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Abstract— The waveguiding properties of a multilayer di-
electric slab waveguide structure with applications in edge-
coupled terahertz photomixer sources are studied. The structure
guides two interfering laser beams, which their central frequency
difference falls into the terahertz spectrum. The top layer of the
dielectric waveguide structure is made of an ultra-fast photoab-
sorbing material, wherein the power of the guided modes are
being absorbed and converted into a terahertz signal. The optical
field and power distributions inside the waveguide structure are
studied for different physical parameters of the dielectric layers.
The generated terahertz photocurrent and terahertz power inside
the photoabsorbing layer are calculated.

I. INTRODUCTION

Terahertz technology is a fast-growing field [1], [2] with
applications in biology and medicine [3]-[5], medical imag-
ing [6], material spectroscopy and sensing [7], security [8],
monitoring and spectroscopy in pharmaceutical industry [9],
and high-data-rate communications [10]. The direction of the
terahertz technology is towards the implementation of compact
and cost-efficient systems for different terahertz applications.
Realization of a compact, high-power, and low-cost terahertz
source is a crucial step towards this goal.

In the edge-coupled photomixer sources [11]-[15], the laser
beams are guided inside an optical dielectric waveguide struc-
ture and being absorbed by an overlying ultra-fast photoab-
sorbing layer, wherein a terahertz signal is generated due
to photomixing phenomena. The generated terahertz signal
is guided by a transmission line, which can be a coplanar
stripline (CPS), a coplanar waveguide (CPW), or a parallel-
plate waveguide. The edge-coupled photomixer sources are
attractive for system-on-chip configurations for terahertz spec-
troscopy and sensing and terahertz imaging applications.

To design and optimize an edge-coupled terahertz photomixer
source, it is important to know the optical power distribution
across the optical waveguide and also its variation along
the waveguide. In this paper, we study the waveguiding
properties of a multilayer dielectric slab waveguide structure
with application in edge-coupled terahertz photomixer sources.
We evaluate the modal field distribution for this structure
and calculate the absorbed optical power and the generated
terahertz photocurrent and terahertz power inside the ultra-
fast photoabsorbing layer. The presented model can be used
for designing and optimization of terahertz photomixer sources
with guided-wave optical excitation scheme.
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Fig. 1.
edge-coupled photomixer applications. Two frequency-detuned interfering
laser beams uniformly shine the entire x-y facet of the five-layer waveguide
structure and excite guided modes traveling along z-axis. Region I is made of
an ultra-fast photoabsorbing layer, wherein the optical power is being absorbed
and converted into a terahertz signal.

Schematic of a five-layer dielectric slab waveguide for terahertz

II. MULTILAYER DIELECTRIC SLAB WAVEGUIDE

Fig. 1 shows a five-layer optical waveguide structure with
ny > ng > ny = ny, where layer I is made of an
ultra-fast photoabsorbing material, such as low-temperature
grown (LTG) GaAs [16] or ErAs:Ing 53Gag.47As [17], [18],
and regions II, III, and IV are epitaxially grown over an
appropriate substrate and are transparent at the operating
optical wavelengths. Two practical material systems for edge-
coupled terahertz photomixers are AlcGaj_¢As [12], [14] for
the wavelengths around 780 nm and In; _,GaxAs,P1_y [13],
[19] for the wavelengths around 1550 nm. In the edge-coupled
photomixer structure shown in Fig. 1, two frequency-detuned
interfering laser beams uniformly shine the entire facet of the
five-layer dielectric waveguide structure in x-y plane. If the
effective refractive index of a guided mode, n. = (3/ko, is in
the range of n3 < m. < ni, the corresponding mode is in
the form of a guided field inside region I and an evanescent
field inside region III. If n. is in the range of ny < n. < na,
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the corresponding mode is in the form of guided fields inside
both regions I and III. Satisfying the following conditions
together guarantees the single-mode operation of the five-layer
dielectric waveguide [20]
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Fig. 2 shows the amplitude of the electric field distribution
across the five-layer waveguide structure at z = 0. The waveg-
uide consists of Ing.75Gag o5A80.54P0.46 With the refractive
indices ny = ny = 3.36 (at A = 1550 nm) as regions II and 1V,
Ing.7Gag.3Asg.64P¢.36 With the refractive index n3 = 3.40 as
region III, and ErAs:Ing 53Gag.47As with the refractive index
n1 = 3.54 as region L.

From (1)-(3), the conditions for having only one guided mode
inside the five-layer waveguide structure are h; < 0.274 pm,
hs < 1.49 pm and hy > 1.55 pm. For the cases shown in Fig.
2, the thicknesses of the dielectric layers satisfy the single-
mode operation conditions. For all the cases, the effective
refractive indices are smaller than ng, which results in guided
fields inside both region I and region III. As it can be seen from
Figs. 2(a) and 2(b), one can control the amount of the coupled
optical power into the photoabsorbing layer by changing either
the thickness of the photoabsorbing layer or the thickness of
the region III.

Fig. 3 shows the amplitude of the electric field distribution
across a five-layer dielectric waveguide, where both waveguide
I and waveguide III are strongly guiding waveguides. For
this structure, the region I is made of ErAs:Ing 53Gag 47As
with the refractive index n; = 3.54, the regions II and
IV are made of Ingr79Gag.21Asg.45P0.55 with the refractive
indices ng = ng = 3.3, and the region III is made of
Ino_65Ga0_35Aso_75P0_25 with the refractive index nsg = 3.44.
The single mode operation conditions for this structure from
(1)-(3) are h; < 0.248 pm, hy < 0.898 pm and hy >
1.55 pm. As it can be seen from Fig. 3, for large h3, the optical
power is strongly confined inside the region III. In order to
have a reasonable optical power coupled to the photoabsorbing
layer, the thickness of the region III must be small.

For an optimum edge-coupled photomixer design the coupled
optical power to the photoabsorbing layer should be as high
as possible below the device’s burnout condition.

Fig. 4 shows the total optical intensity distribution across
the five-layer dielectric waveguide at different points along
the waveguide. As the optical signal propagates along the
waveguide, its power is being gradually absorbed by the
photoabsorbing layer.

Fig. 5 shows the total optical power inside the photoabsorbing
layer along the z-axis for different values of the thicknesses
of the dielectric layers. The total input optical power is
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Fig. 2. Amplitude of the electric field distribution across the five-
layer dielectric waveguide structure at z = 0. The refractive indices
of the layers are ngo = 1, n1 = 354, no = ng4 = 3.36,
and n3 = 340, (@ hi = 02 pum, hg = 2 pum, hy =
1.45  pm (soild line), 0.5 um (dashed line), 0.2 pm (dotted line),

and hy = 10.5 pm (b) h1 =
0.27 pm (soild line), 0.1 um (dashed line), hg = 2 pm, hs = 0.5 pm,
and hg = 10.5 pm. The optical wavelength is A = 1550 nm.

200 mW. The total optical power inside the photoabsorbing
layer decreases exponentially along the waveguide. The optical
power decays faster for the cases where the amplitude of the
electric field inside the photoabsorbing layer is larger. Since at
each point along the waveguide only a portion of the optical
power is coupled into the photoabsorbing layer, the optical
power absorption rate inside the waveguide is smaller than
the absorption rate in a bulk photoabsorbing material. This
property allows one to inject higher optical power into the
device and generate more terahertz power without burning out
the device.
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Fig. 3.  Amplitude of the electric field distribution across the five-layer

dielectric waveguide structure at z = 0. The refractive indices of the layers
are ng = 1, n1 = 3.54, no = ng = 3.33, and n3 = 3.44. The
thicknesses of the dielectric layers are hy = 0.24 pym, ho = 2 pm,
hs = 0.8 pm (soild line), 0.2 pm (dashed line), and hy = 5 pm. The
optical wavelength is A = 1550 nm.

III. TERAHERTZ PHOTOCURRENT AND POWER

Shown in Fig. 6 is the z-component of the generated
terahertz photocurrent inside the photoabsorbing layer and at
two different depths for a structure with parameters given in
Table I. The thickness of the photoabsorbing layer is 200 nm,
hence, the bias field distribution inside this layer is almost
uniform. The generated photocurrent is higher at x = —200
nm, where the optical field is stronger (see Fig. 2a).

The generated terahertz power inside the photoabsorbing layer
can be calculated as

T phi pl
Pry, = % / / / Eind(x,z;t) - TrH.(x, z;t) de dzdt

o Jo Jo @
where T' = 27/(Q is the temporal period of the generated tera-
hertz signal, €;,4(x, z;t) is the induced time varying electric
field inside the photoabsorbing layer due to carrier separation
mechanism and due to the creation of excess charge density
resulting from unequal electron and hole recombination life-
times [21], and J 1. (x, z;t) is the terahertz photocurrent.
The generated terahertz power for a structure with parameters
given in Table I and with hy = 200 nm, he = 2 um, hy =
200 nm, and hy = 10.5 pym is 1 uW at 1 THz beat frequency
for the total optical power of 400 mW. This power level
is sufficient for on-chip terahertz sensing and spectroscopy
applications.

IV. CONCLUSION

A multilayer dielectric slab waveguide structure with an
ultra-fast photoabsorbing top layer has been studied for the
applications in edge-coupled terahertz photomixer sources.
The modal analysis of a five-layer dielectric waveguide has
been presented and the optical field and power distributions
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Fig. 4. Total optical intensity across the five-layer dielectric waveguide at

different points along the waveguide. The refractive indices of the layers are
ng = 1, n1 = 3.54, ng = ng = 3.36, and n3 = 3.40. The thicknesses
of the dielectric layers are h1 = 0.27 pum, ho = 2 um, hg = 0.5 pum, and
hs = 10.5 pm. The total optical power is 100 mW. The optical wavelength
is A = 1550 nm.

TABLE I
PHYSICAL AND DIMENSIONAL PARAMETERS OF A DESIGNED
PHOTOMIXER

Description Notation Value
Laser central wavelength A1 1550 nm
Applied dc voltage \% 10V
Each laser power Popt 100 mW
Optical absorption coefficient[18] «a 7500 cm ™!
Carrier saturation velocity[18] Vsat 60 m/ms
Carrier lifetime[17] T 0.5 ps
Electron (hole) mobility[22] pn (pp) 1700 (68) cm?/Vs
Device width w 6 pm
Electrode width We 2 pm
Gap between electrode fingers Wy 2 pm
Core refractive index n1 (n3) 3.54 (3.40)
Cladding refractive index ng, N4 3.36

Electrode refractive index @ 1550 nm no 0.4790 — 510.806

across the waveguide for different physical parameters of the
dielectric layers have been studied. Also, the optical power
coupling into the photoabsorbing layer has been studied in
detail. The generated terahertz photocurrent and terahertz
power inside the photoabsorbing layer are calculated. The
proposed model can be used for designing and optimization
of the edge-coupled terahertz photomixer sources.
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Fig. 5. Total optical power inside the five-layer dielectric waveguide
along the z-axis for different values of the thicknesses of the dielec-
tric layers: (hi,h2,h3) = (0.2,2,0.5) pm (solid-line), (h1,h2,h3) =
(0.2,2,0.2) pm (dashed line), (h1,h2,hs) = (0.27,2,0.5) um (dotted
line), (h1,h2,h3) = (0.2,0.2,1.7) pm (dash-dot line), hs = 10.5 pm.
The refractive indices of the layers are n1 = 3.54, ng = n4 = 3.36, and
n3 = 3.40. The total optical power is 200 mW and the width of the waveguide
is w = 6 pum. The optical wavelength is A = 1550 nm.
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