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Abstract

Data rate of wireless communication has been gradually increased year after year. The
use of wider bandwidth in communication system can be one of the solutions for overcoming
the demand. Terahertz wave which is defined as frequency range from 100 GHz to 10 THz is
eligible for applying to next generation communication. For photonic terahertz wave
generation, photomixing technique makes terahertz wave by taking frequency difference
between two continuous lightwaves from two laser sources. The uni-traveling carrier
photodiode (UTC-PD) has been used as a photomixer. The UTC-PD has high speed
characteristics from electrons as active carrier. In spite of the merits of the UTC-PD, the UTC-
PD has output saturation current occurred from decreased electric field, the problem of power
saturation at the UTC-PD results in low power should be solved for higher power. Moreover,
at high frequency band such as terahertz wave, power loss from the absorption into the air can
be also dominant reason to get higher power. The arrayed configuration combining output
power between the arrayed photomixers is proposed for power enhancement. The arrayed light
sources which can provide same sets of dual wavelengths that can generate terahertz wave with
each photomixers are required for practical use without fiber-optics components. On the basis
of optical waveguide design, the arrayed photomixers consist of multimode interference (MMI)
splitters, bending waveguides and evanescently coupled UTC-PDs with integrated antennas.
Distributed feedback (DFB) lasers, MMIs as optical coupler and splitters and semiconductor
optical amplifiers (SOAs) should be integrated for the arrayed light sources. The two integrated

devices are designed as terahertz wave generator and investigated for terahertz wave generation.



In Chapter 1, the research background for photonics integrated devices is introduced.

The configuration of proposed arrayed devices is explained.

In Chapter 2, basic theories for designing each component of the devices are explained.

In Chapter 3, each properties of designed components for the arrayed photomixers are
described. We obtain total efficiency at the optimized structure of the device. Finally, the

measured responsivity of the integrated device is explained.

In Chapter 4, design of MMIs and bending waveguides for the arrayed light sources is

introduced. The measured power uniformity of each SOA output at the device is explained.

In Chapter 5, 600 GHz beam forming at proposed terahertz wave generator combining

the arrayed light sources and the arrayed photomixers is explained.

In Chapter 6, this thesis is summarized with outlook.
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1. Introduction

1.1 Terahertz wave for wireless communication

Recent communication has been an essential element in rapidly growing society and
supports a various pattern of communication with development of electronic devices. Data rate
of wireless communication has been continuously increasing with such a trend year after year.
The expectation of the data rates of around 100 Gbit/s near 2020 was reported [1-2]. Recently,
the stage of commercialized communication has been reached to the fifth generation (5G)
wireless communication at frequency band of millimeter wave [3]. Some technologies have
been studied for the wide-band communication [4]. To keep up with increasing data rate, the
use of wider bandwidth in communication system can be one of the solutions for overcoming
the demand of high data rate. However, an available bandwidth is obtained by approximately
10 % of operating frequency [5]. As for the promising carrier frequency in the near future
beyond 5 G, terahertz wave which is defined as frequency range from 100 GHz to 10 THz has
been investigated so that it can be applied to next generation communication [6-7]. The
terahertz wave region which is so-called terahertz gap as shown in Fig. 1.1 indicates the range
between a low frequency band radiated by oscillating circuits using high speed transistors and
a high frequency band generated by semiconductor lasers using optical fibers [8]. Each
frequency band is separately existed and not overlapped. But it is difficult to generate by each
electronics and photonics approach. Figure 1.1 describes the terahertz gap and THz sources
with generated THz power depending on the frequency range of terahertz wave [9]. Since the
terahertz wave has beneficial characteristics coming from penetration and straightness, recently
it has been developed in various research fields such as biology, medical and pharmaceutical

sciences, security, information and communication technologies as well as astronomy which
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has been studied long earlier than other fields [8-10].
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Fig. 1.1 Output power as a function of THz frequency [9].

On the other hand, the high frequency band such as the terahertz wave has drawbacks of
a low power from the output limit of THz sources itself [11] and power attenuation from the
absorption into the air [12]. The terahertz wave is generated by either electronics or photonics
according to the same configuration as referred above. The THz sources of solid-state

electronic devices which can be divided by the two categories have been developed.

First, there have been many researches using the THz sources based on electronics
approach. The sources are resonant tunneling diode (RTD) [13-14], monolithic microwave
integrated circuit (MMIC) [15], impact ionization avalanche transit-time (IMPATT) diode [16],
Gunn diode [17], tunneling transit-time (TUNNETT) diode [18-19], Si-CMOS device [20], etc.
Meanwhile, in photonics approach, there are the sources such as THz quantum cascade laser
(THz-QCL) [21-23], p-Ge laser [24], uni-traveling carrier photodiode (UTC-PD) [25] as
photomixer, etc. As for the two approaches applied to wireless transmission system using the

THz-wave, the difference between them has been reported in the relation between achieved



data rate and carrier frequency [26]. In this report, the photonics-based method attained a higher

data rate at the carrier frequency range of 200-400 GHz even though that of the electronics-

based almost occupied at 100-150 GHz carrier frequency. The transmitter based on the two

approaches was described in Fig. 1.2.
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Fig. 1.2 Each THz transmitter [26]. (a) Electronics-based. (b) Photonics-based.

The photonics-based THz transmitter as shown in Fig. 1.2 (b) uses fiber-optic configuration

which results in a remarkable feature that the seamless connections between fiber-optic and

wireless communication networks are available with respect to data rates and the format of

modulation [26] even though the electronics-based transmitter as shown in Fig. 1.2 (a) has

been also widely used in the wireless transmission. However, the transmission above the

frequency of 500 GHz at both approaches should be improved due to a low data rate caused by
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the insufficient power from the transmitter [26]. Therefore, the enhancement of output power
at the transmitter is needed. In terms of the data rate at THz frequency, the development of THz
sources and related technologies has been an issue. We chose the photonics-based terahertz

generation method for our research.

1.2 Photomixing technique for photonic THz-wave generation

For the photonics-based THz-wave generation, photomixing technique is used at the
generation of optical signals at THz frequency band and making the THz frequency based on
the heterodyne conversion [27]. The merit of the photomixing is that the wide range of
frequency tuning is available [26], [28]. The photomixing makes the terahertz wave by taking
frequency difference between two continuous lightwaves of f; and f, from two laser sources.
In the photomixing process, the two lightwaves are introduced into photomixer such as
photoconductor and photodiodes. The optical-to-electrical conversion at the photomixer leads
to the THz-wave generation [29-32]. Figure 1.3 shows terahertz wave generation mechanism
by the photomixing. The two lightwaves formed from two lasers are coupled at an optical
coupler. The coupled light is converted to terahertz wave and the terahertz wave is detected at
a photomixer. The generated terahertz wave after the photomixing has the frequency and the
phase which indicates frequency difference of f; — f, and phase difference of ¢, — @,
between the original two lightwaves, respectively. To make an effective photomixing, there is
a significance of stabilized features at frequency and phase as well as polarization of the two

lightwaves [33].
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Fig. 1.3 Schematic of photomixing technique.

The UTC-PD is used as one of the photomixers because of its high speed response. There
have been also other merits of obtaining a higher operation current and the use of a lower
operation voltage. On the other hand, holes with low velocity contribute to the performance of
the pin-photodiode (pin-PD) while this PD operates by the characteristics of both holes and
electrons as carriers as shown in Fig. 1.4 (a) [25],[34]. The high speed characteristic of the
UTC-PD comes from the phenomenon that the electrons diffused from the p-doped
photoabsorption layer travel into the carrier collection layer with high velocity as shown in Fig.
1.4 (b). In spite of the merits of the UTC-PD compared to the conventional pin-PD, the UTC-
PD has also output saturation current occurred from decreased electric field due to excitation
of photogenerated carriers as shown in Fig. 1.5. The thermal effects are involved in the
saturation characteristic, the problem of power saturation at the UTC-PD, which results in low
power can be one of the obstacles for obtaining a high power [34]. Thus, the methods for power

combination are needed.
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Figure 1.6 shows measured terahertz power at single UTC-PD and the saturation characteristic
at a certain point with increasing optical input power at the condition of 300 GHz frequency
operation and -1.5 V bias. Due to the absorption loss as referred in Chapter 1.1, the output

power should be improved by arrayed UTC-PDs.
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Fig. 1.6 Measured power saturation at single UTC-PD.

1.3 Power enhancement by arrayed configuration

The arrayed configuration combining output power between the arrayed UTC-PDs can be
a solution for power enhancement. The configuration aims to combine simultaneously each
radiated THz power in the air after THz-wave generation at each UTC-PD and THz-wave
radiation by antennas. There are two possible ways for feeding the signal to each antenna. One
is electrical feeding lines between UTC-PDs and antennas, and another way is optical feeding
lines or waveguides between optical splitter outputs and UTC-PDs. The distance between the
UTC-PD and the antenna should be short or they are directly connected so that the electrical

signal loss can be reduced as small as possible. We design the structure of closely integrated
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UTC-PD and antenna. For the arrayed device, a monolithic integration of optics components
designed using semiconductor, which is called photonic integrated circuits (PICs) [35] is
needed. Based on the PICs, the research of the UTC-PD which is operated at photomixing
system has been investigated [36]. Due to the necessities of the power combination at the
arrayed UTC-PDs, the development of monolithically integrated device has been studied. The
combined power more than ImW using two arrayed UTC-PDs for 300 GHz-wave was
demonstrated [37]. Because of the effectiveness of arrayed configuration to achieve a high
power at terahertz frequency, we propose arrayed UTC-PDs for 600 GHz-wave generation,
which can obtain more combined power. The conceptual configuration of the arrayed device is
shown as Fig. 1.7. The optical waveguide has an important role in feeding optical power from
the light sources into each UTC-PD. The radiated terahertz power at each antenna is combined

by array factor.

"' _— Arrayed UTC-PDs

A LY L LS "~ Optical

//// coupling

Optical power feeding

Fig. 1.7 Configuration of arrayed UTC-PDs with optical waveguide.

Meanwhile, a fiber-based configuration that two lightwaves were lased by two lasers, coupled
by a fiber coupler and divided into arrayed outputs by fiber splitters was used in the previous
demonstration of 600 GHz [38] or 700 GHz [39] wave generation. Moreover, an optical delay

line was used at each path to achieve terahertz wave phase matching for in-phase combination.



Although the fiber-based configuration has merits for such a feasibility demonstration, a
complexity in the system for the measurement of the terahertz wave remains. Therefore, one
way to improve this complexity is a monolithically integrated light source which realizes a
single module by integrating the light sources and the UTC-PDs. The basic configuration of
the module has been reported in [40] as a part of two-channel THz-wave wireless transmitter
with two arrayed UTC-PDs for up to 100 GHz-wave. We aim to make more arrayed UTC-PDs
for higher THz power by power combination at our targeting device. We also suggest arrayed
UTC-PDs integrated with antennas so that each integrated antenna radiates terahertz wave into
the air without outer antenna components. Along with the arrayed UTC-PDs, the arrayed light
sources to provide same sets of dual wavelengths that can generate terahertz wave with each

arrayed UTC-PDs are proposed as shown in Fig.1.8.
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Fig. 1.8 Configuration of arrayed light sources.

1.4 Proposed terahertz wave generator

Our proposed conceptual configuration of the two integrated devices is shown in Fig. 1.9.

The entire structure describes the proposed terahertz wave generator consisting of the arrayed



light sources and the arrayed UTC-PDs. Two lightwaves from two lasers at the arrayed light
sources are distributed into each output for coupling between each output at the sources and
the arrayed UTC-PDs. Each UTC-PD generates terahertz current and terahertz wave is radiated
by antennas integrated with the UTC-PD. Total path lengths from the lasers to the antennas are
required to be designed the same so that the radiated terahertz waves are combined in a same
phase. The proposed generator has advantages of compactness, and direct coupling between
the output of light source and each UTC-PD without fiber-optics and an additional component.
Furthermore, the temperature controller for the lasers is integrated in the section of the light
sources. This brings the easiness that the temperature of both lasers can be controlled all at
once and a low power consumption while two solitary lasers need each temperature controller.
On the other hand, the generator may have a problem of expected low power caused by

sensitiveness of the optical coupling with the difficulties on optical alignment.

Arrayed light sources Arrayed UTC-PDs
with antennas

Optical waveguide UTC-PDs as

photomixer

Optical coupler/splitter SOAs

Antenna

Fig. 1.9 Conceptual configuration of proposed terahertz wave generator.

For the terahertz wave generator, we designed the optical waveguides to make each component
of the arrayed photomixers and the arrayed light sources using FIMMWAVE by eigen mode
expansion (EME) method [41]. The InP/InGaAsP material system [42] was used to design the

semiconductor optical devices. First of all, the arrayed photomixers consist of multimode
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interference (MMI) splitters, bending waveguides, and the UTC-PDs. Then, the proposed
arrayed light sources have two lasers that can generate two continuous lightwaves, MMI
splitters and couplers, semiconductor optical amplifiers (SOAs). The detailed structure of the

two integrated devices will be explained in Chapter 3 and Chapter 4.

1.5 Topics of this thesis

In Chapter 2, basic theories for design of the photonic integrated devices are explained.
Optical waveguide design of each component for the arrayed photomixers is introduced and
the performance of the fabricated device is discussed in Chapter 3. In Chapter 4, the waveguide
design of each component for the arrayed light sources is described and the performance of the
fabricated device is discussed. Terahertz wave generation between the two photonic integrated

devices is demonstrated in Chapter 5. Finally, we conclude this thesis in Chapter 6.
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2. Theory for device design
2.1 Optical Waveguide

Each component at the proposed integrated two devices is required to be designed using
optical waveguide. Planar optical waveguides are the key devices as well as the basic elements
to make the integrated optical devices with waveguide mechanism [1-2]. Slab waveguide in
the planar waveguide can be used for the design of semiconductor lasers and integrated optical
circuits [3]. The optical waveguide consists of the core that is involved in light confinement
and the cladding or the substrate as shown in Fig. 2.1. The core with a refractive index n; has
a higher refractive index compared to the cladding with a refractive index n, and the substrate
with a refractive index ng. The optical waveguide is analyzed based on the Maxwell’s
equations [4] and wave equations. The optical modes at the waveguide structure are required
to design a low loss waveguide. In this thesis, the optical waveguide is explained by based on

the slab waveguide structure [2].

Cladding n,

Substrate ng

Fig. 2. 1 Structure of slab waveguide [2].

First of all, in Maxwell’s equation, the electric field E and the magnetic field H have the

relations expressed as Eq. (2.1.1) and Eq. (2.1.2).
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_— oH (2.1.1)

VXE = —py—
Ho ot
- oE (2.1.2)
VXH= 2 —
gon” -
The permittivity of & = ¢gyn? and the permeability of u = u, at the medium are given

above in the equations. w indicates the angular frequency of the sinusoidally varying
electromagnetic fields by time. The sinusoidal function of E and H can be converted into the

expression of phasors as Eq. (2.1.3) and Eq. (2.1.4)

"E(t) = E(x,y)el/(@t=£2) (2.1.3)

H(t) = H(x, y)el(@t=52 (2.1.4)

Then, Eq. (2.1.5) and Eq. (2.1.6) are obtained using two equations above. The slab waveguides

can be analyzed by the following equations.

JE, .
Ty + jBE, jouoH,
. 0E; .
TIBEx — = = —jwioH, (2.1.5)
0E JE
y x .
—2 - = —jwueH
ax ay ]wﬂo Z
0H, ] y
W + jBH, jwegn“E,
. 0H, . 5
—JjBHx — ax - JwanEy (2.1.6)
0H, O0H, 5
_ v _ = i E
I 3y jweyn“E,

In the slab waveguide, Z—i =0 and ‘;—I; =0 are placed because y-axis dependency of

electromagnetic fields of E and H does not need to be considered. With Eq. (2.1.5) and Eq.
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(2.1.6), two different electromagnetic modes which are classified as transverse electric (TE)
modes and transverse magnetic (TM) modes are obtained. The TE mode satisfies wave

equations as Eq. (2.1.7) by Egs. (2.1.8)-(2.1.10).

d2E @.1.7)
y _
W + (kz 2 _ Bz)Ey =0
B 2.1.8)
H = ——E
¥ wpo
_ i @19
27wy dx
E, = E,= H,=0 (2.1.10)

As represented in Eq. (2.1.10), E, which is the component of electric field at the z-axis is
equal to zero. The tangential components E, and H; have to be continuous at the
boundaries of two different media. In the TE mode, the electric field lies in the plane

perpendicular to the z-axis while the magnetic field lies in that perpendicular to the z-axis in

the TE mode. In the TM mode, the wave equation of Eq. (2.1.11) is satisfied from Egs. (2.1.12)-

2.1.14).
d (1 dH, , B @.1.11)
a(%%)* <" ~n2)fy =0

B 2.1.12)

Ex= weyn? Hy
L __J dH, 2.1.13)

27 wen? dx
E, = Hy= H,=0 (2.1.14)

The component of magnetic field at the z-axis H, is zero as represented in Eq. (2.1.14).
According to Eqgs. (2.1.7)-(2.1.10) or Eqs. (2.1.11)-(2.1.14), each propagation constant and
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electromagnetic field at TE and TM modes can be obtained. The dispersion equation as the
eigenvalue equation and distributions of the electromagnetic field can be derived from the
following calculation method in the slab waveguide with refractive index profile as shown in
Fig. 2.2. The electromagnetic fields are guided and confined in the core with uniform refractive
index profile and exponentially dissipated in the cladding. The distribution of electric field is
represented as Eq. (2.1.15). The electric field component E,, has continuity at the boundaries
of core-cladding interfaces (x = +a). Wave numbers of k, g, and ¢ along the x-axis in the

core and cladding regions are shown in Eq. (2.1.16).

x B/k

Nno ng nq n

— i

Fig. 2.2 Refractive index profile in slab waveguide [2].

Acos(ka — @)e >~ (x > q) (2.1.15)
E, = Acos(ka—¢@) (—a<x<a)
Acos(ka + @) et **Y (x < —a)

(k= JEmIop

4 o= /ﬁz — k2n? (2.1.16)

N

There is another boundary condition which indicates that the magnetic field component H,
should be continuous at the boundaries. Then, H; can be obtained in Eq. (2.1.9). Regardless

of the terms independent of x, the boundary condition for H; is dealt with the continuity
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condition of dE,/dx as expressed in Eq. (2.1.17).

dE —0Acos(ka — @)e =9 (x > a)
d_xy = —kAsin(ka—¢) (—a<x<a) (2.1.17)
EAcos(ka + @) et Y (x < —a)

Equation (2.1.18) is obtained from the conditions which indicate that dE,,/dx are continuous

at x = +a. Equations (2.1.19)-(2.1.20) are also obtained by removing the constant A in

condition of Eq. (2.1.21).

{ kA sin(ka + @) = A cos(ka + @) (2.1.18)
oA cos(ka — @) = kAsin(ka — @)

tan(u + ¢) :% (2.1.19)
w' (2.1.20)

tan(u — @) = —

u
U=kKa (2.1.21)

{w =¢a
w'= oa

Finally, the eigenvalue equations as shown in Eq. (2.1.22) and Eq. (2.1.23) are derived from

Eq. (2.1.19) and Eq. (2.1.20).

1 _ 1 _
u= 4+ Ztant (D) +Ttant (2) 2.y @1
2 2 u 2 u
mr 1 wy 1 w' (2.1.23)
_ -1({__\ _ -1
@ = > + > tan (u) > tan (_u>

The normalized transverse wavenumbers of u, w and w’ are not independent. Using Eq.
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(2.1.16) and Eq. (2.1.21), the three wave numbers have the relationships as shown in Egs.

(2.1.24)-(2.1.26).

u? +w? = k?a?(n? —n?) = v? (2.1.24)
w'=/yv? + w2 (2.1.25)

n? — n2 (2.1.26)
y=

—2_ 2
ny — nz

In the three equations above, v indicates the normalized frequency and vy is a criterion of
the asymmetry of the cladding refractive indices. The normalized frequency v and y are also
determined when the wavelength of the light signal and the geometrical parameters of the
waveguide are determined. Therefore, u, w, w' and ¢ are obtained by solving the eigenvalue
equations of Eq. (2.1.22) and Eq. (2.1.23) with the restrictions of Eqs. (2.1.24)-(2.1.26).

In the asymmetrical waveguide (ng; > n,) as expressed in Fig. 2.2, the higher refractive
index ng isused as the cladding refractive index for the definition of the normalized frequency
v. Because the cutoff conditions are determined when the normalized propagation constant
B/k corresponds to the higher cladding refractive index. Equations (2.1.22), (2.1.24) and
(2.1.25) indicate the dispersion equations or eigenvalue equations for the TE,, modes.
When the wavelength of the light signal and the geometrical parameters of the waveguide are
fixed, the normalized frequency v and asymmetrical parameter y are fixed. Consequently, the
propagation constant 8 can be determined from these equations.

By considering Fig. 2.2 or Eq. (2.1.15) and Eq. (2.1.16), the transverse wavenumber &
should be a real number for the main part of the optical field which is confined in the core
region. The relation between constants and refractive indices is needed in Eq. (2.1.27).
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(2.1.27)

ng<-—-<mn

&=

In Eq. (2.1.27), the normalized propagation constant 8/k is a dimensionless value and
is a refractive index itself for the plane wave. Thus, it is called the effective index and is

generally represented as

B (2.1.28)
k

On condition of n,< ng, the electromagnetic field in the cladding becomes oscillatory along
the transverse direction. As a result, the field is dissipated as the radiation mode. Since the
condition f = kn, indicates the critical condition under which the field is cut off and can be
the nonguided mode (radiation mode), the condition is called cutoff condition. A new parameter
is introduced as shown in Eq. (2.1.29).

nz —n2 (2.1.29)

b =
2 __ 2
ny —ng

The condition for the guided modes is expressed as 0 < b < 1, from Eq. (2.1.27) and Eq.
(2.1.28). And the cutoff condition expressed as the normalized propagation constant b indicates
b = 0. Equation (2.1.30) is obtained by the dispersion Eq. (2.1.22) using the normalized

frequency v and the normalized propagation constant b.

(2.1.30)
’ b ’b +
20V1 —b =mnr + tan™?! m +tan™! T)l;

Equation (2.1.16) can be also expressed as

u=vv1l-—>»
w = wb (2.1.31)

w =vb+y
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In case of ny = ng of the symmetrical waveguides, the dispersion Eq. (2.1.22) and Eq.

(2.1.23) are reduced into Eq. (2.1.32) and Eq. (2.1.33) with y = 0.

_ mn -1 (¥ (2.1.32)

u= 5 + tan ( )

mmn
0= = (2.1.33)
Equation (2.1.32) can be represented as Eq. (2.1.34) or Eq. (2.1.35).

_ _ mr (2.1.34)

w = utan (u > )
—_ - s b (2.1.35)

v = an -

From the analysis above, the mechanism of basic optical waveguide structure was explained.
Based on the analysis, we consider the information of polarization of mode, guided mode,
radiation mode, confinement of electromagnetic field up to each waveguide structure

consisting of cladding, core and substrate.

Then, we use InP/InGaAsP material system to design waveguide structure as referred in
Chapter 1.4. For the simulation of each component, the material composition at InGaAsP
waveguide core layer is calculated by the relation as expressed in Eqs. (2.1.36)-(2.1.38), where

each composition is In,_,GayAs,P,_, with bandgap wavelength of A, and bandgap

wavelength of E, [5-6].

E, [eV] = 1.35— 0.72y + 0.12y? (2.1.36)
2y [um]=1240/E, [eV] (2.1.37)
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x = 0.1894y/(0.4184 — 0.013y) (2.1.38)

The material composition is obtained by the relation between several parameters as explained
above. The refractive index of the InGaAsP material can be obtained by Eq. (2.1.39) when we

calculate the other conditions from Eqs. (2.1.40)-(2.1.43) [6].

Ed EdEZ nE4 ZEg — Eg2 — E? 1/2 (2.1.39)
=|1+—
"INTER TR T T o
n = mEy/2E5(E§ — EZ) (2.1.40)

Ey = 0.595x2(1 — y) + 1.626xy — 1.891y + 0.524x + 3.391 (2.1.41)
E; = (12.36x — 12.71)y + 7.54x + 28.91 (2.1.42)

E =1.240/2 (2.1.43)

Finally, we carefully choose the factors explained in this chapter for design of entire waveguide

structure.

2.2 Multimode interference

For coupling and splitting the optical power in the integrated devices, the MMI is used as
power coupler and divider. The MMI is operated by the self-imaging principle [7], which has
the features of multimode waveguide. It is explained that a reproduced input field profile in
single or multiple images is represented at periodic intervals along the direction of the

propagation. The MMI structure basically consists of two access waveguides at the beginning
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and the end of the MMI, and multimode waveguide in the center of the MMI [7-8]. The central
section of the MMI generally accompanies with a large number of modes more than 3. N x M
MMI as shown in Fig. 2.3 indicates the number of N for input waveguides and that of M for

output waveguides, respectively.

Access Waveguide Multimode waveg.lide Access Waveguide

Nx M

MMI coupler

Input Output
Fig. 2. 3 N x M MMI splitter.

In a step-index multimode waveguide of width W),,, ridge (effective) refractive index n,.,
and cladding (effective) refractive index n., the waveguide supports m lateral modes with

mode numbers v = 0,1 --- (m - 1) at free-space wavelength A, which has the relation with

2 . .
ko = /1—7: The lateral wave number k,,, and the propagation constant 3, are concerned with

the ridge index n, by the dispersion equation.

k2, + B2 = kZn? 2.2.1)
b = v+ D (2.2.2)
w W,
ev

The W,, which means “effective” width takes into consideration the (polarization-dependent)
lateral penetration depth of each mode field, related with the Goos-Hahnchen shifts at the ridge
boundaries. To make high-contrast waveguides, the penetration depth is very small for W,,, =

Wy,. In the Eq. (2.2.3), the W,,, can be estimated by effective width W,, (W, for simplicity
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corresponding to the fundamental mode).

Ao\ (Mc)*? _ (2.2.3)
Woy = W, = Wy +(2) () (a2 —n2)-0/2
n/)\n,

Where 6 =0 for TEand ¢ = 1 for TM. By the binominal expansion with k3, < k§n?,

the propagation constants 3, can deduced from

(v + 1)2mA, (2.2.4)

.Bv = kOnT - 4an|/eZ

L, asthe beat length of the two lowest-order modes is represented as the propagation constant
difference of two lowest-order modes in Eq. (2.2.5).

™ 4n, W2 (2.2.5)
Bo — B1 3o

L, =

The propagation constants spacing between fundamental mode and mode (v) can be expressed

as

viv+2)m (2.2.6)
Bo—By) = ——F—
3L,

An input profile W(y,0) imposed at z= 0 and entirely included within W, will be

separated into the modal field distribution ¥, (y) in all modes.

Y(y,0) = Z c, ¥, () 2.2.7)

v

where the summation contains guided modes as well as radiative modes. The field excitation
coefficient ¢, can be estimated using overlap integrals based on the field—orthogonality

relations.
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_ Y00 % 0)dy (2.2.8)

v T Ovdy

If the “spatial spectrum” of the input field W(y,0) is narrow enough to prevent exciting
unguided radiative modes, it can be decomposed concerning guided mode only,
m-l 2.2.9)
¥(y,0) = z ¥ ()
v=0

The field profile at a distance z can be expressed as a superposition of all the guided mode field
distributions.
m-1 (2.2.10)

YOG, = ) Qo) explit - £,2)]

v=0

Assuming the time dependence exp(jwt) implicit, the field profile W(y,z) is represented as

m-1 (2.2.11)
Yo, = ) %) explitB - )7
v=0
A useful expression for the field at a distance z = L is found by substituting Eq. (2.2.6) into
Eq. (2.2.12). The form of ¥(y,L) will be determined by the modal excitation ¢, and the

properties of the mode phase factor.

m—1
42 (2.2.12)
vo,= Y et e [iTET T
v=0 T

Under certain circumstances, the field ¥ (y, L) will be reproduce the input field ¥ (y,0) due

to the self-imaging mechanisms which are independent of the modal excitation. The properties
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of this phenomenon are shown as

{ even for v even (2.2.13)

v(v+2) odd for v odd

_ (¥,(y) for v even (2.2.14)
o=y = {—‘Pv(y) for v odd
In Eq. (2.2.12), ¥ (y, L) will be an image of ¥ (y, 0) if the condition of mode phase factor in

Eq. (2.2.15) is satisfied.

(2.2.15)

dCEL L I

exp []
The phase changes of all the modes along L must be different by integer multiples of 2m. In
this case, all guided modes interfere with the same relative phases as in z = 0. That is, the
image is a direct replica of the input field. Then, the phase changes must be alternatively even
and odd multiples of m. In this case, the even modes will be in phase and the odd modes in
antiphase. Due to the odd symmetry stated in Eq. (2.2.13) and Eq. (2.2.14), the interference

makes an image mirrored with respect to the plane y = 0.

, B EE I
w2z | 2

1
z=0 z= §(3Ln) z=Q@L,) z= ;(3[‘7[) z=2(3Lg)

Fig. 2.4 Diagram of Multimode waveguide of the input field ¥ (y, 0), mirrored single image at
(3L,), a direct single image at 2(3L;), and two-fold images at %(SL,I) and 2(31471) [7].
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By taking into account Eq. (2.2.13) and Eq. (2.2.14), it is evident that the first and second

condition of Eq. (2.2.15) will be fulfilled at L = P(3L,;) with P =0, 1, 2, --- for P even
and P odd, respectively. In addition to the single images at distances given by L = P(3L,),

multiple images can be found as well. Let us consider the images obtained half-way between

the direct and mirrored image positions, i.e., at distances L = §(3Ln) with P =1, 3,5, -

The total field at these lengths is found by substituting L = g(SLn) into Eq. (2.2.12).

m-—1
p (y,§3L,,) = Z ¢¥,(¥) exp [jv(v + 2)p (g)] (2.2.16)
v=0

Considering the property of Eq. (2.2.13) and the mode field symmetry conditions of Eqs.

(2.2.14) and Eq. (2.2.16) can be expressed as

(2.2.17)

lp( P ): 1+ (=j)P 1— (=j)P W (=y,0)

,= 3L Y(y,0

Equation (2.2.17) indicates that a pair of images of ¥ (y, 0), in quadrature and with amplitudes

Lz’ at distances z = % , (BL,), %(BL,,), --- as shown in Fig. 2.4. This two-folded imaging

can be applied to realize 2 x 2 3-dB couplers.

2.3 Evanescent coupling for design of UTC-PD

The proposed UTC-PD is designed using evanescent coupling structure. This structure

is classified as a type of side-illuminated photodetector or edge-coupled photodetector.
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Meanwhile, ahead of referring to the evanescent coupling structure, with repect to illuminated
pattern at the photodetector, there are two types of photodetectors which are vertically-
illuminate photodetector (VPD) and side-illuminate photodetector. The VPD is a conventional
photodetector and it illuminates perpendicularly on the top of the optical device. However, the
VPD has the limit of bandwidth-efficiency from a constraint at bandwidth-efficiency product.
The bandwidth-efficiency tradeoff which ranges from 20 to 35 GHz in the VPD has been
reported [9]. Therefore, due to these reasons, another type of the side-illuminated PD is used
for UTC-PD design. The side-illuminated PD can be divided into several kinds of PDs which
are waveguide PD, waveguide-fed PD, travelling-wave PD and periodic-travelling-wave PD,
respectively [9].

Then, for making the UTC-PD, we considered the two optical coupling structures of butt-
joint coupling and evanescent coupling in the type of waveguide-fed PDs. The basic concept
of butt-joint coupling and evanescent coupling structure is shown as Fig. 2.5. As for the butt-
joint coupling as shown in Fig. 2.5 (a), the input light is confined at the core layer, and guided
light along input waveguide is directly coupled and absorbed into photoabsorption layer. The
additional layers for the light coupling between the input waveguide and the photodiode are
not required and the width of the photodiode can be remarkably reduced by a fully absorbed
light with a high quantum efficiency [10]. However, the butt-joint coupling structure needs
several regrowth processes in the fabrication [11].

In the evanescent coupling structure as shown in Fig. 2.5 (b), the guided light along the
core layer in the input waveguide is evanescently coupled with moving up to photoabsorption
layer which is located on waveguide layer. Though, at the evanescent coupling, a practical
optical coupling efficiency requires a longer PD which causes a large capacitance and fail to

get a high frequency response, a better distribution of photogenerated carriers can be achieved
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due to a progressive absorption [12]. Furthermore, a higher power is expected through the
photodiode mesa which is shown on the top of the waveguide with photoabsorption layer. Thus,
the mesa structure of the photodiode can attain more uniform absorption from guided single
mode at the input waveguide [13].

At a prospective use of the PD, enough optical input power could be provided from light
sources and thus, a higher photoabsorption uniformity is preferable rather than a higher
coupling efficiency. Then, we chose the evanescent coupling structure since the butt coupling

structure has difficulties on epitaxial regrowth in device fabrication process.

Input waveguide

Input light :
Photoabsorption layer
ﬁ --------Colriel---’ p y

Substrate

(a)

Input waveguide 1r&’_hotoabsorption layer

“
n

Input light

*
snsnsnununs®® Core

Substrate

(b)

Fig. 2.5 Schematics of two coupling structure. (a) Butt-joint coupling. (b) Evanescent coupling.

2.4 Phased array antenna

The arrayed photomixers in the proposed generator module are designed based on the
principle of phased array antenna because we aimed to combine the generated terahertz wave
at each antenna in phase. The phased array antenna is generally used at the field of the radar or

communication system [14-15]. First of all, Figure 2.6 shows equally spaced linear array
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antennas which are aligned with the spacing d and the same phase.

IS
dcos @
o o—O> 2
ﬁ
0 PR 2 3 eee N-2 N-I

Fig. 2.6 Schematic of equally spaced linear array of isotropic point sources [14].

The array factor (AF) at the phased array antenna is expressed as Eq. (2.4.1). Equation (2.4.3)
is obtained when we set ) as progressive phase shift, a as phase difference between adjacent
elements as represented in Eq. (2.4.2). The electronic scanning phased array is operated by the
mechanism, which indicates that the maximum radiation at the arrayed antennas can be
originated in any desired direction to formulate a scanning array by controlling the progressive
phase with cancellation of the radiated beams in undesired direction [16-17]. Then, the beams

are steered in the desired direction.

N-1 (2.4.1)
AF = Z En ejn(ﬂdcose+a)
n=0
Y =pBdcosO +a 24.2)

N-1 _ (2.4.3)
AF = Z E, e/™
n=0

The amplitude of each current at each element is assumed for the linear antenna array. The Eq.

(2.4.3) is paraphrased as shown in Eq. (2.4.4) and Eq. (2.4.5)
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N j ; . 24.4)
AF = E|, E, eImY — Eo(1+ eV ... yI(N-1)9 )

n=0

AF e_llp — Eo(ejlp + 6121/) coe +eJN1/)) (2.4.5)

From subtraction between the two equations above, Equations (2.4.6a)-(2.4.6d) are obtained.

1 — eij (2.4.63)
A =Tt
eINY _ 1 (2.4.6b)
= Eo eV —1
eINW/2 pJNY/2 _ pjNY/2 (2.4.6¢)
= Eo— 7 oz — i

| sin(2%)

:Eoe](N_l)lp/z— (246d)
sin(%) o

Without considering e/N=D¥/2  the array factor becomes maximized at ¥ = 0 and the

relation is expressed as Eq. (2.4.7)

AF=Ey(1+1-+1 )= E,N 2.4.7)

Finally, the uniform excited, equally spaced linear arrays (UE, ELSA) are described as shown
in Eq. (2.4.8). The directivity of uniformly excited is determined by Eq. (2.4.9). The directivity
of the antenna describes the magnitude of the peak level at the radiated wave. Each variable

means interelement a, phase constant f, number of elements N and excess phase array o,
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respectively. The directivity depending on d/A at N elements is calculated using the equation

as shown in Fig. 2.7.

 Nsin®) (2.4.8)

sin(N§/2)|*

Nsin(6/2)

1 2 a4 N-—-m .
vt Wz N mpd sinmpd cos ma

(2.4.9)

D =

20

L
D = foorN—IO

—
(9]

Number of array element

Directivity (D)
=

Fig. 2.7 Directivity at equally spaced linear array of isotropic point sources [14].

With the relation above, we determine the spacing between each antenna. The spacing d of our
integrated device is optimized when d/A is equal to 0.5. Therefore, for the device of 600 GHz
operation, the 250 um-wide spacing antennas should be designed. Based on the explained
phased array antenna, the expected combined THz-power at the phased array antennas can be

calculated according to Eqs. (2.4.10a)-(2.4.10b). The « is obtained at ¥ =0 of the
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maximum of array factor.

N-1 2
P= Z En ejn(BdcosG+a)
pr (2.4.10a)
a = —[fdcosf (2.4.10b)

The combined peak power which indicates the product between the square of the array element

and the square of the electric field amplitude is expressed as Eq. (2.4.11)

P = |N|?|E|? 2.4.11)

In this thesis, we demonstrate the relation referred in Eq. (2.4.11) at the proposed THz-wave
generator using the arrayed antennas. The phased array antenna also has advantages of higher
directivity from larger number of element array. It is available to radiate multiple beams
simultaneously for transmitting multifunctional operations even though it has disadvantage
such as high cost and complexity for a large scale of realization, etc [18]. Because of the
necessity of phase matching between array elements, there have been challenges for
overcoming the drawbacks of the system with the control at phase shifters [19-21]. Furthermore,
the two- and three-dimensionally realized array antennas have been developed for application
to wireless communication system [22]. In this research, the integrated devices are designed

with considering above issues.
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2.5 Conclusions

In this chapter, basic theories and concepts for the design of each component at the
integrated devices were explained. Firstly, the optical waveguide theory was introduced due to
the optical devices are based on the optical waveguide structure. The optical waveguide should
be composed of carefully chosen refractive index, modes, polarizations and other parameters.
Secondly, in the MMI design, the information of both length and width of the MMI, modes and
other conditions can be a dominant factor. Thirdly, the concept of evanescent coupling and butt-
joint coupling was described. We chose the evanescent coupling structure for the merit of the
fabrication process and a uniform absorption in the absorption layer. Finally, the theory of
phased array antenna was explained. The proposed arrayed photomixers have each antenna.
The spacing of the photomixers integrated with antennas is designed by the phased array

antenna.
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3. Arrayed photomixers

3.1 Waveguide for photomixer design

Each photomixer of the proposed arrayed photomixers was designed using an optical
waveguide as referred in Chapter 2. The optical waveguide is a fundamental element to make
an optical device and it largely influences on an efficiency of the integrated device. The optical
waveguide composed of III-V semiconductor is suitable for making the photonic integrated
devices which include the UTC-PD [1]. We used InP/ InGaAsP material system based on III-
V' semiconductor. Because the integrated UTC-PD is designed for the detection of the
lightwave with 1.55 um wavelength. The waveguide for our design basically has a vertical
structure that includes a substrate of InP layer, InGaAsP core layer and InP cladding layer in
the InP/InGaAsP material system as shown in Fig. 3.1. To determine the thickness of core layer
and cladding layer in terms of an efficiency or a loss of the device is important. Investigating
the optical field distribution of the waveguide is needed for a light confinement at the core layer.
On the other hand, unnecessary optical field leakage to the under mesa which is defined as the
waveguide region by etching causes the optical loss of the guided light at a bending waveguide.
Less confinement factor in the under mesa can be preferable for a low leakage of the light
guided by the core layer. With this assumption, to figure out the confinement factor at the under
mesa can be an indirect method to estimate waveguide features. It is significant to find the best
combination of the thickness of both core layer and cladding layer. Each confinement factor
was calculated by one-dimensional simulation that enables the convenient calculation even
though the concept of confinement factor at the under mesa perfectly coincides with an

efficiency or a loss at the device.
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Fig. 3.1 Optical leakage to under mesa at waveguide structure.

The confinement factor was simulated at 1.55 pm wavelength and polarization of TE mode.
Several kinds of core layer thicknesses we set were used in the calculation and those
thicknesses are 0.17 um, 0.28 pm, 0.39 pm, 0.5 pum, and 0.61 pm with considering entire

thickness of cross-sectional structure.

Firstly, two types of refractive indices at core layer were investigated. The refractive index
of all InP layers was set at 3.17 and that of InGaAsP quaternary layer was calculated by the
method as explained in Chapter 2.1 [2]. The calculated refractive indices are n.=~ 3.435 for
bandgap wavelength of 1.40 um and n.=~ 3.404 for bandgap wavelength of 1.38 um. With
setting each refractive index and each core layer thickness, the confinement factor by the
change of etching depth and cladding layer thickness was simulated. An available range of the
thickness of cladding layer and etching was determined by the limitation of vertical width to
be fixed. Figure 3.2 shows the confinement factor depending on the etching depth and the
thickness of cladding layer at each core layer thickness. From the simulated results, we can
assume that the relation between the core layer thickness and the confinement factor is inverse
proportion. Then, at each core layer thickness shown in Fig. 3.2 (a-b), (c-d), (e-f), (g-h) and
(i-j), the two results between the two refractive indices of n.=~ 3.435 and n,.=~ 3.404 at the

core layer also represent that the structure which has slightly higher refractive index of the core
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layer tends to get a lower confinement factor at the undermesa. In terms of the refractive index,
this can be explained from numerical aperture based on the contrast by difference of refractive
index at the core layer and cladding layer [3]. The higher contrast between the two layers results

in the higher confinement at the core layer with the reduction of optical leakage to the

undermesa.
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Firstly, the result in Fig. 3.2 (a) and Fig. 3.2 (b) shows the maximum confinement factor
of 0.95 at the structure without cladding layer and also a high confinement factor at 0.1 pum-
thick cladding layer in common. Too thin cladding layer and core layer caused the high
confinement factor to the undermesa. In case of 0.17 um- thick core layer, almost confinement
factors at each cladding layer thickness were high compared to those of other thicknesses.
Therefore, the necessity to increase the thickness of core layer is needed for a low confinement
at the undermesa. Secondly, in the result of 0.28 um- thick core layer as shown in Fig. 3.2 (c¢)
and Fig. 3.2 (d), the confinement factor was lessened at the same cladding layers due to
increased core layer thickness. The maximum without cladding layer was around 0.57 in Fig.
3.2 (¢) and 0.69 in Fig. 3.2 (d), respectively. The confinement factors at each cladding layer

were decreased compared to those of 0.17 um- thick core layer.

Then, Fig. 3.2 (e) and Fig. 3.2 (f) shows the confinement factor at 0.39 um- thick core
layer. The confinement factor at both refractive indices is about 0.29 in Fig. 3.2 (e) and 0.34 in
Fig. 3.2 (f) at the maximum and the results also showed similar distribution patterns. The
confinement factor at 0.5 um-thick core layer represented 0.18 in Fig. 3.2 (g) and 0.21 in Fig.
3.2 (h) at the maximum with the same distribution. Finally, the confinement factor at 0.61 pm-
thick core layer showed the maximum of 0.05 in Fig. 3.2 (i) and 0.07 in Fig. 3.2 (j). The thicker
thickness of the core layer provides the lower confinement factor in the results. The refractive
index of core layer does not seriously affect to the confinement factor in comparison with other
dominant factors such as etching depth, the thickness of core layer and cladding layer. Based
on the results, we concluded that the features of the waveguide structure can be determined by

dominant three factors referred above.
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As for the result of etching depth as shown in Fig. 3.2, the confinement factor at the
undermesa decreases with etching depth. Thus, a deep etching depth enables the optical field
at the core layer makes more clearly by reducing an optical leakage to the undermesa. However,
considering the etching depth, it has not to be deep due to the limitation for device fabrication
process. Therefore, the optimal combination of the core layer and the cladding layer was also
investigated. At first, the thickness of 0.28 um, 0.39 um and 0.5 um at the range of the core
layer was considered to be chosen as part of expected combination. Because the confinement
factor of 0.17 um-thick core layer in Fig. 3.2 (a) and Fig. 3.2 (b) showed more than 0.9 that
describes an excessive leakage while that of 0.61 um-thick core layers in Fig. 3.2 (i) and Fig.
3.2 (j) has a possibility to introduce higher order modes that fail to a single mode operation due
to too wide thickness even though it represented the minimum confinement factor. Then, based
on the core layer thicknesses we chose, a suitable combination of core layer and cladding layer
thickness is described as 0.28 um-thick core layer with 0.1um-thick cladding layer, 0.39 pum-
thick core layer with no cladding layer or 0.1 pm-thick cladding layer, and 0.5 um-thick core

layer with no cladding layer.

Consequently, two acceptable combinations for waveguide structure in our design, 0.28-
um-thick core layer (n, = 3.435) with 0.1-um-thick cladding layer and 0.5-pum-thick core
layer (n, = 3.404) without cladding layer. The refractive index of the core layer at each
combination was chosen according to a lower confinement in the simulated results. We
concluded that the condition of the 0.28 pum-thick core layer with more than 1.2 pm etching
and 0.5 pm-thick core layer with etching over 1 pm leads to confinement factor to be zero at
the undermesa. The chosen waveguide structures and their etching depth are shown in Fig. 3.3.
We call each structure as 3-layered structure and 2-layered structure, respectively, for

convenience. For the next step, the referred etching depth ranges can be also regarded as an
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available etching depth for designing bending waveguide which is used at optical paths in the
photomixer chip. However, they can be determined differently in reality at the fabrication
process unlike our expectation since each optical component has their own etching depth.
Using the two types of waveguide structures, we investigated the properties and the optimized

structure of the optical component for designing entire device.

0.1um % p-InP S
Core 0.5 pm n-InGaAsP
0.28 pm n-InGaAsP _ 138Q Etching
1.40Q Etching g
n-InP n-InP
substrate substrate
(@) (b)

Fig. 3.3 Chosen waveguide structures for photomixer design. (a) 3-layered structure. (b) 2-layered

structure.

3.2 Design of bending waveguide

Bending waveguide is designed to be connected to optical splitter outputs and it can be
more direct evaluation than confinement factor in estimation of coupling loss at waveguide
structure. A low loss bending waveguide is required because the bending structure may cause
optical coupling loss at the integrated device. Therefore, the number of bending sections should
be minimized as possible. For the bending waveguide design, we used the waveguide structures
chosen in the Chapter 3.1. Figure 3.4 shows a schematic of bending waveguide which has
curvatures of radius r with 90 degree at two 1 um-wide bending sections and two straight

sections with 1 um width. At the joint between the two sections, radiation loss, transition loss
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and phase constant of the propagating bending waveguide are importantly considered [4].
Transition loss is regarded as the most important factor among the three factors. The transition
loss and higher order mode excitation can be caused by the field mismatch at the waveguide
[5]. Due to the matched bend, the transition loss and a distortion out of field can be reduced
[6]. Thus, for a low loss bending waveguide, we need to find the transition loss or the bending
efficiency at two suggested waveguide structures. Also, the simulated result between the

structures should be compared with each other.

Straight section

lp.mI

Radius r

Straight section

e

Bending section

Fig. 3.4 Schematic of bending waveguide.

There are some factors which have an effect on the bending efficiency such as bending
radius, etching depth, offset between each joint, etc. Firstly, we investigated the dependency
on the radius with 30 pm, 40 um and 50 pm and that on etching depth in the bending efficiency.
Figure 3.5 shows the simulated results of the bending efficiency. The result as shown in Fig.
3.5 (a) represented the bending efficiency on 3-layered structure. The bending efficiency
increases with etching depth. But it is saturated above 1.6 um etching depth. The optimized
radius of 30 pm-wide with the etching depth from 1.0 um to 1.6 pm was chosen while the

efficiency at each radius shows much difference. The maximum bending efficiency of 0.95 was
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obtained at 1.9 pm etching depth with the optimized radius of 30 pm. Figure 3.5 (b) shows
that the bending efficiency increases from 0.5 um to 1 pum etching depth at the 2-layered
structure. The efficiency on each radius becomes saturated at more than 1 um etching depth.
We obtained the maximum efficiency of 0.92 at 50 um-wide bending radius and 1 um etching
depth. We confirmed that the etching depth and the radius concerning bending efficiency can

be dominant factors at the two waveguide structures.
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Fig. 3.5 Relation between etching depth and bending efficiency with bending radius. (a) 3-layered

structure. (b) 2- layered structure.

Then, we introduced a lateral offset at each joint for reduced transition loss between the
straight and bending section [7-8]. The offset is defined at the boundaries of each joint and it
is dislocated as shown in Fig. 3.6. Figure 3.7 shows that both waveguide structures were
optimized with the maximum efficiency at 0.02 pym-wide offset and 2 um etching depth. The
maximum efficiency was obtained as 0.95 of the 3-layered structure and 0.98 of the 2-layered
structure. The efficiency reduction after 0.02 pm-wide offset indicates that the 0.02 pm-wide

offset is applicable to any other types of waveguide structures. Finally, we achieved the bending

49



efficiency enhancement by introducing an appropriate offset in bending waveguide as one of

the solutions to reduce the transition loss or to obtain a higher bending efficiency.
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d

lumI

Straight section

Bending section

Fig. 3.6 Schematic of offset defined as d at the boundary between straight section and bending
section, and 2d at the boundary between bending sections.
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Fig. 3.7 The relation between bending efficiency and offset. (a) 3-layered structure. (b) 2-layered
structure.

From the simulated results, we found that several parameters such as etching depth, radius and
offset have an influence on the bending efficiency. Among the parameters, the etching depth

was a great influence on the bending efficiency compared to other parameters. This is explained
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by the fact that deep etching brings a higher efficiency and the propagated guided light along
core layer without unnecessary loss caused by dispersion to the under mesa can be possible.

On the other hand, a reasonable etching depth is essential for making a real device.

Then, for a conclusive information to make the bending waveguide, the bending efficiency
at the two waveguide structures was simulated. We investigated the dependency on thickness
of cladding layer at the 3-layered structure and that of core layer at the 2-layered structure,
respectively. In this simulation, the 1.9 um etching depth which is the best etching depth for
the 3-layered structure was equally used in the two calculations for comparison under the same
condition. First of all, the bending efficiency of the 3-layered structure was calculated with
changing cladding layer thickness as shown in Fig. 3.8 (a). The change of only cladding layer
was simulated for simplicity although the core layer can be also a parameter. The efficiency of
fixed 0.1 pm-thick cladding layer thickness is lower than that of 0.2 pm-thick cladding layer
thickness, which has a maximum bending efficiency of 0.97. Thus, 0.2 pum-thick cladding layer

thickness has merits for a better coupling or a low bending loss in the bending waveguide.
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Fig. 3.8 Bending efficiency. (a) 3-layered structure. (b) 2-layered structure.
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Meanwhile, Figure 3.8 (b) shows the bending efficiency of the 2-layered structure
depending on core layer. This time we assumed that the thickness of cladding layer in the
waveguide structure should be existed on the 0.5 um-thick core layer even though the 0.5 um-
thick core layer showed the best combination with no cladding layer as discussed in Chapter
3.1. The bending efficiency with change of core layer thickness was calculated. Only core layer
was investigated for simplicity even though the thickness of the cladding layer can be a
parameter. The simulated result as shown in Fig. 3.8 (b) represented that the bending efficiency
of 0.97 at 0.4 um-thick core layer is higher than that of 0.95 at 0.5 um-thick core layer. Based
on the simulated each bending efficiency, the total efficiency of the photomixer device will be

estimated with photoabsorption efficiency at evanescently coupled UTC-PD in Chapter 3.4.

3.3 Multimode interference splitter

We designed the MMI splitter as power divider in the optical path for distributing the
same power from optical input power. The MMI splitter by self-imaging phenomenon as power
divider can have the input field branching on a very small area [9]. Each 1x2 MMI splitter was
designed so that the optical power is simultaneously distributed into a pair of UTC-PDs. The
1x2 MMI splitter consists of one input, multimode waveguide in the center and two outputs as

shown in Fig. 3.9. The MMI splitter has 1.2 um-wide input and two outputs.

[1.2 pm

I.anI %2

MMI coupler

Il.Zum

Fig. 3.9 Plan view of 1x2 MMI splitter.

52



As for the simulation of the MMI, we aimed to attain an equal power distribution into
each output and the same maximum power. Also, based on the MMI theory mentioned in
Chapter 2.2, the output power or the optical splitting efficiency at the MMI should be
considered irrespective of vertical structures of waveguides. That is, the MMI is almost
independent of vertical waveguide structure while the length and the width of the MMI are
dominant factors to make the optimized splitter. Firstly, the output power and the characteristics
of the ideal MMI were investigated to find the optimized length and width. The ideal MMI
with an infinite etching at the two waveguide structures is shown in Fig. 3.10 (a) and Fig. 3.10

(b), and the entire MMI structure is suggested in Fig. 3.10 (c).

I 0.1 pm
0.28 um 03 o
3 um 3 um
(a) (b)

(©)

Fig. 3.10 Schematic of ideal MML. (a) 3-layered structure. (b) 2-layered structure. (c) Entire view of

ideal MMI with an infinite etching depth.
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The simulated results proved that the two structures have the same range of the width from 6.3
um to 6.5 um and the length from 42 um to 44 pm for the MMI design. Because a high power

at the sum of two outputs with a uniform power was obtained as shown in Fig. 3.11.
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MMI width (pm) MMI width (pm)
(a) (b)

Fig. 3.11 Output power as a function of MMI width at an ideal MMI splitter. (a) 3-layered structure.

(b) 2-layered structure.

The MMI for the 3-layered structure was optimized at 43 pum-long and 6.5 pm- wide MMI with
maximum efficiency of about 0.96 as shown in Fig. 3.11 (a). Similarly, the maximum efficiency
of nearly 0.96 at the 2-layered structure was obtained by the length of 43 um and the width of
6.4 um in Fig. 3.11 (b). With these results, we confirmed that the length of 43 um can be applied
to both MMI though the optimized width was slightly different. This result does not completely
correspond to the previous assumption that the MMIs have the optimized length and width
without considering their vertical structures. Thus, other parameters to influence on the
optimized structure of the MMIs should be investigated. In this research, we focused on the
etching depth among various parameters since we already have confirmed the importance in
the Chapter 3.1 and 3.2. Furthermore, it is needed to be fixed for device fabrication process.
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Figure 3. 12 (a) shows the output power of the two waveguide structures depending on
the etching depth. In the 3-layered structure, the output power has a fluctuation in the range
less than 2.2 um etching with a low power. However, the 2-layered structure is not sensitive on
the etching depth. Due to the results, the MMI at the 3-layered structure should be more deeply
etched than the bending waveguide with the maximum efficiency at 1.9 pm etching discussed
in Chapter 3.2. The etching depth of the MMI using 3-layered structure can be considered larger
than that of bending waveguide for device fabrication. But too deep etching which is more than
2.2 um is not efficient on the device fabrication process. Therefore, we conclude that 2.2 pm
etching depth can be suitable for the 3-layered structure. Also, the 1 um-deep etching with
maximum bending efficiency and the 1 pm etching of the MMI in the 2-layered structure can
be used to make the integrated device. Finally, we compared the output power at the two
structures using 2.2 um etching depth because the depth showed approximately the maximum
power at both structures. Using the depth, the optimized width of each MMI at both structures

with fixed MMI length of 43um was simulated.
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Fig. 3. 12 Output power as a function of (a) Etching depth and (b) MMI width.
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Figure 3.12 (b) shows the maximum power of nearly 0.92 at 6.5 um-wide MMI in the 3-
layered structure and that of about 0.93 at 6.4 um-wide MMI in the 2-layered structure. The
optimized width of both MMIs corresponded to that of the ideal 1x2 MMI splitters. In
conclusion, in this chapter, we found that the optimized width and length at the 1x2 MMIs has

a similarity without the influence on the factor of cross-sectional structure of the MMI.

3.4 Evanescently coupled photodiode

Finally, in Chapter 3.4, the photomixer design to make the UTC-PD is explained. For the
UTC-PD design, we used the evanescent coupling mechanism described in Chapter 2.3. The
two waveguide structures we discussed were applied to a basic waveguide in the evanescently
coupled UTC-PDs. The entire structure of two types of the UTC-PDs to be designed was shown
in Fig. 3.13. The structure horizontally consists of an input waveguide, an intermediate region
and the UTC-PD on the waveguide. The input light from input waveguide is propagated to
intermediate region, finally it is evanescently coupled to the upper side of the UTC-PD and
absorbed into a very thin InGaAs absorption layer. The refractive index of the absorption layer
should be designed higher than that of the other core layers because of photoabsorption. This
is because the relation between the refractive index and the bandgap energy is generally inverse
proportion [10]. Due to this relation, after being transparent at other core layers, the input light
with the wavelength of 1.55 um is absorbed at the absorption layer with high absorption
coefficient a [11], which has the lowest bandgap energy with the highest refractive index at the
waveguide structure. Furthermore, a matching layer which is located on the top of the

waveguide guiding layer and under absorption layer was introduced. The matching layer is
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used to improve photoabsorption by tuning the optical intensity and getting over the impedance
mismatch between the optical guiding layer and the optical modes in the absorption layer [12-
13]. Therefore, the matching layer can be one of the factors to be considered on the design of
UTC-PD. To operate the device at high-frequency, the dimension of the UTC-PD and the
thickness of the absorption layer should be considered carefully due to the tradeoff between
bandwidth and quantum efficiency [14]. As for the performance of the device to be operated,
it is available to obtain a higher quantum efficiency by a longer carrier transit time, whereas

the time decreases the bandwidth.

UTC-PD

Intermediate region +————

Waveguide
50 pm

(a)

Intermediate region UTC-PD

Waveguide
50 pm

(b)

Fig. 3.13 Evanescently coupled UTC-PD. (a) 3- layered structure. (b) 2-layered structure.
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Therefore, the proper range of dimension and the thickness of absorption layer is required
according to the relation as shown in Egs. (3.4.1)-(3.4.2), each variable means that capacitance
C, permittivity €y, relative permittivity €,, PD width W, PD length L, absorption layer

thickness d, and resistance R, 3dB-RC frequency f.g, respectively.

WL

¢=epe WVt (3.4.1)
d

fo = 1 (3.4.2)

CR™ 2mCR

In Eq. (3.4.1), the absorption layer thickness of d should be large enough and both the width
W and the length L should be reduced because the capacitance is required to be low for high-
frequency operation. However, too large thickness of d causes longer carrier transit time which
interrupts high-speed operation. The width W is also limited by optical coupling. Thus, the

optimization of d and W and finding reduced length L are important to design the UTC-PD.

Firstly, the 3-layered waveguide integrated UTC-PD expressed as Fig. 3.13 (a) was
designed for 11 pum-long and 2 um-wide UTC-PD as extremely small area for high-frequency
operation at 600 GHz according to the relation described in Eqs. (3.4.1)-(3.4.2). The input
waveguide which has cladding layer and core layer on the substrate is needed for coupling to
the input light and guiding the light to the UTC-PD region. The UTC-PD has 4 pm-wide and
50 um-long input waveguide with a certain amount of etching, also 1 um-long space in the
intermediate region and 5 pm-long space in UTC-PD region for better gradual guiding. The 4
um-wide input waveguide with a large optical field leads to more focused coupling to the 2
um-wide PD. At the matching layer, the protrusion length of the intermediate region with 2
um-wide width before the 5 um-long space should be considered because an appropriate

protrusion length can obtain a higher quantum efficiency as dominant parameter [15]. Figure
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3.14 shows the simulated result of the photoabsorption efficiency as a function of the protrusion
length and the width of input waveguide. The result confirmed that the efficiency of 6 um-long
protrusion length was a maximum at 4 um-wide input waveguide for 3-layered structure. Then,
the 2-layered waveguide integrated UTC-PD was also designed to make 10 um or 20 pm or 30
um-long and 2 pym-wide UTC-PD for the 600 GHz operation. The UTC-PD as shown in Fig.
3.13 (b) has also the same 4 pm-wide and 50 pum-long input waveguide with an appropriate
etching compared to 3-layered structure. The 5 pum-long intermediate region enables to get a
progressive guiding of the light to the absorption layer. Figure 3.15 shows that maximum
efficiency of around 0.2 was obtained at 0.03 pm-thick matching layer and no matching layer
also has the efficiency of near 0.2. Due to the simulated results, we chose no matching layer
for the UTC-PD based on 2-layered structure. With two kinds of UTC-PDs mentioned above,
we investigated each photoabsorption efficiency. According to used parameters in the bending
efficiency calculation, the efficiency depending on the thickness both cladding layer and core

layer were investigated.
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Fig. 3.14 Photoabsorption efficiency dependent on protrusion of matching layer and input waveguide

width.
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Fig. 3. 15 Efficiency as a function of matching layer thickness.

Figure 3.16 (a) shows that the photoabsorption efficiency of the 3-layered structure has the
maximum of 0.23 at 0.2 um-thick cladding layer which is the same as the best cladding layer
thickness of the bending waveguide, whereas the efficiency of 0.22 was obtained at 0.1 pm-
thick cladding layer in the chosen waveguide structure. Figure 3.16 (b) represents that the
photoabsorption efficiency depending on core layer at the 2-layered structure has a maximum
efficiency of 0.27 at 0.3 um-thick core layer since less than 0.3 um-thick core layer showed a

lack of a single mode in the simulation.
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Fig. 3.16 Photoabsorption efficiency. (a) 3-layered structure. (b) 2-layered structure.
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The optical field distribution at both structures in Fig. 3.17 (a) shows that the guide light along
input waveguide is evanescently coupled and absorbed into photoabsorption layer with the
phenomenon of going up and down at the 3-layered structure because of a smaller
photoabsorption while the 2-layered structure in Fig. 3.17 (b) shows a relatively simple

distribution because of a larger photoabsorption.

Intermediate
region

UTC-PD Waveguide ~ Intermediate ppe oy
region

Waveguide

(a) (b)
Fig. 3.17 Optical field distribution at optimized structure. (a) 3-layered structure. (b) 2-layered

structure.

Finally, we investigated each total efficiency to determine the final structure between the
two UTC-PDs. The total efficiency 7 is calculated using the product between the bending
efficiency estimated in Chapter 3.2 and the photoabsorption efficiency. The maximum of total
efficiency of the 3-layered structure is approximately 0.22 at 0.2 um-thick cladding layer as
shown in Fig. 3.18 (a) even if the fixed cladding layer is 0.1 um as we chose in Chapter 3.1.
On the other hand, the total efficiency of the 2-layered structure as shown in Fig. 3.18 (b)
indicates a maximum of 0.26 at 0.4 pm-thick core layer thickness instead of our fixed 0.5 um-

thick core layer in the Chapter 3.1. Based on the total efficiency, the 1 ,_ jayereqa 0f 0.26 at
2-layered structure was higher than the 73_jayereq Of 0.22 at 3-layered structure. We

concluded that the 2-layered structure is more suitable for generation a higher THz-power and

a device fabrication.
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Fig. 3.18 Total efficiency. (a) 3-layered structure. (b) 2-layered structure.

Consequently, an achievable photocurrent or optical power in terms of device performance was
also calculated using 1 ,_ jayerea Of 0.26 at the 2-layered structure at 1.55 um wavelength.
Equation (3.4.3) describes an expected photocurrent at the fabricated device. Each variable
means that output photocurrent /, Plank constant h = 6.63 X 1073% ], the speed of light
¢ =3 x 108 m/s, and electric charge e = 1.602 X 1071° C, respectively. The calculated
photocurrent using Eq. (3.4.3) proved that this device can make 0.32 mA output photocurrent
per 1mW optical input power. Thus, the expected responsivity at chosen structure was

confirmed as 0.32 A/W while that of about 0.27A/W was obtained at 3-layered structure.

I = 7]% [mA] (3.4.3)

3.5 Performance of arrayed photomixers

Based on the simulated results of each component, we fabricated the photomixer chip with
3-layered structure as well as that with 2-layered structure even though the chosen structure is

2-layered structure. The whole structure of each fabricated devices is shown in Fig. 3.19. In
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the fabricated devices, firstly, the two optical waveguides of 2- and 3-layered structure chosen
in Chapter 3.1 were used as basic waveguide structure for making each component such as the
bending waveguide, the MMI splitter, and the evanescently coupled UTC-PD in the photomixer
chip. Secondly, the designed bending waveguides in Chapter 3.2 were used at the corner of
each optical path, and they were located at between the 1x2 MMI splitter outputs and each
UTC-PD for optical power feeding. Thirdly, designed six 1x2 MMI splitters were applied to a
power divider which distributes the six guided optical powers equally to twelve evanescently
coupled UTC-PDs simulated in Chapter 3.4. Finally, antennas were integrated with the UTC-

PD:s.

At the photomixer chip as shown in Fig. 3. 19 (a), the input lightwaves from an edge of
the device are guided along optical waveguides, amplified by the SOAs, passed by phase
shifters and distributed through feeding waveguides, divided by 1x2 MMI splitters and
introduced into the UTC-PDs while the photomixer chip in Fig. 3.19 (b) has the same
configuration except SOAs. A slot antenna is connected to the UTC-PD, which radiates a
terahertz wave into the air. The integrated device is designed for generating 600-GHz wave

from two lightwaves whose optical frequency difference is 600 GHz.

In this preliminary experiment, we measured to testify just its optical-to-electrical
conversion using a single wavelength of 1.55 um without using SOAs and phase shifters. A
continuous lightwave of 1.55 um wavelength is generated from a laser diode. Then, it is
amplified by an erbium—doped fiber amplifier (EDFA) and edge-coupled into input waveguide
of the device. Inside the device, the lightwave passes through the feeding waveguide. Finally,

it is evanescently coupled and detected at the UTC-PD.
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Fig. 3.19 Photograph of fabricated arrayed photomixers. (a) 3-layered structure. (b) 2-layered

structure.

At first, we measured the photomixer device based on 3-layered structure. We measured
the dark current of the UTC-PD to be 0.017 mA without an amplification of SOA. Then, we
increased the optical input power by amplifying at the EDFA. Figure 3.20 (a) shows the
measured net photocurrent as a function of optical input power at the device of the 3-layered

structure. We obtained 0.0135 mA of net photocurrent at the optical input power of 152.6 mW.
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The responsivity of the device is about 0.09 mA/W.
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Fig. 3.20 Net photocurrent as a function of optical input power (a) 3-layered structure (b) 2-layered

structure.

Secondly, in the same way, the net photocurrent depending on the optical input power was
measured at the device of the 2-layered structure. The measured dark current was 0.0107 mA.
The net photocurrent of 0.1593 mA was achieved at optical input power of 100 mW. This result
indicates that the responsivity is nearly 1.6 mA/W. Even though the efficiency at the result of
3-layered structure is small due to the large attenuation at the SOA, it is proportional to the
input power, which indicates successful optical-to-electrical conversion at the integrated device.
Likewise, the efficiency of fabricated photomixer based on the 2-layered structure is low, but
the responsivity of 2-layered structure is higher than that of 3-layer structure as we expected in
the simulated results. The expected performance by the simulation results does not correspond
to the responsivity of the fabricated UTC-PDs. This is because there was difficulty in the optical

coupling between an optical fiber and the photomixer chip.
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3.6 Conclusions

In Chapter 3, two types of photomixers based on the two different waveguide structures
were investigated by one-dimensional and three-dimensional simulation. Each component of
the basic waveguide, the MMI, the bending waveguide and the evanescently coupled UTC-PD

was designed. Finally, the performance of the fabricated photomixers was measured.

Firstly, in Chapter 3.1, the confinement factor at the under mesa to estimate the amount of
radiation to the under mesa was simulated using each etching depth and five kinds of core
layers. We obtained the two waveguides of 0.28 pm-thick core with 0.1 um-thick cladding and
0.5 um-thick with no cladding. Assuming that these two waveguides can be the base to design
the photomixer structure, the optimized structures of the bending waveguide, the MMI and the
evanescently coupled UTC-PD were investigated by three-dimensional simulation. The results
of bending waveguide and MMI showed that the 3-layered structure is more sensitive to etching
depth compared with 2-layered structure. With the result of the evanescently coupled UTC-
PDs, the total efficiency was calculated to determine for the entire device fabrication. As a
result, we fabricated a real device using 0.5 um-thick core in the fabrication process even
though we chose the 2-layered structure of 0.4 um-thick core with no cladding. Then, the
efficiency of the two fabricated integrated devices was measured for preliminary test. We
confirmed that 0.0135 mA of net photocurrent at 152.6 mW of optical input power at the 3-
layered structure while 0.1593 mA of net photocurrent at the 2-layered structure was obtained
at optical input of 100 mW. Thus, we confirmed that the responsivity of the 2-layered structure
was higher than that of the 3-layered structure as we expected in the design of the photomixers.
The results indicate successful optical-to-electrical conversion thought it shows a low

efficiency by a weak coupling between the optical fiber and the photomixer chip.
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4. Arrayed light sources

4.1 Design of multimode interference splitter and bending

waveguide

With design of the arrayed photomixers, the light sources which have the same number of
arrays to provide same sets of dual wavelengths that can generate terahertz carrier frequency
through optical coupling to the arrayed photomixers were considered. Furthermore, for
compactness without fiber-optic configuration, we suggested the light sources realized by
monolithic integration, which consist of several optical components such as lasers, the MMIs
and the SOAs in a single chip. In terms of this kind of monolithic integration with the dual-
mode lasers, the integrated devices using distributed feedback lasers (DFB-LDs) [1-2] and
distributed bragg reflector lasers (DBR-LDs) [3] have been reported with the merits of wide
frequency tuning range and compactness. We made the number between two devices to be the
same because each SOA output is optically coupled to each input of arrayed UTC-PDs one by
one. Thus, the number of UTC-PDs at the integrated chip corresponds to the number of SOA

outputs at the arrayed light sources.

We designed two types of arrayed light sources such as 8- and 12-arrayed light sources,
respectively for realization of 8- and -12 arrays at the proposed THz-wave generator module.
The arrayed light sources have three components of two DFB-LDs, the MMIs as couplers and
splitters, and the SOAs for amplifying the optical power. The DFB-LDs were located side-by-
side. Because the merit of this placement which provides a stability to have same condition at
the two lasers has been reported [4]. The DFB-LDs have a heterostructure with a bragg grating
near active region and a single longitudinal mode in the output, and widely used as light source
for signal transmission in optical communication system [5]. The MMIs are used to couple and
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split a single mode lightwaves. Thus, the MMIs are designed for making optical coupler of
coupling two lightwaves from the lasers. They also function as power divider into each SOA
output to provide the same power with each arrayed UTC-PDs. Finally, the SOA amplifies the
optical power at each MMI output. In order to design the integrated light sources, the cross-
sectional structure used at the two light sources consists of an InGaAsP core with bandgap
wavelength of 1.3 um and another InGaAsP core with bandgap wavelength of 1.1 um
surrounded by InP cladding layer, which is buried waveguide structure as shown in Fig. 4.1 (a).
First of all, the 1x2 MMI design is needed to construct power divider as 1x2 MMI splitter and
its design is equally applied to 2x1 MMI coupler. The simulated structure of the 1x2 MMI is
shown in Fig. 4.1 (b). The MMI has an input and two outputs with 1.6 um width. The width

and length of the MMI must be optimized for optical power splitting.
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1.6 um

InGaAsP
(a) (b)
Fig. 4.1 Simulated structure. (a) Layered waveguide structure. (b) 1x2 MMI structure.

In the simulated result of the 1x2 MMI in Fig. 4.2 (a), at each output, the maximum output
power reaches nearly 0.48 at an optimized MMI length of 52 um length with 1.7 um spacing
between two MMI outputs. The simulated result as shown in Fig. 4.2 (b) represents equally

distributed power at the outputs and stable optical field distributions.
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Based on this result, we designed some power splitting parts at the 8- and 12-arrayed light
sources which can be used as light sources in combination with 8-arrayed photomixers and 12-
arrayed photomixers. The 8-arrayed light sources shown in Fig. 4.3 are designed by the
simulated result of the 1x2 MMI. The integrated device consists of two DFB-LDs, the MMIs
and eight SOAs. The lightwaves from DFB-LDs are coupled at 2x1 MMI coupler which is
designed by the same structure of 1x2 MMI splitter. And the coupled lightwaves are divided

through seven cascaded 1x2 MMI splitters. The cascaded structure is expected to have more
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uniformly split powers because of its symmetric structure compared to a 1x8 MMI splitters [6]
and finally amplified at the SOA. The lightwaves are amplified by the SOAs which are aligned

with 250 pum pitch. A 250 pum-pitch micro-lens array (MLA) is attached at the output of the

SOA:s.

SOAs MLA
s /

FB-LDs Optical splitter. .~ sm,\ N\
\ i \SO0A6 N
NS soAs=\
N\t e SOAd \
N ™ S hSDAde\
N\
ptical coupler T T =S0AL—

Fig. 4.3 Structure of 8-arrayed light sources.

For the 12-arrayed light sources, the 1x12 MMI splitters to make twelve SOA outputs are
designed with 2x1MMI coupler design. We investigated the optimized length at the fixed width
of 47.2 ym which was optimized for the 1.6 pm-wide 1x12 MMI input and outputs. The
simulated results of the output power at each MMI output are shown in Fig 4.4. The 12-arrayed
light sources were optimized at the MMI with a length of 407.5 um and a width of 47.2 um

even with a power variation of £ 5 %.
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Fig. 4.4 Simulated output power as a function of MMI length.
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Fig. 4.5 Simulated power distribution of 1x12 MMI.
Figure 4.5 shows the power distribution of the 1x12 MMI. The power from the input is equally

distributed into each output.

The bending waveguide is used to match optical path length with same phase. We
simulated bending loss to find the optimized bending radius with low loss. We aimed to apply
the optimized result of the bending waveguide to both 8- and 12- arrayed light sources. The
bending waveguide is used at the input of 2x1 MMI coupler, the output of 1x2 MMI splitter
and 1x12 MMI splitter. Figure 4.6 (a) shows the configuration of the bending waveguide and
the simulated result bending waveguide in Fig. 4.6 (b). The bending waveguide has 1.6um
width and a radius of r with 90 degree curvature. The result indicates that the bending loss
decreases with increase at bending radius. The 0.07 dB of bending loss at 200 um bending
radius was obtained. In the simulated result, the bending loss was remarkably reduced from the
radius of 200 pm and more than 200 um curvature is needed to connect from each output of
1x12 MMI to each SOA. Consequently, we chose more than 200 um radius to make each
bending waveguide for the MMIs and especially, gradual bending waveguide using each

different radius for 1x12 MMI splitter.
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Fig. 4.6 Bending waveguide. (a) Simulation model of bending waveguide. (b) Bending loss a function

of bending radius.

The 12-arrayed light sources shown in Fig. 4.7 are fabricated based on the simulated result
of the 1x12 MMI and the bending waveguide. The integrated device consists of two DFB-LDs,
the MMIs and twelve SOAs. The lightwaves from the DFB-LDs are coupled by 2x1 MMI
coupler and the coupled lightwaves are distributed through 1x12 MMI splitter. Finally, they are
amplified at the SOA. The SOA outputs of 12-arrayed light sources are also aligned with 250
um-pitch with attached 250 um-pitch MLA. The integrated chips both 8- and 12- arrayed light
sources were sited on an alumina-based wiring board, which was mounted on a metal package

via a Peltier cooler.

SOAs MLA

Fig. 4.7 Schematic of 12-arrayed light sources.
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4.2 Performance of arrayed light sources

Based on the simulated results of bending waveguide,1x2 MMI splitter and 1x12 MMI
splitter, we fabricated the two devices of 8- and 12 -arrayed light sources. Figure 4.8 shows

the fabricated devices.

DFB-LDs —
(a)
Bending
‘waveguides |
)
DFB-LDs

(b)

Fig. 4.8 Photograph of fabricated light sources. (a) 8-arrayed light sources. (b)12-arrayed light

sources.

In 8-arrayed light sources as shown in Fig. 4.8 (a), designed 1x2 MMI was used at both 2x1

MMI coupler and 1x2 MMI splitters. The bending waveguide was located at the input of 2x1
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MMI coupler and output of 1x2 MMI splitters. Figure 4.8 (b) shows the fabricated device of
12-arrayed light sources. The designed bending waveguide was used at the input of 2x1 MMI
coupler and the output of 1x12 MMI splitter for gradually increasing bending structure with
various radius more than 200 um. The designed 1x12 MMI splitter was located to make the
twelve SOAs. With the fabricated the two light sources, 8- and 12-arrayed light sources, their
performance was measured to confirm optical spectrum and output power characteristic.
Figure 4.9 shows the experimental setup of the measurement. In this experiment, the micro
lensed fiber was used for optical coupling to check the optical power at each SOA output. We
observed the change in the output power at power meter with increasing each SOA current. At
first, the optical spectrum at both light sources, which has two wavelengths from two DFB-
LDs was clearly confirmed at the SOA current of 50 mA and DFB-LDs current of 50 mA

through optical spectrum analyzer (OSA).
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Fig. 4.9 Experimental setup for measuring output lights at fabricated arrayed light sources.
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Figure 4.10 shows the measured results which indicate that the two light sources have
wavelength difference of 4.67 nm with frequency difference of 593 GHz as approximately 600
GHz. The result confirmed that 600 GHz-wave generation by photomixing using the light
sources is available. And then, the output power at each SOA output was observed. We
measured the output power as a function of SOA current at both types of light sources with a
fixed DFB-LDs current of 50 mA. Figure 4.11 (a) shows the output power of 8-arrayed light

sources has a high uniformity within + 1 % as expected from the simulated results.
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Fig. 4.11 Measured output power as a function of SOA current. (a) 8-arrayed light sources. (b) 12-

arrayed light sources.
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Meanwhile, that of the 12-arrayed light source as shown in Fig. 4.11 (b) has some
variation, but a uniform power would be obtained by tuning each SOA current. All the devices
have a high power uniformity. They have a high uniformity within a difference of about 2%.

Here, the measured value includes a low optical coupling efficiency with the fiber.

4.3 Conclusions

In Chapter 4, the design of the arrayed light sources consisting of two DFB-LDs, the
MMIs and the SOAs was introduced. First of all, we designed 1x2 MMI for making both 8-
and 12- arrayed light sources. Then, 1x12 MMI for 12-arrayed light sources was simulated.
Based on the optimized results of the MMIs, we fabricated the two types of integrated devices.
The stable dual wavelengths of the light sources were observed at the optical spectrum. Then,
we measured the light power of each SOA output using the two devices. The §-arrayed light
sources have a higher power uniformity compared to 12-arrayed light sources even though the
measured output power shows high power uniformity at both cases. From all the results, we
confirmed that the arrayed light sources can be applicable to the proposed terahertz wave

generator.
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5. Demonstration of terahertz wave generation

5.1 Experimental configuration for terahertz power detection

Based on the measured results to confirm the performance of the fabricated integrated
devices, we made an experiment for terahertz wave generation using the devices. But we used
the arrayed UTC-PDs which has a bowtie antenna at each UTC-PD [1-2] as photomixers with
a higher responsivity for a better coupling between the output of the light sources and the input
of integrated UTC-PD chip. The integration between antennas and UTC-PDs for terahertz wave
generation has been developed to get a better performance [3]. Figure 5.1 shows the structure
of the arrayed UTC-PD with bowtie antenna used at the experiment. The four bow-tie antennas

were arrayed with a spacing of 500 um.

UTC-PD

. - -
Bowtie s
antenna R

|500 uml

Fig. 5.1. Structure of bowtie antenna chip.

The 8-arrayed light sources for providing two lightwaves were chosen with respect to measured
power uniformity compared to 12-arrayed light sources. Because it showed a high uniformity
of £ 1 % at each SOA output as increasing SOA current in the previous experiment. And then,
we set an experimental configuration for terahertz power detection and the mechanism of the
terahertz wave radiation at the UTC-PD is shown in Fig. 5.2. As shown in Fig. 5.2 (a), every
two outputs of the light sources are optically coupled to the UTC-PD. A current injected into

one of the DFB-LDs was modulated at 1kHz for a lock-in detection.
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Fig.5.2. Experimental configuration. (a) Schematic of experimental setup. (b) Cross-sectional view at

THz-wave generation at the bow-tie antenna. (c) Photograph of experimental setup.
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The fermi-level managed barrier diode (FMB-D) was used due to a higher sensitivity compared
with Schottky barrier diode (SBD) which is generally used as terahertz wave detector [4]. The
FMB-D was located at a distance of 30 mm from the bow-tie antennas. The output voltage of
the FMB-D was measured at the lock-in amplifier (LIA) which is used for detection of very
small signal. The input lightwaves are refracted at the edge of the chip as shown in Fig. 5.2 (b)
and introduced into each arrayed UTC-PDs with the 500 pm spacing, and terahertz wave is
radiated through bow-tie antenna. Figure 5.2 (c) shows that the arrayed light sources and the
arrayed UTC-PDs were aligned on an optical alignment stage. Every two outputs of arrayed

light sources were matched with the three arrayed UTC-PD by the 500 um spacing.

5.2 Beamforming at 600 GHz using integrated devices

Via the optical alignment of coupling between the light sources and the photomixers, we
made an experiment for measuring an angular distribution of the terahertz wave. We rotated
the FMB-D around the arrayed UTC-PDs in a plane parallel to the array direction from -20 to
+20 degrees in the vertical direction. We measured the combined terahertz power at both two
UTC-PDs and three UTC-PDs in the array as well as that of single UTC-PD as a reference.
Figure 5.3 shows the measured angular distribution of the generated terahertz power as a
function of the FMB-D angle at each number of channels. We confirmed that the combined
power from the three UTC-PDs indicates sharp peak arise from directional gain by arrayed
configuration. The directivity of the two arrays represents similar distribution to that of the

three arrays whereas single UTC-PD has flat angular distribution.
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Fig. 5.3 Angular distribution of terahertz wave.

From the result of the combined terahertz power, the relation between the peak combined power
and the number of channels is shown in Fig. 5.4. The measured peak power is superlinear with
increasing the number of the channels. This analysis suggests the similar trend to the theoretical
expectation that the generated THz power is proportional to the square of the number of

channels in the relation according to P = |N|?|E|? expressed in Eq. (2.4.11).
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Fig. 5.4 Relation between combined peak power and number of channels.
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5.3 Conclusions

In Chapter 5, the 600 GHz-wave beam forming using the light sources in combination
with the arrayed photomixers was demonstrated. We confirmed that the combined terahertz
power showed sharp peak from directional gain by array factor. From these results, the
proposed module which consists of the arrayed light sources and the arrayed photomixers can
be used for terahertz wave generator. The module has a potential to attain a beam steering by

integrating the component of phase shifter in the near future.
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6. Conclusion and Outlook

6.1 Conclusion

Terahertz wave has been a promising frequency band for higher data rate wireless
communication. Photonics-based method for the terahertz wave generation is realized
specifically by photomixing technique, which uses two continuous lightwaves and optical-to-
electrical conversion at high-speed photodiode as photomixer. In Chapter 1, the UTC-PD as
photomixer for terahertz wave generation and the necessity of array configuration caused by
power saturation at single UTC-PD were introduced. In addition to the photomixer arrays, the
arrayed light sources which provide same sets of dual wavelengths to each array at the arrayed
photomixers were suggested. Consequently, the development of the terahertz wave generator
module consisting of the arrayed photomixers and the arrayed light sources was proposed. The
two separate devices were designed based on optical waveguide structures using InP/InGaAsP
material system. In Chapter 2, the principle of the optical waveguide, the MMI, the evanescent
coupling structure, and the phased array antenna for design of our integrated devices was

explained.

In Chapter 3, each component for arrayed photomixers was designed and the measured
performance was described. Firstly, in Chapter 3.1, the confinement factor to the undermesa
was investigated for finding basic waveguide structure to be used at our integrated devices.
From the simulated results, the etching depth and the core layer thickness as dominant factors
on the confinement factor were confirmed. Finally, the two eligible waveguide structures were
chosen. They are 0.28 um-thick core with 0.1 um-thick cladding as 3-layered structure and 0.5
um-thick with no cladding as 2-layered structure. Using the two waveguide structures, bending

waveguides were investigated in Chapter 3.2. The optimization of bending radius, offset, and
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the etching depth can be effective to get a higher bending efficiency. Each bending efficiency
of 3- layered structure on cladding layer and that of 2-layered structure on core layer was
calculated. The 1x2 MMI was optimized at the 6.5 um width for 3- layered structure and 6.4
um width for 2-layered structure though the two structures were optimized at 43 um-long MMI.
But the optimized structure at both waveguide structures showed a similarity by MMI
properties. The dependency on etching depth at the 3-layered structure was higher than that of
2-layered structure. More than 1.9 um etching for bending waveguide and 2.2 pm etching for
MMI were required for the 3-layered structure. These results can be considered as correlation
with waveguide simulation in Chapter 3.1. The confinement factor to the under mesa of 2-
layered structure approached almost zero at a lower etching depth. Thus, the 2-layered structure
has relatively less sensitive to the etching depth. Then, the features of the evanescently coupled
UTC-PD was introduced in Chapter 3.4. To compare total efficiency between the two structures,
each photoabsorption efficiency depending on the cladding layer at the 3-layered structure and
the core layer at the 2-layered structure was investigated. Finally, the total efficiency which is
defined as the product of the bending efficiency and the photoabsorption efficiency was
calculated. The 3-layered structure was optimized at 0.28 pum-thick core layer with 0.2 pum-
thick cladding layer while the fixed waveguide structure has 0.1 pm- thick cladding layer. The
2-layered structure was optimized at the 0.5 um-thick core layer and no cladding layer. The
total efficiency of the 2-layered structure was higher than that of the 3-layered structure
(2= 1ayered = 026 > M3_jayerea = 0.22). Consequently, the 2-layered structure enables to
obtain the expected photocurrent nearly 0.32 mA which is applicable to provide a higher THz-
power in the generation of 600 GHz-carrier frequency. We measured the efficiency at the two
fabricated devices. In this experiment, we confirmed the responsivity of 0.09 mA/W at the 3-

layered structure and 1.6 mA/W at 2-layered structure. The results indicate successful optical-
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to-electrical conversion although a low efficiency was obtained by the difficulty on optical

coupling between the optical fiber and the photomixer chip.

In Chapter 4, for providing the same sets of dual wavelengths with the photomixer arrays,
the design of the arrayed light sources consisting of two DFB-LDs, the MMIs and the SOAs
was introduced. The 8 - and 12-arrayed light sources were considered to match the number of
photomixer array. Firstly, we designed 1x2 MMI for making both 8- and 12- arrayed light
sources. The 1x2 MMI was optimized at 4 um width and 52 pum length. Then, the 1x12 MMI
for 12-arrayed light sources was simulated. The MMI was optimized at 407.5 um length at 47.2
um width. Based on the simulated results, we fabricated the two types of integrated devices.
The stability of dual wavelengths produced at the light sources was observed at the optical
spectrum. We measured the light power of each SOA output at the two light sources. The 8-
arrayed light sources have a higher power uniformity compared to 12-arrayed light sources
even though the measured output power shows a high power uniformity at both devices. We

found that the light sources can be used as a part of the proposed THz-wave generator module.

In Chapter 5, the 600-GHz wave beam forming using the light sources in combination
with the arrayed photomixers in the experiment was explained. We confirmed that the
combined terahertz power indicates sharp peak from directional gain by array factor. From
these results, the proposed module which consists of the arrayed light sources and the arrayed

photomixers can be applicable to THz-wave generator.

To test the performance of the THz-wave generator preliminarily, we fabricated the
prototype module of the generator being operated as a single module. The module consisting
of the arrayed light sources and the arrayed UTC-PDs integrated antennas is shown in the
following Fig. 6.1 with the size of 59 mm length and 43 mm width. The module needs only
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DC currents injected to the light sources as well as DC voltages applied to the UTC-PDs with

the merit of a low complexity without using additional element for sources.

Fig. 6.1 Photograph of a prototype THz-wave generator module.

6.2 Outlook

In this research, the beam forming with a high directivity at the proposed THz-wave
generator was demonstrated. In the near future, the beam steering for a flexible control of the
radiated beam direction can be attained by integrating the component of a phase shifter.
However, the problem of optical coupling between the arrayed light sources and the arrayed
photomixers also should be improved for increased number of array element, which enables a
higher THz power. With more advanced integration technology, the THz-wave generator can

be applied to the wireless communication system.
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List of abbreviations

UTC-PD Uni-traveling carrier photodiode

RTD Resonant tunneling diode

MMIC Monolithic microwave integrated circuit
IMPATT Impact ionization avalanche transit-time
TUNNETT Tunneling transit-time

QCL Quantum cascade laser

PIC Phonic integrated circuit

EME Eigen mode expansion

MMI Multimode interference

VPD Vertically illuminated photodetector
DFB-LD Distributed feedback laser diode
DBR-LD Distributed bragg reflector laser diode
SOA Semiconductor optical amplifier

OSA Optical spectrum analyzer

MLA Micro lens array

EDFA Erbium-doped fiber amplifier

FMB-D Fermi-level managed barrier diode

SBD Schottky barrier diode

LIA Lock-in amplifier
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