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Colored porous silicon as support for plasmonic nanoparticles
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Colored nanoporous silicon thin films were employed as dielectric spacing layers for the
enhancement of localized surface plasmon (LSP) polaritons. Upon formation of Au nanoparticles
(Au-NPs) on these layers, a visible color change is observed due to multiple LSP resonance
excitations. Far-field effects were assessed by angle-resolved reflectometry. Resonance
enhancements, particularly for s-polarized light, account for the observed color change and are
discussed in terms of effective medium and Mie scattering theory. Enhancements of the electric
field strengths in the near-field and of the absorption in the substrate were deduced from finite
difference time domain calculations and exceed considerably those of the non-porous Au-NP/Si
interface. First results of improved photoelectrocatalytic hydrogen evolution at these interfaces are
discussed. Samples were prepared by varied procedures of metal assisted etching and dry etching
with XeF,. Structural and chemical properties were investigated by scanning electron and atomic
force microscopy as well as energy dispersive x-ray analysis. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.3703469]

. INTRODUCTION

The unique interaction of plasmonic nanoparticles with
electromagnetic radiation is of outstanding importance for
numerous applications in both fundamental science and
industry. The intricate scattering and absorption behavior is
employed, for instance, for optimized light harvesting in thin
film solar cell designs' or, more recently, for optimization of
photoelectrocatalytic devices.” The enhancement of the elec-
tromagnetic field strength in the vicinity of the particles, on
the other hand, is used for detection of minute amounts of
chemical species in surface enhanced Raman spectroscopy
(SERS) or even single molecule sensing.” Novel attempts
focus on further optimization of the excitation process of
localized surface plasmon (LSP) resonances by introduction
of multi-layer supports.*> Multiple reflections at the respec-
tive interfaces of the substrate and additional dielectric films
direct the incident electromagnetic wave repeatedly toward
the particles and can result in an overall gain in excitation
strength. For SERS the amplification of the LSP resonances
in the presence of these films is assumed to raise the detec-
tion sensitivity, and variations of the enhancement factor by
several orders of magnitude, in dependence on the layer
thickness, were already reported.® Porous silicon (PSi)
formation represents a specific approach to realize a dielec-
tric spacing layer between plasmonic particles and a semi-
conductor support. Recently, improved SERS activity could
be reported for PSi templates, built by electrochemical prep-
aration in HF containing solutions and subsequent deposition
of Au-nanoparticles (Au-NPs).”
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In our work, ultra-thin PSi layers with specific color
appearance were prepared by metal assisted etching”'® and
introduced as support for plasmonic Au-NPs. Dependent on
the layer thickness, the deposition of Au-NPs onto these
films is accompanied by a visible color change in accordance
with optical multi-layer analysis. The resulting LSP reso-
nance strength, assessed in the far-field by reflectometry, is
particularly increased for s-polarized light. Experimental
findings are compared to Maxwell-Garnett (MG) and Brug-
geman (BM) effective medium approximation (EMA)'!12 a5
well as to the Thin Island Film (TIF) model.'* Required pa-
rameters as particle size and surface coverage were deduced
from surface analysis with scanning electron microscopy
(SEM) in comparison with angle-resolved reflectometry.
Finite difference time domain'*!'® simulations (FDTD) were
carried out to demonstrate enhanced light absorption in the
silicon substrate, as well as increased intensities of the elec-
tromagnetic field in the near-field region of the particles.
Application to photoelectrocatalysis is finally exemplified by
hydrogen evolution at the Au-NP/PSi/p-Si(100) interface in
diluted solutions of H,SO,.

Il. EXPERIMENT

Phosphorous doped n-type and boron doped p-type
Si(100) substrates with doping concentration 10" were used
for preparation of PSi-films. After repeated cleaning with
water and ethanol, the samples were etched in a 3:1 mixture of
HF(50%) and ethanol for 30 and 10, respectively, with inter-
mediate water rinsing (MiliQ water, 18.2 MQ) and N,-drying.
Pt was electrochemically deposited from solutions comprising
1 mM H,PtClg and mixtures of water and ethanol in varied
concentrations. The total charge did not exceed 1-2 mC cm %

Psi-films with optimized homogeneity, as presented here, were

© 2012 American Institute of Physics
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obtained after Pt-deposition from nearly water-free solutions.
Subsequently, the samples were immersed in HF(50%)/
H,0,(30%)/H,0 (2:10:10) for 10s up to 5Smin. n-Type sam-
ples were additionally illuminated during the etching process
by a tungsten—iodine lamp (50 mW cm~?) and showed usually
lower homogeneity of the porous layer structure. In brief, the
formation of nanoporous PSi layers in the presence of noble
metal particles is described by the following overall reaction:”

Si + H,0,4+6HF — 2H,0 + H,SiF¢+H, T . (D)

The catalytic activity of the noble metal particles promotes
reduction of H,O, and H', whereas hole extraction at the
surface initiates the oxidative dissolution of Si in the pres-
ence of HF. Samples of varied colors could be thereby pre-
pared ranging from yellow and blue to green and red. Dry
etching with XeF5, in turn, resulted in grayish to white colors
in dependence on the number of etching cycles.'® Samples
with black appearance were produced by metal assisted etch-
ing after chemical formation of Ag-NPs at the surface from a
1:1 mixture of 0.001 M AgNO5; and 40% NH,F for 10s.

Subsequent to PSi formation Au-NPs were deposited by
two different routes. Electron beam evaporation was applied
to produce an Au-film of nominally 5nm thickness, which
was annealed at 300°C for ~3 min. Particles of spherical
and oblate shape with diameters 20nm <d <90nm were
thereby obtained. The surface coverage of 20% was esti-
mated by evaluation of the geometrical cross section of the
particles (multiplied by the particle number) in comparison
to the substrate area. (Photo-)electrochemical deposition was
used in the potentiostatic and the potentiodynamic mode to
obtain Au-NPs from aqueous solutions (1 mM) of HAuCl,.
In the potentiostatic mode, particles with diameters
10nm <d<50nm and surface coverage of ~12% were
formed. In the potentiodynamic mode, larger variations of
both particle size and spatial distribution were produced. For
comparison, Au-NPs were additionally deposited on
hydrogen-terminated silicon. The photocurrent behavior
upon hydrogen evolution in 1 M H,SO, was investigated for
selected p-type porous silicon samples and compared to
hydrogen-terminated p-Si(100). Measurements were carried
out in a three electrode arrangement with silicon working
electrode, platinum counter electrode and Ag/AgCl reference
electrode. Optical analysis was carried out by angle-resolved
reflectometry using p- and s-polarized light, respectively.
The angle of incidence was adjusted to 77° corresponding to
the Brewster angle of clean bulk silicon at ~500 nm wave-
length."” Reflectance at near-normal incidence was analyzed
by a Perkin Elmer UV-VIS spectrometer equipped with an
integrating sphere. Tapping-mode atomic force microscopy
(TM-AFM) was performed using a Nanoscope Illa from
Veeco Instruments, Plainview, NY, USA.

A. Numerical analysis

Theoretical reflectance curves were determined by opti-
cal multi-layer analysis of the respective heterostructures,
comprising the nanoparticulate Au-film and bulk and porous
silicon, respectively. Effective dielectric functions of the
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films, e.¢, were derived, according to EMA theory, from
bulk values of Au and silicon, respectively, and by consider-
ation of the dielectric environment. In the MG model, . is
given by

E—&m
e+ ey

beff — &M _ (1-v) )
eetf + 2em

A mixed phase is thereby described, comprising a v-fraction
of material with dielectric constant ¢ (the host material) and
(1 — v)-fraction of inclusions with the dielectric function &,.
This model considers sharp geometrical resonances inside
the host medium and is suited to simulate either large poros-
ities or rough surfaces with spherical objects of large mutual
distance.

According to the BM formula, &.¢ is defined by12

EM — Eeff
ey + 2eefr

& — &eff

+(1—-v
( )3+28eff

3

Equation (3) is applicable to a continuous distribution of ge-
ometrical resonances. The more complicated formulas of the
TIF model are given in detail elsewhere.'? Optical properties
of the PSi layers were modeled by Eq. (2) only, i.e., MG
effective medium theory, assuming an almost monodispersed
pore size. The dielectric function of the nanoparticulate Au-
film was calculated according to all three models, the TIF
model and the BM and MG approaches.

Mie analysis'® was carried out in order to determine the
theoretical absorption maximum of a single spherical Au-NP
surrounded by air (vacuum). FDTD simulations'*!'> of the
actual Au-NP/PSi/Si interfaces were performed for a 3 x 3
array of spherical Au-NPs, located on top of the PSi/Si
multi-layer structures. Au-NPs of radius » =20 nm, periodi-
cally arranged on top of the PSi/Si multi-layer structure with
a surface coverage of 19.6% were assumed. The thickness of
the Si substrate (ds;) was fixed to 500 nm, whereas the PSi
layer thickness (dps;) was varied between 0 and 256 nm.
Absorption enhancements were determined with respect to a
Si substrate of thickness ds; with ds; = ds; + dbps;i, i.e., the
sum of the respective thicknesses, ds; and dps;, of the PSi
and Si structures.

lll. RESULTS

Reflectometry results of colored PSi/p-Si(100) for
p- and s-polarized light (R, and Rj, respectively) are shown
in Fig. 1(a): (i) after 30s of metal assisted etching (dotted
curves) and (ii) after subsequent Au-NP formation by elec-
tron beam evaporation (solid curves). The angle of incidence
(77°) was chosen such that polarization-dependent effects
could clearly be distinguished. The photograph in Fig. 1(b)
demonstrates almost uniform coloring of the sample. A sig-
nificant color change from yellow to green was observed af-
ter Au-NP formation [see Fig. 1(c)]. Correspondingly, the
reflectance signal R, exhibits a local maximum at 2.3eV to
be attributed to the Au-LSP resonance energy. The so-called
luminous efficiency function'® is shown in the inset, repre-
senting the standardized human color sensitivity and relating
the interference patterns of the PSi structure and the LSP
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0.8

a) R without Au-NPs
—— with Au-NPs

Reflectance (77°)

FIG. 1. PSi/p-Si(100) of ~63 nm thick-
ness before and after formation of
Au-NPs by electron beam evaporation.
(a) Reflectance at 77° for s- and p-polar-
ized light before (dotted curves) and af-
ter Au-NP formation (solid curves).
Arrows point to the Au-LSP resonance
energy. (Inset) Color sensitivity of the
human eye, represented by the luminous
efficiency function. (b,c) Photographs of
the Psi-film before and after Au-NP
formation.
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resonance energy to the visual appearance of the sample
(essentially determined by the larger R, signal). The corre-
sponding R, signal, modulated by the background signal of
the substrate, exhibits fewer variations near the resonance
energy.

Cross-sectional analysis by transmission electron mi-
croscopy (TEM) was carried out to investigate the layer and
interface morphology of a porous silicon layer comparable to
the sample in Fig. 1(b). The average layer thickness is in the
range of ~65nm [Fig. 2(a)]. The outmost interface appears
smooth, whereas, toward the region of bulk silicon, distinct
roughness is visible [Fig. 2(b)]. This interface also exhibits
areas of porous silicon that is still enclosed by crystalline
phases as indicated by the corresponding arrows in Fig. 2(b)
(A and B, respectively).

On blue n-type PSi, potentiodynamic electrodeposition
(of ~2nm equivalent film thickness) resulted in a non-
uniform particle distribution, as depicted by SEM and energy
dispersive x-ray (EDX) results in Figs. 3(a)-3(c). The insets

in Fig. 3(d) show that the sample color changed thereby
from blue to red brown. The reflectance curve for s-polarized
light, R,, shows a monotonic increase below 2.5 eV, whereas
R, exhibits a pronounced variation around the Au LSP reso-
nance energy at 2.35eV.

Nanoparticle shapes and surface distribution for the two
Au-NP formation routes are shown in Fig. 4. In Fig. 4(a), the
SEM image of p-Si(100) after photoelectrodeposition of Au
indicates particle geometries of nearly spherical shape. At
some sites, particle agglomeration is visible. Annealing of a
5nm Au-film, shown in Fig. 4(b), produced spherical and
elongated particle shapes. Most of the particles are well sep-
arated by at least one particle diameter.

In Fig. 5(a), experimental reflectometry results of bulk
(non-porous) silicon, decorated with Au-NPs by electrodepo-
sition are compared to simulated spectra, calculated by the
BM, MG, and TIF models. As the change in R is too small
to result in a visible signal variation near the LSP resonance,
results for p-polarized light are shown only. The respective

FIG. 2. Cross-sectional TEM analysis of
a yellow porous silicon layer comparable
to Fig. 1(b). (a) The survey suggests a
layer thickness of ~65 nm in accordance
to optical analysis. (b) The magnification
shows a rough PSi/Si interface. Porous
areas (A) are partially enclosed by crys-
talline phases (B) as indicated by corre-
sponding arrows.
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FIG. 3. n-Type PSi(100) before and after photoelectrodeposition of Au-
NPs. (a) SEM image after deposition. (b,c) EDX analyses of the Si and Au
x-ray signals. The indicated bars correspond to 2.5 um. (d) Reflectance of
the sample for s- and p-polarized light. (Insets) Photographs of the sample
before and after electrodeposition.

curves are separated by offsets as indicated in Fig. 5(a). The
reference reflectance of hydrogen-terminated Si(111) is
shown for reason of comparison as a dotted curve at the bot-
tom. In Fig. 5(b), the corresponding reflectometry results for
p- and s-polarized light after Au-NP formation by electron
beam evaporation are presented. Due to the larger particle
size and surface coverage [compare Figs. 4(a) and 4(b)],
local maxima near 2.2 eV are detected for both polarization
states.

EHT = 7.00 kV Signal A= InLens

WO = 8.6 mm Mag=15145KX

FIG. 4. SEM images of p-Si(100) after formation of Au-NPs. (a) Particles
obtained by electrodeposition, charge flow Q ~ 4 mC/cm?. (b) Particles pro-
duced by electron beam evaporation of a 5nm film and subsequent
annealing.
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Reflectance data, measured at near-normal incidence,
are shown in Fig. 6 for hydrogen-terminated silicon (dashed
curve), PSi obtained by XeF, dry etching (gray curve), PSi
obtained by metal assisted etching of Pt-NP predecorated sil-
icon (orange curve) and for black silicon, produced by metal
assisted etching of silicon after chemical deposition of
Ag-NPs. In contrast to the measurements in Fig. 5, an inte-
grating sphere was used to measure also contributions of
light scattered at large angles off the specular direction.

In Fig. 7 calculated spectra are shown for the PSi/Si het-
erostructure with a 63nm thick PSi layer before (dashed
curves) and after formation of Au-NPs (solid curves). Calcu-
lations of the PSi dielectric function are based on the MG
model. Solid curves illustrate the simulated reflectance
behavior after formation of Au-NPs on top of the PSi layer
by annealing of a 5 nm thick Au-film. The effective dielectric
function of the Au-NP-film was calculated by the TIF, BM,
and MG models, respectively, as indicated in Fig. 7. For
clarity, results obtained by the BM approach are not added to
Fig. 7.

Electric field strengths in the vicinity of the Au-NPs,
calculated by FDTD simulations, are shown in Fig. 8. Two
surfaces were considered: hydrogen-terminated silicon [Figs.
8(a) and 8(c)] and porous silicon with 63 nm thickness [Figs.
8(b) and 8(d)]. The field intensities were assessed, first, at
the surface of the substrates and, second, at the midplane
through the particles, i.e., at a distance of 20nm from the
surface.

In Fig. 9(a), the enhancement of the electric field
strengths with respect to the incident wave (|E|* = 1) are
shown in dependence on the thickness of the PSi layer. The
upper curve was determined at the midplane through the par-
ticles, the lower curve at the surface of the PSi layer. Sche-
matic insets illustrate the respective analysis positions. In
Fig. 9(b), calculated absorption enhancements, g, for
selected PSi layer thicknesses are presented. The dotted line
at g=1 serves as reference line indicating light absorption
of bulk silicon. The dashed curve illustrates the absorption
enhancement of Au-NP/Si, i.e., without a porous layer.

In Fig. 10, individual contributions of the 63 nm thick
PSi layer and the Si substrate to the overall absorption
enhancement are disentangled. The solid curve represents
the absorption enhancement of the entire PSi/Si multi-layer;
the dashed curve indicates the contribution of the Si support
only. Schematic diagrams illustrate the volumes within the
PSi/Si structure where light absorption was assessed.

Hydrogen evolution at the interface of an ~103 nm thick
bluish PSi layer on p-Si(100) before and after Au-NP photo-
electrodeposition is shown in Fig. 11 (black curves). A rela-
tively low light intensity (25 mW cm2) was chosen in order
to minimize perturbations of the signal by the sudden release
of hydrogen bubbles from the surface. The slow photocurrent
decrease in the saturation region results from hydrogen
adsorption, partly blocking the active surface area. For
comparison, the photocurrent curve of hydrogen terminated
p-Si(100) is shown as a gray curve. The inset illustrates the
reflectance behavior of this sample. R,, measured at 77°, is
shown before (dotted curve) and after Au-NP formation
(solid curve).
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FIG. 5. Reflectance behavior of silicon
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IV. DISCUSSION
A. Au-NPs at the hydrogen-terminated silicon surface

The detection of plasmonic particles on semiconductor
surfaces by optical spectroscopy has typically to deal with
signal variations of the order of a few tenths of a percent.?”
With reflectometry, a low background signal from the sup-
porting substrate facilitates the observation, which can be
realized, e.g., by p-polarized light, incident at an angle close
to the substrate’s Brewster angle.>*' An increase of the
detection sensitivity by 1 order of magnitude or more is
thereby possible. Conversely, LSP resonances appear less
pronounced when using s-polarized light as reflectance

60 — .

404 sj(100)H .-+

20 —
PSi (XeF, etched)

PSi - black

0= T T T T T T 1
15 2.0 25 3.0 35 4.0 4.5 5.0
Photon Energy (eV)

Reflectance (%) at near-normal incidence

FIG. 6. Reflectance at near-normal incidence of various porous silicon mor-
phologies. Dashed curve: hydrogen-terminated silicon as reference curve.
Gray curve: XeF, dry etched silicon. Orange curve: PSi of 63nm thickness
built by metal assisted etching after electrodeposition of Pt-NPs. Black curve:
PSi built by metal assisted etching after chemical deposition of Ag-NPs.

S

25 3.0 35

Photon Energy (eV)

contributions from the substrate are generally larger. In Fig.
5(a), the reflectance of crystalline silicon, decorated with Au-
NPs by electrodeposition, is therefore shown only for p-
polarized light. The limited electron mean free path of the
Au-NPs was taken into account by modified Au bulk dielec-
tric data.”*** Interactions with image dipoles in the substrate
were not considered.?**> As already pointed out by other
authors,26 the simulated reflectance behavior can show pro-
nounced variations in dependence on the applied model. Peak
position, height, and shape of the LSP resonance can vary to
such an extent that the physical parameters, particle size, and
surface coverage, have to be considerably modified in order
to achieve at least qualitative agreement with experimental
data. Accordingly, the particle radius was adapted particu-
larly for the TIF model, whereas the surface coverage was

0.8 —
PSisimulaton without Au-NPs
MG with Au-NPs

IS
~
=
[0
(5]
c
5l
©°
O
o=
©
o

0.3

0.2

014 MG

—— ]
15 20 25 30 35

. Photon Energy (eV)

FIG. 7. Simulated reflectance before (dotted curves) and after Au-NP for-
mation (solid curves) at the PSi/Si interface with a 63 nm thick PSi layer.
Abbreviations (MG and TIF) refer to the respective EMA models used for
the simulation of the nanoparticulate Au-film. The properties of the Psi-film,
modeled by a three-layer system with decreasing silicon volume fractions
toward the surface, were calculated according to the MG model.
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held constant for all models. Despite these difficulties, the
resonance strength of Au-NPs on bulk Si (close to Brewster’s
angle) can approximately be assessed by the signal variation
AR, determined with respect to the background signal, i.e.,
some 0.1eV off the resonance maximum (see indication of
AR in Fig. 5(a)). This difference scales for all EMA models
with both particle size and density and typically varies
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Au-NPs/PSi/Si

FIG. 8. Distribution of the electric field
strengths across a periodic arrangement
of spherical Au nanoparticles of radius
r=20nm at a mutual distance of 80 nm
on bulk Si (a,c) and on the PSi/Si multi-
layer structure (b,d). The insets indicate
5 the midplane position (a,b) and the sur-

face position (c,d) where the fields were

determined. The wavelength is 546 nm
4 corresponding to 2.27 V.
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between some 0.001 and 0.01 for R, i.e., p-polarized light.
In Fig. 5(b), it is shown that the increased size and surface
coverage of Au-NPs, formed by annealing of a 5nm Au-film
on hydrogen-terminated Si, allows observing the LSP reso-
nance in both spectra, R, and R. The background-to-peak
difference in R,,, AR, amounts to ~0.06, whereas the corre-
sponding value for R, remains small (~0.005). Compared to

Absorption enhancement

FIG. 9. Calculated enhancements of the
electric field strengths and absorption
upon variation of the PSi layer thick-
nesses (0-256nm) at A=546nm. (a)
Field strengths determined at a distance
of 10-20nm from the particles at the
midplane (upper curve) and on the sur-
face (lower curve). (b) Absorption
enhancement of the Au-NP/PSi/Si multi-
layer system. The straight line at g=1
indicates bulk absorption. The dashed

curve refers to the Au-NP/Si interface
without PSi layer.
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B. Optical response of porous silicon

The various morphologies of porous silicon, analyzed in
Fig. 6, all result in attenuation of the reflectance signal for
light incident at an angle close to 0°. The structural proper-
ties, however, as well as the interaction with light, differ con-
siderably in dependence on the respective preparation
method. According to SEM analysis (not shown here), XeF,
etched samples are characterized by pronounced surface
roughness. Root mean square (rms) values of surface height
data, determined by TM-AFM, show distinct scaling effects,
i.e., an increase of the calculated rms value with increasing
surface areas. Peak-to-peak lateral distances amount to sev-
eral micrometers, whereas peak-to-valley vertical distances
amount to several hundred nanometers. This marked surface
corrugation is superimposed on a thin film consisting of
nanoparticles of small size distribution (~100 nm width and
30 nm height). The reflectance at these surfaces shows conse-
quently large light scattering, which was investigated at
detection angles up to 20° off the specular direction (not
shown here). As measurements with an integrating sphere
(gray curve in Fig. 6) also include contributions from scat-
tered light, the observed attenuation of the reflectance signal
is attributed mainly to the properties of the thin porous sur-
face film.

(Colored) porous silicon, prepared by metal assisted
etching, with a thickness of 63—65nm (orange curve in Fig.
6) is characterized by a pore structure in the nanometer range
(see Fig. 2). The reflectance spectrum in the UV region is
considerably attenuated to ~10%. Below 2.5eV, multiple
reflections result in a monotonic increase of the signal to-
ward the infrared region. In contrast to XeF, etched silicon,
this film can be modeled by effective medium theory to be
discussed in the following. For other thicknesses, the modi-
fied constructive interference patterns result in a different
color appearance. For bluish PSi/p-Si(100), for instance, a
reflectance maximum near 3.0eV (dotted curve) determines
the visual properties, as illustrated by the inset in Fig. 11.
EMA calculations suggest in this case an approximate thick-
ness of the PSi layer of about 103 nm.

Nearly black silicon (black curve in Fig. 6) shows the
strongest attenuation of the reflectance. SEM analysis proves
that Ag-NPs are still present at the surface after etching for
2min. The pore geometries are less uniform than for silicon
after electrodeposition of Pt-NPs. The correlation length of
the surface roughness is much smaller than the wavelength
of the incident electromagnetic wave and effective medium
theory is applicable also for these samples. In contrast to all
other samples, the local maxima near 3.4 and 4.4 eV, which
are related to the critical point energies within the silicon
band structure, are not visible anymore in the spectrum.

C. Au-NPs at the porous silicon surface

On multi-layer systems, like porous Si-films on single
crystal Si, the optical response of LSP resonances becomes
more complicated due to interferences of the incident and
reflected electromagnetic wave at the multiple interfaces.
Experimental results [in Fig. 1(a)] suggest an enhancement
of the LSP resonance strength near 2.35eV particularly for
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s-polarized light. In order to verify this observation, numeri-
cal calculations were carried out to disentangle the respective
contributions of interference patterns of the multi-layer
structure, on the one hand, and Au-NP excitations, on the
other hand. In a first step, the optical properties of the PSi-
film on top of the Si substrate were calculated by application
of MG theory. Subsequently, the nanoparticulate Au-layer
was described by all three approaches, MG-EMA, BM-
EMA, and the TIF model. To model the PSi thin film, a
graded three-layer system was assumed. Transitional regions
toward ambient and silicon bulk were thereby taken into
account. Initial values for the parameters were chosen
according to rough estimations of both the porosity (near
50%) and the total PSi layer thickness (below 100 nm). Sub-
sequently, the respective thicknesses and porosities were
gradually varied in several simulation cycles. Layer thick-
nesses of 30, 8, and 25 nm and porosities of 69.8%, 45.0%,
and 30.3% were thereby calculated. Here, the highest poros-
ity refers to the outmost layer of 30 nm thickness, whereas
the lowest porosity refers to the PSi/Si interface of 25nm
thickness. The respective dashed curves in Fig. 7 (simulated
data) match those in Fig. 1(a) (experimental data) very well,
whereas the calculated total thickness of 63 nm is in accord-
ance with TEM analysis. For modeling of the Au-NP-film,
different particle radii had to be assumed: r = 10 nm (surface
coverage 15%) for the TIF model and r=20nm (surface
coverage 25%) for the MG and BM model. For clarity, simu-
lated spectra are only shown for the MG and TIF model in
Fig. 7. Scattering effects, not included in the simulation, pos-
sibly attenuate the interband transition signal, E,, at 3.4eV
in agreement with Mie calculations of the increased scatter-
ing behavior toward higher photon energies. It can be seen
that near the LSP resonance region the signal variation of R;
is strongest (about 5%) and about ten times larger than on
bulk Si in Fig. 5(b) (~0.4%). The specific influence of the
PSi/Si multi-layer on Rj, observed in experiments and con-
firmed by these simulations is first attributed to the change in
the ratio of the Si background signal to the spectral response
of the Au-film. In fact, Fig. 7 proves an attenuated average
R; signal but an increased R, signal. Consequently, signal
variations by a nanoparticulate Au-film become more visible
on R, but less visible on R,,. Second, for p-polarized light the
oscillations of an electric dipole radiate mainly in a plane
perpendicular to the plane of incidence (which contains the
photodetector unit). Multiple excitations should therefore
more strongly influence the optical detection of Au-NPs
upon s-polarization.

For bluish p-type Si(100), MG-EMA analysis suggests a
PSi layer thickness of ~103 nm. Optical interference patterns
show a reflectance minimum close to the expected LSP reso-
nance position (see inset in Fig. 11, dotted curve). Therefore,
the effect of Au-NPs, formed by potentiostatic electrodeposi-
tion, is almost overcompensated by the intrinsic optical behav-
ior of the PSi/Si composite and a color change is hardly
visible (solid curve). The specific enhancement of the signal
variation in R, however, is also observed in this case. This ob-
servation demonstrates that multiple LSP excitations are not
necessarily accompanied by a distinct change of the visual
appearance of the sample. On the other hand, a color change
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clearly indicates an enhanced resonance state induced by mul-
tiple excitations. Interestingly, potentiodynamic electrodeposi-
tion can considerably modify also the visual appearance of
bluish n-type Si(100). SEM and EDX analysis in Fig. 3 dem-
onstrate local agglomeration of the Au-NPs. The particles pre-
sumably approach each other close to the percolation
threshold and R, shows already the optical response of metal-
lic interband transitions similar to a closed Au-film. Conse-
quently, the surface color changes to red-brown. However, the
Au-NPs are still transparent to p-polarized light in the infrared
region: Fig. 3(d) proves a pronounced local maximum with
decreasing reflectance values below the LSP resonance
energy. In this case, simulation by EMA theory was not possi-
ble and it is assumed that the reflectance behavior of electric
field components, parallel and perpendicular to the surface,
has to be considered individually.

The morphological properties of black silicon consider-
ably decrease the overall reflectance and therefore the effects
of multi-layer reflection as well. The increase of the respec-
tive signal variations near the LSP resonance energy in R,
and R, are visible as for the PSi/Si composites, discussed
previously, but appear less pronounced.

With increasing roughness of the PSi surface, the Au-
NPs are more and more incorporated into the PSi structure.
The effective layer geometry is then formed by a three-phase
system (silicon, voids, and Au-NPs) as is true for XeF, dry
etched silicon. In this case, no pronounced signal variation
near the LSP resonance energy could be observed in R;.

D. Electric field and absorption enhancements

With FDTD calculations, first, electric field intensities
and, second, light absorption enhancement in the silicon sub-
strate were calculated. The dielectric properties of the PSi
multi-layer were chosen according to the analysis by MG
effective medium approximation discussed in Sec. III. A
scaling factor was introduced to increase uniformly the
thickness of the respective sub-layers to the desired total PSi
thickness. For illumination, a plane electromagnetic wave,
polarized in horizontal direction, incident at 0° with respect
to the surface normal, was assumed. The electric field vector
lies thereby completely in the surface plane as is generally
the case for s-polarized light at arbitrary angles of incidence.
The maximum strength of the electric field was determined
at the midplane through the center particle and at the contact
area between the particle and the PSi surface. Maximum val-
ues were observed at a distance of ~10-20nm to the parti-
cle, i.e., in the near-field region. In Figs. 8(a) and 8(b), the
distribution of electric field strengths in the midplane
through the Au-nanoparticles are exemplifying shown for
bulk silicon [Fig. 8(a)] and the PSi/Si multi-layer structure
with a 63 nm thick PSi layer [Fig. 8(b)]. These field strengths
were highest at 546 nm wavelength, whereas the absorption
efficiency of a free particle of radius » =20nm is highest at
about 507 nm according to Mie scattering calculations. This
redshift is therefore comparable to the results obtained by re-
flectometry in Figs. 1, 3, and 5. Both images are shown at
the same intensity scale and confirm pronounced variations
of the electric field distribution and strength due to the PSi
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layer. The corresponding intensities at the surface [Figs. 8(c)
and 8(d)] show smaller variations. Although electric fields at
the PSi surface have a broader distribution, field intensities
are generally not increased (see the following).

Cross-sectional analysis along the x-axis through the
midplane of the particle in Fig. 9(a) demonstrates an increase
of the field intensity to ~40 for PSi layer thicknesses
between 63 and 189 nm, whereas the corresponding intensity
of the Au-NP/Si system, i.e., for PSi layer thickness dpg; =0,
amounts only to 10. Conversely, the increase of the field
strengths at the surface show smaller variations, but appears
slightly reduced compared to the initial intensity of ~5. As
near-field intensities change approximately with the power
of the absorption efficiency,?® which, in turn, increases with
the particle radius, larger near-field enhancements can be
expected for further increased particle sizes.

Calculated absorption enhancements are shown in
Fig. 9(b). Selected results for PSi layer thicknesses between
31.5 and 256 nm are presented (solid curves) together with
the absorption characteristics of the Au-NP/Si interface with-
out PSi spacing layer (dotted curve). The straight line at
g =1 serves as reference, indicating Si bulk absorption for a
slab of ds; = ds; + dps; thickness. The calculations demon-
strate increased light absorption for a wide range of photon
energies in dependence on the PSi layer thickness. Maximum
enhancements were deduced for layers with thicknesses
ranging between 63 and 148 nm. For a layer thickness of
148 nm, for instance, light absorption within the PS/Si com-
posite is increased by 21% for A > 546 nm, whereas the PSi-
free sample shows only an increase by 3%. These results
demonstrate the superiority of the PSi/Si interface over crys-
talline silicon surfaces in terms of absorption enhancements
by nanoparticulate plasmonic Au-films. Color changes, after
Au-NP formation on PSi, are related to multiple excitations
but also depend on the general spectral behavior of the sam-
ple in the whole visible region: a sample with a 94 nm thick
PSi layer (bluish silicon) shows an absorption enhancement
of 41% over the full photon energy range [see Fig. 9(b)], but
does not result in a visible color change unless the particles
are arranged near the percolation threshold as discussed
previously.

The PSi layer itself contributes to the absorption
enhancement particularly in the UV region where light pene-
tration depths are between 5 and 100 nm. The respective con-
tributions of PSi layer and the Si substrate are shown in Fig.
10 for a 63 nm thick PSi layer on top of a 500 nm thick sili-
con substrate. Until about 400 nm, the absorption by the PSi
layer dominates the spectrum. Below this value, increased
absorption by the Si substrate contributes most to the calcu-
lated enhancement.

In plasmonic applications for solar energy conversion,
the effective incoupling of light by Au-NP/PSi/Si hetero-
structures can help reducing the absorber thickness, as well
as the consumption of noble metal material. The PSi
bandgap, widened by the process of porous silicon forma-
tion,”” exhibits light absorption particularly in the UV
region. In contrast to insulating spacing layers, the conduct-
ance of the base material is, to some extent, preserved in po-
rous silicon. Functionalization of the layer, beyond multiple
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LSP excitations, is therefore suggested in applications where
nanoparticles act as charge carrier collectors rather than pas-
sive optical elements. For instance, during hydrogen evolu-
tion in diluted solutions of H,SO,, the Au-NPs transform to
plasmonic heterojunctions of Schottky-type, i.e., photogener-
ated minority charge carriers are conducted across the Au-
NP/PSi/Si interface, while they are optically excited at the
resonance energy. It is challenging, however, to benefit from
increased light-incoupling into the heterostructure as contact
formation at the respective Au-NP/PSi and PSi/Si boundaries
can introduce unwanted interface states or result in an addi-
tional barrier for the charge carriers. In Fig. 11, the photocur-
rent behavior of a PSi/Si composite is exemplifying shown
for an about 103 nm thick PSi layer after immersion ina 1 M
solution of H,SO,4. Compared to the hydrogen-terminated
sample, the photocurrent onset is shifted to more negative
values, suggesting thereby a potential barrier for photoelec-
trons between the substrate and the film. After Au-NP elec-
trodeposition, maximum photocurrents are increased by
~10%, whereas the photocurrent onset shifts toward less
negative values. In comparison to Fig. 9(b), the gain in
photocurrent density is attributed to the increased rate of
light-induced charge carriers, confirming thus the effective
incoupling of light into a surface-near region of the hetero-
structure. The change of the photocurrent onset, in turn,
points to the formation of rectifying Au-nanocontacts®® ei-
ther on PSi or—within pores of larger diameters—on Si.
Those pores are formed during the process of metal assisted
etching at the sites of the pre-deposited Pt-NPs and may pro-
vide channels to the underlying Si substrate. Comparable
photocurrent enhancements (5%—12%) were obtained for
PSi samples of slightly varying thickness (~90-115nm),
whereas the respective photocurrent onsets showed larger
variations with both increased and reduced overpotentials for
hydrogen evolution. Au-contact formation at the PSi/Si inter-
face appears, therefore, crucial for the efficiency of the heter-
ostructures. Alternative deposition routes, such as electroless
deposition from ethanol containing solutions, will be tested
in the future in order to facilitate the formation of Au-NPs
not only on the surface but also within the PSi matrix.*’

V. CONCLUSION

Multiple excitations of Au LSP resonances were
induced by ultra-thin porous silicon spacing layers between
Au nanoparticles and bulk silicon. The resulting resonance
enhancement was observed on selected samples as visible
color change and analyzed by effective medium approxima-
tion theory. FDTD simulations were used to assess electric
field intensities in the near-field of the particles and to deter-
mine the improved light absorption in the PSi/Si support.
It could be shown that the presence of the PSi layer can con-
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siderably increase light incoupling into the multi-layer heter-
ostructure in comparison to the non-porous Au-NP/Si
system. First results in the field of photoelectrocatalytic
hydrogen evolution were finally presented and demonstrate
an increase of the photocurrent density by ~10%.
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