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ABSTRACT / RESUMEN

Theoretical and numerical results are
presented to assure that a tunable,
narrow-band, coherent THz
radiation source can be based on
parametric down-conversion in a
photonic crystal. Our proposal is
based on down-conversion mixing
and a local-field
mechanism that is available by
tuning each of the two driving laser
fields either to band-edge or to a
defect mode in the band gap. The

frequency of the down-converted

enhancement

signal can be tuned by intersecting
two non co-linear laser sources. The
polarizations are degenerate at nor-
mal incidence and have sub-THz
down-conversion maximum. For a
specific sample geometry we show
that by changing the angle of
incidence of one tunable laser to 30
degrees the THz frequency is about
11.5 THz for p-polarization and 3.5
THz for s-polarization, since the
angle-dependent transmission
spectrum is different for p- and s-
polarizations. The peak conversion
efficiency for both polarizations is
enhanced by over two orders of
magnitude. Finally we also introduce
some preliminary experimental
results which agree with the
numerical results we present here.
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INTRODUCTION

ptically driven sources that generate wavelengths

corresponding to terahertz (THz) frequencies would be

useful for an enormous number of imaging and sensing
applications. Several techniques based on either novel schemes or
exploiting well-known effects have been applied in order to develop
THz sources. Each of these designs has different characteristics and
works preferentially in a range of the wide THz region (0,1 THz-
10 THz). The passive solid-state (Crowe, 1996) source design is
one of the best proposals for the low frequency limits of the THz
spectrum, although designs involve optical effects such as
photoconductivity (PC) (Smith, 1988 and Benicewicz, 1993),
optical parametric oscillation (Piestrup, 1975 and Minamide, 2001)
(OPO), optical parametric generation (OPG) (Sato, 2002), optical
rectification (Bass, 1962; Yang, 1971; Xu, 1992 and Chuang,
1992), photomixing (Aggarwal, 1974 and Brown, 1995)) and
femtosecond pulse shaping (Weiner, 1990). Quantum cascade lasers
(Tredicucci, 1998) form another branch of active THz device
development. These sources can generate THz frequencies with
output powers ranging from milliwatts to nanowatts.

Although new approaches to terahertz (THz) sources have been
developed in the last two decades, potential applications in
millimeter wave imaging, spectroscopy and others, have intensified
the interest in developing a compact, intense, reliable and economic
new THz source. From many different approaches to this problem,
periodic media or photonic band gap (PBG) designs may be a
viable and favorable option.

Periodic media have long been a topic of fascination for
researchers. They form the basis of our understanding of a wide
range of material properties. The mechanical and electrical
properties of the materials can be explained by designing models
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En este trabajo presentamos resulta-
dos tedricos y numéricos que asegu-
ran poder obtener una fuente de ra-
diacién coherente, sintonizable y de
banda angosta en la regién terahertz
del espectro electromagnético. Nues-
tra propuesta se basa en el efecto de
conversién paramétrica no lineal y en
el mecanismo de amplificacién del
campo. Estos efectos se obtienen si-
multdneamente al sintonizar dos
fuentes l4ser en la orilla de la banda
prohibida o en el modo de un defec-
to localizado del cristal foténico. La
frecuencia de la sefial obtenida pue-
de ser sintonizada al mezclar las dos
fuentes ldser con diferente dngulo de
incidencia. Las polarizaciones son de-
generadas a un dngulo de incidencia
normal y la conversién paramétrica
genera sefiales sub-terahertz. Para una
muestra especifica, mostramos que
cambiando el dngulo de incidencia
de un ldser sintonizable a 30 grados,
la frecuencia de la sefial obtenida en
el cristal es de 11.5 THz para la pola-
rizacién p y de 3.5 THz para la pola-
rizacién s. Esto es debido a que el
espectro de transmisién es dependien-
te del dngulo y por lo tanto, existen
diferencias para la polarizacién p y
para la s. La eficiencia de conversién
pico para ambas polarizaciones es
amplificada por mds de dos érdenes
de magnitud. Finalmente, también se
muestran algunos resultados experi-
mentales preliminares que concuer-
dan con los resultados numéricos que
presentamos en este articulo.

Recibido: 23 de Marzo de 2004

Aceptado: 19 de Octubre de 2004

ACTA

UNIVERSITARIA

that elucidate the basic properties. These models necessarily lead
to sets of coupled equations, whose analysis leads in a natural way
to the concept of a Band structure. Band structure analysis is
universally applicable to any system with periodic properties,
whether the properties are described as essentially mechanical,
electrical, optical, or quantum. These periodic systems universally
give rise to responses which are periodic in time and space, i.c.
waves. These waves can propagate with constant amplitude, or in
the form of packets, or pulses. Waves traveling through these
systems will travel at a speed which will be a function of their
frequency, i.e. the systems will exhibit dispersion.
frequencies will be allowed, while others may be forbidden, i.e.
the system may have characteristics of a filter. The range of
frequencies for which transmission is forbidden is said to constitute
the “Band Gap” - the single most important property of such a
system (Brillouin, 1953).

Some

When light passes through a material, its electric field necessarily
interacts with the atomic and molecular constituents of the mate-
rial through the mechanism of polarization. Mathematically, this
is described with dielectric tensors, for terms linear, quadratic, and
higher order in the electric field. The linear dielectric constants
are simply related to the indices of refraction - constants which are
familiar to every student of physics. Thus, a periodic modulation
of these optical constants will result in an optical system amenable
to band structure analysis, and which may have a band gap.
Hence, the term “Photonic Band Gap” (or “PBG”) describes
structures with such a property. These structures may be created
with their periodicity extending over one, two, or three dimensions
(Yariv, 1984 and Joannopoulos, 1995). The higher-dimensional
systems present a special challenge to researchers; their fabrication,
modeling, and analysis are complex. The formalism for calculating
the system response (the transmission), as well as the band
structure, of one dimensional PBG’s has been well known for
decades, and in the past they were typically referred to simply as
“dielectric stacks”, or “metal-dielectric stacks”, as the case might
be. The modern emphasis on the band-gap as the fundamental
property of the structure, has provided a new vantage point,
inspiring fresh research and new insights (Benedickson, 1996).

In terms of their technological applications, one dimensional
PBG’s are often introduced along with the physical concept of
Bragg scattering. Bragg scattering occurs when the reflected or
transmitted plane waves have their phase periodically modulated
and recombine by constructive superposition to give an intense
beam in a particular direction, for a particular wavelength or range
of wavelengths (Yariv, 1984). Bragg scattering is often introduced
to the student as a property associated with reflection, for example,
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in the context of ruled mirror gratings. Such
mirrors have a variety of applications, the best-
known of which is their use as dispersive
elements in spectrometers. However, Bragg
scattering is also employed in technologically
significant transmissive systems. For example,
Bragg grating designs have recently proven useful
in fiber optic systems, for performing a variety
of multiplexing

(Kashyap, 1999).

and filtering functions

A light wave whose frequency lies within the
band gap of a PBG, or whose frequency coinci-
des with a transmission maximum or minimum,
will also undergo Bragg scattering. Therefore,
PBG’s are significant to those technologies
traditionally associated with Bragg scattering.
However, PBG structures are also gaining
attention as a promising approach to the
implementation of a myriad of new
technologies and applications.  In 1987,
Yablonovitch first proposed PBG’s as a means
of improving semiconductor laser efficiency and
speed, by suppressing spontaneous emission
(Yablonovitch, 1987). Since then, the
applications of PBG structures have expanded
greatly, along with the discovery of many of
their important features (Joannopoulos, 1995
and Sakoda, 2002). For example, recent works
have shown that one dimensional PBG’s may
be very promising for nonlinear frequency
conversion (Centini, 1999 and Slusher, 2003).

Recently, Lu and co-workers (Lu, 2002)
proposed the use of a nonlinear photonic crystal
(also called a PBG) to generate coherent
microwave radiation. They used the PBG
characteristics in order to solve the velocity-
matching problem. However, their analysis does
not include an analysis of the important local
field enhancement effects and dispersion due to
finite-size effects. Therefore they do not predict
the enhancement effects or the bandwidth
limitations of the PBG THz sources.

In this work we propose to enhance the
efficiency for parametric generation of THz
radiation using PGB structures. Our approach

centers on either tuning the pump fields to a
band-edge or a localized defect in the PBG
structure. The physical phenomena involved in
these THz resonant field
enhancement and increased density of
electromagnetic states or equivalently the slow
group velocity of the optical waves (Scalora,
1997). The combination of these effects can
provide great flexibility in the design of new

regions are

devices for THz or sub-THz wave generation.

RESULTS

We have explored several geometries using
GaAs, as the first material, and materials, such
as, AlAs, Ale3 (alumina) or air, as the second
material. Each one provides a larger index
contrast. The final optimized structure does
not rely on GaAs for the nonlinear mixing to
generate THz radiation. Other materials such
as, GaN or even organic polymers could be
incorporated into final designs, based on the
availability of fabrication techniques. In the
following section we present two strategies for
enhancing THz generation in PBGs: band-edge
enhancement and defect-mode enhancement.
From our studies we conclude that achieving
two orders of magnitude enhancement of the
signal probably has the greatest chance of success
in a defect sample design.

Band-edge Enhancement

Sample geometry for band edge enhancement
are shown in Figure 1; we consider a muldi-
layer sample with 7 periods. A GaAs substrate
is shown, but we also explore the case of an air
substrate for comparison. The number of
periods s determine the
enhancement effects. The enhancement grows
as the number of layers is increased; however,

changed to

the bandwidth of the resonance also decreases as
more layers are added.

In Figures 2 the transmission spectra for the
same GaAs/AlAs multi-layer stack is shown.
The figure 2a has an air substrate and figure 2b
has a GaAs substrate. The layer thicknesses are

VOL. 14 No.3 SEPTIEMBRE-DICIEMBRE 2004 m
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Figure 1. Sample geometry: GaAs/AlAs layers with a GaAs
substrate. The box with lines denotes GaAs and the
box with dots denotes one of the other materials,

such as AlAs.

ACTA
[NIVERSITARJA

d(GaAs)=112,51 nm and d(AlAs)=130,45 nm.
The PBG stack has 30 periods. The first
transmission resonance at the long wavelength
side of the band gap has a resonant field as
shown in Figures 3. Figure 3a shown the field
intensity for air sustrate and Figure 3b for GaAs
sustrate. The GaAs substrate overall has smaller
field values. The input and output field intensity
is nearly unity for the air substrate. In both
cases the envelope of the field has a single
maximum.

Transmission spectrum
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Figure 2. Transmission spectrum for 30 periods GaAs/AlAs.
Air substrate (a) and infinite GaAs substrate (b).

Figure 3. Envelope of the field for a 30 period multi-layer
stack.(a) Has an air substrate and (b) has a GaAs
substrate. The field is shown for the first transmission
maximum, which occurs at the wavelength, N=1608.7
nm (a), and N=1606.2 (b). Note the vertical axis
should be |E| and not its square.
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By taking the product of two fields at
different wavelengths and integrating over the
determine the THz signal
enhancement. The normalization is the expected
THz signal when the sample is perfectly phase
matched in a homogeneous sample. This is a
crude measure that assumes the second-order
nonlinearity is homogeneous. Our samples are
much smaller than the wavelength and therefore

sample we

propagation effects are negligible.

L 2
| = J'EIE;d /L2 )
0

where E; represents the complex electric field
and L is the length of the sample.

The enhancement in the 30-period GaAs/
AlAs with Ga As sustrate case is only of order
unity, as shown in Figure 4b but it increase
about 60 % for Air sustrate case, Figure 4a.
The bandwidth of the resonance is about 1
THz. Increasing the number of layers increases
the enhancement. Figures 5 and 6 illustrate the
field profile and the band-edge enhancement
for 60 and 100 periods. The (a’s) Figures show
the transmission band and the (b’s) Figures
show the electric field enhancement at the long
wavelength band edge. Note that as the peak
enhancement increases, the bandwidth decreases.

Our initial numerical analysis uses two laser
beams at normal incidence on a 1D photonic
crystal. The sample is composed of a multi-

Terahertz signal enhancement

Terahertz signal enhancement
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Figure 4. Enhancement of the THz signal for the 30 period samples as discussed above. (@) Has an air substrate and
(b) has a GaAs substrate.
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Figure 5. (2) Transmission spectrum and (b) enhancement for a 60 period GaAs/AlAs sample with GaAs substrate.
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Figure 6. (a) Field envelope and (b) enhancement for a 100
period sample of GaAs/AlAs with GaAs substrate.

layer array with m periods deposited on a
substrate. One period in the array consists of
one layer of GaAs and one layer of other of
ALO,, both a quarter-wave thick. A Gads
substrate was studied, but we also explored an
air interface on each side for comparison. Two
detuned laser fields were used to generate the
THz signal. The first laser field was tuned at a
wavelength, which coincided with the first
transmission resonance (around 1 330 nm). The
second laser field wavelength was varied around
the first one in order to calculate the
enhancement and the bandwidth. The layer
thicknesses were fixed at d(GaAs) = 71,42 nm
and d(AL,O,)= 166,66 nm.
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A comparison of the transmission spectra for
the same GaAs/Al,O, multi-layer stack changing
the substrate shows that the large refraction
index contrast for the air-substrate case, generates
higher transmission peaks. The fields located at
the first transmission resonance at the edge of
the band gap revealed that the GaAs-substrate
has smaller resonant-field values in the PBG.
We determine the THz signal enhancement by
taking the products of two fields in the sample,
located at different wavelengths, integrating
over the sample and normalizing with respect
to the nonlinear length. The number of periods
in the sample is changed to determine the
enhancement effects. The enhancement grows
as the number of layers is increased; as
previously mentioned the bandwidth of the
resonance also decreases as more layers are added.

Figure 7 shows the THz enhancement
obtained for two different samples that differ
in the numbers of layer pairs. The enhancement
is compared against the result expected for a
homogeneous GaAs material of the sample
thickness. Our samples are very thin compared
to the THz wavelength. For 40 layers the THz
signal enhancement is about 35; increasing the
number of layers by 33 % results in a about a
factor of four increase in the peak signal
bandwidth of the
enhancement decreases at the same time. The
behavior of the THz enhancement and the
bandwidth versus the number of layers is shown

enhancement. The

1604 I..l e 0] i
1 [ 1 - L
1 4 k
- 130 i i
= [ L]
2 ] b
o S804 ] i
B | ¢ 1
g " ] &
£ an{ . '
Lal F e
k - -
a4
0.2 -I:II.‘I I]:IJI I:II1 IZI:E
quuanc:.r [THz)

Figure 7. THz signal enhancement versus number of layers.
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in Figure 8. Here we observe the enhancement
is achieved at the cost of bandwidth. For about
60 layers the bandwidth is around 100 GHz
reduced from a value around 400 GHz for 40
layers.

Angle tuning

The frequency of the down-converted signal
can be tuned by intersecting two non co-linear
laser sources. Suppose that one laser is normally
incident on the medium and the second laser is
non-normally incidence, which shifts the
transmission maximum and the band edge. The
same parameters are used here as for the dashed
curve in Figure 8 (N = 60, d(GaAs) = 71,42 nm,
d(ALO,) = 166,66 nm). At non-normal incident
angles the transmission spectrum is different for
p- and s-polarizations. We find that the p-
polarization has a much larger shift than the s-
polarization for the same angle of incidence. Fi-
gure 9 displays the transmittance for normal
incidence and the p- and s-polarizations incident
at 15 degrees from the normal. The widths of
both resonances do not appreciably change and
the field enhancement inside the PBG structures
is similar for both cases.

Figures 10a and b show that the overlap of
the two fields is excellent and the enhancement
is 150 and 180 for p- and s-polarizations,
respectively. The p-polarization has a maximum

Bt , Fizes
1600 -] I| .
g‘i?nb- | 1] 'E
0} |! s, E
= i
2 soe \ ! z
£ \ o §
i ] u=1
"
= snm \ Pl
b - — o
e 4D BB  @d 100
Layers

Figura 8. Down-conversion signal enhancement and bandwidth
versus the number of layer pairs for GaAs/Al1203
PBGs. The parameters are the same as in Fig. 5.
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Figure 9. Transmission spectra for normal incidence and 15
degree angle of incidence. The p- and s-polarizations
have different shifts of their band-edge resonance
peaks, but the resonance width is nearly the same.

enhancement frequency at 5,15 THz, while for
s-polarization the maximum is at 1,55 THz.
Figure 11 highlights our results on the
dependence of the THz emission with the angle
tuning of the THz emission. The polarizations
are degenerate at normal incidence and have
their maximum near zero frequency. By tuning
out to 30 degrees the signal frequency at the
maximum enhancement is about 11,5 THz for
p-polarization and 3,5 THz for s-polarization.
The peak enhancement for both polarizations
remains over two orders of magnitude. The
bandwidth of the enhancement peaks remains
around 75 GHz over the entire range of angles.

Defect Enhancement

A second mechanism for THz enhancement
is the use of a localized defect mode in a
photonic crystal. Typically a quarter-wave
multi-layer stack sandwiches a layer that is some
multiple of a half-wave layer thickness. In our
planned experiments using a OPG/OPA source
the bandwidth of the source laser pulses is about
3 GHz, which is small enough for our experi-
mental design. The sample, labeled MB 3 027,
was obtained for initial experiments. We use
the design parameters of that sample for our
demonstration of defect-mode local field
enhancement. The sample geometry is shown
in Figure 12.
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Figure 10. Resonance enhancement of the THz signal for (a) p-polarization and (b) s-polarization. The peak is shifted into the THz

regime and the resonance width remains narrow.
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Figure 11. Enhancement and Signal frequency versus angle of
incidence for p- and s-polarizations.

The calculated transmission spectrum for the
sample is shown in Figure 13 in the regime
from 1 400 nm-1 700 nm; a defect-mode is
present in the center of the gap. The
transmission curve is very sharp at the defect-
mode position, which is peaks at 1 518,87 nm;
plotting points were chosen on a grid with 0,05
nm spacing; near the defect the plotting points
are separated by 0,01 nm. The defect mode in
the center is sharp and is indicates a large Q-
factor for that mode. The field when the
wavelength is tuned to the maximum
transmission at the defect is shown in Figure
14. The resonant intensity is increased by two
orders of magnitude.

B G
M Aiss
®
L]
[ ]

s M periods of GaAg/AlAs

} GaAs Defect, 1349

R

Ermasa e

LR BT

G R R e
®

. > N periods of AIAS/GaAs
(]

GaAs Substrate

Figure 12. Experimental sample geometry. The defect creates
an enhanced field that extends over the entire
sample. The dotted box denotes GaAs and the
cross-hatched box denotes AlAs. Sample geometry:
Air/GaAs/AlAs/Defect(GaAs)/AlAs/GaAl/
Substrate(GaAs). 18  periods/defect/22periods/
substrate.  Thickeness: d,=112,42 nm(GaAs),
d,=130,45 nm (AlAs), d,=1 349 nm (GaAs defect).

At normal incidence the magnitude of the
enhancement for this case is about 550. It
represents almost three orders of magnitude
enhancement over the band-edge enhancement
case shown in Figure 4. The resonant width of
the enhancement peak is about 40 GHz, which
is wide enough to minimize the laser bandwidth
effects. However, by angle tuning one laser we
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Figure 13. Transmission spectra for GaAs/AlAs sample with
defect mode shown in the band gap.
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Figure 14. Field profile at the maximum transmission of the
defect mode.

again observe a shift of the resonance position
for both polarizations. The enhancement versus
tuning frequency for 30 degrees angle of
incidence is shown in Figure 15. The shift is
much smaller for our defect example than it
was for the band-edge cases discussed in the
previous section. At 30 degrees angle of
incidence, the peak enhancement occurs at 2,3
THz, but the size of the enhancement, about
420 for the p-polarization, remains large over
the entire range of angles. The s-polarization
shift is identical to the p-polarization shift in
this case and we do not separately plot that
result. The bandwidth remains very narrow. By

using larger angles of incidence the frequency
can be shifted to greater values, but remains
well below 10 THz out to angles of incidence
of 80 degrees.

Transmission through the experimental

crystal (MB 3027)

Initial experiments will be performed using
a sample (named MB 3027) that became
available, but was designed for a different
application. The experimental transmission
through the sample MB 3027 was measured
using two techniques. The first was a IR
spectrophotometer. The transmission spectrum
was measured with 1 nm and 0,5 nm
resolution. There is no distinguishable
difference between the two measurements,
except at the defect position, Figure 16. In the
1 nm resolution the peak was only a few
percent. However, for the 0,5 nm case the
peak increased to about 13 %. Using a tunable
diode laser further increased the defect-mode
transmission to about 36 % (Figure 17).

The measured wavelength of the defect-mode
is within 1 nm of the calculated wavelength.
The parameters were used based on the growth
parameters quoted from the foundry and the
index parameters from the literature. The
agreement between theory and experiment

1 23 7,35

Figure 15. Enhancement of the signal versus frequency. The
angle of incidence of the second laser is 30 degrees.
Only p-polarization is shown here.
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Figure 16. Transmission through PBG sample using 1 nm
resolution. The smaller scan was done at 0.5 nm
resolution. The measurement was made using a
Cary 5000 spectrophotometer.
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precisely detuned wavelengths and the sources
are tuned to the resonance feature by adjusting
the angle of incidence. For a defect-mode
geometry we demonstrated that by changing
the angle of incidence of one tunable laser to 30
degrees the THz frequency is tuned over a range
of about 11,5 THz for p-polarization and 3,5
THz for s-polarization, since the angle-
dependent transmission spectrum is different
for p- and s-polarizations. The peak conversion
efficiency for both polarizations is enhanced by
over two orders of magnitude.

The bandwidth of the enhancement peaks
remains around 75 GHz over the entire range
of angles. A localized defect mode can also be
exploited as a mechanism to enhance
THz signals in a PBG. It represents

35—

— 0.5 nm resolution
30— [|— Diode Lase Scan (0.1 nm steps)

% Transmission

almost three orders of magnitude
enhancement over the band-edge
enhancement case. However, by
using the angle tuning of one laser
we found that the shift is much
smaller for our defect sample than it
was for the band-edge case. We also
estimated that the magnitude of the

T T T T T
1512 1514 1516 1518 1520 1522
Wavwelength (nm)

' THz signal would be about 10 pW
1524 .
for a 1 W laser input power due to

Figure 17. Measurement of the defect mode with spectrophotometer and diode
laser. Defect-mode transmission curves with the photospectrometer
have 0.5 nm resolution. The diode laser was stepped through the

spectral region of the defect 0.1 nm at a time.

forms a good calibration for future experiments
to measure the THz emission from the sample.
An experimental test of our enhancement
concept is planned in the near future. An
experiment using a tunable OPG and OPA
source will meet the design criteria. We are
obtaining a bolometer for the THz
measurements.

CONCLUSIONS

In this paper we reported the local-field
enhancement effect to efficient THz generation
using either a defect-mode or a band-edge
tuning position. Two lasers are mixed at

the low quantum efficiency of the
down-conversion process.
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