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We report on very effective stabilization of porous silicon optical devices through a chemical surface
modification technique. Such a chemical treatment proves to alter the growth of native silicon oxide
on pore surfaces and thus prevents the optical device from chemical aging. As an example, we apply
this technique to one-dimensional freestanding optical superlattices made of five coupled
microcavities. We demonstrate how the transmission resonances of the superlattice stabilize
after treatment, which implies that refractive indices in the multilayer structure remain constant.
The effectiveness of the chemical surface modification technique guarantees a long-life
functionality of porous silicon-based optical devices. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2969294]

Nanocrystalline porous silicon (PS), produced by elec-
trochemical etching of bulk Si in HF solution, is a material
enabling various optoelectronic device applications based on
Si.! Efficient and stable photoluminescence and electrolumi-
nescence have been achieved recently.2_4 On the other hand,
the relatively cheap and fast production technology of PS
offers a rich experimental field to test new ideas. Changing
the current (and thus the PS porosity) during etching allows
the fabrication of various types of one-dimensional (1D)
photonic structures, such as distributed Bragg reﬂectors,
Fabry—Perot optical microcavities and rugate filters.”® More-
over, 1D passive photonic superlattlces ¥ have allowed the
demonstration of optical analogues of classical electronic
phenomena, such as photonic Bloch oscillations, Zener tun-
neling, and Anderson localization of 111ght waves’ and, very
recently, a vapor-driven optical switch.

In the case of photonic applications, the structural inho-
mogeneities of PS at the nanoscale appear unresolvable for
visible and infrared light, which allows the material to be
described by a unique refractive index n within the effective
medium approach. This refractive index is lower than that of
bulk Si and can be continuously varied over a relatively wide
range (~1.1-3) by varying the porosity and/or oxidation
state of the material.

As opposed to these advantages, PS suffers from aging
phenomena; the huge internal surface of the pores tends to be
progressively oxidized or contaminated by impurities when
in contact with air. The oxidation, in particular, leads to a
lowering in the effective refractive index with time, which is
crucial for a photonic device. In fact, the resonant nature of
such devices, where up to hundreds of quarter-wavelength
and half-wavelength layers are stuck together, is extremely
sensitive to slight changes in n and is detuned easily due to
oxidation.® An example is given in Fig. 1 where the reflec-
tion spectra of a dielectric mirror structure measured freshly
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after anodization and 16 months later are reported. The sig-
nificant blueshift in the reflection spectra, caused by aging, is
clearly observed. Therefore, chemical aging is an issue for
PS-based photonic devices and a successful prevention of
such a phenomenon is needed.

In this letter we demonstrate very effective stabilization
of porous silicon optical devices through a chemical surface
modification technique. As a specific example, we show how
the spectral response of a freshly prepared optical superlat-
tice is stabilized after a chemical modification of the PS sur-
face when a majority of metastable Si—H bonds are changed
into stable Si—C ones.

The optical superlattice was built up by coupling five
identical half-wavelength cavities through dielectric Bragg
mirrors using two types of A/4-thick dielectric materials A
and B. The structure sequence can be presented as
Mirror/ Cavity;/Mirror/ Cavity,- - - / Cavitys/ Mirror, ~where
Mirror=BABABABAB denotes the dielectric mirror, while
Cavity,,=AA stands for the cavities.”®

The samples were grown by controlled electrochemical
etching of heavily doped (0.01 Q cm) p-type (100)-oriented
silicon wafers. The electrolyte was prepared by mixing a
30% volumetric fraction of aqueous HF (48 wt %) with eth-
anol. A magnetic stirrer was used to improve electrolyte ex-
change. We applied 50 mA/cm? for the high porosity layer A
(refractive index n,=1.5) and 7 mA/cm? for the low poros-
ity layer B (ngz=2.1). The physical thicknesses of the layers
were controlled by adjusting the duration of the etch times.

The natural refractive index drifts, which are usually
present in relatively thick multilayer PS samples, can be
compensated by adjusting the etching times of the layers
(see, e.g., Ref. 7 for details). For the studied samples such a
tuned optical path (nXd product) is thus constant to a first
order approximation. The superlattice structures were made
freestanding by applying an electropolishing current pulse at
the end of the growth process.
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FIG. 1. (Color online) Reflection spectra of a freshly anodized ten-period
dielectric mirror (red, — @ —) and after 16 months of storage in air (blue, —
O -) are plotted together with the transfer matrix modeling (red and blue
solid lines).

Transmission and reflectance spectra of the samples
were measured in the wavelength range from
800 to 2200 nm by a Hitachi U-4100 spectrophotometer. In
Fig. 2 we show both the experimental transmission spectrum
and the theoretical one calculated through a standard transfer
matrix formalism." Quite good agreement between the spec-
tra indicates the effectiveness of the drift-compensation pro-
cedure during the sample growth. In fact, in order to observe
the splitting of the cavities degeneracy and the formation of
the fine-peaked transmission miniband (as seen in Fig. 2
around 1600 nm), the cavity layers should have almost per-
fectly tuned \/2 optical thicknesses.

To address the aging issue, we firstly quantify the oxida-
tion degree in layers of various porosity. Figure 1 shows the
reflection spectra of a dielectric mirror structure measured
freshly after anodization and 16 months later, together with
the theoretical fits. The structure has been made using a simi-
lar silicon substrate and the same etching current densities as
for the superlattice samples of Fig. 2. A large, almost 45 nm
blueshift of the spectra is measured (Fig. 1, empty circles),
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FIG. 2. (Color online) The measured and calculated transmission spectra of
the as-anodized PS superlattice constituted of five coupled microcavites. The
spectrum of a sample with noncompensated natural drifts is plotted for
comparison (dotted line). The multilayer structure is sketched at the top.
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which is related to a change of the refractive index caused by
the natural oxidation of porous layers.

The calculated theoretical spectrum for the as-anodized
sample fits very well the experimental data. From this mod-
eling we extract the physical thicknesses of the various lay-
ers to fit the aged sample spectrum. To do this, the refractive
indices of the layers have been recalculated using a three-
component (i.e., air, silicon, and silicon oxide) effective me-
dium approach. This model considers that some fraction x of
Si in the porous silicon skeleton has been oxidized to form
Si0, which coats the pore surfaces.

Intuitively, the high (A type) and low (B) porosity layers
are oxidized differently, because of the different inner sur-
face area of pores. Thus, we introduce two different fractions
x4 and xp. It is possible to calculate that x,/xz~ (1
-pg)/(1=p4), with p, and pg being the porosities of layers
A and B, respectively. With these considerations, we found a
very good fit to the aged samples spectrum (Fig. 1) and, thus,
reliable estimates of x, =~ 14.5% and x3~6.5%.

In order to stabilize the spectral characteristics of the
optical superlattices, we have modified the chemistry of the
PS surface by a chemical treatment. The derivatization tech-
nique is performed as follows: the PS sample was immersed
for 3 h in a solution of 1-decene kept at 90 °C. Argon gas
was flowed into the solution for about 1 h, before and after
the introduction of the sample, to minimize its water content
and to eliminate dissolved oxygen in the organic solution.
The resulting porous silicon surface stabilization arises from
the substitution of metastable silicon—hydrogen bonds by
stable silicon—carbon bonds through the covalent attachment
of 1-decene.'”™"’

We applied this method to the superlattice of Fig. 2. The
freshly treated superlattice transmission spectrum and the
zoomed region around the miniband are reported in Figs.
3(a) and 3(b) (dashed lines), respectively. The chemical treat-
ment leads to a slight redshift of the resonances due to a
small change in refractive indices induced by the presence of
alkyl groups in the PS pores. The transmission spectrum was
measured again five months later. Only a minor spectral red-
shift was observed, contrasting with the large blueshift usu-
ally experienced by nontreated superlattices. The measure-
ment performed nine months after treatment did not show
any further resonance wavelength shift. Other samples have
exhibit similar stability for periods longer than two years.
These observations indicate that the chemical surface modi-
fication is very effective for PS superlattice stabilization.

It is worth noting that such optical stabilization is ex-
tremely important for multilayer structures where refractive
index and thickness gradients are present. In fact, when deal-
ing with chemically nontreated PS superlattices, cavity lay-
ers with different refractive indices (porosities) and thick-
nesses will suffer different extents of oxidation. This will
lead to a detuning of the compensated optical paths nXd,
which in turn will heavily modify the resonant coupling con-
dition.

This is exemplified through transfer matrix calculations
as shown in Fig. 3(c). The miniband spectra of the as-
anodized (black line) and aged (red line) superlattice sample
have been calculated using x, and xp values estimated from
the fits of dielectric mirrors spectra. Apart from a 50 nm
blueshift of the miniband center due to the oxidation, we see
how the line shape of the miniband is deformed; the lowered
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FIG. 3. (Color online) (a) Transmission spectra of the PS superlattice; as-
prepared, freshly treated, 5 months after treatment and 9 months after treat-
ment. (b) An expanded view of the transmission miniband region. (c) The
calculated transmission minibands for the as-anodized (black line) and aged
(red line) optical superlattice, respectively.

index contrast between high and low porosity layers results
in a worsening of coupling mirrors and thus less confinement
of cavity modes (=10 nm broadening of the original mini-
band). Moreover, the intensity of the miniband is lowered as
well due to less effective coupling between the oxidation-
detuned resonant A/2 condition of the cavity layers. None of
these effects is observed for chemically treated samples
[Figs. 3(a) and 3(b)], which strongly evidences the stabiliza-
tion properties of the surface chemical treatment.

We note that, while the adsorption or condensation of
vapors from ambient will still modify the optical properties
of such stabilized superlattices, these effects are reversible
and can be eliminated by heating slightly the samples or
keeping them in a controlled environment. On the contrary,
the natural oxidation of as-anodized and not stabilized
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samples is an irreversible effect. Therefore, we stress that the
chemical stabilization is critically important for a porous
photonic device.

In conclusion, we demonstrate the effectiveness of the
chemical stabilization method applied to porous silicon-
based 1D optical superlattices. The substitution of metastable
Si—H bonds by Si—C covalent ones results in a very efficient
surface passivation and a chemical protection of porous lay-
ers by nano-steric hinderance effects. The effectiveness of
the chemical surface modification technique can guarantee a
long-life functionality of porous silicon-based optical de-
vices.

The authors wish to thank R. Boukherroub for his sug-
gestions about the chemical modification process. B.G. and
N.K. thank the support by a Grant-in-Aid for Scientific Re-
search from MEXT and JSPS in Japan.
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