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Abstract—We analyze a novel coherent source of millimeter-wavelength waves based on parametric down
conversion in aphotonic crystal. Our design is based on the band-edge or defect-mode field enhancement phe-
nomena near a photonic band gap. The numerical results show that a wide range of intensities and bandwidths
of coherent radiation can be obtained as we vary either the number periods or the index contrast between layers
of the crystal array. Calculations demonstrate narrow-band, continuous and tunable THz sources from sub-THz

to more than 12 THz.

1. INTRODUCTION

At present, coherent source designs enable us to
generate practically any frequency in microwave andin
visible regions at different power levels. Nevertheless,
between these wavelengths [from 1076 to 10~ meters],
there has been considerable research activity and until
recently only afew laser sources. At wavelengths cor-
responding to terahertz (THZ) frequencies, there is
clear evidence that such sources could 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
arange of the wide THz region [0.1-10 THZz]. The pas-
sive solid-state! source design is one of the best propos-
als for the low portion of the THz spectrum, athough
the most promising designsinvolve optical effects such
as photoconductivity (PC)[2, 3], optical parametric
oscillation (OPO) [4, 5], optical parametric generation
(OPG) [6], optical rectification [7-10], photomixing
[11, 12], and femtosecond pul se shaping [ 13]. Quantum
cascade lasers [14] form another branch of active THz
device development. These sources can generate THz
frequencies with output powers ranging from milli-
watts to nanowatts.

Some THz sources are currently being applied to
specific technologies, such as coherent time-domain
spectroscopy [15], T-wave imaging and ranging of
objects [16, 17], dynamic analysis in semiconductors
[18, 19], environment monitoring [20], and frequency
standards [21]. Novel concepts have been proposed for
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potential applicationsto radar systems, optical commu-
nications, medical imaging, nonlinear spectroscopy,
and so on. These applications would be enabled by the
availability of THz sources. The sources must satisfy
different criteria, depending on the specific application,
such as being compact, tunabl e across awide portion of
the THz bands, having variable bandwidth or high
power, or being inexpensive.

From all these proposals, perhaps the most widely
applied isthat based on optical rectification effects. The
use of optical rectification or parametric down conver-
sion is perhaps best illustrated by the use of periodic
poled lithium niobate (PPLN) crystals. Some of therea-
sons for the popularity of PPLN are its simple experi-
mental setup, its compact design, and its relatively nar-
row bandwidth, even though the quantum conversion
efficiency is low, resulting in low output power [22].
Nevertheless, it is an appealing technique and the opti-
cal characteristics of the generated signal can be tai-
lored crystals other than PPLN.

Structures where the interfering films are arranged
with thicknesses that are comparable to the wavelength
of the source are called photonic crystals or photonic
band-gap (PBG) structures. They are designed to
exploit the special propertiesthat occur due to the inter-
ference among the layers. For instance, light transmis-
sion can be suppressed over a specific band of frequen-
cies or the wave dispersion can be managed to reshape
pulses or phase match multiple wavelength signalsin a
nonlinear materia environment.

In arecent publication, Yan-ging Lu et al. [23] pro-
posed the use of a nonlinear photonic crystal or PBG
device to generate coherent microwave radiation
through the optical rectification effect. They used the
PBG dispersion characteristics in order to solve the
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Fig. 1. Geometry array: m GaAs/AlAs periods deposited on
a GaAs substrate. Each period consists of one GaAs layer
followed by a second, lower index material; i.e., we con-
sider a (AlAs, Al,Og3, air) layer. The substrate thickness is

assumed to be infinite.

phase-matching problem, but they did not consider the
effects of band-edge enhancement nor did they discuss
the effects of using sources at different incident angles
to tune output THz radiation.

In this paper, we concentrate on the same problem
of generating coherent THz radiation using a PGB
structure, but we focus on the local-field enhancement
mechanism that is available by tuning the driving fields
either to the band edge or to a defect mode in the band
gap. The local-field phenomenon involves resonant
field enhancement and increased density of states or,
equivalently, the slow group velocity of the optical
waves [24]. The combination of these effects can pro-
vide great flexibility in the design of new devices for
sub-THz or THz wave generation. We report an
enhancement that is compared against the result
expected for ahomogeneous GaA s material of the same
thickness. We aso show that the enhancement is
retained and the THz radiation is broadly tunable when
the two laser sources are not colinear.

2. ANALY SIS

We looked at several geometries using GaAs as the
first material and materials such as AlAs, Al,O; (alu-
mina), or air as the second material. Each pair provides
a larger index contrast. The final optimized structure
does not rely on GaAs for the nonlinear mixing to gen-
erate radiation.

Other materials, such as GaN or even poled elec-
trooptic polymers, could be incorporated into final
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Fig. 2. Plots of the transmission spectra for 30 periods (60
layers) illustrating the effect of the substrate. Physical
parameters are described in the text. The two materials are
GaAgAlAson a (a) GaAs substrate. (b) Air substrate.

designs based on the availability of fabrication tech-
niques.

The theoretical anaysis involves the application of
the transfer matrix method to compute the fields at two
wavelengths inside the PBG structure that are detuned 1
from one ancther to generate the desired difference fre-
quency. Both driving fields are tuned near the same
transmission resonance in the structure. The dispersive
dielectric properties of the materials were incorporated
into the program. We considered the possibility of air
and GaAs substrates and comment on the effect of dif-
ferent substrates.

2.1. Band-Edge Enhancement

The simple one-dimensional PGB sample consists
of amultilayer array with m periods deposited on asub-
strate, as shown in Fig. 1. For instance, one period in
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Fig. 3. Thefield amplitudesin the PGB. (a) GaAs substrate.
(b) Air substrate. The wavelengths of the fiel ds were chosen
at the first transmission resonance on the long wavelength
side of the band gap. The transmission maximum is differ-
ent for the two cases: (a) 1074.4 nm and (b) 1075 nm.

the structure consists of one layer of GaAs and one
layer of AlAs, both a quarter-wave thick; i.e., the thick-
ness of each layer was chosen to be a quarter wave-
length of the light at the center of the band gap. A GaAs
substrate is used, but we also explored eliminating the
substrate and using an air interface on each side for
comparison.

The calculated transmission spectra for a
GaAgAlAs quarter-wavelength stack are shown in
Fig. 2. The design was chosen in such a way that the
transmission peak on the long-wavel ength edge of the
band gap was close to one micron. In Fig. 2a, the GaAs
substrate supports the PBG structure, and in Fig. 2b the
substrate is removed. The layers thicknesses are
d(GaAs) = 71.42 nm and d(AlAs)= 85.64 nm. The PGB
stack has 30 periods (60 layers). A quick comparison of
the transmission spectra shows that the large refraction
index contrast for the air-substrate case generates
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Fig. 4. Down-converted signal enhancement obtained for
the samples from the field amplitudes in Fig. 3: (8) GaAs
substrate and (b) Air substrate.

higher transmission peaks. Correspondingly, calcula-
tion of the local fields in the structure when the field is
tuned at the first transmission resonance revealsthat the
GaAs substrate has smaller resonant-field valuesin the
PBG. The substrate affects the efficiency of the final
microwave device design, asis demonstrated below.

The electromagnetic field amplitude inside the PBG
structure is shown for two different substrate cases in
Fig. 3. Thewavelength istuned to the first transmission
resonance on the long-wavelength edge of the band
gap. The peak values are reached at 1074.4 nm for the
GaAs substrate and at 1075.7 nm for the air substrate.
The GaAs substrate PGB structure has smaller field
values, and, in both cases, the envelope of the field has
a single maximum. For both cases, the field enhance-
ment is modest but the maximum increases rapidly as
more periods are added to the PBG. Also, we demon-
strate below that large enhancements are possible with
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Fig. 5. Band-edge enhancement versus frequency plotted
for two cases: 20 and 30 periods. In this case, alarger index
contrast was used; each period is composed of GaAs/Al,03
layers, the GaAs substrateisremoved. The other parameters
are discussed in the text. Note the difference of two orders
of magnitude in the enhancement intensity (against Fig. 4b)
obtained by the increasing index contrast.
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Fig. 6. Down-conversion signal enhancement and band-
width versus the number of layer pairs for GaAgAI,O3

PBGs. The parameters are the same asin Fig. 5.

added layers and when a defect is sandwiched between
apair of PBGs.

To generate THz radiation, two coherent fields are
mixed in a second-order nonlinear material. The down-
converted output signal is proportional to the product of
the two fields inside the PBG sample. The thickness of
the sample is much smaller than the wavelength of the
down-converted signal, and propagation effects can be

neglected. This also eliminates the need for phase
matching of the fields. By taking the product of the
fields at different wavelengths and integrating over the
sample, we determine the sub-THz signa enhance-
ment, which is expressed as

L 2
J’ E,E> dz{

n= OT )
The enhancement for GaAs and air substrates are
extracted from Fig. 4. Both laser sources are normally
incident on the PBG sample. The wavelength of one
laser isfixed at the transmission maximum. The second
laser is continuously tuned around the transmission
maximum. The maximum occurs near the degeneracy
frequency of thetwo lasers sincethe overlap of thefield
profiles is perfect. As the second laser is detuned, the 1
overlap changes in both amplitude and phase and there
isasharp reduction in enhancement. The careful reader
will observe that the field enhancement peak does not
occur when both lasers are tuned to the same frequency
(one laser remains tuned on the transmission maxi-
mum). This is because the maximum of the density of
states is shifted dightly from the transmission maxi-
mum and this is manifest by a slight increase in the
energy stored inside the PBG.

Eq. (1) is a crude measure that assumes a second-
order nonlinearity to be the same in both materials. The
normalization is the expected low-frequency signal
when the sampleis perfectly phase-matched in ahomo-
geneous sample of the same length and same nonlinear
coefficient. We have al so extended thisto the case when
the second material does not possess a second-order
nonlinear optical response to cover the dluminaand air
layer cases. Inthose samples, Eq. (1) ismodified so that
the integral only extends over the GaAs layers.

The enhancement is small for both casesin Fig. 4,
with a depressed value for the enhancement when a
GaAs substrateis used. It is about 58% smaller as com-
pared to the air-substrate case. The bandwidth of the
resonanceis nearly 1 THz. Asthe number of periodsis
increased, the enhancement rapidly increases; however,
on the other hand, the bandwidth of the resonance also
decreases as more layers are added.

The band-edge enhancement for 20 and 30 periods
isshownin Fig. 5, but in this case we have modified the
index contrast of the layers changing the second mate-
rial layer. The layer pairs are GaAs/Al,O; with air for
both the substrate and superstate. The thickness of each
layer isd(GaAs) = 71.42 nm and d(Al,05;) = 166.66 nm.
For 40 layers(i.e., 20 periods), the THz signal enhance-
ment is about 35; further increasing the number of lay-
ers by 50% results in an increase of the peak signal
enhancement of about a factor of 4.

Also, we extract the reciprocal relation between the
enhancement and bandwidth from the curvesin Fig. 5;
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Fig. 7. Transmission spectra for normal incidence and an
angle of incidence of 15 degrees. The p- and s-polarizations
have different shifts of their band-edge resonance peaks, but
the resonance width is nearly the same.

as the peak enhancement increases, the bandwidth
decreases. The behavior of the frequency enhancement
and the bandwidth versus the number of layersis plot-
ted in Fig. 6. We used the same physical parameters as
in Fig. 5. The enhancement is achieved at the cost of
bandwidth. The bandwidth is around 250 GHz for
about 40 layers and is reduced to a value around
71 GHz for 60 layers.

We now consider the field enhancement for the
same number of periods (30) but for different index
contrasts, i.e, GaAgAlAs (Figs. 4a, 4b) and
GaAgAl,O; (Fig. 5). Substituting Al,O; (index 1.5 @
1.4 um) for AlAs (index 2.919 @ 1.378 pum), but keep-
ing the GaAs substrate, produces more than an order of
magnitude increase in the enhanced intensity for the
same number of layers. The field enhancement for
GaAgAl,O; is dso much larger than the no-substrate
case, for which the enhancement is shown in Fig. 4b.
For GaAg/Al,O;, we also found a sharper resonance
feature at the band edge of the transmission spectrum.
In both cases, the signal enhancement only includesthe
GaAs material. Cases with air as the second material
continue the trend toward redlizing higher field
enhancement with fewer layer pairs. To summarize, for
the larger index contrast, we achieve larger field
enhancement; however, at the same time, the resonance
bandwidth is narrowed. Fewer layers means that the
fabrication will also be simpler, since fewer layers need
to be controlled.
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Fig. 8. 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.

2.2. Angle Tuning

The frequency of the down-converted signal can be
tuned by intersecting two noncolinear laser sources.
Suppose that one laser is normally incident on the
medium and the second laser is nonnormally incidence, 2
which shifts the transmission maximum and the band
edge. The same parameters are used here as for the
dashed curve in Fig. 6 (N = 60, d(GaAs) = 71.42 nm,
d(Al,Og) = 166.66 nm). At nonnormal 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. Figure 7 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 structuresis similar
for both cases.

Figures 8a and 8b show that the overlap of the two
fields is excellent and the enhancement is 150 and 180
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Fig. 9. Enhancement and signal frequency versus angle of
incidence for p- and s-polarizations.

for p- and s-polarizations, respectively. The p-polariza-
tion has a maximum enhancement frequency at
5.15 THz, while for s-polarization the maximum is at
1.55 THz. Figure 9 highlights our results on the depen-
dence of the THz emission with the angle tuning of the
THz emission. The polarizations are degenerate at nor-
mal incidence and have their maximum near zero fre-
guency. With tuning out to 30 degrees, the signa fre-
guency at the maximum enhancement is about
11.5 THz for p-polarization and 3.5 THz for s-polariza-
tion. 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.

2.3. Defect Enhancement

A localized defect mode can also be exploited as a
mechanism to enhance THz signals in a PBG. Typi-
cally, a defect mode is established by placing a layer
that is some multiple of a haf-wave layer thickness
between the quarter-wave multilayer stacks. Figure 10
illustrates the sample geometry for this case. The num-
ber of layers sandwiching the defect are not necessarily
the same on each side. The sketch also includes the
GaAs substrate.

As in the band-edge enhancement case, the defect
enhancement is very sensitive to the number of layers
(M for the top stack and N for the bottom stack in this
case). For purposes of comparison, we have fixed M =
18 periods of GaAg/AlAs layers and N = 22 periods of
AlAS/GaAslayers. Each period is made of two quarter-
wave thickness layers. The thickness is 112.42 nm for
the GaAslayersand 130.45 nmfor theAlAslayers. The
GaAs defect layer has athickness of 1.349 nm, and the
substrateisinfinitely thick. These parameterswere cho-

> M periods of GaAs/AlAs

GaAs defect,

> N periods of AlAs/GaAs

I TH

> GaAs substrate

_/

Fig. 10. Sample geometry with a defect layer sandwiched
between two PBG stacks. The top PBG stack has M layers,
and the bottom stack has N layers. The defect layer and the
substrate are GaAs.

sen for an available sample used for a different experi-
ment. The gap lies in the infrared regime; it extends
from 1400-1700 nm (the transmission spectrum for the
sample is shown in Fig. 11). A defect mode is present
in the center of the gap.

The transmission curve is very sharp at the defect-
mode position, which peaks at 1518.87 nm. The plot-
ting points were chosen on a grid with 0.05-nm spac-
ing. Near the defect, the plotting points are separated by
0.01 nm. The defect mode in the center is sharp and has
alarge Q-factor. The local field distribution when one
the wavelength of one of the driving lasers is tuned to
the maximum transmission at the defect is shown in
Fig. 12. The resonant intensity is increased by two
orders of magnitude.
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Fig. 11. Transmission spectrafor a GaAs/AlAs samplewith
the defect mode shown in the band gap.

At normal incidence, the magnitude of the enhance-
ment for this case is about 550. It represents an
enhancement of almost three orders of magnitude over
the band-edge enhancement case shown in Fig. 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 again observe a shift of the resonance position for
both polarizations. The enhancement versus tuning fre-
guency for an angle of incidence of 30 degreesis shown
in Fig. 13. The shift is much smaller for our defect
example than it was for the band-edge cases discussed
in the previous section. At an angle of incidence of

IE]
15.0

7.5

]
0 0.5 1.0
Z um

Fig. 12. Field amplitude in the PGB at the peak of the
defect-mode transmission shown in Fig. 11.
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30 degrees, 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 identica 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 remainswell below 10 THz
out to angles of incidence of 80 degrees.

3. THz POWER CONVERS ON

The power conversion efficiency can be roughly
estimated for this process. The laser intensity and the
THz intensity in free space are expressed in MKSA
units as

)

Driving the THz signal with 1 mW of signal power
focused on a spot area of 10 cm? yields an electric
field amplitude of around 0.2 x 10*V/m. The THz field
generated in the PBG is estimated from an approximate
coupled-mode eguation, whose expression is

L
21 *
Erne = 53X [E.E3dz. 3
0
The THz intensity is given by
_ CEor@m [ @p22
Itz = 2D)\LDn(X S 4)

For our estimate of the conversion efficiency, we use a
sample length L = 10 um, generated frequency A =

Enhancement
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|
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Frequency, THz
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Fig. 13. Enhancement of the signal versus frequency. The
angle of incidence of the second laser is 30 degrees. Only p-
polarization is shown.
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1THzor A =300 um, x@ =10 m/V, and n = 10°. The
THz power generation isabout 10 pW. Theresult scales
in proportion to the pump power squared, so for 1-W
laser powers the THz signal will be about 10 uW. The
overall efficiency is inversely proportional to the THz
wavelength, so higher frequencies will be generated
with higher power. A large portion (more than two
orders of magnitude) of the power inefficiency isdueto
the quantum efficiency of the down-conversion pro-
Cess.

4. CONCLUSIONS

We demonstrated that tunable, enhanced, long-
wavelength signal generation from sub-THz to several
THz is attainable using either band-edge or defect
effects in a second-order nonlinear photonic band gap.
By designing samples with specific numbers of layers
and refractive index contrast, we can tune both the
bandwidth and intensity of the signal. The excitation
wavelengths are determined solely by the thickness of
the layers and therefore can be tuned to wherever there
are available sources.

For low refractive index materials, the signal
enhancement increases by an order of magnitude for
the same number of layers. We also find that a defect
mode is very effective in providing large intensity
enhancements, athough the shift is not as large as the
band-edge resonances. For our case of both p- and s
polarizations, the defect mode shifts by the same
amount.

The enhancement values could enable us to obtain
signals with GHz to THz frequencies and power levels
3around 10 pW using 1-W cw lasers. The efficiency is
enhanced over a small range of typically tens of GHz;
however, alarger tuning into the THz rangeis achieved
by angle tuning of the fields between two spectrally
separated transmission resonances or defect modes.
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