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Abstract Nanostructuring silicon is an effec-
tive way to turn silicon into a photonic mate-
rial. In fact low dimensional silicon shows
light amplification characteristics, non-linear
optical effects, photon confinement in both one
and two dimensions, photon trapping with evi-
dences of light localization, and gas sensing
properties.

1. Introduction Silicon (Si) is the leading ma-
terial concerning high-density electronic func-
tionality. Integration and economy of scale are
the two key ingredients for the technological
success of Si. Its band-gap (1.12 eV) is ideal
for room temperature operation, and its oxide
(Si10,) allows a processing flexibility to place
more than 10® transistors on a single chip.
However all the single transistors and elec-
tronic devices have to transfer information on
length scale which are relevant with respect to
their nanometer scale. Lengths of 15 Km in a
single chip are today common, while in ten
years these will reach more than 91 Km [1].
This interconnection degree is sufficient to
cause relevant propagation delays, overheating,
and information latency. Overcoming this in-
terconnection bottleneck is one of the main
motivation and opportunity for the present-day
Si-based microphotonic [2]. Microphotonic at-
tempts to combine photonic and electronic
components on a single Si chip. Both hybrid
and monolithic approaches are possible. Re-
placement of electrical with optical intercon-
nects has appealing potentialities, such as high
speed performance and immunity to signal
cross talk.

The development of Si-based photonics has
been far behind the development of electronics
for long time. The main reason of such slow
progress has been the lack of practical Si light
sources, i.e., efficient Si light emitting diodes
(LED) and injection lasers. Si is an indirect
band-gap material. Light emission in indirect
materials is naturally a phonon-mediated proc-
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ess with low probability (spontaneous recom-
bination lifetimes in the millisecond range). In
standard bulk Si, competitive non-radiative re-
combination rates are much higher than the ra-
diative ones and most of the excited e-h pairs
recombine non-radiatively. This yields very
low internal quantum efficiency (m;=10°) for
Si luminescence. As what concerns the lasing
of Si, fast non-radiative processes such as Au-
ger or free carrier absorption severely prevent
population inversion at the high pumping rates
needed to achieve optical amplification. How-
ever, during the last ten years, many different
strategies have been employed to overcome
these material limitations. Present-day Si LEDs
are only a factor of ten out of the market re-
quirements [3,4] and optical gain has been
demonstrated [5].

Availability of Si nanotechnology had a pri-
mary role in these achievements. Today we
know that in Si nanocrystals (Si-nc) the elec-
tronic states — as compared to bulk Si — are
dramatically influenced both by quantum con-
finement (QC) and by the enhanced role of
states — and defects — at the surface. The effect
of QC is a rearrangement of the density of
electronic states in energy as direct conse-
quence of volume shrinking in one, two or
even three dimensions, which can be obtained,
respectively, in quantum wells, wires and dots.
On the other hand, the arrangement of the
atomic bonds at the surface also strongly af-
fects the energy distribution of electronic
states, since in Si-nc the Si atoms are either at
the surface or few lattice sites away. The QC
and a suitable arrangement of interfacial
atomic bonds can provide in Si-nc radiative re-
combination efficiencies that are orders of
magnitude larger than in bulk Si, significant
optical non-linearity and, even, optical gain
[5]. The aim of this work is to review our re-
cent accomplishments in the field of silicon
photonics.



2. Nonlinear optical properties of Si-nc Be-
sides the linear optical properties, nonlinear
optical properties are of major interest for
photonics device applications such as all-
optical switching. Intensity dependent changes
in the optical properties are prominent at high
intensities (I) of pump laser, particularly third-
order nonlinear effects. Enhanced optical
nonlinearity has been reported for porous sili-
con (PS) at different wavelengths [6,7]. Very
few reports are available on other kinds of Si-
nc [8-10].

Third order nonlinear effects are generally
characterized by nonlinear absorption () and
nonlinear refractive index (n,). Theses are de-
scribed by a(I) = o + BI and n(I) = ngt+ ny(I)
where o, and n, stands for linear absorption
and refractive index, respectively. The B and n,
values are used to evaluate the imaginary (Im
x?) and real (Re %) parts of the third order
nonlinear susceptibility. One of the most versa-
tile technique to measure Im ' and Re X(3) is
the single beam technique, referred as z-scan
[11,12]. The measure of the transmission (with
and without an aperture in the far field) as the
sample moves through the focal point of a lens
(z axis), enables the separation of the nonlinear
refractive index from the nonlinear absorption.
For all the investigated samples, the closed ap-
erture data show a distinct valley-peak con-
figuration typical of positive nonlinear effects
(self focusing), as expected for most of disper-
sive materials [13]. From a fit of the z-scan
curve, n, is obtained. The real part of the third-
order nonlinear susceptibility is obtained

fromRe ¥ =2n,’g,cn,, where g is the

permittivity of free space and c is the velocity
of light. The effective refractive index, ny is
considered to be 1.7, obtained from independ-
ent measurements on these samples. For the
measurements shown in Figure 1 (top plot),
Rey™= (1.3 £0.2) x10” esu.

Fig. 1B shows the normalized open aperture
transmission (full power into the detector) as a
function of z. When direct absorption is negli-
gible, one can deduce 3, from the open aper-
ture z-scan data.
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Figure 1. (A) Closed aperture Z scan for Si-nc (A =
800nm, pulse width =60 fs). (B) Open aperture Z scan.

The open aperture experiment is done for re-
peated times and for different peak intensities
between 0.3 to 2x10'"W/cm® to ensure proper
measurements. The measured f values for Si-
nc are higher than the value of crystalline sili-
con (c-Si) [14] and close to the values for PS.
[7] Knowing B, the imaginary part of the third-
order nonlinear susceptibility ¥ is evaluated
to be (0.6+0.09)x10'® esu. The nonlinear ab-
sorption arises from either direct multiphoton
absorption or saturation of single photon ab-
sorption. z-scan traces with no aperture are ex-
pected to be symmetric with respect to the fo-
cus (z=0) where they have the minimum
transmittance, for two or multi-photon absorp-
tion, or maximum transmittance, for satura-
tion of absorption. Fig. 1B shows a well-
defined bell shaped minimum transmittance at
the focus. All these features are suggesting
two-photon absorption (TPA) as the origin of
the nonlinear absorption.



(2]

N
L

X‘3$x1 0°) esu
A

-9

0 1 2 3 4
Si-nc radius( nm)

Figure 2. Variation of % with Si-nc radius (r) in Si-nc
grown by PECVD. Inset shows the PL peak maxima
variation with Si-nc radius. Dashed lines are a theoretical
fit.

By comparing Reyx® and Im ¥ one can con-
clude that Rey™®>> Imy®, that is the nonlin-
earity is mostly refractive. The absolute values
of ¥ = ((Rex®)+(Imy)*)" are significantly
larger than the bulk Si values (~6x10™? esu)
and are of the same orders of magnitude as
those reported for PS and for glasses contain-
ing nanocrystallites. Quantum confinement ef-
fects on ¥ have been estimated in several
works [15-17] It was found that the increase in
the oscillator strengths caused by the confine-
ment-induced localization of excitons origi-
nates the increase of % The dependence of
% on Si-nc radius (r) is plotted in Fig. 2. The
increase in " is not as sharp as expected by
the theoretical model, but follows more closely

79 =8+ 1% +% » - A similar poly-
nomial dependence is theoretically expected
for the size dependence of the emission ener-
gies of Si-nc [18]. In reality, the experimen-

tally determined ' is related to the micro-

D by x¥ = plf] £, where p is

the volume fraction and f is a local field cor-
rection that depends on the dielectric constant
of embedded matrix and nanocrystals. Hence,
in addition to r other parameters such as effec-
tive refractive index and volume fraction of Si-
nc in the embedded matrix are to be taken into
account. This could explain the scatter in the
data of Fig. 2.
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Figure 3. Sketch of the variable stripe length method. The
amplified luminescence intensity from the sample edge is

recorded as a function of the slit width /.

3. Optical gain in Si-nc We have reported
single pass gain in pump and probe transmis-
sion experiments in ion implanted Si-nc into
quartz substrates. [53] We claim that popula-
tion inversion is possible between the funda-
mental and radiative Si=O interface states. We
found that critical issues to obtain sizeable gain
are 1) high oxide quality, 2) high areal density
of Si nanocrystals, and 3) proper waveguide
geometry of the Si-nc samples. A critical bal-
ance between gain and Auger recombination is
always present which can prevent gain obser-
vation [19]. Other papers confirmed our obser-
vations [20-22].

The gain coefficient was measured by the vari-
able strip length method (V.S.L.) where the
amplified spontaneous emission intensity,
emitted from the sample edge is collected as a
function of a linear excitation volume [23].
The V.S.L. method is based on the measure of
the luminescence emitted from the sample
edge as a function of the linear dimensions of

the excited region (/, see Fig. 3). A fit to the

resulting curve yields the optical gain g at

every wavelength.

By assuming a one-dimensional amplifier

model, Ixsg can be related to g by:

[ASE(()OC M(e(g_a)ﬁ _lj (3)
g-a

where Ispont 1S the spontaneous emission in-

tensity and o an overall loss coefficient. The

gain measured in this way is the modal gain:

the material gain weighted by the optical con-

finement factor of the guided mode.
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Figure 4. Room temperature VSL curves. The symbols
are the data while the lines are the fits. a) VSL at 760 nm
at a pumping intensities of 3kW/cm? . The net modal gain
coefficient is 52 + 5 cm™. b) Low power VSL curve at
760nm (0.05 kW/cm?). The fit yields optical losses of 34
£5cm’.

In Fig. 4, some recent V.S.L. results obtained
with high intensity visible excitation on a Si-nc

transparent sample are shown. The /¢ range

shown in Fig. 4 is the region where the laser
excitation has a homogeneous intensity profile
and where the light coupling with the physical
edge of the sample is free from diffraction arti-

facts.
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Figure 5. Modal gain spectrum (filled squares) and lumi-
nescence spectrum (empty circles) for a nc-Si sample.

To build a model to understand the gain data,
we considered that: a) no significant absorption
at the luminescence/gain spectral region is ob-
served, b) a great amount of evidences are
suggesting that the 750-800 nm near infrared
emission band is due to radiative Si=O inter-
face states, c¢) fast component in the recombi-
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nation dynamics appears for high pumping rate
(see fig. 6). From these data, a four-level
model naturally comes out to explain the gain.
Several papers report on the existence of inter-
face states in Si nanocrystals which can trap
electrons, and recently more sophisticated
models appeared like the Si-Si dimer4, the si-
lanone formation and the self trapped exciton
[24-28]. The localized nature of the inverted
state prevents a significant role of free carriers
absorption, because carriers in these states are
no longer free but confined. The four-levels
could be due to the conduction and valence Si-
nc states and an internal transition of the inter-
face states. Indeed the details of the gain model
are still under debate. Here what we want to
stress is the critical role played by the interface
states.
42% Si, T,=1250°C (1um thick)

P.L.Intensity (a.u.)
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Figure 6 (symbols) Room temperature time resolved de-
cay curve on a 1 um thick sample. The detection wave-
length was 750nm. (full line) Emitted photon numbers
obtained by solving the four levels model with an Auger
lifetime of 30 ns, a gain cross section of 1.2x10"7 cm?, a
Si-nc density of 6x10"® cm™ and a pumping photon flux
of 10" photons/(s cm?). (dashed line) Emitted photon
numbers obtained by solving the four levels model with
the same parameters and neglecting stimulated emission.
All the curves are normalized to unity.

A four level rate equation which includes both
the stimulated transition and the Auger recom-
bination, can reproduce qualitatively the ex-
perimental data as shown in Fig. 6. The critical
issue for these observations is the critical bal-
ance between Auger and stimulated emission.

4. Porous Si Sensors The sponge structure of
PS is the cause of the high surface/volume ra-
tio, which is typically of the order of 500
m?*/cm’. This is responsible for the high reac-



tivity of PS layers in contact with chemical
species. This feature is an advantage if PS is
exploited as a sensing material [29]. The sens-
ing activity of PS ranges from NO, [30,31], to
humidity [32,33], to organic molecules [29], to
ethanol [34], etc. In addition, PS microcavities
have been used as biosensor because of their
response to DNA molecules and lipids [35],
which allows distinguishing viral genetic
chains and gram-negative bacteria. Therefore
the fields of application of PS sensors are very
assorted.
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Figure 7. Total current with a bias voltage of 100mV ap-
plied between one electrode and the substrate of the 30
pm PS layer. The plot shows the response to the intermit-
tent exposure to different NO, concentrations in dry air.

Different substances affect different physical
properties [29]. This can be exploited to distin-
guish the substances parametrically. One of
these sensitive properties is the electrical con-
ductance between two electrodes on the sur-
face of the PS layer. In Fig. 7 it is shown the
response of PS in contact with air with very
low concentration of NO,. Record level of NO,
of 20 ppb can be detected with PS. Also photo-
luminesce-nce depends sensitively on the sur-
rounding gases. Polar molecules inside the
structure quench the luminescence because the
electric field created inside the pores due to the
dipolar moment of the gas breaks the exciton.
This fact allows measuring concentration of
polar species taking the integrated PL as the
sensing parameter. Another physical parame-
ter, which varies in presence of different gases,
is the effective refractive index n of PS. As the
PL peak position (A.) of a microcavity [36] de-
pends on n as A.=nd, where d is the thickness
of the central layer. A, is particularly dependent
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on the ambient in which the microcavity is
immersed. The narrowing of the PL peak in a
microcavity allows the measure of small varia-
tion of n, i. e. the detection of low gas
concentration.
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Figure 8. Simultaneous measurement of optical and elec-
trical response to humidity and NO,. The electrical cur-
rent is measured on the 30 um deep monolayer employ-
ing the three-terminal configuration, and the reflectance
peak shift is measured on the microcavity. Left plot: re-
sponse to two different humidity values in absence of
NO,. Right plot: response to 50 ppb of NO, in presence
of 20% humid air.

For what above discussed, we have fabricated
a microcavity, in order to detect changes of the
resonance wavelength consequent to changes
of the refractive index of the gas. The resonant
wavelength has been monitored measuring the
reflectivity, which is close to 100% over the
whole stop-band except at the resonance.
Fig. 8 shows the response of both the reso-
nance position and the current to changes in



humidity and in NO, independently. We can
appreciate that humidity quenches the electri-
cal signal and red-shifts the reflectance peak.
However, NO, only leads to electrical re-
sponse, as we do not observe any peak-shift.
This fact allows us to conclude that, since the
resonance shifts can be only associated to the
presence of water vapor, a calibration of the

electrical response for different humidity val-
ues would allow to calculate the NO, con-
centration under any condition of humidity.

5. Macroporous Si as a photonic crystal The
rational behind the use of photonic crystals
(PC) in optoelectronic devices can be found
elsewhere [37]. Si is a good candidate to de-
velop PC and here we review the production of
two-dimensional 2D photonic crystals in Si by
anodic electrochemical dissolution. Electro-
chemical dissolution process has many advan-
tages with respect to other dry methods: it is
simpler, cheaper, faster, technologically frie-
ndly, and wafer scalable.

The typical 2D PC that can be obtained with
PS are constituted by air columns in a Si ma-
trix. The air columns are the macropores,
which are formed in Si when particular etching
parameters are used. The formation of macro-
pores in Si by anodic dissolution is a process
optimized in the first years of ninety [38] and
could be used to produce both pores and pillars
lattices. In one of the most accepted (although
not complete) model, the anodic dissolution of
Si is assumed to occur because of the presence
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of positive carriers (holes) at the Si-electrolyte
interface. Si dissolution occurs preferentially at
the pore tips. However, if the hole supply is
large, significant hole currents can be injected
to the pore wall regions, causing pore widening
during the anodization. In n-type Si, the
growth of pores of very large aspect ratios can
be achieved by limiting the hole supply from

the substrate. In p-type Si, however, hole den-
sity is set by the doping and cannot be easily
controlled in the wall regions.

Thus, due to lateral dissolution, only limited
aspect ratios are achievable.

Photonic crystals in p-type Si, on the other
hand, are desirable for a number of reasons.
First, the experimental setup does not require a
light source to the backside of the wafer to
generate holes as with n-tpye Si. Second, the
obtained macroporous Si could be easily fur-
ther used as substrate for nanoporous silicon,
whose formation also requires hole injection
and is best achieved in p-type Si. Third, p-type
substrates are largely preferred for CMOS
processes, suggesting easier integration poten-
tiality with conventional electronics.

To form 2D PC, one has to control the macro-
pore surface arrangement. To periodically or-
der the macropores on the surface, an initial
lithographic step transfers to the surface the
initial etch pits pattern [39]. An attack in KOH,
develops the etch pits. Subsequently these etch
pits are deepened with the electrochemical dis-
solution. We have seen that addition of DMF
or DMSO to the HF solution accelerates the



etching rates of the pore growth and shrinks
the space charge regions. The combination of
these two effects allows an high anisotropy of
the dissolution process (Figure 9). The struc-
tures are very regular with a maximum aspect
ratio of about 40.
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Figure 10. Points: measured dispersion of the photonic
bands derived from structures in reflectance spectra; solid
and dashed lines: photonic bands separated according to
parity with respect to plane of incidence. TE-polarization,
odd modes. The dispersion of free photons is indicated by
dotted lines.

To test the photonic properties of the obtained
structures, variable-angle reflectance measure-
ments from the sample surface have been per-
formed [40]. Figure 10 shows the results for a
sample etched in DMF. Results are given for
TE- and TM-polarized light incident along the
I'-K orientation. The angular dependent reflec-
tance is characterized by prominent step-like
features that display a well-defined dispersion
as a function of the incidence angle 6. These
are associated with the excitation of photonic
modes in the photonic crystal and may be re-
garded as “absorption” processes that give rise
to spectral line-shapes similar to that of 1D
critical points in semiconductors. From the ex-
perimental reflectance spectra, the dispersion
of the photonic bands in a given direction can
be extracted by plotting the energy positions of
the observed step-like features versus the par-
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allel wavevector. This analysis is reported in
Figure 10, where the measured dispersion of
photonic bands for TE-polarization (odd
modes) is shown together with the calculated
ones for the I'-K direction. For the calculations
the parameters of the photonic crystal extracted
from SEM analysis have been used. The re-
markable agreement between the experimental
points and calculated bands of the proper par-
ity as well as the observation of peculiar fea-
tures typical of the photonic band structure, i.e.
anticrossing between bands of the same sym-
metry, clearly demonstrate the high quality of
these p-type macroporous silicon photonic
crystals.

6. Porous Si Fibonacci quasicrystals Ander-
son localization is a wave phenomenon that
can be described as an interference effect be-
tween counter propagating waves. If the
amount of disorder is strong enough, a break-
down occurs in the diffusive wave transport,
the diffusion constant vanishes and the waves
become localized. A similar picture holds for
light propagation in one-dimensional aperiodic
structures [41-43]. Deterministic aperiodic
structures are obtained by the iteration of some
deterministic prescription, called the generat-
ing rule, but are characterized by the lack of
any translational periodicity. A class of deter-
ministic aperiodic structures is represented by
the Fibonacci quasicrystals [44-46]: multilay-
ers structures constructed recursively as
Si+1={Sj.1S;} for j = 1, where S¢={B} and
Si={A}. In this sequence, S,={BA},
S;={ABA}, S,={BAABA}, Ss={ABABAAB
A}, and so on. Of particular interest is the pos-
sibility to address experimentally the question
of light transport and localization in determi-
nistic aperiodic structures, where the diffusion
characteristics are strongly affected by the ape-
riodicity of the system on one side, and by the
structure irregularities and random unavoidable
perturbations on the other side.



BExperiment

T T T T

1.2 3 a4

:% -
. .

4600 4800 5000
Wave number (cri')

Transmitance (a.u.)

Experiment Simulation

WMMWWWHWMWW

Response (a.u.)

o Al A

020 025 020 025
Optical retardation (cm)

Figure 11. Upper plots: measured band-edge and input la-
ser profiles (‘Experiment’), simulations of the sample
band-edge with the incident gaussian laser pulses (‘Simu-
lation”). Lower plots: measured (‘Experiment’) and simu-
lated (‘Simulation’) time response of the sample corre-
sponding to the different pulses indicated by the numbers
in the figure.

Here we report the band edge pulse propaga-
tion of PS Fibonacci quasicrystals, where the
most dramatic effects are expected. To address
this question, we have grown electrochemi-
cally a Fibonacci quasicrystal with j=12 (up to
233 layers) starting from a p'-type doped Si
wafer. Sy was a 165 nm thick layer with 66%
of porosity and S; was a 110nm thick layer
with 45% of porosity. The total thickness of
the 233 layers sample was approximately
30um. The band-edge transmission spectrum
of the Fibonacci structure was simulated by a
transfer matrix method [47]. To obtain a good
agreement with the experiments, the simulation
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included a small linear drift both in the layer
thickness and porosities Taking into account
these corrections it is possible to obtain a good
agreement with the measured transmission
spectrum of the structure only in the frequency
region below 5500cm™, where the absorption
of the Si substrate and of PS itself is negligible.
We focused our attention only in a narrow re-
gion of about 500 cm™ at the band edge, where
the time dynamic of femtosecond laser pulses
transmitted through the Fibonacci samples and
spanning in frequencies the entire band edge
have been studied by means of phase sensitive
interferometric techniques [48]. In Fig. 11 we
show some of the input gaussian laser pulses
that are in resonance with the band-edge, to-
gether with the measured and calculated time
response of the structure. The transmitted pulse
lineshapes depend on the energy of the pulses.
When the pulse energy is resonant with only a
single optical mode (single transmission peak
in Fig. 11 top), the pulse is significantly de-
layed and exponentially stretched (e. g. Fig. 11
curve 4). In addition to the delay and stretch-
ing, when the pulse energy overlaps two nar-
row transmission modes (e. g. Fig. 11 curve 3)
a coherent beating between these different
modes is observed whose oscillation frequency
corresponds to the frequency difference be-
tween the excited optical modes.

The pulse delay is due to both the band-gap ef-
fect and to the localized character of the band-
edge mode that has been excited. It is well
known [49] that even in perfectly ordered and
periodic structures localized modes, called
band-edge resonances, can appear at the band-
edge. These modes are extremely narrow and
are characterized by an enhancement of the
electromagnetic field. The field enhancement
is due to the interplay of a quasi-standing
wave, transiently formed inside the layered
structure, and the forward propagating elec-
tromagnetic field of the propagating pulse.
Within this simplified physical picture, energy
is scattered from the forward propagating
fields into the quasi-sanding wave, and back
into the forward propagating fields. The wave
oscillates inside the crystal and can transiently
store a substantial amount of the electromag-
netic energy. This effect is manifested in our
experiment by the large stretching of the pulse.



The resonant excitation of two adjacent narrow
transmission modes produces the observed co-
herent beating in the time domain. For incident
pulses far away from the band-edge no such ef-
fects have been measured.

7. Conclusions Initiated by technical investi-
gations in the 1940s, and started as an industry
in late 60s, the planar Si technology has distin-
guished itself by the rapid improvements in its
products. While the indirect nature of its band-
gap on one hand, and the satisfactory perform-
ance of CMOS electronic devices on the other
have postponed any significant investment in
Si photonics up to the nineties, we believe now
that the perspective on Si photonics is no more
unrealistic. On the material side, the rapidly
growing nanotechnology has shown that the
optical properties of bulk crystalline materials
can be dramatically changed by shrinking their
sizes. On the application side, we have wit-
nessed a number of intriguing discoveries in
the interaction between light and matter, such
as quasicrystals and photonic band-gaps. Si-
multaneously, the integration level and inter-
connect bandwidth requirements are pushing
harder towards the introduction of optical func-
tionality inside integrated circuits.

In the last decade Si LEDs and optoelectronic
devices, optical gain in Si nanocrystals and Si
photonic band-gap materials have been dem-
onstrated. A lot of such achievements have
been first observed in nanoporous or in macro-
porous Si, whose fabrication procedure is very
inexpensive. At present PS is difficult to con-
trol, in particular with respect to its growth and
its stability in time. It is hard to predict
whether it will be possible to control the stabil-
ity to the degree required by the applications.
Even though it might be necessary to employ
different — and certainly more expensive — pro-
cedures for Si-nc fabrication, the availability of
PS has been a fortunate circumstance to widely
demonstrate feasibility of Si-based photonics.
The race is now open to reach a fully all-Si
based integrated photonic circuit.
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