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Abstract: We simulate a lossless one-dimensional photonic crystals (1D-
PC) structure and show that negative refraction could be present near the
low frequency edge of at least the second, fourth and sixth bandgaps. We
experimentally demonstrate for the first time negative refraction in strongly
modulated porous silicon 1D-PC in the visible and near infrared regions.
This 1D-PC structure may allow the realization of short-focus Veselago
lenses in different optical bands. An advantage of our structure is its
simplicity allowing for cheap and rapid fabrication of samples.
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1. Introduction

Negative refraction of light is widely discussed now as a tool to achieve short focus Veselago
lenses [1]. These lenses have been realized in the microwave region [2,3], but visible light
remains an unsolved problem up to now. There are present discussions as to how veselago
lenses could be achieved for visible light. A few natural candidates for achieving this include
metamaterials, plasmonic modes and photonic crystals [4]. Metamaterials are materials
composed of metal/dielectric composites that present negative refraction in the far-field
regime [5]. However, the absorption loss in the metal limits potential optical applications.
Photonic crystals (PC) are artificial structures that show an extraordinary strong nonlinear
dispersion at wavelengths close to the bandgap. Under certain conditions, they abnormally
refract the light as if they had a negative refractive index [6-9]. A PC can even focus
diverging light owing to the negative refraction at the flat boundary [10]. Negative refraction
has been observed in two-dimensional PC (2D-PC) into the microwave and infrared region
[6,11-15]. Extensive numerical [9,16-18] and experimental studies [19-21] have provided a
better understanding of negative refraction in photonic crystals. For instance, when light
propagation in strongly modulated, 2D-PC becomes refraction-like in the vicinity of the
photonic bandgap. Such a crystal behaves like a material having an effective refractive index
controllable by the band structure. Boedecker and Henkel [22] found that the simple one-
dimensional (1D) Kronig—Penney model provided an exactly soluble example of a photonic
crystal with negative refraction. Recently it has been theoretically shown that negative
refraction in 1D-PC may occur near the low frequency edge of the second and fourth
bandgaps [18,23]. Moreover creating photonic crystals that exhibit negative refraction for
visible light remains a major challenge because of fabrication difficulties and, up to today,
negative refraction at visible wavelengths has been shown only in bulk metamaterials of
nanowires [24]. Here, we demonstrate negative refraction in strongly modulated porous
silicon (Psi) 1D-PC in the visible and near infrared regions that may allow the realization of
short-focus Veselago lenses as the ones discussed in [4], where a structure made of two 1D-
PC with one rotated by 90- with respect to the other is proposed. An advantage of Psi based
structures is that this material allows for the rapid growth of thick multilayer structures with a
high contrast of the refractive indices governed by the degree of porosity.
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2. Sample fabrication and characterization

Psi multilayers (Fig. 1 (a)) were prepared by electrochemical anodization of crystalline silicon
[25]. Porous silicon was fabricated by wet electrochemical etching of highly boron-doped c-Si
substrates with orientation (100) and electrical resistivity of 0.001-0.005 Q-cm (room
temperature= 25 ° C, humidity= 30%). On one side of the c-Si wafer, an aluminium film was
deposited and then heated at 550°C during 15 minutes in nitrogen atmosphere to produce a
good electrical contact. In order to have flat interfaces, an aqueous electrolyte composed of
HF/ethanol/glycerol was used to anodize the silicon substrate. It is well known that the Psi
refractive index increases by decreasing the electrical current applied during the
electrochemical etching. However, reducing the porosity too much might stop the electrolyte
flow through the porous and limit the subsequent high porosity layer that makes the contrast.
One way to allow the electrolyte to flow is by increasing the ethanol fraction in the solution.
For this reason, an electrolyte composition of 3:7:1 was used. In addition, the HF
concentration was maintained constant during the etching process using a peristaltic pump to
circulate the electrolyte within the Teflon™ cell. Anodization begins when a constant current
is applied between the c-Si wafer and the electrolyte by means of an electronic circuit
controlling the anodization process. To produce the multilayers, current density applied during
the electrochemical dissolution was alternated from 3 mA/cm’ (layer a) to 40 mA/cm? (layer
b) and eighty periods (160 layers) were made. Psi samples were partially oxidized at 350 °C

for 10 min oxidation induces a blueshift in the peak reflectivity due to the decrease in the
refractive indices of the layers, but it is necessary to stabilize the samples.

The reflectivity was measured to know the photonic band gap structure in the y-direction
(Fig. 1(b)). Reflectivity spectra of the samples were taken with a Shimadzu UV1601
ultraviolet—visible spectrophotometer at 5° incidence and scanning electron microscopy
(SEM) was used to measure the films thicknesses which were 32611 nm (a ) and 435 £11

nm (b ). The theoretical photonic bandgaps locations were obtained from the band edge
condition given by the following equation:

cos(am“ajcos(wn”j —l(& + ﬁj sin(am“aj sin(a)n”j ==l.
c c 2\n, n c c

a

Where @ is the light frequency and ¢ is the light speed. The best refractive index values
we found that fit the experimental photonic bandgap structure are n, =1.1 andn, =2

(Fig.1(c), green bands). We have experimentally measured the refractive indexes of single Psi
layers made with the same electrochemical conditions as for the multilayers [25] and we

found that n, =1.4 and n, =2.2. Nevertheless, it is known that the refractive index and

etching rate for a single layer are modified in the presence of a multilayer structure up to
approximately 14%, a phenomenon that has been systematically observed [26]. This result
might have the consequence of compromising the mechanical stability of the structure.
Indeed, in certain regions seen in Fig. 1(a) layers appear to be collapsed. Nevertheless Fig.
1(b) clearly shows that a photonic bandgap structure in our samples is maintained. Negative
refraction was observed in all our experiments where several regions were scanned .
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Fig. 1. 1D-PC characteristics (a) SEM picture of Psi structure. (b) The reflectivity spectrum. (c)
Photonic band structure calculated from the band edge condition (green bands).

3. Negative refraction condition

In references [18] and [23] the negative refraction in 1D-PC is theoretically studied by using
the transfer matrix method and Bloch theorem. In these works, the photonic band structure
and group velocity is studied, and with the help of group velocity and power transmittance,
they have obtained the frequency bands of negative refraction and found that negative
refraction may occur near the low frequency edge of the second, fourth and even the sixth
bandgaps where the group velocity component that is parallel to the layers is negative (Vgll ).

They conclude that if light falls obliquely on the y-direction interface (Fig. 1(a)) then when
V>0, the wave refracts according to the classical Snell law; V=0 is associated with the

perpendicular propagation; but V,, <0 means the transmitting beam will bend to the ‘wrong

side, that is the same side as the incident beam resulting in negative refraction if the beam
passes through the 1D-PC. Here, light impinges obliquely on the x-direction interface with an
incidence angle « (Fig.1(a) ), so we expect that to obtain negative refraction we need to look
where the group velocity component that is perpendicular to the layers is negative (Vg ). In

other words, the negative refraction condition in this example is obtained by the fact that if
light impinges obliquely with frequency values near the low frequency edge of the second,
fourth and sixth bandgap (Fig. 2(a)) the group velocity component that is perpendicular to the
layers is negative (Fig. 2(b)) and consequently the effective mass is negative in the same
region (Fig. 2(c)). Note that we are not claiming that a negative effective mass implies the
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negative refraction but under the aforementioned conditions it is true that negative effective
mass implies negative refraction. However a simple contradiction for that is when the
structure is excited with larger tangential wavevectors. In such cases, it can be seen that both
positive and negative refraction are possible for a region with negative effective mass [27].
Indeed in Fig. 2 we can observe that, near the high frequency edge of the first bandgap, the
effective mass is negative but the group velocity is positive. The results in Fig. 2 were
obtained by a similar calculation for the band edge condition, perpendicular group velocity
and effective mass as in references [4,18,23] for an angle of 25 degree. The effective mass
calculation is a second order approximation of the frequency dispersion relation in Taylor’s
series and it is only valid for frequencies close to the band edges. Now that we have clarified
this point, in the following we will analyze more in detail the effective mass approximation in
our structure. The medium we consider is strongly anisotropic (Fig. 1(a)), so that the effective
masses have different signs in (x,z)-plane and y-direction. For instance, the second (1345 nm-
1680 nm) and fourth (630 nm-711 nm) allowed bands (Fig. 3, yellow lines) are characterized
by a negative parabolicity in the y-direction. The (x,z)-plane dispersion is also parabolic close
to the band edge but is characterized by a positive effective mass (not shown) similar to the
one reported in [4]. The negative parabolicity interval was calculated by taking the second
derivative of the second and fourth dispersion bands. Therefore we fitted a parabola in the
interval where the second derivative was negative. The two fitted polynomials are shown in
Fig. 3 with their correspondent correlation coefficients. The polynomials

a(ka/ 7[)2 + ﬂ(ka/ 7[)+ y can be rewritten as a*(ka/ ;z-)2 + y where a = a[1+ (,b’/ak)]- The
effective mass approximation is obtained for small (ka/ 7[), which is equivalent to the

condition|a*|>>|a|. For light with wavelengths of 1350 nm and 633 nm we obtained o values

of -5.35 and -8.68 respectively. Since the band structure in the y-direction for TE or TM
polarization are the same the effective mass approximation is also the same for both
polarizations. It is clear that given the periodicity of the band structure in the y-direction we
would find the next negative refraction region lying in the sixth allowed band between 418 nm
and 446 nm (Fig. 2 shows approximately the three negative refraction regions as yellow
bands). The dispersion of photonic modes and the photonic bandgaps in an infinite periodic
structure shown in Fig. 3 were calculated by using the well known transfer matrix techniques.
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Fig. 2. 1D-PC negative refraction condition properties (a) Band edge condition. (b) Relative
perpendicular group velocity. (c) Relative effective mass. The green bands show the band
edges and the yellow bands show approximately the three negative refraction bands inferred
from the negative parabolicity of the y-direction bands . The angle of incidence is 25 degrees
with TE polarization.
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Fig. 3. Schematic illustration of the negative refraction condition in the band structure. The
parameter a represents the multilayer period. The black arrows show the energy of the
wavelengths we used experimentally.

4. Finite element simulations

We performed full-wave simulations for TE and TM polarization light (by FEMLAB 3.1)
considering the experimental thickness we found and refractive indices we inferred from the
band structure fitting (optical losses were neglected) and we simulated 80 periods. The
incidence angle was varied until there was a clearly observed negative refraction in three
different bands. Finite element simulations at 419 nm, 633 nm and 1350 nm confirm the
theoretical predictions (Fig. 4). Monochromatic TE and TM polarized plane waves impinge at
an angle of 25 degrees from air to the multilayers in the (x,y)-plane. One can see that, at the
boundary, the plane waves are negatively refracted where the power itself changes its
propagation direction showing a pronounced negative refraction and it is concentrated close to
the interface (Fig. 4 top, power outflow distributions). These images are very similar to ones
obtained for a 2D-PC [28]. It is clear from Fig. 4 that in all the cases we simulated there is an
amount of power that propagates normally to the interface inside the 1D-PC (this is more
evident in the 1350 nm case). Since the three wavelengths we used are outside the bandgap
regions, vV, =0 and Vo #0 it is normal to have power propagating in that direction. In a

perfect 1D-PC the Bloch waves are evanescent in the bandgap and they decay to zero.
However in a finite 1D-PC we should expect power transmissions even inside the bandgap.
Figure 5 shows the propagation of three wavelengths with incidence angle o = 0. It is clear
that the transmitted power decreases from the first negative refraction band (1350 nm) to the
third one (419 nm). These results agree well with the ones presented in [18,23]. Moreover, in
the 419 nm case, the incident region appears to be significantly different. This might be due to
wavelength scattering in the x-direction interface because 419 nm is less than the structure
period of 761 nm. Indeed the same phenomenon is noticeable for the x-direction interface at
633 nm.
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Fig. 4. Finite element simulations at 419 nm, 633nm and 1350nm with monochromatic TE and
TM polarized plane waves at an angle of 25 degrees. The blue graphs on top of each simulation
represent power outflow distributions.

633nm |

Fig. 5. Finite element simulations at 419 nm, 633nm and 1350nm with monochromatic TE and
TM polarized plane waves at an angle of 0 degrees.
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5. Experimental results

From Fig. 1(a) it is clear that the experimental photonic bandgap structure is smeared out
below 500 nm and experimentally we cannot expect any negative refraction there. For this
reason we used only 633 nm and 1350 nm wavelengths to investigated negative refraction.
Figure 6 shows our experimental setup. The sample (Component 6) with the pinhole
(Component 4) (NT39-730, Edmund Optics) was illuminated by a broad band source
(Component 1) (Optronic Laboratories, 740-20A, tungsten lamp 300W) and to obtain the
desired monochromatic light we have used two band-pass filters (Component 3) (633FS10-
12.5 and 135FS10-12.5, Andover Corporation) at 633 nm and 1350 nm (both have a 10 nm
bandwidth). The TE or TM polarization was selected by using two linear polarizers
(Component 2) (NT 48-545 and NT48-887, Edmund Optics), and the negative refractive
transmitted light was captured by two CCD cameras (KP-D50, Hitachi) and (Micron-viewer
7290A, Electrophysics) coupled with a singlet lens (Component 9) (focal length of 8 mm, NT-
45114, Edmund Optics) placed at 8 mm from the sample. The sample and the camera were
mounted on linear and rotary mechanical stages. The XYZ linear stages (Daedal Inc) had a
resolution of 1 micron and the rotary stages (MR150, Aerotech) had a resolution of 2.5 arc
minutes. The TE or TM Polarized monochromatic light beam (Component 5) illuminated the
sample at an angle of 25 degrees through a 1 mm pinhole placed at 3 mm from the sample.
The beam was focused in the x-direction interface in a way that light never hit the y-direction
interface. This was performed very carefully by scanning the focused light beam from the
crystalline silicon substrate towards the y-direction interface. The cameras were centered at 25
degrees (angle ) but their positions were compensated to account for the positive refraction

that the negative refraction beam (Component 7) suffers at the exit of the y-direction interface.
This was done by using Snell’s law and an effective refractive index value of 1.6 for the
multilayer structure. Once everything was in place we scanned the sample on the z-direction
(see component 9) and when a spot image was captured we measured the distance from the x-
direction interface to the image ( Ax was corrected due to the sample rotation) by using the
micrometer screw of the linear stage. This was possible because our imaging system was
capable to give us enough resolution to mark on a screen the x-direction interface and the spot
image. The components 9a-9d show four images corresponding to 1350 nm and 633 nm (TE
and TM polarizations). The spots are located at a distance of approximately Ax =16 microns
from the interface (x-direction) which agreed with our numerical simulations.

6. Conclusions

In conclusion, we have shown that a simple 1D-PC can present negative refraction in multiple
bands. Experimentally we have demonstrated that a 1D-PC based on the nanostructure porous
silicon can exhibit negative refraction simultaneously in infrared and visible light regions and
may allow the realization of short-focus Veselago lenses as the ones discussed in [4], where a
structure made of two 1D-PC with one rotated by 90 with respect to the other is proposed. An
advantage of Psi based structures is its simplicity allowing for cheap and rapid fabrication of
samples. Finally, in order to gain more insight on the negative refraction phenomenon in 1D-
PCs more detailed experiments are needed. For instance, angle dependent measurements and
monitoring the response as a function of wavelength. We are currently performing
experimental work in this direction.
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Fig. 6. A cartoon of the experimental setup (with the nine components) for the negative
refraction observation and a picture of the real experimental setup. Both the sample and the
camera are placed in translational and rotational stages. A broadband source along with
bandpass filters and linear polarizers were used to explore the infrared and visible negative
refraction bands. Captured images for the different conditions are shown in 9a-9d.
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