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Tuning of resonant Zener tunneling by vapor diffusion and condensation in porous optical
superlattices
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We study a vapor-controlled optical superlattice realized with a silicon-based dielectric mesoporous material.
By flowing organic vapors through the nanometer-sized pores, the position dependent refractive index can be
continuously tuned, resulting in a tilted photonic band structure. A careful design of pore size distribution,
close to the critical radius of capillary condensation of vapor, makes the superlattice sensitive to the flow
direction. We drive the optical superlattice to the resonant Zener tunneling condition, introducing an enhanced
transmission channel through the photonic crystal. Our results show that vapor capillary condensation can be
used to modify the properties of optical superlattices allowing, e.g., to realize fast gas sensing devices due to

their advantage to respond to vapor flow fronts.
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I. INTRODUCTION

The control of optical properties of photonic crystals is
currently an active research topic.!? This is especially impor-
tant when it can be applied as a function of position inside
the crystal, because in such case the photonic energy bands
can be tilted or curved.>*

Dielectric photonic crystals are often fabricated by peri-
odically alternating one or several materials with air voids.
With this method effective photonic crystals can be realized
within a small volume, potentially allowing integration over
a large scale.’ There is a second strategic aspect of air voids:
they can be filled and emptied. From the point of view of the
photonic properties of the structure, the effect of locally con-
trolled fluid exchange is equivalent to a local tuning of the
refractive index. The aim of this paper is to demonstrate an
effective mechanism to modulate the band structure of pho-
tonic crystals as a function of position, by filling and empty-
ing air gaps with fluids, taking the advantage of capillary
condensation.%’

The starting idea is to exchange, with the crystal scaffold,
vapors close to their dew point. This leads to capillary con-
densation of the liquid—and a consequent significant modu-
lation of the refractive index n (An/n=~10"2)—in all voids
whose linear dimension is below a critical value r., calcu-
lated according to Kelvin-Laplace theory.® For typical sol-
vents in the proximity of dew point, the critical radius of
curvature of the liquid-vapor interface r,, is in the range of
few tens of nanometers, i.e., significantly below the charac-
teristic length in optical photonic crystals. This suggests to
consider two levels of structuring. The first level—for the
fluid exchange control—is a high-resolution structure, which
leads to porous elementary building blocks. The pore size
distribution, which can be fabricated as a function of posi-
tion, locally determines the amount of capillary condensation
and thus the quantitative shift of the effective refractive in-
dex. The second level of structure for the photonic properties
can be then independently designed at lower resolution (usu-
ally, of the order of one-quarter wavelength). In this paper,
we show how the capillary condensation in fine porous struc-
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tures can be used to tailor the optical response of a photonic
crystal by modifying locally the material refractive index. In
particular, we propose a one-dimensional photonic Zener
tunnel crystal, which is pushed in and out of resonance by
exposing it to vapors of ethanol in proximity of the dew
point.

Zener tunneling (ZT) of light waves has been studied and
observed in various physical systems, such as optical
lattices,'” waveguide arrays!' and two-dimensional photonic
lattices.!> Photons undergo ZT in a one-dimensional optical
superlattice, in which two photonic minibands are tilted to be
coupled resonantly.* An optical superlattice can be built by
repeating a dielectric supercell “Mirror/ C/Mirror/D” com-
posed of two cavities C and D centered at different frequen-
cies and coupled through dielectric mirrors. When a constant
optical path is maintained through the structure, two flat
high-transmission photonic minibands separated by a fre-
quency minigap, form in the stop band of the optical super-
lattice (Fig. 1). The introduction of an optical path gradient
A6 along the superlattice growth direction results in a tilted
photonic band structure.* The optical path gradient, which
turns the delocalized photonic bands into Wannier-Stark
(WS) ladders'?, acts in the same way as the electric field in
the case of the electrical Zener diode.'* In close analogy to
the case of a semiconductor crystal, in an optical superlattice
the light transmission strongly increases' at the ZT fre-
quency w,r when the photonic minibands couple resonantly
at a critical band tilting. This can be seen as an intense point
in Fig. 1, when two states of different minibands come to the
same frequency and suffer an anticrossing at the critical op-
tical path gradient (successive anticrossings occur upon fur-
ther increasing the band tilting). The photonic structure can
be in condition of resonance [Fig. 2(a), left-hand panel] or
not (right-hand panel), depending on the optical path gradi-
ent. In the reported photonic ZT structures, the optical path
gradient has been hitherto built-in as a fixed parameter, dur-
ing fabrication.

The paper is organized as follows. In Sec. II we describe
the sample design and the preparation technique, followed by
the description of the optical transmission measurement
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FIG. 1. (Color online) Calculated distribution of transmission T
of the optical superlattice as a function of optical path gradient AS
and normalized frequency w/wyzr. Two flat photonic minibands
(A8=0) transform gradually into Wannier-Stark (WS) ladders when
the gradient (band tilting) increases. First (1st ZT) and second (2nd
ZT) anticrossings of WS states result in resonant light transmission
through the superlattice.

setup. In Sec. III we discuss the results of the transmission
measurements and the effects of different capillary conden-
sation upon changing the vapor flow direction. In the end of
the section we discuss analogies between resonant Zener tun-
neling through the optical superlattice and the electrical Ze-
ner breakdown of the reverse current of electrons in a semi-
conductor diode. Finally, in Sec. IV we summarize our
results and draw conclusions.
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FIG. 2. (Color online) The calculated light intensity distribution
inside the optical superlattice, plotted around the normalized fre-
quency w/wyzt and versus depth in the sample. Below the corre-
sponding transmission spectra for two cases of resonantly coupled
(left-hand panels) and decoupled WS states (right-hand panels) are
shown. The dotted lines are a guide for the eye and show the mini-
bands tilting. (b) The sketch of the experimental setup.
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II. EXPERIMENT

A. Sample design and preparation

We have grown the optical superlattices by controlled
electrochemical etching of Boron doped (100)-oriented sili-
con wafers with a resistivity between 0.01-0.02Q cm. In
particular, an etching current density of 50 mA/cm? was
used to grow both C and D type of cavities, with a resulting
73% porosity (the corresponding nominal refractive indices
were no=np=1.5). The different physical thicknesses of the
layers were controlled by adjusting the duration of the etch
times. 30 um thick superlattice structures were made free-
standing by applying an electropolishing current pulse at the
end of the growth process (details on sample preparation are
described elsewhere).*!0

A negative optical path gradient, defined as the relative
difference between the optical thickness of the first and the
last cavity of the same photonic miniband, was achieved by
adjusting the duration of the etch stop current between suc-
cessive layers. The latter controls the final refractive index
and, therefore, the optical thickness of each layer. The
built-in optical path gradient was adjusted to its critical value
A&, in order to study the modulation of the photonic band
structure of superlattices when exposed to organic vapors.
The optical parameters of the samples have been designed in
order to achieve a maximum tunability range of the superlat-
tice when the vapor exposure is turned on and off. The
choice of the ZT frequency wyy of the samples determines
the set of optical path values of all the coupled cavities
through the superlattice (six of each type).!” In particular, for
our samples this implies a value of AS,+=~9% for the optical
path gradient.

Since we aim to modify the built-in gradient of the band
structure under exposure to vapor, we address below some
aspects of vapor capillary condensation in our mesoporous
structures. Mesoporous silicon shows a honeycomblike
structure with polygonal-shaped cylindrical nonintersecting
pores, perpendicular to the substrate.!® Each particular pore
has the length of the photonic structure and, in a self-
standing film, is open in both ends. Therefore, one can use
Cohan’s formula to calculate the critical radius r. according
to the modified Kelvin equation for cylindrical pores open at
both ends'

VY
=——nr 1
T T T In(S) m

where v,, is the adsorbate molecular volume, 7 is the surface
tension, 7 is the temperature, S is the ratio of the actual vapor
pressure P to its saturation value P,. We select to work with
ethanol for its availability, large refractive index (n=1.362)
and low toxicity. Upon assuming realistic working conditions
§=098 we obtain r.=30nm (for ethanol v,
=58.43 ml/mol, 7y=23.00 mN/m). By fabricating the
sample with average pore size below (above) r, in the cavi-
ties with longer (shorter) optical path, the effectiveness of
capillary condensation is maximized (fine tuning is eventu-
ally possible by adjusting S during operation). Thus, we
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FIG. 3. (Color online) Vapor induced splitting of the Zener tun-
neling peak. (a) Experimental spectra of the sample exposed to
ethanol vapors, (b) transfer-matrix calculations. The original double
resonance peak splits in two separate modes when the built-in tilt-
ing is modified by the external “field” mimicked by the refractive
index gradient induced by the ethanol vapor flow.

adjust the etching conditions for a nominal target pore size
distribution in the range =26+10 nm (=33+10 nm) for the
cavity with longest (shortest) optical path. The obtained po-
rosity in these conditions is about 68.5% (76%). Since po-
rosity determines the average index n of each layer, the
physical thicknesses d of the cavities are then adjusted ac-
cording to the optical path nXd required for the built-in
gradient. Cavities in-between have been designed with inter-
mediate optical paths.

B. Experimental setup

We have performed transmission measurements, in which
an incident white light beam (Tungsten lamp) was focused
into a small spot on the sample surface [Fig. 2(b)]. A fiber
bunch was placed far from the sample allowing to collect the
transmitted signal with a very small numerical aperture
(NA~0.0075). The signal was sent to a spectrometer inter-
faced to a cooled silicon charge coupled device (CCD). A
flow of ethanol vapor was realized close to the surface of the
samples using a gas-controller device. The CCD was trig-
gered by the gas-controller and acquired the transmitted light
with a variable delay after the vapor was switched-on.

III. RESULTS AND DISCUSSION
A. Analysis of the measured data
In Fig. 3(a), measured spectra of the optical superlattice

under exposure to saturated vapor of ethanol are reported. A
ZT peak of resonantly coupled states appears at ~914 nm in
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the absence of the vapor flux. The other curves, reported in
Fig. 3(a), correspond to different snapshots in time after the
vapor flux has been started. The splitting of the single tun-
neling peak into two uncoupled WS states is clearly visible.
The observed splitting of the original peak confirms the
vapor-induced change in the refractive index gradient and
thus a change in the band tilting. As expected, the modified
gradient drives the sample out of the resonant Zener coupling
condition. Moreover, we observe a decrease in the intensity
of the peaks, which additionally confirms that the Zener cou-
pling condition is not anymore fulfilled. The observed red-
shift of the spectra is due to an increased n. of the layers in
the presence of the vapor. Starting with AS,+~9% for the
ZT condition in this sample [Fig. 3(b)], a maximum increase
of the gradient by 1.2% between the first and last cavity
layers (total gradient of 10.2%) has been calculated by fitting
the experimental data with standard transfer matrix
calculations.?°

Equation (1) is a static model for the effect of vapor on
the photonic band structure. In order to explain the time evo-
lution under nonequilibrium conditions, one must resort to a
model for the vapor diffusion process. Indeed, capillary con-
densation plays an important role also in the diffusion pro-
cess of vapor. Because of porosity gradients, the molecular
diffusion through pores which contain both vapor and ad-
sorbed phases (r>r,), appears to be sensitive to the exposure
direction. The Knudsen diffusion constant D of the vapor,?!
which accounts for the collisions of molecules with the pore
walls, is a function of pore radius and relative pore filling
0,22 and can be expressed as Dy~ r\1— 6. Under nonequilib-
rium conditions the relationship between Dy and # becomes
intricate by the fact that € locally depends on the diffusion
(i.e., on Dg) in the preceding layers as well.

B. Kinetic series measurements: the effect of vapor flow
direction

To test the effect of diffusion, we have performed kinetic
series of light transmission through a second sample, under
ethanol vapor exposure of both sides, recording spectra with
a 30 ms time step. The sample was designed with the same
procedure, but slightly off resonance, in such a way that the
exposure from one side could be used to push it towards ZT
resonance, and from the other to pull it further off resonance.
The measurements are reported in Fig. 4(a). Since the aver-
age radius of pores changes with depth, vapor condensation
in pores with r<r. and molecular self-diffusion in pores
with »>r, should result in different refractive indices, and
thus optical path gradients, depending on the choice of vapor
exposure direction. Using the numerical fitting procedure for
the measured spectra, the corresponding condensation-
induced changes of the refractive index of the cavities, have
been extracted.

Two basic parameters, describing the index changes, have
been introduced in order to fit the data. The first one, An,
controls the gradient of the index through the structure and
therefore explains the splitting (or coupling) of modes. The
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FIG. 4. (a) Kinetic series of light transmission through the optical superlattice. Tuning or detuning of Zener coupling between Wannier-
Stark states (WSS) in two minibands can be observed when the vapor flow is sent either to the sample frontside or backside. (b) Due to the
pore size gradients through the structure, the vapor-induced refractive index change shows an asymmetric behavior under backside (upper

panel) and frontside (lower panel) exposure.

second one, Tpgs considers a homogeneous shift of the refrac-
tive index through the superlattice and controls the absolute
redshift of the spectra. In Fig. 4(b) the refractive index shift
(An+ny,) from the original value in all 12 cavities is plotted
in the case of frontside (upper panel) and backside (lower
panel) vapor flow. Both qualitative and quantitative differ-
ences between the two cases are appreciable. The absolute
vapor-induced difference between the first and last cavity
index is almost 10 times higher in the case of the backside
exposure. The transfer-matrix calculations show that the
change in the optical path gradient is =1% and 0.1% at
backside and frontside exposures within 270 ms, correspond-
ingly. These observations confirm the different scenarios for
frontside and backside vapor exposures in an optical super-
lattice with a refractive index ramp. We note that such effects
are expected to be negligible if the original optical path gra-
dients are achieved by only layer thickness ramps, i.e., if one
chooses n X Ad (instead of An X d, as in our case).

C. The analogy with a reverse-biased semiconductor diode

Due to an enhanced sensitivity to the changes of the re-
fractive index gradients, an optical superlattice with resonant
Zener tunneling acts as a carefully balanced photonic struc-
ture. The tuning of the photonic bands towards resonant cou-
pling has an effect on light transmission that closely re-
sembles the Zener tunneling of charge -carriers in
semiconductor diodes. In Fig. 5 we report the peak amplitude
of the light transmission at the resonant Zener tunneling
wavelength as a function of the gradient of the refractive
index. The plot shows a threshold-like character, staying al-
most constant over a range of gradients and undergoing an
enhancement once the critical gradient value of ~10.1% is
reached. A transmission enhancement by a factor of 5 is
reached after 300 ms of vapor exposure.

The optical superlattice at resonant Zener tunneling is ex-
tremely sensitive to vapor induced refractive index changes
and therefore can be utilized for gas sensing. A careful de-
sign of the layer porosity (refractive index) gradient can be
tailored to the critical radius of capillary condensation for
various vapors, in order to maximize the tunability range
and/or sensing properties of the optical superlattice upon
choosing the proper direction of exposure. In addition, en-
hanced sensing of specific molecules can be achieved if one
functionalizes the surface of the mesoporous silicon layers.
Finally, our experiments show both perfect reversibility and
reproducibility, which can guarantee the functionality of a
long-life optical device.
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FIG. 5. Resonant Zener breakdown of the optical superlattice.
With an increase in the optical path gradient along the sample, the
light transmission shows a threshold-like behavior, in a close anal-
ogy to the tunneling current of electrons in a reverse-biased solid-
state diode.
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IV. CONCLUSIONS

In conclusion, we have demonstrated tunable tilting of
photonic bands inside a porous optical superlattice exposed
to organic vapor flows. The described sensitivity of vapor
diffusion and/or condensation to the flow direction is specific
for an optical superlattice made of a mesoporous material
with a refractive index gradient. The described phenomenon
could find future applications in optical sensing, switching,
and processing.
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