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Chapter 1  Introduction

1.1 Introduction

The terahertz (THz) range is between approximately 100 GHz and 10 THz, or the
top edge of the millimeter wave range and the bottom edge of the optical wave range,
and has been almost unutilized because of a lack of compact sources. However, recent
technological innovations in nanotechnology for electronics and photonics are enabling
terahertz research and applications, including those in the fields of ultrahigh-speed
wireless communication, imaging, and spectroscopy.

I studied ways to achieve a compact terahertz source for terahertz applications by
developing resonant-tunneling-diode (RTD) terahertz oscillators. This chapter first
discusses the unique features of the terahertz frequency range, along with some
applications. Next, the candidates for terahertz sources with those characteristics are
described. The advantages of RTDs are compared with those of other devices, and the
development history of RTD oscillators is reviewed. Finally, the purpose and outline of

this thesis are shown.

1.2 General introduction of terahertz band

The term “terahertz band” is broadly applied to the submillimeter-wave range that
covers the frequencies between approximately 100 GHz and 10 THz (3 mm to 30 um
and 3.3 cm! to 330 cm™), as shown in Fig. 1.1. This frequency region has a photon
energy range of 0.4—40 meV. The terahertz frequency band exists between the upper
limit of the millimeter wave band and the lower limit of the optical wave band. The
terahertz frequency range has received considerable attention because of its unique

features [1.1-5].
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Micro Millimeter THz Infrared Visible
wave wave band light light
| | | | [ | |
Frequency
(Hz) 1G 100G 100G 1T 10T 100T 1P
Wavelength 30 cm 3cm 3 mm 300 pm 30 pm 3 um 300 nm
Wavenumber ) 5 0.33 3.3 33 330 3300 33000
(cm)
Energy 4 0.04 m 0.4m 4m 0.04 0.4 4
(eV)

Fig 1.1 Explanation of terahertz band and its characteristics.

Some of these unique features and applications are discussed in this chapter.
Terahertz electric fields strongly interact with polar substances but penetrate those that
are non-polar. Thus, the absorption spectra of many polar molecules such as H.0, COz,
Nz, and Oz have many distinct spectral peaks in the terahertz range. Fig. 1.2 shows the
atmospheric loss caused by attenuation in the terahertz region, as calculated by the
National Institute of Information and Communication Technology (NICT), Japan. This
calculation shows transmission windows that can be used for wireless communication.

Much of the interest in terahertz applications has centered on terahertz imaging
and spectroscopy [1.6-58]. The imaging and spectroscopy of numerous materials are
utilized in many research areas, including biology, pharmacology, medical science,
non-destructive evaluation, material science, environment monitoring, security,
astronomy, and art. Moreover, terahertz communication is able to send or receive a huge

quantity of information. Terahertz signals are expected to be used as information
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carriers with the ability to send around 1 Tbps, similar to optical communication
systems. This area of research is now being developed and is expected to become the
next frontier of wireless communication [1.59-69].

Compact sources that can increase the usability and reduce the cost are needed to
develop various applications in the terahertz frequency range. Electronic solid-state
sources based on semiconductors are some of the candidates and are now being
intensively developed.

Compact optical sources (i.e., solid-state lasers like p-Ge and quantum cascade
lasers) operate at an energy level of several milli-electron volts, which is comparable to
that of lattice phonons at room temperature. Thus, cryogenic cooling is needed to
resolve this problem.

Recent technological innovations in electronics and photonics are enabling
terahertz research and numerous applications, including those in ultrahigh-speed

wireless communication, imaging, and spectroscopy, as shown in the next section.
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1.3 Terahertz applications

1.3.1 Wireless communication

Everything will connect to the Internet in the future [1.61]. Information and
communication technology has a large market potential. The information flow in
modern society is accelerating, and the carrier frequencies used for signals continue to
increase. Fiber-linked optical communication is successfully growing, realizing data
rates exceeding a terabyte per second, whereas the data rate of wireless communication
remains low compared to that of optical communication. The realization of terahertz
wireless communication would be of great benefit to society by enabling
high-performance wireless connections for applications such as chip-to-chip
communication, touch-and-go downloading, body-area networks, wireless hot spots,
and cell phone bases mounted on telephone poles, which are mentioned in the THz

communication reviews of Refs. 1.62, 63, 65, and 69.
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Fig 1.3 Recent progress of wireless communication data rate as a function of carrier

frequency in THz range.

As a famous example, 120-GHz-band millimeter-wave wireless links using
uni-traveling-carrier photodiodes (UTC-PDs) integrated with high-electron mobility
transistor (HEMT) monolithic microwave integrated circuits (MMICs) have been
developed, and field tests have demonstrated operations at over 10 Gbps [1.60]. This
system of wireless communication was used to transfer data for high-definition
television (high-vision) at the XXIX Olympiad in Beijing.

Because of the previously mentioned atmospheric attenuation, short-range (<10
m) communication has been expected using frequencies of less than 1 THz, whereas
near-field communication such as for touch-and-go systems (<10 cm) has been expected

for frequencies of about 1-2 THz, depending on the low-attenuation windows in the



atmosphere. An estimation of wireless communication at a carrier frequency of 1.5 THz
is shown in Fig. 1.4, based on Friis’ law. A transmission rate of more than several tens
of giga-bits per second over several centimeters is expected, with an output power is 0.1
uW and transmitter and receiver antenna gains of 20 dB. The required signal-to-noise
ratio is 15 dB. This equals a bit error rate of 2 x 1073, which is the limit of forward error

correction. The noise figure of the receiver-side amplifier is assumed to be 13 dB, and

Chapter 1  Introduction

the transition loss is ignored at this frequency range.

Furthermore, a rate of more than 1 Tbps is expected with about 30 channels at
approximately 50 Gbps per channel in a frequency range of less than 2 THz by applying

a frequency division diplex scheme, as shown in Fig. 1.5. If orthogonal polarization

multiplexing is used, the data rate will double.
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Fig. 1.4 Examples of transmission capacity as a function of distance.
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Fig. 1.5 Examples of frequency division duplex under 2 THz.

1.3.2 Imaging

Terahertz waves can penetrate various materials, including paper, clothes,
plastics, and leaves. It is difficult to detect these soft materials using X-rays. The
resolution of terahertz imaging is better than that of millimeter wave imaging because
the terahertz wavelength is smaller than that of millimeter waves. These features are
attractive for the non-destructive testing and non-invasive inspection of various opaque
materials for obtaining the internal structure. Imaging in the terahertz range has been
developed for various areas applications, including plastic card inspection using a
backward-wave oscillator [1.18]. Soft material imaging such as a red pepper and prawn

[1.19], real-time standoff imaging using a quantum cascade laser [1.28] , noninvasive
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mail inspection systems [1.39], waveguide-based all-electronic imaging [1.41], food
inspection [1.49], and terahertz imaging with silicon MOSFETs [1.54] have also been
reported. Many groups of researchers and enterprises have worked hard to explore the
attractive terahertz region. The required imaging quality, including the resolution, area,
and acquisition time, depend on the items being inspected. However, a sub-millimeter
resolution (300 um at 1 THz) will be satisfactory for numerous applications such as
searching for foreign materials in food and packaging, penetrating the thickness of a
coating such as in medicine and the automobile industry, and medial disease
investigations such as searching for tumors.

A schematic of an imaging system transmission is shown in Fig. 1.6. The
noise-equivalent power of the detector is assumed to be 20 pW/v/Hz. The pixel number
is set at 320 x 240. The required signal-to-noise ratio is assumed to be 30 dB. The time
constant is set at 100 ms. Under these conditions, the required power is more than 1

mW.

Detector (MicroBolometer etc.)

NEP: 20 pW/Hz!/2
Pixel: 320x240
(S/N),eq: 1000
Time const.: 0.1s
P, >1mW

chopper
Ref.

Fig. 1.6 Schematic of imaging system transmission.
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1.3.3 Spectroscopy

Just as in the development of imaging applications, terahertz spectroscopy has
also been the focus of intensive research to develop numerous applications, including
those in the fields of security, pharmacology, and biology. Research has been conducted
on inspection methods for illicit drugs and explosives. Similar research has been
reported in the security field. In the biochemistry field, carcinoma investigation was
researched.

There are many fingerprint frequencies for major drugs and explosives especially
in the 1-2 THz range according to J. F. Federici et al. in Ref. 1.24 (2005), as listed in
Table 1.1. Thus, to prevent drug related crime and terrorism, a 2-THz oscillator is
required, especially in the inspection field for these items. The first fingerprints of major
drugs and explosives in the 0—10 THz range are also shown in Fig. 1.7, which are the
lowest fingerprints of each material as described in Ref. 1.24.

In Fig 1.8, an example of a transmission spectroscopy system is shown. The
required signal-to-noise ratio is assumed to be 40 dB. The rock-in technique is used, and
the time constant is 100 ms. A noise equivalent power (NEP) of 100 pW/v/Hz is
normally used as the value of a commercialized Shottkey barrier diode detector. In this
theoretical calculation, the required output power is estimated to be about 1 uW.

In Fig. 1.9, an example of a reflection spectroscopy system is shown. The lens
diameter, focal point, and spot diameter are set at 5 cm, 5 cm, and 0.5 mm at 0.5 THz,
respectively. The reflection loss and frame rate are simply assumed to be 40 dB and 30
fps, respectively. In this estimation, an increase in output power is needed for a

real-time reflection application.

10
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Table. 1.1 Specific finger print of major explosive and drugs according to J. F.

Federici, et al. in Ref. 1.24.

material Fingerprint frequency [THz] type

Semtex-H 0.72 129 173 188 215 245 257 explosive

PE4 0.72 129 1.73 194 221 248 2.69 explosive

RDX/ C4 0.72 1.26 1.73 explosive

PETN? 1.73 2.51 explosive

PETNP 2.01 explosive

HMX? 1.58 1.91 2.21 257 explosive

HMX® 1.84 explosive

TNT® 1.44 1.91 explosive

TNT® 1.7 explosive

TNT 56 82 91 99 explosive

NH4NO3 4 7 explosive
Methamphetamine 1.2 1.7 drug
MDMA 14 1.8 drug
Lactose a-monohydrate 0.54 1.2 138 1.82 2.54 2.87 3.29 drug
Icing sugar 1.44 161 182 224 257 284 344 drug
Co-codamol 1.85 2.09 2.93 drug
Aspirin/ soluble 1.38 3.26 drug
Aspirin/caplets 1.4 224 drug
Acetaminophen 6.5 drug
Terfenadine 3.2 drug
Naproxen sodium 52 6.5 drug

11
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Fig. 1.7 The number of 1% finger print in major drugs and explosives from 0 to 10 THz

described in Ref. 1.24.

Sample

__ \Detector

b
E: A
A &
Vi %

lens
Signal generator reference Lock-in Amp.
SNq: 40 dB

NEP : 100 pW//Hz
Time constant: 100 ms

—» P ~1uW

Fig 1. 8 Schematic measurement system of transmission spectroscopy.
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Lenses diameter: 5 cm
Focal point: 5 cm
Spot diameter: 0.5 mm

Oscillator Detector

Fig 1.9 Schematic diagram of reflection sensing.

1000
NEP:100 pW/Hz"/2

100

-
o
T

20 pW/HZz?2

&
-

- Detection time: 33 ms
(Frame rate: 30 fps)

0.01

Required output power ~., (mW)

40 50 60 70
Required signal-to-noise ratio (dB)

Fig 1.10 Required output power versus required signal-to-noise-ratio

with the NEP of 100 and 20 pW/vHz.
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1.4 Terahertz sources

A variety of techniques for generating terahertz frequencies have been
demonstrated using gas lasers; free-electron lasers; gyrotrons; optical mixing in
nonlinear crystals such as DAST and LiNbOs; photomixing with uni-traveling carrier
photodiodes, which used optical difference frequency mixing in a photoconductor
coupled to an RF radiator; femtosecond laser pulsing and photoconductive antennas,
which are often used in a terahertz time domain system (THz-TDS); and
Schottky-diode-based multiplier circuits with a waveguide [1.70-90]. Good progress is
being made on these types of sources, with especially good features from the
perspective of output power. However, because they are slightly bulky, they are not yet
ideal for terahertz applications. Some of these technology such as systems of THz-TDS
or optical frequency mixing in a photoconductor coupled to an RF radiator have been
commercialized, but they are slightly expensive because of the high cost of laser
systems. The oscillation frequencies, output power values, and some features of these
sources are listed in Table 1.2, and these specifications are compared from the viewpoint
of the previously mentioned application. Among these sources, solid-state sources can

only be the candidates for compact sources.

14
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Table 1.2 Frequency, output power, and size of major THz sources.

Frequency output power

Technology (THz) (mW) Size
fs-laser & photoconductive @) A AN
antenna (broad, <10) (<0.3)
Nd:YAG laser & O @) A
Nonlinercrystal (is-TPG) (<3) (50 kW peak) >table top
A @)
UTC-PD (<2) (<10) A
N . O O
J
Multiplying of microwave (<2.7) (<1) A/ﬂoor size
Free electron laser O O X
A @) . high voltage &
BWO (<1.5) (<100) X" cooling needed
Solid-state f Opt-electronics A @) O < low
source Electronics A A © temperature

Terahertz solid single oscillators with a compact size in 2015 including the
results of this thesis are shown in Fig 1.11. On the optical device side, p-Ge lasers and
terahertz quantum cascade lasers [1.91-97] are being studied. A p-Ge laser has high
power, but requires a magnetic field. The quantum cascade laser (QCL) was first
developed in 1994, and it had a lasing frequency of about 70 THz. After much research,
this was followed by a demonstration at 4.4 THz in 2002. The terahertz waves are
emitted using electron relaxation between the sub-bands of quantum wells, such as
between several GaAs layers that are a few nanometers thick separated by AlGaAs
barriers, whose emission blocks are serially connected to generate the terahertz
frequency. The main operational methods are referred to as ‘“chirped superlattice,”

99 ¢

“bound-to-continuum,” “resonant-phonon,” and ‘“hybrid/interlaced.” The difference is
the mechanism by which the electrons scatter after the terahertz-photon emission from

the inversion of the population. The continuous-wave (cw) emission power is around 1

15
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to 100 mW. At present, lasing frequencies as low as 1.2 THz with pulsed mode
operation up to 69 K and cw mode operation at 10 K have been achieved in a
bound-to-continuum THz-QCL. For high-temperature performance, improvements in
the active regions and waveguides have brought the maximum operation temperature up
to 169 K in the pulsed mode at 2.9 THz and 200 K at 3.2 THz. However,
room-temperature operation at about 1 THz seems to be difficult. To achieve the goal
of room temperature operation, new designs for structures are being intensively studied
[1.97]. Although this approach has made room temperature operation possible, the
power consumption is very high.

In the superconductor device field, a high-temperature superconducting
Bi2Sr2CaCu20s+4 intrinsic Josephson junction (1JJ) emitter is being investigated. This
source is tunable and can generate a frequency range of 0.5-2.4 THz at temperatures of
less than 40 K [1.98, 99].

On the electron device side, two-terminal devices are being developed,
including impact ionization avalanche transit-time (IMPATT) diodes, tunneling
transit-time (TUNNETT) diodes, and Gunn diodes. Devices based on the plasma effect,
Bloch oscillation, and velocity modulation are also being studied for terahertz
oscillators and amplifiers [1.100—111].

The cutoff frequency and maximum oscillation frequency of transistors are also
moving toward the terahertz range [1.112—127]. In particular, InP-based transistors such
as heterojunction bipolar transistors (HBTs) and high electron mobility transistors
(HEMTs) have rapidly been developed in recent years. HBT and HEMT oscillators have
shown great success in microwave, millimeter-wave, and terahertz-wave applications.

Both device technologies are excellent approaches for operation in the terahertz band.

16
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InP-based HEMTs and HBTs have held the frequency response record, as assessed by
the cutoff frequency fi and maximum oscillation frequency fmax. Recent reports have
shown fi values of 750 GHz in pseudomorphic InGaAs/InP HBTs and 660 GHz in InAs
composite channel HEMTs, along with fmax values of 1.1 THz in DHBTs and 1.5 THz in
InAs/InGaAs composite channel HEMTs. These results have been achieved by
combining downscaling of the minimum feature size, especially the gate length, and a
reduction in parasitic elements such as the series resistance and stray capacitance.

MMIC amplifiers and oscillators using high-speed HEMTs and HBTs have
been studied and developed to increase fi and fmax. Such oscillators have demonstrated
values of up to 350 GHz for an InP HEMT, with an fmax value of 0.6 THz [1.120], and
up to 570 GHz for an InP HBT, with an fmax value greater than 800 GHz [1.117].
Recently, an amplifier that could handle frequencies greater than 1 THz was reported by
the research group of the Northrop Grumman Corp. [1.127].

There have been rapid increases in the development of silicon technology
[1.128-133]. Signal generation at 0.54 THz with 40-nm bulk CMOS technology [1.132]
and 0.53-THz oscillation with 1 mW by a 0.13-um SiGe BiCMOS using an array
configuration have been reported [1.133].

RTD oscillators for the terahertz range are being pursued [1.134—-168]. After
fundamental oscillation at 1.04 THz was reported in an RTD oscillator, the progress on
the oscillation frequency accelerated [1.153]. When this study began in 2011, the
highest frequency was achieved in an experiment using a single semiconductor
electronic oscillator. The next section discusses our research on RTD terahertz
oscillators. For the applications in section 1.3, light sources for frequencies up to 2 THz

were required, as previously described.

17
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Fig 1.11

1.5 Resonant-tunneling-diode terahertz oscillators

RTDs have the highest oscillation frequency among the previously mentioned
electron devices. Room-temperature operation is an attractive feature because it has not
yet been achieved in a single optical device with low power consumption. The research

on RTDs began with a theoretical prediction by Tsu and Esaki in 1973 [1.134], and their

negative differential

liquid-nitrogen-cooled temperatures in 1974 [1.135] and at room temperature in 1985

[1.138]. Oscillation in the microwave range was demonstrated at a low temperature in

resistance behavior was

1
Frequency (THz)

18

10

Output power as a function of frequency of solid-state terahertz sources in 2015

experimentally demonstrated at
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1984 [1.137] and at room temperature in 1985 [1.139]. The oscillation frequency has
been updated many times to reach several hundred gigahertz until the early 1990s, as
shown in Fig 1.12. In 1987, millimeter-wave fundamental oscillation at 56 GHz with a
second harmonic of 87 GHz was observed at room temperature in an AlGaAs/GaAs
RTD. A rectangular waveguide resonator was used to generate terahertz oscillations
with an RTD [1.140]. In 1988, fundamental oscillation up to 200 GHz was obtained in
an AlAs/GaAs RTD [1.143]. Submillimeter oscillation at 420 GHz was achieved in a
high-current-density RTD as a result of its thin AlAs barrier in 1989 [1.145]. In 1991,
fundamental oscillation at 712 GHz was reported using an InAs/AlSb RTD [1.147] A
64-element arrayed oscillator containing RTDs has been reported, with an oscillation at
650 GHz using an output power of 2-3 uW [1.150]. GalnAs/AlAs RTDs on InP wafers
are used in an arrayed oscillator.

In our group’s study, fundamental oscillation at 587 GHz with an output power of
8 uW using GalnAs/AlAs RTDs integrated with the planar circuit of a slot antenna has
been achieved. A third harmonic of 1.02 THz with a fundamental component of 342
GHz was reported [1.151]. The VCO characteristics of a sub-terahertz oscillating RTD
were demonstrated and calculated theoretically [1.152]. A fundamental oscillation of
1.04 THz has been achieved with an increase in the current density associated with a
decrease in the barrier thickness and increase in the emitter doping [1.153]. The recent
results are shown in Refs. 1.154-168.

For wireless communication applications, a data rate of 2 Gbps was demonstrated
[1.158]. An RTD can operate at over 30 GHz with a structure improvement of
modulation circuit [1.165]. In addition, an RTD can change the oscillation frequency

using varactor diodes [1.166], because the capacitance of varactor diodes are
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independently controlled by the bias voltage.

Based on these studies, RTDs have the potential of being used for terahertz light
sources in many terahertz applications. In the numerous applications discussed in
section 1.3, light sources that can operate at frequencies of at least 2 THz are required,

as previously described.
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Fig 1.12 The history of increase in oscillation frequency for RTD oscillators

1.6 Purpose and outline of this thesis

A summary of my research on the increases in the oscillation frequency of RTD
oscillators is shown in Fig. 1.12. RTDs have application potential as compact sources at
room temperature. The frequency performance of RTD oscillators has not yet been

sufficient for terahertz applications such as spectroscopy, as shown in section 1.3.
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Therefore, this study had the purpose of developing a “resonant-tunneling-diode
terahertz oscillators for high frequency” to realize compact terahertz sources for various
terahertz applications. The target value for the oscillator frequency was 2 THz. The
outline of this study is shown in Fig. 1.13.

In Chapter 2, a proposal is given for achieving high-frequency oscillation by
reducing the total delay time. The factors for increasing the oscillation frequency are
mentioned, including the intrinsic and extrinsic times, and the antenna structure. In
Chapter 3, the high-frequency oscillation achieved by reducing the dwell time is
discussed, based on the principal of tunneling in quantum mechanics. In Chapter 4, the
argument for achieving high-frequency oscillation by reducing the transit time through
the optimization of the collector-spacer thickness is given. Chapter 5 discusses the
integration of the well and spacer improvements, RTD series resistance, and antenna
structure changes to achieve a higher frequency, and the estimated oscillation
characteristics are analyzed and a preliminary work with some improvements discussed

in this chapter is shown. Chapter 6 provides the conclusions of this study.
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Fig 1.13 Outline of this thesis

22




Chapter 2 Proposal of structures and fabrication process toward high frequency oscillation

Chapter 2

Proposal of structures and
fabrication process
toward high frequency oscillation

2.1 INETOAUCTION ...ttt ettt ettt esae e ebeesateebeeseeas 24
2.2 DEVICE SITUCTUIE. ...eveenieeiieeiieieeieeite sttt ettt ettt et sbe ettt sbt bt et e saeenaeenee e 24
2.3 FabriCation PrOCESS ......cccueeeriiieeiieeeiieesieeeeieeesieeeesiteeeareeesreeeaeeessseeesnseesnnseesnneeas 25
2.4 Total delay time of RTD, antenna parameters, and oscillation frequency limit.....31
2.4.1 RTD characteristics and equivalent Circuit...........cceeceeeveenieeiieenieniieesieeeeene 31
2.4.2 Slot antenna admittance and Parameters ...........ccceeeeveerveerieenieerieenreeneeeneeeenns 35
2.4.3 Negative conductance and oscillation condition ...........c.cccceeeeeveriierieenieennnnne. 38
2.4.4 Total delay time and oscillation frequency limit ..........ccccccevveviiienciieenieeeeen. 39
2.4.5 Extraction of intrinsic delay .........ccoooiiiiiiiiiiniiiiieeeee e 41
2.4.6 Toward higher freqUENCY ........cccuiiiiiiiiieiie e 44
2.5 CONCIUSION ..ttt ettt ettt ettt saeebe et e saeebeenee 46

23



Chapter 2 Proposal of structures and fabrication process toward high frequency oscillation

2.1 Introduction

This chapter explains the device structure, fabrication process, and principal
oscillation of RTD-terahertz oscillators. 1 first explain the structure and fabrication
process of a RTD-terahertz oscillator. Next, I describe the total delay time, which
consists of the intrinsic delay and extrinsic delay, and the obstructive factors of the
oscillation frequency limit produced by the antenna parameters are discussed. The
equivalent circuit of the device is then shown. The relationship between the negative
conductance and oscillation condition is also explained. In addition, I provide details

about the total delay time and the approach to achieve a high oscillation frequency.

2.2 Device structure

The oscillator was fabricated by integrating an RTD with a slot antenna, as shown
in Fig. 2.1. The slot forms a standing wave of an electromagnetic field as a resonator
and also acts as an antenna by radiating output power at the same time [2.1]. Most of the
output power radiates into the substrate because an InP substrate has a larger dielectric
constant (~12) than air, and the effective wavelength in the substrate becomes shorter
than that in air (the length becomes ~2.5) [2.2]. The RTD mesa and the upper electrode
are connected to each other through an air-bridge structure to reduction the conduction
loss of antenna and parasitic capacitance near mesa. A metal-insulator-metal (MIM)
capacitance is fabricated using Au and SiO:2 on the side of the slot antenna. The MIM
capacitance becomes short circuit at THz frequency range because MIM capacitance is
~3 pF in this thesis and slot structure is formed. The MIM structure is also used as a

contact pad to check |-V characteristics without the InGaAs resistance to suppress
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Chapter 2 Proposal of structures and fabrication process toward high frequency oscillation

parasitic oscillation. A sheet resistance with a heavily doped InGaAs layer is fabricated
in parallel with the RTD to prevent low-frequency parasitic oscillation (several tens of
GHz) in a parasitic circuit composed of such as bias line and power supply. This
structure of InGaAs resistance is suitable for high-frequency direct modulation of the
output power because of small inductance in the resistance which causes parasitic

oscillation [2.3].

I-InP substrate

Resistance
to suppress parasitic osc.
(InGaAs)

Lower
electrode

Fig. 2.1 Fabricated structure of RTD oscillator with slot antenna.

2.3 Fabrication process

The fabrication of the oscillator can be summarized as follows. The wafer is
cleaned with DI water using ultrasonic cleaning, acetone boiling, and methyl alcohol.

Next, two resist layers are applied using a spin coater. The bottom resist layer is
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PMGI-SF6, and the top layer is ZEP-520A. These resists are tolerant to acid, which is
used for surface cleaning before the contact metal deposition. The RTD mesa with an
electrode on the top and a contact electrode is first formed by a sequence that includes
electron-beam (EB) lithography, surface cleaning (O2 ashing at 50 W and 50 sccm for 1
min and wet cleaning with HCI:H20 = 1:5 for 2 min at 0°), the deposition of Ti/Pd/Au =
20/20/200 nm, and wet chemical etching (H2SO4:H202:H20 = 1:1:40 at 0°) for mesa
fabrication. The mask of the wet etching is the contact electrode. The lower electrode
(LE) around the slot antenna was then fabricated by a sequence that included EB
lithography, 2-layer resist coating, exposure and development, and the deposition of
Ti/Pd/Au/Ti = 20/20/50/5 nm. The 5-nm Ti surface layer is used to improve the
adhesion between the Ti and SiO2. A 50-nm SiO2 layer was deposited as the etching
mask using plasma chemical vapor deposition (PVCD). Using reactive ion etching (RIE,
CHa4:H2 = 1:4), device isolation was obtained between the antenna electrodes and
previously mentioned sheet resistance as part of the heavily doped InGaAs underlayer
was formed. The air bridge and MIM capacitance were formed by the deposition of a
50-nm-thick SiO2 layer using PVCD again for passivation, where the total thickness
became ~100 nm; the formation of a contact hole on top of the RTD mesa by RIE (CF4
and O2) using a thick PMMA A& resist mask to cover the edges of the large difference in
the level of the device; EB lithography for the air bridge and MIM capacitance, with
three resist layers of PMMA A8, PMGI SF9, and ZEP:Anisole = 2:1 from the bottom to
top; and the deposition of Cr/Au = 10/1000—-1500 nm to overcome the large difference
in level. These process procedures are also shown in Figs. 2.2-5. The precise recipe of
the fabrication process, including some techniques based on experience, is included in

the appendix.
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0: Wafer preparation

Cleaning by
DI water (ultra sonic)
acetone boiling
methy! alcohol

SI-InP sub.

1: Top metal fabrication - Bottom develop
- O, ashing

(50 W 50scem ) .
. surface cleaning |:> Top metal evaporation

(HCI:H,0=1:5 @4°C) (Ti/Pd/Au=20/20/200 nm)

PMGI SF6 ~ 300 nm
Sl-InP sub. - - i

2: Top metal fabrication after liftoff

Top exposure
Resist coating |:> &
develop

Ti/Pd/Au=20/20/200 nm

3: Mesa fabrication

Wet etching
H2804:H202:H20=1 :1:40 @ 4°C

~150 nm |, RTD mesa

Fig. 2.2 Fabrication process 1.

27



Chapter 2 Proposal of structures and fabrication process toward high frequency oscillation

4: Antenna & lower electrode evaporation

Resist coatin TP e);posure ' cB)ottaosr:H? SVeloP  Lower electrode evaporation
i develop S TilPd/Au/Ti=20/20/50/5 nm

—JCCACA

5: Antenna & lower electrode evaporation after liftoff

L] -

6:Si0, deposition for mask

SiO, deposition ~50 nm

/

7: Mask fabrication

Resist coating |:> Exposure & develop l:> Reactive ion etching by CF,

Sl-InP sub. H H

Fig. 2.3 Fabrication process 2.
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8: Mask fabrication after removing resist

Reactive lon Etching
by CF4

9: Device isolation

Reactive lon Etching
by CH4 & H2

¥

Resistance
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10: Passivation

SiO, deposition ~ 50 nm
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11:Contact hole fabrication
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Fig. 2.4 Fabrication process 3.
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12: Contact hole fabrication after removing resist

13:Air bridge and MIM fabrication
Top exposure & develop I:> PMGI develop E> Bottom exposure & develop

Resist coating

1.5 um
PMGI SF 9

Sl kalal

I::> after evaporation

Cr/Au=10/~1500 nm

!

14: Air bridge and MIM fabrication after removing resist

SI-InP sub.

Fig. 2.5 Fabrication process 4.
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2.4 Total delay time, antenna parameters, and
oscillation frequency limit

2.4.1 RTD characteristics and equivalent circuit

The typical layer structure of the RTD is shown in Fig. 2.6. From the top layer to the
substrate, the structure comprises a cap, n*-InxGaixAs (5 x 10" cm, x= 0.8, 0.7, and
0.6 with 3 nm each); collector, n*-Ino.53Gao47As (5 x 10" cm?, 15 nm); collector spacer,
Ino.53Gaoa7As (undoped: 6, 12, and 25 nm); barrier, AlAs (undoped, 1 nm); well,
Ino.oGao.1As (undoped: 3 and 2.5 nm); barrier, AlAs (undoped, 1 nm); emitter spacer,
InAlGaAs (undoped, 2 nm); emitter, n-InAlGaAs (3 x 10'® cm™, 20 nm), n*-InAlGaAs
(5 x 10" cm™, 5 nm or 3-step 15 nm), n'-Ino.s3Gao47As (5 x 10" cm™, 400 nm); buffer,
Ino.s3Gao47As (undoped).

These layers were grown on a semi-insulating InP substrate by molecular beam
epitaxy. The wafers were fabricated by IQE. Fabrication of similar RTD layer by
MOCVD was also accomplished by NTT group [2.4]. A cap layer with an indium-rich
strained and graded composition and a high doping concentration was used to reduce
the contact resistance of the electrode with decrease in the effective schottky barrier
thickness. Indium-rich InGaAs was deposited on the well layer to reduce the bias
voltage for NDC through the depression of the well bottom, which will be mentioned in
Chapter 3. The bias voltage must be reduced to improve the device efficiency and also
to prevent the generation of a high electric field in the collector spacer layer, which
causes device breakdown. The breakdown voltages of Inos3Gao47As is ~4 X 10° V/cm.

A lattice-matched InAlGaAs emitter layer, which has a conduction-band edge closer to
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the resonance level in the well than that of Ino.s3Gao47As, was also used to reduce the

bias voltage for NDC. Details of the emitter structure are described in also Chapter 3.

Electrode(Au/Pd/Ti)
Graded n*-InGaAs (9 nm, 5x10%° cm3) Contact
n*-Iny 53Gag ,-AS (15 nm, 5x10%° cm-3) Collector
un-Ino53Gag 47As _Collector Spacer
AlAs (1 nm) Barrier ]
un-Ing.eGaop 1As Well rRTD
AlAs (1 nm) Barrier
un-InAlGaAs (2 nm) Spacer
n-InAlGaAs (20 nm, 3x108 cm-3) idl - Step emitter
Single- or 3-step n*-InNAIGaAs (5x10° cm3) ] (Lattice matched)
5 . idz (~ 40 nm)  Electrode(Au/Pd/Ti)
dInGaAs a
n*-Ing s53Gaop.47As Underlayer (400 nm, 5x101° cm-3)

SI-InP
Fig. 2.6 Typical layer structure of RTD in this thesis. An InAlGaAs step emitter,

details of which are described in Chapter 3, and an indium-rich deep

quantum well were employed to reduce the bias voltage for NDC.
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Pad n*-InGaAs / n-InGaAs
(Au/Pd/Ti)

Well
Barrier
Well

Negative
conductance:
'GRTD

Current

>

AV

Y

Voltage

Fig. 2.7 Schematic diagram of |-V curve, energy band, and negative differential
conductance region.

An RTD has a current peak and valley in its |-V characteristics caused by quantum
well and negative differential conductance was occurred as shown in Fig 2.7. A
schematic structure of the RTD mesa with the elements of the equivalent circuit is
shown in Fig. 2.8 and an equivalent circuit of the oscillator including parasitic elements
is also illustrated in Fig. 2.9, where —Grrp is the negative differential conductance
(NDC) of an intrinsic RTD without parasitic elements, Crrp is the capacitance of the
RTD (details of which are described below) Rc and C. are the contact resistance and
capacitance, respectively, Rs is the series resistance composed of the bulk resistance of
the RTD mesa and spread resistance, and Ya is the admittance of the slot antenna

calculated by using a three-dimensional electromagnetic simulator (ANSYS HFSS). The
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inductance of the RTD mesa is negligible because the length is very short (less than 200

nm).

Electrode
R C. RTD

c

-Gr1p :I'CRTD

RS

Fig. 2.8 Schematic structure of RTD mesa with equivalent circuit.

Parasitic elements R 1D =Antenna

Intrinsic RTDE

-Grrp(®)

Wr——o
RS

21

Fig. 2.9 Equivalent circuit of RTD oscillator with parasitic elements.
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2.4.2 Slot antenna admittance and parameters

The antenna admittance was calculated using an HFSS model, as shown in Fig
2.10. A 50-Q lumped port with a height of 200 nm and length of 1 um was placed at the
RTD mesa. The material parameters were set using the HFSS values listed in Table 2.1.
The air surface was set to radiation. The “solve inside” option was applied to all of the
materials, including metals. The air size was 440 x 400 x 100 um, and the InP thickness
was 20 um to reduce the calculation time, which did not affect the calculation results.
Other 3-D structure model sizes were set to the designed values of the oscillator. The
solution frequency was set at 2 THz. The other settings were the default values of HFSS.
The antenna circuit model is shown in Fig 2.11, where Lant and Cant are the antenna
inductance and capacitance, respectively, and Reond 1s the antenna resistance caused by
the conduction loss, which is considered to be a skin effect and proportional to the
square root of the oscillation frequency. Grad was calculated using a lossless model
whose materials of gold and SiO2 were changed into the perfect conductor. These
antenna parameters were obtained by fitting the simulation results for the admittances

by HFSS and the equivalent circuit model in Fig 2.11.
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Name

Table 2.1 Material parameters in HFSS calculation.

n- Perfect
Air Gold Silver InP Si02

InGaAs conductor

Relative

permittivity

1.0006 1 1 12.1 4 11.6 1

Relative

permeability

1.0000004  0.99996  0.99998 1 1 1 1

Bulk
conductivity

[S/m]

0 41000000 61000000 0 0 500000 1 X103

Dielectric

loss tangent

Magnetic

saturation

[T]

Lande G

factor

Delta H
[A/m]

Measured
frequency

[Hz]

9.4 X10°

Mass
density
[kg/m?]

1.1614 19300 10500 4800 2220 5500 0
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Fig. 2.10 Calculated antenna model of HFSS.
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Slot Antenna

Lant
—_ éGrad

Ca nt Rcond

Fig. 2.11 Equivalent circuit of slot antenna.

2.4.3 Negative conductance and oscillation condition

The intrinsic NDC, —Grtp, degrades with increasing frequency as [2.6,7]

—Gr1Dp (W) = —GRTDO COSOTint , (1)
where Grrpo is the absolute value of the NDC in the DC characteristics, approximately
given by (3/2)Al/AV for the widths of current and voltage (Al and AV, respectively)
between a peak and a valley as shown in Fig 2.7, o is the angular frequency, and 7t is
the intrinsic delay time mentioned above.

The oscillation condition is expressed as Grrp(w) = Re(Ya) if the parasitic
elements are neglected. Antenna loss Re(Ya) consists of the radiation conductance and
the conductance due to the conduction loss in the antenna electrode and the leakage of
radiation into the MIM capacitance. The oscillation frequency is given by the condition
Im(Ya) + @Crrp= 0. Cr1D is expressed as zint GrTpo + Cdep [2.6,7], where the first term is
the capacitance associated with the intrinsic delay and Cdep is the conventional
parallel-plate capacitance from the emitter accumulation region to the collector

depletion region in the RTD.
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The output power is expressed as, if the parasitic elements are neglected, P =
(Grad/2Gr1D0)(GRrTDO-Grad/cos @7in)) AV 2, where Grad is the radiation conductance included
in Re(Ya). This equation implies that, if the radiation conductance is small, the
oscillation easily takes place even for RTDs with small value of Grrpo due to the factor
in the brackets but the radiation power is small. The output power has the maximum at
Grad = (1/2) Grp(w) if the antenna conduction loss is neglected and the maximum
power is expressed as, Pmax = (3/16) AlAV cos wzint. The ideal efficiency is calculated
using Pmax per the sum of power consumption at the center of NDC and at the InGaAs

resistance for preventing parasitic oscillation.

2.4.4 Total delay time and oscillation frequency limit

zintis expressed in terms of the dwell time zawen in the resonant tunneling region
and the transit time zdep in the collector depletion region as [2.6,7]
Tint = Tdwell T Tdep/2. (2)
For RTDs with a very short zint, the effect of the parasitic elements on the NDC is
not negligible. The NDC of an RTD including the parasitic elements shown in Fig. 2.9
is equal to the real part of the admittance on the RTD side, which is given by
—[Grrp(®) — @?RsCr1p?] / (1 + @?R*Cr1D?) , (3)
where Rc and C. are neglected because the impedance of these elements is much smaller
than Rs at the oscillation frequencies discussed later in this chapter.
Equation (3) is approximated using Eq. (1) as
—GRTD0 COS@7all, 4

where 7an is the total delay time given by
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Tall = z'intzdl_z-extza (5)

with the intrinsic time zint given in Eq. (2) and the extrinsic delay time 7zext
approximately expressed as

Zext = (1/2)Crpy/ R/ Gripo - (6)
In the derivation of Egs. (4)~(6), we assumed that RsGrrp(w) << 1 and used the
reasonably good approximation of cosx = 1 — (2x/n)* for 0 < x < /2.

The highest limit of the oscillation frequency fimt, above which the NDC cannot
sufficiently compensate for the antenna losses, is approximately written from Eq. (4) as
Grtpocos(27 fimezan ) = Re(Ya). Thus, in order to increase fimt, the reduction in the total
delay time zan in Eq. (5) and reduction in Re(Ya), which equals to reduction in antenna
loss are necessary. For the intrinsic delay time in Eq. (2), zawen can be reduced by a thin
quantum well [2.7, 8] because zawen is inversely proportional to the full width at half
maximum (FWHM) of the energy spectrum of the tunneling transmission coefficient,
which increases with decreasing well thickness. zawen can also be reduced by thin
barriers [2.9-10]. 7ep in Eq. (2) can be reduced by thinning the collector spacer.
However, an optimum spacer thickness exists because Cdep included in Crrp increases
simultaneously [2.11]. This situation is equivalent to simultaneous optimization of the
intrinsic and extrinsic delay times. The extrinsic delay time can be reduced by a small

Crrp and Rs, as shown in Eq. (6).
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Intrinsic delay Extrinsic delay
Electrode RTD
Tawell| | Zdep . o9
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Dwell time Rs
T I
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Fig. 2.12 Components of total, intrinsic, and extrinsic delay time.

2.4.5 Extraction of intrinsic delay time

The intrinsic delay time was extracted from the experimental results by the
comparison with the results of theoretical analysis using the equivalent circuit in Fig.
2.9. In the theoretical analysis, the oscillation frequency and output power were
calculated by the method described in Refs. 2.5, 6 using the parameter values mentioned
below and the assumed values of 7zt and the capacitance Cdep per unit mesa area
mentioned in this chapter. zint was then determined by fitting the highest limit of the
oscillation frequency fimt and the mesa area at fimt in the theoretical calculation to those
in the measured results. The thickness providing Cdep per unit mesa area could also be
estimated from the potential profile including the accumulation and depletion layers.
However, Cdep per unit mesa area was treated as a fitting parameter here because the

oscillation frequency strongly depends on Cdep per unit mesa area. In this process, the
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effect of zext is implicitly included as those of the parasitic elements, and only znt is

extracted. The schematic diagram of the parameters fitting is shown in Fig 2.13.

Fitting by Cyep Fitting by 7,
> 1 Oscillation > 1 . oesmall
c frequency limit c \
5 o)
3 3
O‘ c-
2 Ciep :small 2
5 Theory '5
I kS|
5 S
0
3 X o) S

Mesa Area Mesa Area

Fig. 2.13 Schematic diagram of procedure for fitting of Cdep and zint.

For the parameter values, Grrp(®) was estimated using the equations mentioned
in this chapter. The admittance of the actual antenna structure was calculated using
ANSYS HFSS. The series resistance Rs is the sum of the bulk and spread resistances.
The bulk resistance was calculated as the sum of those for doped InGaAs and InAlGaAs
layers in the RTD mesa. The spread resistance of the InGaAs underlayer was
approximated as 1/(1o dmGaas)In(a/amesa) [2.12], where o is the conductivity, and dinGaas,
a, and am are the lengths indicated in Fig. 2.6. This resistance was approximately
calculated as that of a material with conductivity o between two coaxial half-cylindrical
electrodes with inner and outer radiuses amesa and @, respectively, and length dmGaas.
dinGaas in the above formula must be replaced with the skin depth Jif 6 < dinGaas.

The frequency dependence of o was included as o w) = o(0)/[1+(@e1)’], where
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el = 4 M" /e with 1, m*, and e being the mobility, effective mass, and electron charge,
respectively. The values of m” and u were estimated by extrapolation of the heavily
doped data in Refs. 2.13 and 2.14. This conductivity is the real part of the complex
conductivity o(@) = o(0)/(1+j@ne). The imaginary part of the complex conductivity
works as an inductance, although this inductance is not taken into account in the present
analysis. Owing to this inductance, the absolute value of the real part of the RTD
admittance including parasitic elements, i.e., the absolute values of NDC with respect to
the electrodes, appears slightly higher. The change in the imaginary part of the RTD
admittance is much smaller than that of the real part. Exact treatment of the complex
conductivity is a subject for future study. The skin effect was neglected because the
mesa size and layer thicknesses are much smaller than the skin depth.

Rc was estimated from the measurement using the transmission line method (~15
Qum?), as shown in Fig 2.14, and C. was calculated for the top metal-semiconductor
contact, although the real part of the impedance due to these elements was much smaller
than Rs, as shown in Fig 2.15. The Schottky height was estimated to be 0.17 eV with the
typical contact resistance. The contact resistance between the InGaAs underlayer and
the lower electrode in Fig. 2.6 was neglected because of the large area.

In real experimental results, unknown stray capacitance Cex is observed. The

oscillation frequency fosc approximately given by fose & 1/4/27L,(Crrp' S+Can+Cex)
for Crrp’ is the RTD capacitance per unit area and S is the RTD mesa area. Cex is
estimated by the dependence 1/fosc® as a function of mesa area and the stray capacitance
which is obtained experimentally is considered in this extraction of intrinsic delay time.
The reason of the stray capacitance is not clear at present. Exact treatment of this stray

capacitance is a subject for future study.
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Fig. 2.14 Typical experimental result of contact resistance measured with

transmission line method.
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Fig. 2.15 Decrease in contact resistance caused by contact capacitance of RTD.

2.4.6 Toward higher frequency

It is important to reduce the intrinsic and extrinsic delays, along with the antenna

length and conduction loss, to increase the oscillation frequency limit. The intrinsic
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delay consists of the dwell time through the barrier and well and the transit time across
the collector depletion layer. The extrinsic delay consists of such as the capacitance and
series resistance of RTD. Optimizing the antenna length and reducing the antenna
conduction loss are important to further increase the oscillation frequency limit. The
results of a theoretical analysis are shown in Fig 2.16. The assumed values for the
antenna and RTD are also shown. Reducing the total delay time increases the oscillation
frequency limit. Although reducing the antenna length decreases the antenna inductance,
it simultaneously increases the antenna loss. Thus, an optimum antenna length exists.
After optimizing the antenna length, a reduction in the antenna conduction loss is
needed.

To obtain an oscillation frequency greater than 2 THz, it is necessary to reduce the
total delay to 70 fs and the antenna loss to less than 8 mS using a 9-um antenna as
shown in Fig 2.16. The next chapters discuss reductions in the dwell, transit, and

extrinsic times, as well as antenna structure improvements.
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Fig. 2.16 Reduction in total delay time and reduction in antenna length and loss for

higher oscillation frequency limit.

2.5 Conclusion

In this chapter, I explained the theoretical analysis of an RTD terahertz oscillator
and the methods for achieving a high frequency. Reductions in the total delay time and
antenna length and loss are important. The dwell time will be reduced using a thin
barrier and well, and the transit time will be reduced by optimizing the spacer thickness.
Improvements in the antenna length and conduction loss are also important. In the next

chapters, the reductions in these factors will be discussed.
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Chapter 3 High-frequency oscillation with reduced dwell time

3.1 Introduction

This chapter discusses methods to reduce the dwell time by improving the RTD
layer structure. It first discusses the qualitative mechanism for reducing the dwell time
by reducing the barrier and well thicknesses and decreasing the bias voltage with a deep
well and step emitter structure. Next, the experimental results of reducing the barrier
and well thicknesses and using a deep well and step emitter are discussed. A decrease in
the dwell time and increase in the oscillation frequency limit were experimentally
achieved using the optimum barrier thickness, reducing the well thickness, and
suppressing the bias voltage with an appropriate InGaAs well depth and InAlGaAs

step-emitter height.

3.2 Reductions in dwell time and bias voltage
3.2.1 Calculation of tunneling transmission

coefficient with thin barrier and well

At a reduced well thickness, a high value is expected for the current-density
width 4J in the NDC region [3.1]. This is because the resonance levels moves up, and
the full width at half-maximum (FWHM) of the tunneling transmission coefficient
increases. Simultaneously, a thin well reduces the valley current generated by the
leakage through the second resonance level, because the energy separation between the
first and second resonance levels also increases in the thin-well structure. Thus, a large

AV is also expected with a thin-well structure. The wide FWHM is effective for

48



Chapter 3 High-frequency oscillation with reduced dwell time

reducing the dwell time, because the dwell time is inversely proportional to the FWHM.
The dwell time also decreases with thinner barriers as a result of the increase in the

tunneling transmission coefficient, as shown in Fig. 3.1.

Thick barrier Thin barrier Thin barrier
Thick well Thick well > Thin well
Reduction in barrier and
% well thikckness
o d Increase in4E
N L____1 —— .
/_ . .
Reduction in 7y~ /AE
— e — —— - - - = - - . 7] l
Jd 7T ] < - | Increase in
\7 | oscillation frequency

Increase in FWHM (4E)

Fig. 3.1 Reduction in dwell time with increase in FWHM associated by thin barrier

and well.

Although decreasing the barrier thickness was effective for increasing the
current density [3.2-5], the simultaneous increase in the leak current causes a decrease
in the width of the peak and valley current. Thus, an optimum thickness (~1 nm) was
found in previous experiments of our study group [3.6].

The tunneling transmission coefficient is calculated using the transfer matrix. A
model of the band gap is shown in Fig. 3.2. The parameters are as follows: Eb is the
barrier height, Ee is the emitter height, Eq is the well depth, Vs is the bias voltage, and «
is the electric field in the RTD. 4Ei1 to AE4 are the band heights, and E is the incident
energy. The effective mass of the barrier is fixed at 0.15. | performed calculations for

well widths between 5 and 1 nm (in 1-nm steps). The barrier thickness, height, and

49



Chapter 3 High-frequency oscillation with reduced dwell time

effective mass of ds1 and dsz are 1 nm, 0.8 eV, and 0.14, respectively. The well depth
and effective mass are 0.26 eV and 0.027, respectively, with Ino.9Gao.1As. An increase in
the effective mass with the energy caused by the non-parabolicity of the quantum well is
assumed [3.7,8], as shown in Fig. 3.3. The bias voltage is considered using an
asymmetric rectangular potential. This calculation is very simple, but it is sufficient to
obtain the tendency of the increase in AE. Based on the estimation, a decrease in the
well thickness causes an increase in the tunneling transmission coefficient. However,
making the well too thin causes a reduction in the peak-to-valley ratio, and the negative
conductance region will decrease with leakage above the barrier and through the 2"
resonance level.

The calculation results for the well-thickness dependence are shown in Fig. 3.4
The tunneling transmission coefficient of FWHM increases with a decrease in the well
thickness because of the increase in the resonance level. Making the well too thin causes

increased leakage by the 2" resonance. Thus, an optimum well thickness exists.
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Fig. 3.2 Calculation model of band diagram for tunneling transmission coefficient

and the parameters of the rectangular potential of RTD.
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Fig. 3.3 Increase in effective mass with resonance level from bottom of the well.
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Fig. 3.4 Estimation of tunneling coefficient with rectangular potential of RTD.

3.2.2 Increasing well depth to decrease bias voltage

Increasing the well depth is an effective way to reduce the bias voltage. The
well depth is determined by the indium composition rate of the InGaAs well. Fig. 3.5
shows the calculation results for the transmission coefficient with two different well
depths: 0.2 eV (InosGao2As) and 0.26 eV (InosGao1As). The well and barrier
thicknesses are 3 nm and 1 nm, respectively. Increasing the well depth decreases the
peak of the transmission coefficient by almost the same value as the increase in the well

depth. Thus, the bias voltage will be reduced.
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Fig. 3.5 Tunneling coefficient rates with two different well depth.

3.2.3 Step emitter to decrease bias voltage

Increasing the well thickness causes an increase in the bias voltage. A graded
emitter that changed the indium composition of the emitter was applied in a previous
study [3.6]. However, it caused a lattice mismatch and limited the epitaxy. To prevent
this mismatch, InAlGaAs was applied to the emitter layer as shown in Fig. 3.6. The
increase in the Al composition was balanced by a decrease in the Ga composition. The
increase in the Al composition caused an increase in the energy gap, which decreased
the resonance level difference between the well and emitter conduction band. This
caused a reduction in the bias voltage. Reduction in bias voltage is also effective for
increase in the efficiency. The value of the Al composition was decided based on the

previous experimental results on the tendency of the bias voltage to increase with a
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decrease in the well thickness.

Estimations of the tunneling coefficient with decreases in the well thickness
and increases in the emitter height are shown in Fig. 3.7. In these calculations, the
emitter height and bias voltage were assumed to maintain the same peak (0.07 eV) and
electric field in the RTD (0.01 V/nm). The FWHM of the transmission coefficient
increased with a decrease in the well thickness and adjustment of the step emitter height.
From about a 2-nm-thick well, the resonance shape collapsed with an increase in the

transmission coefficient rate caused by the 2" resonance level in the well.

Graded emitter Step emitter
N N — N\
In,Gaq,As INg 53A1LGag 47.,AS

Fig. 3.6 Schematic band diagram of graded emitter and step emitter.
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Fig. 3.7 Estimation of tunneling coefficient with reduction in well thickness and

increase in emitter height.

3.3 Experimental results and discussions

3.3.1 Reduction in barrier thickness

Reducing the barrier thickness was an effective way to reduce the dwell time,
because of the increase in the FWHM of transmission coefficient rate. The barrier
dependence was investigated in Refs. 3.4-6, and the optimum barrier thickness was
experimentally found to be about 1 nm, as shown in Fig. 3.8. In Fig. 3.9, E1 and E2 are
the 15t and 2" resonance levels, respectively. Ip, Vp, v, and Vy are the peak current, peak
voltage, valley current, and valley voltage, respectively. A barrier that was too thin
caused an increase in valley current Iv because of the increase in the transmission
coefficient of the 2" level resonance in the RTD, as shown in Fig. 3.9. Thus, | used a

1-nm barrier thickness for all the RTDs in this investigation.
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Fig. 3.9 Schematic diagram of increase in valley current because of

increase in transmission rate of 2nd level resonance from Ref. 3.6.
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Figs 3.10 and 3.11 compare the previous RTD results with those for a well
thickness of 4 nm and barrier thicknesses of 1.2 and 1 nm, respectively. The thickness
was observed with a transmission electron microscope. The oscillation frequency
increased with decreasing mesa area as a result of the decrease in the capacitance of
RTD. The oscillation frequency with a barrier thickness of 1 nm was higher than that
with 1.2 nm at the same mesa area, because as previously mentioned, the additional
capacitance zintGrrp decreased with a decrease in the intrinsic delay zint. The oscillation
frequency increased from 1.04 THz to 1.31 THz with a decrease in the barrier thickness.
The intrinsic delay time was fitted using these results. A decrease in the barrier
thickness causes a decrease in the intrinsic delay from 170 to 120 fs. The output power
was several tens of microwatts. To further increase the oscillation frequency, the delay
time was decreased without decreasing the barrier thickness in the next sections,

because a further decrease in the barrier thickness was ineffective.
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Fig. 3.10 Oscillation frequency vs mesa area with two different barrier thicknesses.
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3.3.2 Reduction in well thickness

Fig. 3.12 shows the dependences of the fundamental oscillation frequency on
the mesa area of the RTD with well thicknesses of 4.5 and 3.9 nm. The oscillation
frequency increased with decreasing mesa area as a result of the decrease in capacitance.
The oscillation frequency of the 3.9-nm RTD was higher than that of the 4.5-nm RTD
with the same mesa area, because as previously mentioned, the additional capacitance
nintGrTD decreased with a decrease in the intrinsic delay zint.

The absolute value of Grrp decreased with an increase in the oscillation
frequency as a result of the intrinsic delay and decrease in the mesa area. This effect
results in the existence of the smallest limit for the mesa area, below which the
oscillation cannot be obtained because of the insufficient Grro to compensate for the
radiation loss. | obtained fundamental oscillations at 770 GHz and 1.31 THz for RTDs
with well thicknesses of 4.5 nm and 3.9 nm near the smallest limit for the mesa area,
respectively. The limit for the mesa area of the RTD with the 3.9-nm well was smaller
than that of the RTD with the 4.5-nm well, because Grro remained high at a high
frequency as a result of the short dwell time. The oscillation spectrum at the highest
frequency of 1.31 THz is shown in the inset of Fig. 3.12. The output power was around
10 pW, and the mesa area was 0.33 um?.

| estimated the intrinsic delay time zint by fitting the theoretical calculation to
the experimental results. The details of the estimation method were already described.
The fitting curves are shown in Fig. 3.12. The estimated values of zint were 230 and 120
fs for the RTDs with the 4.5-nm and 3.9-nm wells, respectively. The delay time was

significantly reduced by decreasing the well thickness.
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oscillation of 1.31 THz. The intrinsic delay of the RTD with
4.5nm-thick well is recalculated with resent discussion of increase in

series resistance with frequency mentioned in chapter 2.

3.3.3 Deep and thin well structure

A reduction in the electron dwell time was expected with a thin quantum well as a
result of the increase in the width of the tunneling transmission coefficient, because the
dwell time is inversely proportional to this width. However, a high bias voltage was
required because of the increase in the resonance level. Depressing the bottom of the
quantum well using indium-rich InGaAs is an effective way to decrease the bias
voltage.

| prepared two RTDs with different quantum well layers, 3.5-nm-thick

Ino.sGao2As and 3-nm-thick Ino9Gao1As (thin and deep wells), as shown in Fig. 3.13.
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The former indium composition was the same as that in the RTD of Ref. 3.4. The
collector spacer thickness was 2 nm and the step emitter structure was not applied.

I also tried InAs wells with thicknesses of 3 and 2.5 nm, but | could not observe
the NDC. By checking the RTD well layer using a scanning electron microscope, it
seemed that the layer could not made because of the large difference in the lattice

constants between AlAs and InAs.

In,Ga,_ As
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AlAs dyen AlAs dyen 3.5nm | 3.0nm
< > In compositon 0.8 0.9
/ (Welldepth Eg) | (0.20eV) | (0.26 eV)
L1
. ‘/
)| \
"""" ——1 Collector

Spacer 2 nm

Fig. 3.13 Schematic band diagram of with and without thin and deep

well.
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quantum well.

Fig. 3.14 shows the 1-V characteristics for the two RTDs mentioned above. The
voltage at the current peak without the deep and thin well was 0.31 V, whereas a similar
but slightly reduced peak voltage of 0.28 V was obtained for the deep and thin well
despite the decreased well thickness. We also obtained AJ (the density of Al) and AV
values of 5.4 mA/um? and 0.32 V for the RTD without the deep and thin well, and 5.3
mA/um? and 0.43 V for that with the deep and thin well, respectively.

| fabricated the RTD oscillators with an integrated 20-um-long slot antenna. Fig. 3.15
shows the dependences of the fundamental oscillation frequency on the mesa area for
RTDs with and without a deep and thin well. For both RTDs, the oscillation frequency
increased with decreasing mesa area as a result of the decrease in the capacitance. |
obtained fundamental oscillations of up to 1.27 and 0.96 THz with and without the deep
and thin well, respectively. The highest oscillation frequency in this experiment was

1.27 THz with a mesa area of 0.25 um?2. The output power of the device oscillating at
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1.27 THz was ~1 pW.

Because the absolute value of Grrp decreased with an increase in the
oscillation frequency as a result of the intrinsic delay and decrease in the mesa area,
there was a limit to the mesa area, below which the oscillation could not be obtained
because there was insufficient Grrp to compensate for the radiation loss. This limit of
the mesa area was smaller for a thinner well, because Grro was less degraded as a result
of the shorter dwell time. Because of this condition, a higher frequency oscillation was
obtained in the deep and thin well in Fig. 3.15, as mentioned above. The oscillation
frequency at the same area was also higher for the deep and thin well, because the
additional capacitance generated by the intrinsic delay time, including the dwell time,
was smaller.

| estimated the intrinsic delay time by fitting the theoretical calculation to the
experimental results. The fitting curves are also shown in Fig. 3.15. The estimated
intrinsic delay times zint were 40 and 110 fs for the RTDs with and without the deep and
thin well, respectively. A further increase in the oscillation frequency will be expected
with an optimized structure in terms of the thickness and material of the well and spacer

layer.
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Fig. 3.15 Dependence of oscillation frequency on RTD mesa area of 3-

nm-thick Ing9Gag.1As and 3.5-nm-thick IngsGap2As.

3.3.4 Step emitter structure

A step emitter was employed to reduce the bias voltage for NDC in this section.
From the top side, the structure was composed of undoped InossAlo1Gaos7As (2
nm)/n-Ino.s3Alo.1Gao.37As (20 nm)/n*-Ino.s3Alo.1Gao.s7As (5 nm), which step height is 100
meV and Ino.s3Al0.08Gao.372As (2 nm)/n-Inos3Alo.0sGao.372As (20
nm)/n*-Ino.s3Alo.08Gao.s72As (5 nm), which step height is 80 meV for the RTDs, with
1-nm barrier, 3-nm well, and 25-nm spacer as shown in Fig. 3.16. Fig. 3.17 shows |-V
characteristics and the peak voltage decreases with increase in the step emitter height.
The dependence of oscillation frequency on the mesa area is shown in Fig. 18. The

experiment was the first time oscillation of InAlGaAs step emitter structure.
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Fig. 3.18 Oscillation frequency versus mesa area for the RTD with

100-meV step emitter.

3.3.5 Reduction in well thickness with step emitter

In order to reduce zwen and the bias voltage for NDC, | employed step emitter
structure and thin well simultaneously. The emitter structure is as follows. From the top
side, the structure was composed of undoped InossAlo1GaosrAs (2
nm)/n-Inos3Alo.1Gaos7As (20 nm)/n*-Inos3sAlo.1Gaos7As (5 nm) for the RTD with the
3-nm well and undoped Ino.s3Al0.15Gao.32As (2 nm)/ n-Ino.s3Alo.1sGao.32As (20 nm)/3-step
n*-InossAlxGao.47-xAs (x = 0.15, 0.1, and 0.05, 5 nm each) for the RTD with the
2.5-nm-thick well, as shown in Figs. 3.19-20. The InAlGaAs composition was designed
to obtain nearly the same bias voltage for NDC in the samples with different well
thicknesses. The three-step structure was introduced to avoid a large step at the

conduction-band edge between the InAlGaAs emitter and the InGaAs underlayer. Two

66



Chapter 3 High-frequency oscillation with reduced dwell time

RTDs with 3- and 2.5-nm-thick wells, along with a 1-nm barrier and 6-nm spacer, were
prepared for this experiment. The current density-voltage characteristics of these RTDs
are shown in Fig. 3.21 for different quantum-well thicknesses. The current-density and
voltage widths of NDC (4J and AV, respectively) are also extracted and shown in Fig
3.22. | obtained AJ (the density of Al) and AV values of 18 mA/um? and 0.4 V for the
RTD with the 2.5-nm-thick well, and 11 mA/um? and 0.24 V for the RTD with the

3-nm-thick well, respectively.

\ N Barrier
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Fig. 3.19 Schematic band diagram of RTDs with different quantum-well

thickness.

67



Chapter 3 High-frequency oscillation with reduced dwell time

Well: Ino.sGao.1As

2.5nm
B ” M Barrier: 1 nm
$0.05 eV A
hmf 0.15 eVI
_I7005¢
400 nm 5 nm X 3 step 20 nm I\ Collector spacer:
INgs3Gag47As  INg53Ga0 47,ALAS  INg 53Gag 3Alp 15A: T 12nm
(n*=~5x10"?) (x=0.05,0.1,0.15) (~3x1078) 0.26 eV
(~5x109) 2nm
spacer

Fig. 3.20 Band diagram of RTD with the well thickness of 2.5-nm well and 3-step

emitter structure.

Because the full width at half-maximum of the tunneling transmission coefficient
was increased, AJ was larger for the thinner quantum well. Simultaneously, the thin
well resulted in a reduction in the valley current generated by the leakage through the
second resonance level, because the energy separation between the first and second
resonance levels also increased. Because of this effect, AV also increased with
decreasing well thickness, as seen in Figs. 3.21-22. As seen in Fig. 3.21, the bias
voltage at the current peak is almost the same because of the effect of the InAlGaAs

emitter layer, as previously mentioned.
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Fig. 3.23 Measured oscillation frequency as a function of RTD mesa area

of RTDs with two different quantum-well thicknesses.

Next, oscillators were fabricated with the two RTDs, which had several mesa
areas. | measured the dependence of the oscillation frequency on the thicknesses of the
quantum well to obtain zint and its variation with the structure. The narrow-part widths
of the air bridge from the top of the RTD to the MIM capacitance in Fig. 2.1 were 0.25
um for the RTD with the 3-nm-thick well and 1 um without InGaAs under air bridge for
the RTD with the 2.5-nm-thick well , which reduced the antenna loss by improving the
antenna structure, as discussed in Chapter 5. Fig. 3.23 shows the experimental results
for the fundamental oscillation frequency as a function of the RTD mesa area. The
length of the slot antenna is 20 um. In addition to the difference in well thickness, the
antenna structures in Fig. 2.1 also differ between the two RTDs. | estimated the intrinsic
delay time zint and capacitance by fitting the theoretical calculation to the experimental

results. The estimated zint were 45 and 20 fs for RTDs with 3- and 2.5-nm-thick well,
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Fig. 3.24 Measured output power as a function of oscillation frequency of RTDs with
different well thickness. The antenna length is 20 um. Theoretical curves

and extracted intrinsic delay time are also shown.

respectively. The estimated zan were 120 and 100 fs for RTDs with 3- and 2.5-nm-thick
well, respectively. Details of the estimation method for zint were described in Chapter 2
and Ref. 3.9. The highest oscillation frequency increased by about 0.2 THz from 1.29
THz in the RTD with the 3-nm-thick well to 1.47 THz in the RTD with the 2.5-nm-thick
well, as shown in Fig. 3.23. This was due to the reductions in the dwell time from the
thin well and in the antenna loss from the antenna structure improvement, as discussed
in Chapter 5. In this result, the contribution of the short dwell time to the increase in the
highest oscillation frequency was comparable to or slightly larger than that of the small
antenna loss. Although the reduction in the antenna loss was included in this experiment,
the extraction of the intrinsic delay time for different well thicknesses was not affected

by the difference in the antenna loss because the antenna parameter change calculated
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by HFSS was included. The output power was low because the oscillation frequency
was very close to the highest limit as shown in Fig. 3.24. A higher output power is
possible by improving the highest frequency limit, as discussed in Chapter 5. In the
oscillation characteristics described above, the oscillation frequency and estimated delay

time were improved by the thin well, as | expected.

3.4 Conclusion

This chapter discussed a mechanism for reducing the dwell time by reducing
the well thickness for high frequency oscillation and the structures for reduction in bias
voltage, which are deep well and step emitter structure. Next, the dependence of the I-V
curve and oscillation characteristics on these structures were reported. An increase in
the resonance level caused an increase in the FWHM of tunneling transmission
coefficient and reduced dwell time. An increase in the bias voltage was suppressed
using a deep well and an appropriate InAlGaAs step-emitter height. A decrease in the
dwell time and increase in the oscillation frequency limit by a decrease in the well
thickness without increase in bias voltage were achieved experimentally, as shown by

comparing two RTDs with different well thicknesses and step emitter structure.
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Chapter 4 High-frequency oscillation with reduced transit time

4.1 Introduction

This chapter analyzes the increase in the oscillation frequency of an RTD
terahertz oscillator by a decrease in the transit time. The intrinsic delay, which is
composed of the dwell time in the resonance region and the transit time in the collector
depletion region, must be reduced to achieve the high-frequency oscillation of RTDs, as
discussed in Chapter 2. Reducing the dwell time was discussed in Chapter 3. Although
the transit time can be reduced using a thin collector spacer, the capacitance increases.
Thus, an optimum thickness for the collector spacer layer exists. In this discussion, |
investigate the dependence of I-V and the oscillation characteristics on the collector
spacer thickness for obtaining optimum spacer thickness. The electron velocity in the
collector depletion region, the dwell time, and transit time are also extracted from the

dependence of the intrinsic delay on the collector spacer thickness.
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4.2 Reduction in transit time with decrease iIn

spacer thickness

The negative differential conductance used in the THz oscillation of RTDs
degrades with increasing frequency because of the intrinsic delay time of electrons,
which consists of the dwell time in the resonance region and the transit time across the
collector depletion region. Therefore, a further increase in oscillation frequency requires
a reduction in the intrinsic delay time. The dwell time, which is one of the factors in the

intrinsic delay, can be reduced by thin quantum wells in Chapter 3.
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Fig. 4.1 Trade off of the transit time and spacer capacitance.
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The other factor, the transit time in the collector depletion region, can be
reduced by thinning the collector spacer thickness. However, an optimum spacer
thickness exists because the capacitance of the depletion layer increases simultaneously,
as shown in Fig. 4.1. Although the spacer thickness dependence of the oscillation
frequency in RTDs has been studied at low frequencies (300-400 GHz) [4.1], the effect
of the transit time was limited, and the optimum thickness was not a problem. The
transit time is important in high-frequency oscillation after decrease in dwell time. In
this chapter, | experimentally and theoretically investigated the spacer thickness
dependence of oscillation frequency. | also extracted the electron velocity in the
collector depletion region and the dwell time from the experimental results.

The electron velocity in a high electric field (~100 kV/cm) over a short
distance (~10 nm) has not been reported. The theoretical oscillation frequency limits as
a function of the collector layer width for several electron velocities in the collector
depletion region are shown in Fig 4.2. Increasing the electron velocity increases the
oscillation frequency limit because of the decrease in the transit delay time. The
optimum spacer thickness increases with the electron velocity because the decrease in
the velocity allows an increase in the collector spacer thickness and decrease in the

capacitance of RTD.
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Fig. 4.2 Theoretical calculation of oscillation frequency vs. collector layer width for

several electron velocities in collector depletion region.

4.3 1-V and oscillation characteristics

I prepared three RTD with spacer thickness of 25, 12 and 6 nm, as shown in Fig.
4.3. The barrier and well thickness in this experiment are designed in 1 and 3 nm,
respectively. Step emitter height for reduction in bias voltage is 100 meV with
Inos3Gaos7AloaAs. The current-voltage characteristics of these RTDs are shown in Fig.
4.4. The voltage width AV of the NDC is larger for thicker spacers because the voltage
drop across the spacer is larger. The current density width AJ of the NDC of the RTD
with 25-nm-thick spacer is smaller than the two other RTDs. This is because the well

thickness of the RTD with 25-nm-thick spacer is thicker by one monolayer than those of
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the others, which was confirmed by careful observation with a transmission electron
microscope. The increase in the well thickness reduces the full width at half maximum
of the energy spectrum of the tunneling transmission coefficient, reducing AJ. The peak
current density was a little bit smaller for thicker spacers; the reason for this is not clear

at present.

N, Barrier
N1.0 nm
InAIGaAs
Step emitter
100 meV
N
welll |
Ing oGap 1AS N
3.0nm
. Spacer :
+ 25,12, 6 nm

Fig. 4.3 Band diagram of the fabricated RTDs with spacer thickness of 25, 12, 6 n.m
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Fig. 44 Measured current-voltage characteristics of RTDs with different spacer

thicknesses.

Fig. 4.5 shows the fundamental oscillation frequency measured at room
temperature as a function of mesa area of the RTD for three samples with different
collector spacer thicknesses. The oscillation frequency increased with the decrease in
mesa area because of the decrease in capacitance of the RTD. For the same mesa area,
the oscillation frequency is higher for samples with thicker spacers because the
depletion-layer capacitance Caep is Smaller. The absolute value of NDC (Grrp) decreases
with the increase in oscillation frequency because of the intrinsic delay time and the
decrease in mesa area. Because of this effect, there exists the highest limit to the
oscillation frequency, above which the oscillation cannot be obtained because the Grrp
is insufficient to compensate for the radiation loss. The highest oscillation frequencies

obtained in this experiment were 1.1, 1.42, and 1.29 THz for samples with spacer
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thicknesses of 25, 12, and 6 nm, respectively. Oscillation was not observed for mesa
areas smaller than those for the highest frequencies. The oscillation frequency of the
sample with a 12-nm-thick spacer was the highest. The highest frequencies for the other
two spacer thicknesses were lower because of the increase in capacitance for the
6-nm-thick spacer and the increase in transit time for the 25-nm-thick spacer. The
oscillation spectrum at the highest frequency (1.42 THz) for the 12-nm-thick spacer is
shown in the inset of Fig. 4.5. The output power was ~1 uW, and the mesa area was 0.2
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Fig. 4.5 Dependence of oscillation frequency on RTD mesa area for different spacer
thicknesses. The inset is the measured spectrum of fundamental oscillation at

1.42 THz of the RTD with 12-nm thick spacer.
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| estimated the intrinsic delay time zint and the capacitance by fitting the
theoretical calculation to the experimental results. Details of the estimation method of
zint are described in Chapter 2 and Ref. 4.2. The parasitic elements such as series
resistance were taken into account in this analysis. However, Cdep per unit mesa area
was treated as a fitting parameter here because the oscillation frequency strongly
depends on Cdep per unit mesa area. In this process, the effect of zxt is implicitly
included as those of the parasitic elements, and only zintis extracted. The fitting curves
are shown in Fig. 4.4. The estimated zint times were 110, 70, and 45 fs for RTDs with 6-,
12-, and 25-nm-thick spacers, respectively. The estimated za were 150, 110, and 120 fs
for RTDs with 6-, 12-, and 25-nm-thick spacers, respectively. Fig. 4.6 shows the
estimated and highest limit to the oscillation frequency as a function of spacer thickness.
Since the dependence of zint 0n the collector spacer thickness is almost linear, as shown
in Fig. 4.6, the dwell time zwen Was obtained from the intercept with an error of roughly
+10 fs. From this result, the electron velocity in the spacer layer and the dwell time in
the resonance region were estimated with the gradient and intercept as ~2 x 107 cm/s
and 30 fs, respectively. This velocity is similar for those reported in, HBTs, HEMTs and
UTC-PDs [4.3-5]. This is equivalently expressed as a large error bar for the 3-nm-thick
well and 25-nm-thick spacer in Fig. 4.6, taking into consideration the difference in zwen
speculated from the difference in the well thickness, although it has little effect on the
discussion in this chapter. The extension of the depletion region to the n*-collector layer
next to the spacer is negligibly small because of heavy doping (5x10%° cm). In contrast
to the highest limit to oscillation frequency has a maximum at a spacer thickness of 12

nm, as discussed above. zwen was comparable to zep for the 12-nm-spacer RTD.

81



Chapter 4 High-frequency oscillation with reduced transit time

300 2 N
|_
w e ot
= 115E
E. | If—lﬂ< £
>‘200 >
= o 5
41
b &
O @
2100 =
£ 059
- e
R i GeE T, 3
0 10 20 30 ©

Collector spacer thickness (nm)

Fig. 4.6 Intrinsic delay time and the highest limit to oscillation frequency extracted by
fitting between measurement and theory in Fig. 4.4 as a function of collector

spacer thickness.

Fig. 4.7 shows the output power as a function of oscillation frequency for three
RTDs with different collector thicknesses. The theoretical curves calculated with the
analysis in Chapter 2 were also plotted. Because Grrp decreases with increasing
oscillation frequency, the output power abruptly falls off near the highest limit of the
oscillation frequency. The output power of the sample with the 12-nm-thick spacer was

about ~10 uW, and ~1 uW at the highest frequency of 1.42 THz.
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Fig. 4.7 Experimental and theoretical output power as a function of oscillation

frequency for different spacer thicknesses.

4.4 Conclusion

This chapter investigated the dependence of the oscillation characteristics on
the collector spacer thickness for terahertz oscillators using RTDs with planar slot
antennas. Although the transit time in the collector depletion region decreases with
decreasing collector spacer thickness, the capacitance increases. Thus, an optimum
spacer thickness exists. The highest oscillation frequency of 1.42 THz was obtained at
an optimum spacer thickness of 12 nm, with an output power of ~1 uW. From the

dependence of intrinsic delay on the spacer thickness, the dwell and transit times are
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extracted and the effect for high frequency is almost same. A further increase in
oscillation frequency is expected with decreasing the well thickness and improving the

antenna structure.
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Chapter 5 Structure for higher frequency and estimation of oscillation characteristics

5.1 Introduction

This chapter discusses structural changes to increase the frequency, along with the
estimation of the oscillation characteristics. First, the reduction in the total delay by
combining a thin well and optimum spacer, and a reduction in the series resistance, are
discussed. Antenna length optimization and improvement to reduce the antenna loss are
then discussed. Next, the estimation of the higher frequency provided by these
improvements is discussed. Finally, this chapter reports, as preliminary work, the
experimental achievement of fundamental oscillation up to 1.86 THz with reductions in
the intrinsic delay, antenna length, and antenna loss, along with the removal of the

InGaAs under the bridge.

5.2 Reduction in total delay

5.2.1 Integration of thin well and optimum spacer

Chapters 3 and 4 showed how a reduction in the dwell time with a reduction in
the well thickness and reductions in the transit time and extrinsic delay with the
optimization of the spacer thickness were achieved. This chapter discusses how the
reductions in the intrinsic and extrinsic delays were simultaneously applied, as shown in
Fig 5.1. The structure dependences of these factors were obtained in terms of the
oscillation frequencies measured for RTD oscillators with different quantum well and

collector spacer thicknesses.
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Fig. 5.1 Reduction in total delay with thin well and optimum spacer.

The intrinsic delay time was extracted from the experimental results for the
intrinsic delay in Chapters 3 and 4 by a comparison with the results of a theoretical
analysis using the equivalent circuit shown in Fig. 2.9. Based on the results of Chapter 4,
the spacer thickness was almost optimized (~12 nm), which showed a good balance
between the transit and extrinsic delay. The dwell time of the RTD with the
2.5-nm-thick well was estimated to be ~5 fs, as shown in Fig 5.2, using the results
reported in the last part of this chapter. By combining the reduced well thickness and
optimum spacer, a zint value of 35 fs was achieved. The RTD with the 2.5-nm-thick well
and 12-nm spacer had an extrinsic delay time of 80 fs. Thus, a reduction in the extrinsic
delay time is needed to increase the oscillation frequency from the viewpoint of

improving the RTD layer structure.
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Fig. 5.2 Intrinsic delay time as function of collector spacer thickness for different well

and spacer thicknesses in this research.

5.2.2 Reduction in series resistance of RTD

Reducing the series resistance is important because a decrease in the intrinsic
delay causes an increase in the relative effect of the extrinsic delay. With comprehensive
improvements in the dwell time, transit time, and extrinsic time, a 7int value of 35 fs and
Text value of 80 fs were obtained with a 2.5-nm well and 12-nm spacer. To further
increase the oscillation frequency limit, it was important to decrease the extrinsic delay
time. To increase the oscillation frequency, in addition to decreasing the intrinsic delay,
it was important to decrease the extrinsic delay, as mentioned at Chapter 2. The extrinsic
delay time 7zext i1s approximately expressed as zext = (ﬂ/z)CRTD\/m , as
mentioned in Chapter 2. To reduce the extrinsic delay, decreasing the series resistance
could only provide an improvement because Grrp was determined by the barrier and
well thicknesses, and Crrp was determined by the collector spacer layer thickness.

The series resistance Rs was the sum of the bulk and spread resistances. The
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bulk resistance was calculated as the sum of those for the doped InGaAs and InAlGaAs
layers in the RTD mesa. The spread resistance of the InGaAs underlayer was
approximated as 1/(1o dmGaas)In(@/amesa) [5.1], where o is the conductivity; and diGaas,
a, and am are the lengths indicated in Fig. 2.6. This resistance was approximately
calculated to be that of a material with conductivity o between two coaxial
half-cylindrical electrodes with inner and outer radiuses amesa and a, respectively, and
length dimGaas. In the above formula, dincaas must be replaced with the skin depth J'if 6<
dmGaas. The frequency dependence of o was included as o( w) = o(0)/[1+(@e1)*], where
el = 1M /e with g, m*, and e being the mobility, effective mass, and electron charge,
respectively. The values of m” and x were estimated by the extrapolation of the heavily
doped data in Refs. 5.2 and 5.3.

I estimated the extrinsic delay time zext using Eq. (6) in Chapter 2. For an RTD
with a 2.5-nm-thick well and 12-nm-thick spacer, which is discussed in the last part of
this chapter, the calculated zext was 80 fs. This value is more than double the value of zint
(35 fs, as shown in the last part of this chapter) for this sample, implying that the
reduction in Rs is essential for higher-frequency oscillation. Rs is composed of the bulk
resistance of the mesa (n- and n*- InAlGaAs step emitter layers, n'-InGaAs collector
layer, and n"-contact layer) and the spread resistance of the n"-InGaAs underlayer, as
shown in Fig. 2.6. Although all of these layers are included in the calculation of Rs, the
n-InAlGaAs layer is dominant. Therefore, a small di in Fig. 2.6 is effective in reducing
Rs. A large dinGaas for the underlayer in Fig. 2.6 is also effective if dinGaas is smaller than
the skin depth. Fig. 5.4 shows the calculation for the dependence of the oscillation
frequency limit fimt and zext on the series resistance Rs for an RTD with a 2.5-nm-thick

well, 12-nm-thick spacer, and 9-um-long antenna, which is an almost optimized antenna
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structure for high frequency, as discussed later. The details of the antenna length
optimization are discussed in Ref. 5.4 and this chapter below. A structure with improved
di and dmcGaas is realistic using the present fabrication process. zxt can be reduced from
~80 to ~60 fs, and zint from ~90 to ~70 fs, by reducing di from 20 to 10 nm and by
increasing dinGaas from 400 to 600 nm, which is nearly equal to the skin depth at 2 THz.
The series resistance depends on the mesa area. Thus, the values are compared at the
oscillation frequency limit.

The RTD layer structure was optimized based on my knowledge of this structure.
Although changing the material system such as InAs or InSb using a smaller effective
mass may be attractive to enhance the oscillation frequency, I do not believe that this is
effective for an application involving integration, such as with an HEMT amplifier, on a

single wafer.

RTD

Fig. 5.3 Schematic structure of series resistance.
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Fig. 5.4 Increase in oscillation frequency with reduction in extrinsic delay zext and

series resistance Rsat oscillation frequency limit.

5.3 Optimization of antenna structure

5.3.1 History of antenna structure improvement

There are three structures involved in the fabrication of a slot antenna: the first,
air-gap, and air-bridge structures, as shown in Figs 5.5-7. The first structure was
established in 2010 by our group. The process was a preliminary procedure. Therefore,
it is complicated and difficult to use for the stable fabrication of devices. The gap
between the top electrode and lower electrode near the RTD mesa was fabricated using
tilted evaporation. Additionally, some of the characteristics were not good. The surface

contact was not unstable because the top contact was evaporated after titanium was

91



Chapter 5 Structure for higher frequency and estimation of oscillation characteristics

evaporated as an RIE mask and removed by buffered HF. This structure was used in
[1.152, 155-158, 160].

To improve these defects, I changed the fabrication process from the first
structure to the air-gap structure. In the air gap structure, the contact metal is first
evaporated, with wafer cleaning by H2O:HCL = 1:5 @ 4°C. Thus, the stability of the
contact resistance increases. This main point of fabrication is the narrowest choke point
of the air-bridge part. It was fabricated with a very narrow (~300 nm) shape, as shown
in Fig 5.6(a), and isotropical wet etching was used to remove the InGaAs under this
narrow part.

However, the antenna capacitance decreased with the air gap structure because
of an increase in the distance between the bridge and the lower electrode. In addition to
making it easier to fabricate, the thin part of the air gap causes an increase in the
antenna inductance due to the narrow metal part, and the remaining portion of InGaAs
inside the antenna causes an increase in the antenna conduction loss because of the
reduction in the surface area under the bridge. The air-gap structure was used in

[1.16-163, 166]
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(a) Bird’s eye view

(b) Cross-sectional view near RTD mesa

Gap made by tilted evaporation

(c) Enlarged view near RTD mesa

Fig 5.5 Schematic diagrams of first structure.
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(a) Bird’s eye view

(b) Cross-sectional view near RTD mesa

(c) Enlarged view near RTD mesa

Fig. 5.6 Schematic diagrams of air-gap structure.
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e
(a) Bird’s eye view

(b) Cross-sectional view near RTD mesa

(c) Enlarged view near RTD mesa

Fig 5.7 Schematic diagrams of air-bridge structure.
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In order to improve the antenna parameters, the air bridge structure was applied,
along with the newest fabrication process. The details of this fabrication process were
shown in Chapter 2. In this process, reductions in the antenna resistance and inductance
were possible by increasing the surface area and improving the bridge length and width.

The characteristics of these three structures are summarized in Table 5.1. All of
the antenna structures are discussed in this thesis, but only the air bridge structure is
used for estimating the oscillation characteristics in this chapter. In addition, a further

improvement in the air bridge structure will be shown in this chapter.

Table 5.1 Comparison of antenna structures.

Structure First Air gap Air bridge
Fabrication 0 o o)
Antenna loss o 0 o
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5.3.2 Optimization of antenna length

Although there is an upper limit for increasing the oscillation frequency by
decreasing the total delay, reducing the antenna length is the next approach for
increasing the oscillation frequency. In our research group, Maekawa and I fabricated an
RTD oscillator integrated with a slot antenna with the air-gap structure.

The oscillation of this device occurs if the NDC of the RTD compensates for
the loss of the antenna, as discussed in Chapter 2. The oscillation frequency is
determined by the capacitance and inductance of the equivalent circuit of the oscillator,
including the RTD and antenna, as shown in Fig 2.9 and Fig. 2.11. By reducing the
mesa area of the RTD, the oscillation frequency increases as a result of the decrease in
the capacitance of the RTD. Because the NDC decreases with the decreasing mesa area,
this method for increasing the frequency is limited to a certain value of the mesa area at
which the NDC cannot overcome the loss of the antenna. The upper limit of the
oscillation frequency determined from this condition can be extended by decreasing the
antenna length, because of the decreases in the capacitance and inductance of the

antenna.
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Fig. 5.8 Antenna length optimization.

However, the antenna loss increases with decreasing antenna length through the
increase in the oscillation frequency, resulting in a decrease in the upper limit of the
oscillation frequency. From this trade-off relation, as shown in Fig 5.8, there exists an
optimum antenna length with respect to the upper limit of the oscillation frequency. The
dependence of the upper limit of the oscillation frequency on the antenna length was
examined using RTD oscillators with different antenna lengths. The RTD was composed
of InGaAs/AlAs double barriers on an InP substrate, with the same layer structure as
that in Section 4, except for the collector spacer thickness. The step emitter structure
and deep quantum well were employed to reduce the bias voltage. The thicknesses of
the quantum well and barriers were 3 and 1 nm, respectively, and that of the collector

spacer was 12 nm.
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Fig. 5.10 Antenna admittance at frequency of 2 THz vs. antenna length.
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The antenna inductance, capacitance, loss, and resistance of Air-gap structure
as functions of the antenna length are shown in Figs. 5.9 and 5.10, which were obtained
by fitting the admittance calculated by HFSS and the parameters of the circuit model
shown in Fig 2.11. The antenna inductance and capacitance are almost proportional to
the antenna length. The antenna inductance increases with the slot antenna area, and the
capacitance increases with an increase in the part between the upper and lower
electrodes, which face each other.

Fig. 5.11 shows the fundamental oscillation frequencies measured at room
temperature against the mesa area of the RTD for different antenna lengths. The
oscillation frequency increased with decreasing mesa area, as previously mentioned. For
the same mesa area, the oscillation frequency was higher for shorter antennas because of
the small capacitance and inductance. Theoretical curves are also shown in Fig. 5.11,
which were calculated using the method and parameters for the RTD discussed in this
thesis. The upper ends of the theoretical curves correspond to the upper limit of the
oscillation frequency. Reasonable agreement between the theory and experiment was
obtained. The highest oscillation frequencies obtained in the experimental results shown
in Fig. 5.11 were 1.42, 1.55, 1.53, and 1.40 THz for antenna lengths of 20, 16, 12, and 9
um, respectively [5.4]. The output power of the highest oscillation frequency (1.55
THz) for a 16-um-long antenna was 0.4 uW, which was close to the upper limit of the
oscillation frequency, as seen in Fig. 5.11. On the other hand, that for a 12-pm-long
antenna (1.53 THz) was 5 uW, which showed some room before reaching the upper

limit of the oscillation frequency.
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The dependence of the upper limit of the oscillation frequency on the antenna
length was obtained from the theoretical curves in Figs. 5.11 and 5.12. As discussed
above, there is an optimum antenna length for the upper limit of the oscillation
frequency. The highest oscillation frequencies obtained in the experiment are also
plotted in Fig. 5.12. Although they are not exactly equal to the upper limit, as shown

above, a similar dependence on the antenna length was obtained.
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5.3.3 Reduction in antenna conduction loss

Decreasing the antenna loss is important to increase the oscillation frequency.
The antenna loss consists of radiation, conduction, and leakage losses. The main part of
the antenna loss is conduction loss in a short antenna. A reduction in the antenna
resistance is needed to further increase the oscillation frequency limit. The antenna loss
Re(Ya) for a short antenna (less than ~20 pum), as shown in Fig 2.11, was approximated
because the radiation conductance was about one tenth that of Re(Ya):

Re(Ya) ~Reondy/f/(Reond® f + (27fLani)?), (7)

where f is the frequency. In order to decrease in the antenna admittance calculated by Eq.
(7), a reduction in Rcond was important, as shown in Fig. 5.13. fmax is the maximum

oscillation frequency, as calculated by the following equation: Grrp c0s2 7fmax = 0.

N

w

N

Caep: 5 fF/um?
Grrp: 20 mS/um?

0 5 10 15 20
Antenna length (um)

—

Oscillation frequency limit (THz)

Fig. 5.13 Oscillation frequency limit versus antenna length with reduction in antenna

resistance calculated with usual air bridge structure.

Increasing the surface area of the air bridge and thickness of the lower

electrode are effective ways to decrease the conduction loss, because terahertz waves
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propagate only on metal surfaces (~50 nm at 2 THz) because of the skin effect. Fig. 5.14
shows the device structures and surface current simulation results by HFSS for the
air-gap and air-bridge structures. Because of the improvement in fabrication process
using the air-bridge structure, which used a 3-layer resist technique, as explained in
Chapter 2, the InGaAs under the air bridge was not formed. Thus, the conduction loss
decreased with an increase in the surface area of the air bridge [5.5]. The antenna length
of the air-gap structure was limited to ~7 um because the air-bridge width of wide part
was fixed at 6 um in this thesis to prevent interference between the slot antenna and air
bridge. There was no limitation on the air-bridge shape for the air-bridge structure
because of the improvement in the fabrication process, in which the air bridge was
completely isolated from the lower electrode antenna.

Fig. 5.15 shows the dependence of the antenna loss on the antenna length.
Decreasing the antenna length increased the loss, as shown by Eq. (7). A long antenna
has a large oscillation conductance. Thus, a tendency for the antenna loss to increase
with the antenna length also exists. Fig. 5.16 shows the dependence of the antenna
resistance on the antenna length. An increase in the bridge surface causes a decrease in
the antenna loss in a comparison of the air-gap and air-bridge structures. The antenna
resistance increases with the antenna length. The slopes of the tendencies for these two

structures changed because the thickness of the gold around the slot changed.
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Fig. 5.16 Antenna resistance versus antenna length for air-gap and air-bridge

structures.

Increasing the lower-electrode thickness is an effective way to further decrease
the antenna resistance, and it is easy to fabricate after finishing the fabrication of the
device. Although this additional lower-electrode structure was mainly proposed by
Maekawa in our group, I calculated the antenna parameters to estimate the oscillation
frequency limit in this thesis.

The fabrication includes the following steps: covering the structure with a
~50-nm-thick layer of SiO2 using PCVD for passivation between the additional lower
electrode and MIM structure, removing the SiO2 on the lower electrode and contact pad,
and evaporating Cr/Au = 10/~2000 nm. The additional lower-electrode thickness was
determined by the point where the antenna improvement was almost saturated, as well

as the easiness of the fabrication process. A 2-um-thick metal layer was easy for our
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group to fabricate during a single evaporation. Furthermore, an increase in the thickness
is possible by increasing the evaporation times of the metals. The device structure after
evaporating the additional material for the lower electrode is shown in Fig. 5.17. The
gap between the RTD mesa and thicker lower electrode is 1 um out of consideration for
the leakage between the upper and lower electrodes and the easiness of the lift-off
process.

The calculated antenna loss, resistance, inductance, and capacitance are shown
in Figs. 5.18 and 5.19. The antenna inductance increases with an increase in the lower
electrode thickness, because of the increase in the surface area along the slot, which is
similar to increasing the diameter of a wire. Thus, the antenna loss increases, but the
antenna resistance decreases because of the increase in the metal thickness. An increase
in the oscillation frequency limit was possible with the simultaneous increase in the

lower electrode thickness and optimization of the antenna length.
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Fig 5.17 Schematic antenna structures with thicker lower electrode structure.
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Fig. 5.20 Oscillation frequency limit versus antenna length with 2-um lower electrode

and silver as metal.

The upper limit of the oscillation frequency could be increased by decreasing
the antenna resistance. Exchanging the gold for silver was also an effective way to
further decrease the antenna resistance, because the conductivity of silver is ~1.4-times
greater than that of gold. The upper red curve in Fig. 5.20 is the theoretical upper limit
of the oscillation frequency expected for an RTD oscillator with a silver antenna. The
antenna resistance was decreased with a silver antenna, and the degradation of NDC at
high frequency was compensated. In this calculation, the total delay was assumed to be
70 fs using an RTD with a 2.5-nm well, 12-nm spacer, and reduction in the series
resistance. A lower electrode thickness of 2 um was used to decrease the antenna
resistance and inductance. Based on the upper curve in Fig. 5.20, an oscillation

frequency upper limit of >2 THz is expected at the optimum antenna length (~9 um).
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5.4 Estimation of higher frequency and

experimental result of 1.86 THz

Fig. 5.21 shows the theoretical output power as a function of the oscillation
frequency expected from the above-mentioned structure improvement. The dashed
curves show the results for the previous RTD (Rs =4 Q at fime and 7= 90 fs) and the
improved RTD (3 Q at fimt and 70 fs). Using a slot antenna with a length of 12 um
without InGaAs under air bridge, the highest limit of oscillation frequency fimt discussed
in Chapter 2 was obtained as the frequency at which the output power fell to zero. An
oscillation frequency of over 2 THz is theoretically possible by reducing zan and
improving the antenna structure. The experimental result mentioned below is also shown.

The calculation result using the previously mentioned improved RTD and the
offset-fed slot antenna [5.6] with silver as the metal and a lower-electrode thickness of 2
um is also shown by the solid curve in Fig. 5.21, demonstrating the improved output
power. The offset, antenna length, and RTD mesa area were adjusted to maximize the
output power at each frequency. Output power values of ~500 uW at approximately 1
THz and >1 mW at 0.5 THz are expected as a result of this improvement. For instance,
the theoretical efficiency at 1 THz from DC to RF calculated by the theoretical
maximum power per consumption power at the center of NDR is about 5%, neglecting
the power consumption of the resistance used to suppress parasitic oscillation (if the
optimized resistance is considered, the value becomes 1/2). To further increase the
output power, the optimization of the antenna width was reported for impedance
matching between an RTD and an antenna [5.7], along with the array configuration
[5.6].
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Fig. 5.21 Theoretical output power as function of oscillation frequency for RTDs with
resistances of 4 and 3 Q at fim, and 12-um antenna without InGaAs under
air bridge shown by dotted black and red curves. The red solid curve shows
the estimation for the optimum antenna offset-fed for each oscillation

frequency, with silver and a lower electrode thickness of 2 pm.

Actually, as preliminary work for the above discussion, by integrating the thin
well (2.5 nm) and optimum spacer (12 nm) and improving the antenna (the 12-um long
slot antenna without InGaAs under an air bridge), a 1.86-THz oscillation was achieved,
as shown in Fig. 5.22, with the oscillation spectrum shown in Fig 5.23. The intrinsic
delay was 35 fs, and the delay time was 90 fs. The reduction in the antenna loss was
about 30% based on the theoretical calculation in HFSS. Increasing the antenna
thickness and changing the metal from gold to silver are the next steps to obtain

oscillation at a frequency greater than 2 THz.

112



Chapter 5 Structure for higher frequency and estimation of oscillation characteristics

102

LBLBLBLLLLL

G, :4.3mS 2.7mS

%_ 101 with InGaAs  w/o InGaAs
g E-:’- o S . =~ %

= "ANnt: 12 um \

o 1E . \
s F E \
3 FWell: 2.5 nm \
g 10-' |.Spacer: 12 nm :

1 15 2
Oscillation frequency (THz)

Fig 5.22 Theoretical curves with and without InGaAs under air bridge. Black dots

show the experimental results with the air-bridge structure.

1.86 THz
-0.03 uW
Mesa: 0.21 um?

Intensity (a.u.)
I

1 1.5 2 2.5
Oscillation frequency (THz)

Fig 5.23 Measured spectrum of fundamental oscillation at 1.86 THz.
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5.5 Conclusion

This chapter discussed the increase in the oscillation frequency provided by
decreasing the intrinsic and extrinsic delay times of RTD terahertz oscillators, as well as
the antenna length and loss. The intrinsic delay time is composed of the dwell time in
the resonant tunneling region and the electron transit time in the collector depletion
region. This chapter discussed the results of combining a thin well, optimum spacer,
reduction in series resistance, optimum antenna length, and reduction in antenna loss by
removing InGaAs under air bridge, increasing the antenna metal thickness, and
changing the material from gold to silver. It was shown theoretically that an oscillation
frequency of over 2 THz is possible upon the reduction in the total delay time to 70 fs as
a result of the bulk and spread resistances of the RTDs and the antenna structure
improvement.

As preliminary research, an oscillation frequency of 1.86 THz was obtained in
an experiment using well and spacer thicknesses of 2.5 and 12 nm, respectively, without

InGaAs under an air bridge.
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Chapter 6
Conclusion

Chapter 1 discussed the background and purpose of this study. The terahertz
(THz) range is between approximately 100 GHz and 10 THz, or the top edge of the
millimeter wave range and the bottom edge of the optical wave range. It has been an
almost unexplored frequency range because of the lack of compact sources. Recent
technological innovations in nanotechnology and photonics are now enabling terahertz
research and applications, including those in the fields of ultrahigh-speed wireless
communication, imaging, and spectroscopy. | studied ways to achieve a compact
terahertz source for use in terahertz applications through the development of an RTD
oscillator, which is one of the candidates for a compact light source. The first chapter
discussed the unique features of the terahertz frequency range, along with some
applications. Next, terahertz source candidates with those characteristics were described.
The details and advantages of RTD oscillators were shown and compared with those of
other sources. Finally, the purpose and outline of this thesis were provided.

Chapter 2 discussed the device structure, fabrication process, theoretical
analysis of an RTD-terahertz oscillator with a planar slot antenna, and approaches for
high frequency. Reductions in the total delay time, antenna length, and antenna loss
were proposed to increase the oscillation frequency. The total delay time was shown to
consist of intrinsic and extrinsic delays. The intrinsic delay includes the dwell time
through the double barrier and transit time across the depletion layer. The extrinsic time

is caused by parasitic elements such as the capacitance and series resistance of the RTDs.
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To obtaining an oscillation at a frequency greater than 2 THz, a total delay of 70 fs,
antenna length of 9 um, and antenna loss of less than 8 mS are needed.

Chapter 3 discussed the mechanism to reduce the dwell time by reducing the
barrier and well thickness, which would also include a reduction in the bias voltage with
a deep well and step emitter structure. The dwell time through the double RTD barrier
will be reduced by a thin barrier and well. A thin barrier caused an increase in the full
width of the half maximum (FWHM) of the tunneling transmission coefficient, which
was inversely proportional to the dwell time. An increase in the resonance level in a
guantum well with a reduction in the well thickness also caused an increase in the
FWHM of the tunneling transmission coefficient. The increase in the bias voltage due to
the thin well was suppressed with an appropriate InGaAlAs step-emitter height and
In-rich deep well. A decrease in the dwell time and increase in the oscillation frequency
limit with a decrease in the well thickness without an increase in the bias voltage were
experimentally achieved, as shown by a comparison of two RTDs with different well
thicknesses of 3 and 2.5 nm and step emitter heights of 100 and 150 meV. The
oscillation frequency increased from 1.29 to 1.47 with a decrease in the total delay from
120 to 100 fs.

In Chapter 4, I investigated the dependence of the oscillation characteristics on
the collector spacer thickness for terahertz RTD oscillators. Although the transit time in
the collector depletion region decreased with a decrease in the collector spacer thickness,
the capacitance and extrinsic delay increased. Thus, an optimum spacer thickness exists.
The highest oscillation frequency increase, from 1.1 to 1.42 THz, was obtained by
decreasing the RTD spacer thickness from 25 to 12 nm, with a 12-nm spacer found to be

the optimum size. The total delay decreased from 150 fs to 110 fs with spacer
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thicknesses of 25 to 12 nm, respectively. The dwell time (30 fs) and transit time (80 fs)
were extracted from the dependence of the intrinsic delay time on the collector spacer
thickness.

In Chapter 5, to increase the oscillation frequency, | proposed combining the
reduction in the total delay time with a thin barrier and well, as discussed in Chapter 3,
along with the optimum spacer and good values for the transit time and extrinsic delay,
as discussed in Chapter 4. To further increase the oscillation frequency, | proposed a
decrease in the extrinsic delay time with a decrease in the series resistance caused by the
bulk and spread resistances of the RTDs, the optimization of the antenna length, a
decrease in the antenna loss by removing the InGaAs under the air bridge, an increase in
the antenna electrode thickness, and a change in the metal from gold to silver. The
theoretical calculation of the oscillation characteristics with these comprehensive
improvements was reported. It was shown theoretically that an oscillation frequency of
over 2 THz and an output power of >1 mW at 0.5 THz are possible by combining a thin
well and optimum spacer, reducing the extrinsic delay time, using an optimum antenna
length, and reducing the antenna loss by improving the antenna structure. The
oscillation frequency achieved in the experiment was 1.86 THz for well and spacer
thicknesses of 2.5 and 12 nm, respectively, with an antenna length of 12 um without the
InGaAs under the air bridge. In this structure, the total delay time was 90 fs, which
consisted of the extrinsic delay time (80 fs) estimated from the parasitic elements and
the intrinsic delay time (35 fs).

Future prospects and the preliminary works are summarized in Fig 6.1. A
fundamental oscillation frequency of >2 THz with an output power of >1 uW is

achievable. Therefore, some spectroscopic applications are expected, including
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inspections for forbidden materials such as drugs and explosives. A value of >1 mW is

expected under the 0.5-THz range, which will also make imaging applications possible.

In the ultra-high speed wireless communication field, a transmission capability of

greater than 1 Tbps will be possible, with frequency division duplex ~50 Gbps/ch with

improvement of modulation signal circuit in the RTD in the near field at a frequency

range below 2 THz or short range communication under 1 THz.

In this research, RTD terahertz oscillators are expected to be used as compact

sources for many terahertz applications.
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Fig. 6.1 Future prospects of RTD-THz oscillators.
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Appendix: Fabrication process and measurement system

Fabrication process

0 Preparing substrate

0.1 Wafer cutting

! P R— Glass slide

/’/ .}
y 4 G DaDEr
/ W]
= wafer

4= Graph paper squared

Fig. A.1  Cutting wafer

Cut the wafer with a surgical knife as shown in Fig A.1

0.2 Wafer cleaning
a Cleaning by Deionized (DI) water ( >18 M Q) , 8 times flashing in a beaker
b 5-min ultrasonic cleaning (power 40%)
Repeat a—b 2sets
Memo: For removing water-soluble materials and particles by ultra sonic cleaning
If the ultra sonic power is over 50%, the wafer may be broken and if

there is insufficient water in the bass of ultra sonic machine, add DI water.
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Cleaning by acetone and methyl

For removing organic matter by using organic solvent

Methyl cleaning 3 times
Acetone cleaning 3 times
Acetone boiling 2 times (Temp. 130 °C, 5 min)

Memo: Cooling by the acetone before pick up a beaker to prevent explosive boil

Methyl cleaning 2 times
Brow dry by N2Gun

Memo: If the surface is smoked because of air moisture, repeat methyl cleaning.

1 Fabrication of Upper electrodes (UE), alignment marks, and TLM patterns
1.1 Resist coating
Bottom layer resist: PMGI SF6
Caution: Use the resist within expiration date, Blow your wafer for remove dust
Spin coating: 1% 1000 rpm 3sec, 2" 3000 rpm 60sec (thickness ~300 nm)
Pre-baking: Hotplate 250°C 5 min
Top layer resist: ZEP 520
Spin coating: 1% 1000 rpm 3sec, 2" 2000 rpm 60 sec (~500 nm)
Pre-baking: hotplate 180°C 5 min

Memo: Before coating resist, blow your wafer by blower to get particles off

1.2 Electron-beam (EB) lithography
Model: JEOL JBX6300

Exposure value: 75 uC/cm? @ 50 kV EB, or 130 pC/cm? @ 100 kV EB
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Memo: Check the most recent condition
Exposure condition: Current 3000 pA (shot rank, 128)
Field size (125,125)
1.3 Development

Top layer development

Xylene, 3.5 min, with stirring

Rinse, Isopropyl alcohol (IPA), 15 sec, with stirring
Bottom layer development

MFCD-26, 30 sec (or more), without stirring

Rinse, IPA, 15 sec (2 set with 2 beakers), without stirring

2EP ~500 nm
2000 rpm

®

Fig. A.2 Schematic structure and picture near RTD mesa of resist

after bottom resist development

1.4 Surface cleaning
O2 Ashing for removing resist
Flow meter value: 50 sccm
Power: 50 W
Time: 1 min

Memo: If the plasma color is purple, check the Oz flow and seal of O ring
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Wet cleaning for good contact resistance
Cleaning liquid: HCL:H20 = 1:5 (<4°C and after cooling by ice over 30 min)
Time: 2 min without stirring
Blow dry with N2 (without DI rinse)

Set the wafer in electron-beam evaporator as soon as possible

1.5 Evaporation of metals for UEs, marks, TLM
Evaporator: Electron-beam evaporator (4 kV)
Degree of vacuum: <5 x 107 torr
Metal thickness (nm): Ti/Pd/Au = 20/20/200 (5 min interval)
Rate: Ti & Pd: 0.7~1.5 Al/sec, Au: 4~7 Al/sec
Memo: Haas liners are W for Ti, or Ta for Pd and Au
Liftoff: ZDMAC, 130 “C, ~10 min

Cleaning: Boiling by acetone for 5 min and Methyl cleaning x3

2 RTD mesa fabrication
2.1 Wet etching
Check the metal height and I-V characteristics of TLM pattern before etching

Etchant: H2S04:H202:H20=1:1:40 (<4°Cand after cooling over 30 min)
Rate: ~1 nm/sec
Time: usually >100 sec (Divide the etching time for preventing over etching)
Rinse: DI water, 15 sec, 2 sets
Check the etching height by contact-type thickness meter each etching

I-V check (Dummy RTD and TLM)
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2.2 RTD mesa area check
Observation of RTD mesa from the side by scanning electron microscope SEM

Model: S-4500 (Hitachi High Tech)

3 Fabrication of lower electrode
3.1 Spin coating
Bottom resist: PMGI SF6
15t 1000 rpm 1sec, 2" 2000 rpm 60sec (~300 nm)
Pre-baking : Hot plate 250°C 5 min
Top layer resist: ZEP-520A
1st 1000 rpm 3sec, 2nd 2000 rpm 60 sec (~500 nm)

Pre-baking: Hot plate 180°C 5 min

3.2 EB lithography of lower electrode
Exposure value : 80 uC/cm2
Fieldsize(125,125), Subfield size(125,125)
Current 3000 pA (near antenna), area exposure, shot rank 128

15 nA(ohter parts), area exposure, shot rank 128

3.3 Development of lower electrode
Top layer: Xcylene: 3 min 30 sec with stirring
Rinse: IPA 15 sec with stirring
Bottom layer: MFCD-26 30+x sec

Rinse: DI 15 sec w/o stirring (2 sets), Oz asshing: 50 sccm, 50 W, 1 min

147



3.4 Evaporation of lower electrode
Metal: Ti/Pd/Au/Ti = 20/20/50/5 nm
Memo: 5-nm Ti for adhension with SiO2
Lift off until take metals off at 150°Cby ZDMAC
Cleaning by acetone boiling and methanol

Blow dry with N2

3.5 I-V measurement
After checking the IV date, you can use EXCEL macro to arrange the data. Name

devices such as al ~ al12 to work the macro.

4 Device isolation
4.1 SiO2 deposition for the mask of reactive ion etching
Model: PD-100ST (Samco)
Temperature: 145 C
Power 30 W,
Pressure: 15 Pa
Gas: TEOS:O2=2: 60 sccm

Time: 3 min 30 sec (Thickness: ~50 nm)
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4.2 Spin coating
Resist: ZEP 520A 1% 1000 rpm 3sec, 2"4 2000 rpm (~500 nm)

Prebaking: Hotplate 180°C 5 min

4.3 EB lithography
Exposure value: 75 uC/cm? @ 50 kV EB, or 130 pC/cm? @ 100 kV EB

Exposure condition:

Current: 15 nA (Area exposure, shot rank 128)

4.4 Development of device isolation pattern
Developer: Xylene, 3 min with stirring
Rinse: IPA 15 sec with stirring
Blow by dry N2

Check the pattern by microscope and height of resist

4.5 Patterning of SiO2 mask
Reactive lon Etching of SiO: for device isolation mask by ZEP resist
Model: RIE-10NR (Samco)
Gas: CF4, 30 sccm, 0.1 Pa, 60 W, ~9 min
Liftoff
Boiling in ZDMAC at 130 degrees Celsius for removing ZEP resist

Acetone-boiling cleaning and 3-times methyl alcohol cleaning
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4.6 Device isolation by RIE
Dry etching by RIE
Model: RIE-10NR (Samco)
Etching recipe
Check the Table.1 (Recipe of dry etching for InGaAs)

1 set for checking etching rate (Etching rate ~100 nm/ set)

Dry etching by RIE, 2~3 times, for device isolation with etching conduction layer
Memo: Check the leak current between a device and the next.
Surface cleaning (If the surface of InP has leak path)
Etchant: HCI
Time: ~1 sec
Rinse: DI 15 sec (stirring)
Acetone boiling & methyl cleaning

Table. A. 1. Dry etching recipe

No. 1 2 3 4 5 6 7
02 30sccm 30sccm 30sccm 30sccm
CH4 10sccm 10sccm 10sccm
H2 40sccm 40sccm 40sccm

Pressure | 10Pa 3Pa 10Pa 3Pa 10Pa 3Pa 10Pa

Power | 50W 300W S0W | 300W S0W | 300w | 50W

Time Imin 2min 2min 2min 2min 2min 10min
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5 Deposition of passivation layer (SiO2 ~50 nm)
Model: PD-100ST (Samco)
Temperature: 145 C
Power 30 W,
Pressure: 15 Pa
Gas: TEOS:O2=2:60 sccm

Time: 3 min 30 sec (Thickness: ~50 nm)

6 Fabrication of contact hole
6.1 Spin coating
1% Resist: PMMA A8 100%
151000 rpm 1 sec, 2" 1500 rpm 60 sec (~ 1 um)
Pre-baking: hotplate 180 degrees
Time: 60 sec
2" Resist: PMMA A8 100%
151000 rpm 1 sec, 2" 1500 rpm 60 sec (~ 1 um)
Pre-baking: hotplate 180 degrees
Time: 90 sec

Memo: thick resist for preventing RIE damage of SiO2
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5.2 EB lithography of contact hole
Exposure value : 550 uC/cm? @50-kV EB, 900 uC/cm? @ 100-kV EB
Current: Mesa part 3000 pA,
Others 15 nA for reduction in exposure time
Development MIBK:IPA=1: 3 90 sec (Stirring)
Rinse: IPA 15sec (stirring)

Blow dry with N2

5.3 Dry etching by RIE

Dry etching of SiO2 masked by PMMA A8
Model: RIE-10NR (Samco)
Gas: CF4 30 sccm,
Pressure: 0.1 Pa
Power : 60 W
Time: 9 min or more
Memo: The etching rate above is SiO2: PMMA = 1.5

Check wafer by microscope and contact hole by IV measurement

Cleaning by 5 min acetone boiling and 2 times methanol
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6 Formation of air bridge with MIM
6.1 Spin coating
Bottom resist: PMMA A8
15t 1000 rpm 1sec, 2" 2000 rpm 60sec (~700 nm)
Pre-baking : Hot plate 180°C 3 min
1t Middle layer:PMGI-SF9
15t 1000 rpm 1sec, 2" 2000 rpm 60sec (~700 nm)
Pre-baking: Hot plate 180°C 5 min
2" Middle layer:PMGI-SF9
15t 1000 rpm 1sec, 2" 2000 rpm 60sec (~700 nm)
Pre-baking: Hot plate 180°C 5 min
Top layer: ZEP:Anisole=2:1 (thin resist for preventing resist crack)
151000 rpm 1sec, 2" 3000 rpm 60sec (~350 nm)

Pre-baking: Hot plate 180°C 5 min
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6.2 EB lithography of top layer
Exposure value: 75 uC/cm? @ 50 kV EB, or 110 uC/cm? @ 100 kV EB
Memo: Check the most recent condition
Exposure condition: Current 3000 pA (shot rank, 128)
Top layer development
Xylene, 3.5 min, with stirring
Rinse: IPA 15 sec with stirring
Middle layer development
MFCD-26, 15sec, without stirring
Rinse: IPA 15 sec 2set without stirring
If it is insufficient add the development

Check the resist height

6.3 EB lithography of bottom layer
Exposure value: 500 uC/cm? @ 50 kV EB, or 750 uC/cm? @ 100 kV EB
Memo: Check the most recent condition
Exposure condition: Current 3000 pA (shot rank, 128)
Bottom layer development
MIBK:IPA=1:3, 90 sec, with stirring
Rinse: IPA 15 sec with stirring

O2 asshing: 50 sccm, 50 W, 1 min

154



6.4 Evaporation of MIM+bridge metals
Metal: Cr/Au =10 nm/1500 nm (250 nm x 6 sets)
Lift off
Remover: ZDMAC@130°C
Cleaning by boiling acetone and RT methanol
Blow dry with N2
Check the height of MIM
Check the 1-V between upper electrode and MIM
Memo: If you check the I-V characteristics of RTD for oscillator, don’t connect a

RTD and an InGaAs resistance.

Completion of fabricating
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Measurement system

Measurement system of frequency and output power is shown in Figs. A.3 and
A.4. Fourier transform infrared spectrometer (FARIS-1, JASCO) is used to measure
oscillation frequency. Bolometer (HDL-5, Infrared Laboratories) and power meter (PM5
& PM3, VDI-Erickson) is used for obtaining output power. Oscillators on an InP wafer
are set on high resistivity Si hemispherical lens. Almost all of the output power (~98%)
is radiated into substrate because of high permittivity (Relative permittivity er= 12.1) as
mentioned in Chapter 2. InP and Si has almost same refractive index but there is large
difference of refractive index between Si lens and air which causes the Fresnel loss, thus
transmission rate is calculated as about 70 %. The off-axis parabolic mirror which focal
length of 5.1 cm and the diameter of 7.6 cm collects about 36%. The value is estimated
by the optical system and a radiation pattern calculated with a model of simple slot
antenna in HFSS. The off-axis parabolic mirror changed the output radiation into
parallel beam because of the FTIR requirement. In output power measurement, the
parallel beam is focused into a detector with Tsurupica lens (the diameter and focal
point are 10 cm). Rock-in technique is used for reduction in noise with pulse generator.
Reached output power is 0.98 X0.7X 0.36 = 0.25 with neglecting the attenuation of

atmosphere and lens.
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(a) Frequency measurement
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(b) Power measurement

Fig A.3 Schematic diagram of measurement system for oscillation frequency and

output power.

157



Pulse setting
(Duty & Freq.)

Pulse o[
generator g |

<)

o
= [
9. L

. =
Information of Information of Sl

current i interferogram
e Frequency
[ FIR j——s FTR controlbox |
mz r 3 r 3
Reference HRE
i PC for FTIR
Senal R [ PCorFIIR |
Rock in amplifier
v v
| Rock in amplifier |
RTD Output power g )
A J
t r
_.\I Logger | =1
Device current I @]
(R=1€, thus V=I) I
] i

Voltage

Fig A.4 Precise measurement system of oscillation frequency.
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