index for porous silicon produced by chemical

Er,eff = €r,c |:1
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Figure 7. Refractive index (n) and extinction coefficient (k) as a function of the wavelength of porous and dense silicon coatings according

to nomenclature described in table 2.

Table 4. Refractive index at 500 nm and porosity fraction calculated from the Maxwell-Garnet equation.

Sample Power (W) Dep. gas Setup 1500 nm ellipsometry ¢* (%)
a-pSi(30°)(150) 150 He 2 3.75 30
a-pSi(30°)(50) 50 He 2 3.75 30
a-Si(30°)(bias) 150 (100 V sub. bias)  Ar 2 4.75 —
a-pSi(0°) 150 He 1 3.25 <37°

4 Porosity fraction calculated according to the Maxwell-Garnet equation (1).

b The calculated value is an upper limit, as the me

asured oxidation of the coating (10 at.%, formation

of SiO,) produces an additional decrease of the refractive index as compared to pure porous silicon.

etching with different porosity. Comparing our values with the
ones presented by Korotcenkov and Cho [8], porous coatings
present porosities between 20 and 40%, which are in good
agreement with the values found by the Maxwell-Garnet
equation in our coatings. For the a-pSi(0°) sample the
calculated porosity fraction (table 4) is an upper limit, as the
partial oxidation of the coating (formation of SiO;) produces
a further decrease of the refractive index as compared to
pure porous silicon. A careful consideration of the possible
formation of the Si—O phases should be considered when
comparing the refractive index of this type of coating.

3.3. The versatility of the method

Several experiments have been carried out using He and/or Ar
as the process gas, as well as varying different parameters (gas
pressure, distance to substrate, power, etc) during magnetron
sputtering deposition of silicon coatings. Columnar, dense and

closed porous structures have been prepared. Details of all the
conditions tested cannot be given in this paper, although some
examples of the versatility of the method are presented here.

One advantage of the magnetron sputtered porous silicon
films presented in this work is the ease in producing both
dense and porous layers in the same setup just by changing
the deposition gas. Two examples can be found in figure 8§,
showing different multilayer structures of alternating denser
and closed porous layers. Depending on the deposition
conditions, completely dense or columnar layers can alternate
with closed porosity layers. This kind of structure with
alternating layers with high and low refractive index is the
basic principle in the design of Bragg reflectors and optical
microcavities [19-21].

So far we have shown results of intrinsic silicon coatings,
but it also possible to produce p- or n-doped coatings just by
using a doped target. Figure 9 shows, as an example, coatings
deposited using a p-doped silicon target. Also in this case it
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Figure 8. Examples of different possible multilayer structures: (a) Bilayer of dense and porous coatings; (b) multilayer of columnar and

porous coatings at two different magnifications.

a-pSi(p-doped)

a-Si(p-doped)

.'SOOnmI

Figure 9. (a) Porous and (b) dense p-doped silicon layers according to the nomenclature in table 2.

is possible to produce porous layers with closed porosity. A
dense layer is also presented for comparison; these coatings
were deposited using setup 1 and the same conditions as the
coatings presented in figure 1. Another advantage of using
magnetron sputtering is the possibility to deposit on cheap
and or flexible substrates. In figure 4 it is clear that there
is the possibility to deposit directly on glass substrates, but
the low temperatures achieved also allow the use of polymer
substrates. Figure 10 shows the SEM micrographs of a porous
layer deposited on a thin and flexible Teflon sheet and on a
silicon substrate. These coatings have been grown in the OAD
configuration, using DC discharge conditions in this case.
The thick layer seems to be very well adhered to the flexible
substrate, as one can observe in the photograph presented in
figure 10.

4. Conclusions

In this work we show a new bottom-up strategy to produce
porous silicon coatings with closed porosity, as observed
by SEM and TEM micrographs. The formation of closed
pores is promoted by the use of He as the process gas
during magnetron sputtering deposition at moderate power
(50-150 W RF). The EELS and RBS results prove that the
coatings are porous silicon and that He is incorporated, most
probably inside the pores. The pore size distribution can be
changed by changing the power supplied to the target. It is also
possible to deposit coatings with different pore orientations by
changing the angle of the magnetron.

The introduction of porosity significantly reduces the
refractive index of the coatings as compared to dense

L

Coating deposited on silicon

Figure 10. Porous coating deposited under DC discharge
conditions on a flexible substrate (Teflon) and the same coating
deposited on a silicon substrate.

reference silicon films. The achievement of closed porosity
was desired to improve the chemical and mechanical stability
as compared to materials previously prepared by etching
methodologies with open porosity.

This new methodology allows one to deposit large areas
of porous silicon coatings (under DC or RF discharge) on
cheap and/or flexible substrates; by alternating the deposition
gases also multilayers of porous and dense coatings can be
designed according to requirements. The method is presently
being successfully extended to other materials.
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Future work is under preparation to understand the

influence of the complete set of process parameters, both
experimentally and theoretically by simulation of the growth
processes.
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