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Abstract

This thesis reports on the development of high current density InGaAs/AlAs/InP resonant tun-
nelling diodes (RTDs) grown by metal-organic vapour phase epitaxy (MOVPE) for terahertz (THz)
applications. A wide variety of characterisation techniques are employed to investigate the material
properties and quality on the wafer level allowing future device and growth optimisation.

An optical characterisation technique based on photoluminescence (PL) spectroscopy is devel-
oped to non-destructively map the doping and structural composition of the RTD on the wafer
level. A new non-destructive optical characterisation technique to resolve the absolute energy level
position of the first electron state of RTDs through low temperature PL spectroscopy is also re-
ported. The absolute energy levels are resolved by a combination of type-I and type-II quantum
well (QW) recombination, allowing an investigation into important scattering mechanisms affecting
device performance, and monitor the QW alloy content and thickness non-destructively. Details of
the growth process and the characterisation techniques are discussed.

A new fabrication technique based on conventional i-line photolithography for micron scale high
current density RTD devices is also developed with accurate control over the final device area (and
hence characteristics). This is achieved by measuring the V-I characteristic of the RTD during the
fabrication process, which has not been previously possible. This was made possible by guiding
the emitter current through the full RTD structure by a large second contact electrode on the
collector side and using an air-bridge contact to the collector. Important information about the
RTD performance is extracted by using this method. Temperature dependent V-I characterisation
is also carried out to investigate the valley current of the RTD. Details of the design, fabrication, and

characterisation of a room temperature operating THz emitter in the 300 GHz band are reported.
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Chapter 1

Introduction

1.1 Historical Perspective

In 1958, a Japanese PhD research student at Tokyo Tsushin Kogyo (now known as Sony Corpora-
tion) named Leo Esaki reported at the International Conference on Solid State Physics in Brussels
on a new diode which exhibited “negative resistance” [1]. The diode which he invented was named
the Esaki or tunnel diode after the quantum-mechanical tunnelling effect which the device exploits.
He received in 1973 (in conjunction with Giaever and Josephson) the Nobel Prize in physics for his
pioneering work in electron tunnelling in semiconducting materials [2]. Electron tunnelling through
potential barriers occurs due to the quantum mechanical wave nature of particles, an effect forbid-

den in classical physics. Fig. 1.1 schematically illustrates the principle.
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Figure 1.1: Rectangular potential barrier and particle wave function

As the wavefunction of the particle is required to be continuous at the barrier, while satisfying the

Schrodinger equation in the form of Eq. 1.1, there is a finite probability that a particle will tunnel



through the potential barrier Uy.
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As the wavefunction exhibits an exponential decay inside the barrier, the probability of finding
the particle on the other side of the barrier is both dependent on the width and the confinement
potential of the barrier. Esaki’s original tunnel diode was made out of a high impurity level
germanium p-n junction with a very thin depletion region where the valence band of the p-type
material and the conduction band of the n-type material nearly overlapped. Fig. 1.2 schematically

shows the operation principle of the diode exhibiting “negative resistance”.
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Figure 1.2: Energy band diagram of a tunnel diode at points A, B, C, and D on the V-I character-
istic. Adapted from [3]

For a reverse bias and low forward bias below the peak voltage, Vp, a current flows between the
n and p-type sides of the diode. As the depletion width is very thin (typically between 20 to
50 angstroms) at the p-n junction due to the high doping concentrations (typically n >10%m3),
electrons can tunnel through the barrier between the conduction band states of the n™ material and
the valence band states of the p* material. When the bias is increased beyond Vp, the tunnelling
current drops rapidly as the bands between both sides become misaligned and there is an absence

of states in the forbidden region between the conduction and valence bands. A further increase in



forward bias beyond the valley voltage, Vv, results into conduction of carriers through diffusion as
a normal p-n diode.

Due to the negative differential resistance region in the V-I characteristic, this device was
commonly used for microwave communications, radar, high frequency amplifier, logic circuits, and
oscillator applications, as early transistors did not operate well at frequencies of several GHz [4]
[5]. The conduction mechanism of the tunnel diode relies on quantum mechanical tunnelling, which
is much faster than the drift and diffusion conduction mechanisms from conventional diodes and
transistors [69]. From a practical perspective, this early device suffered from being a two terminal
device which made it hard to use in control circuits, and did not offer any advantages as price
was concerned, compared to the transistor. The tunnel diode was later still used in some special
applications, but never really received large-scale use [7].

In 1973, Tsu and Esaki reported on a new tunnelling phenomenon in a superlattice, by inves-
tigating the electrical transport properties of a superlattice. They predicted that the computed
resonances in the transmission coefficient of the superlattice can be observed in the electrical do-
main, such as in the form of a V-I characteristic [8]. Later in 1974, Chang, Tsu, and Esaki
successfully demonstrated a device based on their previous theoretical work, known today as the
resonant tunnelling diode (RTD) [9]. Resonant tunnelling of electrons was observed in a double-
barrier heterostructure with a thin GaAs layer sandwiched between two AlGaAs barriers. For a
GaAs layer of only 50 angstroms, which is smaller than the carrier thermal de Broglie wavelength
(~ 250 A for electrons in GaAs at room temperature), discrete energy levels were created in the
well which led to a negative differential resistance characteristic. This result demonstrated the real
potential of molecular beam epitaxy (MBE) as electronic structures could be tailored on the nm
level with extremely smooth films and interfaces for a specific device application by controlling the
wavefunction of carriers [10].

In 1983, Sollner et al. reported on tunnelling experiments with the observation of negative
differential conductance at terahertz frequencies. This stimulated renewed interest in the device
for terahertz applications [11]. The RTD is more suitable than the Esaki diode for high frequency
applications as the device capacitance, a limiting factor for high frequency performance, can be
engineered depending on the structural parameters of the device. Parasitic capacitance limits the
high-frequency performance of the RTD as high frequency displacement currents are shunted across
the RTD, thereby effectively reducing the impedance of the RTD. The capacitance of the Esaki diode
is typically high as the depletion layer thickness is very thin due to the high doping levels which

are required to make the semiconductor degenerate. This capacitance limits the high frequency



performance of the Esaki diode, due to the charging effect of the RC time constant. The RC time
constant is typically dominated by the contact resistance and the device depletion capacitance. A
typical Ge tunnel diode (50 pm (L) x 50 pm (W) x 10 pm (H)) has a bulk resistance of 1 ohm and
a junction capacitance of 2.7 pF. For a time constant of 2.7 ps, the high frequency capability of

this device is limited to 37 GHz (fjimit = 1/(10RC)) [12].

1.2 Basic Principle of Resonant Tunnelling Diode

The double barrier resonant tunnelling diode (DBRTD) typically consists of an undoped quan-
tum well (QW) sandwiched between two undoped potential barriers surrounded by doped emitter
and collector layers. AlGaAs/GaAs has been a very popular material system for DBRTDs due to
excellent lattice matching of AlGaAs to a GaAs substrate. As the DBRTD is an open quantum
system, quasi-bound electronic states are formed within the QW. Carriers tunnel through these res-

onant states from the emitter to the collector. This principle is schematically illustrated in Fig. 1.3.
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Figure 1.3: Electron wave resonance in a double barrier heterostructure

The electron wave resonance of a resonant tunnelling diode is similar to optical transmission
in a Fabry-Perot etalon. The transmission probability function is unity for a symmetrical system,
and is less than unity for an asymmetric system. For an asymmetric system, the reflections are
not compensated inside the resonator which prevents the wave to build to the required level for
unity transmission. Asymmetry can be introduced to the system by making one barrier thicker
and/or by changing the confining potential of the barrier, or by applying an external bias to the
structure. Resonant tunnelling occurs when the energy of the electrons in the emitter coincides
with a quasi-bound state energy level. By applying an external bias to the structure, the alignment

of the emitter can be swept along the quasi-bound states of the QW. Current flows as electrons



tunnel through the structure and are swept out of the collector layer by the applied electric field
once they tunnel out of the barrier on the collector side.

Fig. 1.4 shows (a) the Fermi sphere of electrons in the 3D emitter region at zero temperature,
(b) the schematic energy-band diagram of the RTD, and (c) the corresponding V-I characteristic.
The electrons in the 3D emitter lie within the Fermi sphere with a radius of kg. The tunnelling
increases when the resonant energy level passes through the Fermi sphere. The tunnelling current
drops rapidly when the resonant energy level drops below the conduction band of the emitter as
no electron states are present within the band-gap. The reduction in current leads to the creation
of the negative differential resistance (NDR).

An important figure of merit is the peak to valley current ratio (PVCR), which is the ratio

between the on and off resonance current.
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Figure 1.4: (a) Fermi sphere of electrons in the emitter (b) schematic energy-band diagram of the
RTD (c) corresponding V-I characteristic. Adapted from Mizuta & Tanoue [13]

A large PVCR maximises the dynamic range of the device. The valley current can often be asso-
ciated with thermionic emission through higher resonant states or above the barrier, scattering by
phonons, impurities, and interface roughness, tunnelling via impurity states in the barriers, and

tunnelling via X and L states [13].

1.3 Summary of Previous Work

In 1983, Sollner et al. demonstrated that charge transport in a RTD can be very fast with experi-
ments at 2.5 THz for a GaAs/AlGaAs based RTD [11]. The intrinsic response time of the device was
measured experimentally by investigating the difference in the V-I performance at direct current
(DC) and high frequency. To produce alternating current (AC) signals across the double-barrier
structure, an optically pumped methanol laser operating at 2.5 THz was matched to the tungsten

whisker antenna of a corner reflector antenna mount, where the RTD was bonded to [14].



Fig. 1.5 (a) schematically illustrates the corner reflector antenna mount which was used to supply
DC and AC signals to the DBRTD. Fig. 1.5(b) shows the measured V-I characteristics up to 2.5
THz.

20

osM 90° COPPER
CONNECTOR CORNER
REFLECTOR

nA TUNGSTEN WHISKER -
ANTENNA

//
| _caas chip

COPPER
GROUND PLANE
T TCHIP STUD
LOCK SCREW

CURRENT (uA)
()
T

GaAs CHIP

-20
DETAIL OF CHIP STUD MOUNTING

VOLTAGE (V)

Figure 1.5: (a) Corner reflector antenna mount used in the experiments to supply DC bias and AC
signals to the RTD (b) V-I curves taken up to 2.5 THz. Adapted from [14]

Sollner et al. found that the V-I curve at 2.5 THz was different in the NDR region from the DC
curve as the negative differential resistance disappeared in one direction. This was taken as evidence
that the charge transit time for this device was in the order of 60 fs, which was in good agreement
with theoretical modelling.

Oscillations were demonstrated for the first time from double barrier resonant tunneling struc-
tures by Sollner et al. in 1984, with a maximum observed oscillation frequency of 18 GHz at 200 K
with an output power of 50 pW [15]. Since that time, several attempts have been made to construct
practical devices at millimeter and submillimeter wavelengths. Waveguide and planar technology
have both been implemented for the realisation of RTD oscillators. In early work, the implementa-
tion of the RTD in a waveguide oscillator was mainly limited by the inductance of the whisker used
to connect the device in the circuit. Fig. 1.6 shows an example of a waveguide oscillator developed
by Brown et al. in 1992 where a semiconfocal open-cavity resonator was used to stabilise a RTD
waveguide oscillator at frequencies near 100 GHz [16]. Planar technology has become more popular
due to recent advancements in the semiconductor manufacturing technology allowing feedback and
antenna elements to be placed very near to the active area to reduce losses.

In 1991, Brown et al. obtained oscillation frequencies up to 712 GHz using DBRTDs at room
temperature using the InAs/AlISb material system, with the RTD devices mounted in a rectangular

waveguide resonator. The measured power density at 360 GHz was 90 Wem™2,
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Figure 1.6: Schematic cross-sectional diagram of a quasi-optical RTD oscillator for operation in the
100 GHz region. Adapted from [16]

The InAs/AlSb material system offers three main advantages over the GaAs/AlAs material system
for high speed RTDs [17]. The first advantage is that the electron effective mass of InAs is smaller
than for GaAs, which does not only increase the confinement energy, but also causes the electrons to
drift much more rapidly across a depletion layer. The maximum oscillation frequency increases due
to the reduction in depletion layer transit time [18]. Secondly, using InAs instead of GaAs lowers
the total series resistance, as nearly ideal ohmic contacts can be formed to InAs with the Fermi
level being pinned in the conduction band, which reduces the RC time constant and consequently
increases the maximum frequency of operation [19]. The third advantage is that the InAs/AlSb
band structure has a staggered type-II band offset at the I' point, compared to the type-I offset
in a GaAs/AlAs structure, which leads to a higher current density for a given barrier thickness
as the attenuation coefficient of an electron tunnelling through an AlSb barrier is smaller than it
would at the same energy in the AlAs barrier. The smaller attenuation coefficient due to the band
offset causes the electrons to tunnel through the barriers close to the valence-band edge of AISb
[20][21][22]. A high current density leads to a reduced RC time constant of the RTD, as required
for high speed operation.

It has also been found that GaAs/AlAs DBRTDs do not offer very good PVCRs for peak
current densities greater than 10> Acm™. A maximum PVCR of 3.0 was reported for a GaAs/AlAs
DBRTD with a Jpeak of 1.2x10°Acm™ [23]. Techniques have been implemented to improve the
PVCR of GaAs based DBRTDs, which include using as In,Gaj_As layer as a pre-well by lowering
the space charge barrier for the injected electrons [25] [24] on the emitter side or as quantum well
material [26], and AlGaAs “chair barriers” outside the AlAs barriers of the DB structure to improve

the PVCR to 6.3 at room temperature [27]. Noteworthy is that triple barrier resonant tunnelling



structures (TBRTS) also offer better PVCRs as the first quantum well in the structure acts as an
energy filter for the electrons to tunnel through the second quantum well [28]. Oscillations up to
420 GHz were demonstrated in GaAs/AlAs resonant tunneling diodes with a PVCR of only 1.5 at
room temperature [18].

The InGaAs/AlAs/InP material has become very popular today as this material system can
offer a very high PVCR and AJ (AJ = Jpeak - Jvalley) [29][30][31][32][33]. A PVCR of 30 was
reported in 1988 for a RTD with a pseudomorphic InAs subwell and AlAs barriers [34]. The InAs
subwell permitted a thinner well while still maintaining a low resonance energy, providing a large
interval between resonant levels, and greatly reducing alloy scattering compared to a InGaAs well.
Of note is that AlAs is often preferred in this material system above ternary InAlAs barriers due to
low alloy-related scattering. However, the requirement is that the barrier thickness is small enough
(<3 nm) to ensure that the AlAs material is pseudomorphically grown to the Ing 53Gag 47As for a
low misfit dislocations density [35].

In 1994, Smith et al. proposed a technique with the top ohmic contact in a GaAs/AlAs RTD
replaced by a Schottky contact, and the device downscaled to submicron dimensions to reduce the
parasitic resistance and consequently increase the maximum frequency of operation of GaAs/AlAs
based devices [36]. A fyax of 900 GHz was determined from measured DC and microwave param-
eters. Later in 1995, the same research group estimated a maximum frequency of oscillation 2.2
THz for similar Schottky-collector resonant tunnel diodes (SRTDs) using the AlAs/InGaAs/InP
material system [37]. A 64-element oscillator array was demonstrated, shown in Fig. 1.7(a) which
oscillated coherently at 650 GHz, while a 16-element array at 290 GHz produced an output power
of 28 uW [38]. To minimise the DC power consumption in the bias stabilisation circuit, they im-
plemented a Schottky diode behaving as a non-linear resistor [39][40]. Further, a Si lens, shown in
Fig.1.7(b) was used to couple the power from the oscillator array from the substrate into free-space,
and to ensure coherent oscillation of all 64 array elements. Electron beam lithography was used to
fabricate these RTDs with 0.1 micron T-shaped air-bridged Schottky collectors [41].

During the same period, Orihashi et al. from Tokyo Tech. reported in 1995 on one THz harmonic
oscillation for a InGaAs/AlAs RTD integrated with a slot antenna [42]. Fig. 1.8 schematically
shows the THz emitter. This device was fabricated using e-beam lithography (EBL) and metal-
insulator-metal (MIM) reflectors were integrated for the slot antenna. Fundamental and third-
harmonic frequencies of 342 GHz and 1.02 THz were reported. The maximum output power at

these frequencies was 23 uW and 0.6 uW, respectively.
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Figure 1.7: THz emitter developed at University of California, Santa Barbara (UCSB) (a) circuit
schematic of a SRTD oscillator (b) quasi-optical oscillator array on a silicon lens which formed
a resonant cavity (¢) SEM photograph of a 0.1 um contact stripe InGaAs SRTD (d) section of
the oscillator array (e) monolithic 64-clement oscillator array with slot-antenna coupled SRTDs.
Adapted from [38]

A sheet resistor of bismuth was deposited parallel to the RTD on the outside of the antenna
to suppress low-frequency (2 to 3 GHz) parasitic oscillations from the external bias circuit. Fun-
damental oscillation frequencies of 831 GHz, 1.04 THz, and 1.45 THz were later reported by the
same research group in 2009 [43], 2010 [44], and 2014 [80], respectively. To achieve a fundamental
oscillation at 831 GHz, Suzuki et al. from Tokyo Tech. optimised the collector spacer layer thick-
ness to 20 nm and reduced the mesa area to less than 1 um? to minimise the parasitic capacitance
of the RTD. The device had an ultra-high peak current density of 18 mA/um? and a PVCR of 2.

To further increase the oscillation frequency to 1.04 THz, Suzuki et al. introduced a graded
emitter and thin barriers in the DBRTD to reduce the transit time in the collector depletion region
and the resonant tunnelling time, respectively. An output power of 7 uW was achieved at 1.04 THz

with a peak current density of 24 mA/um? for the MOVPE grown RTD [30][46].
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Figure 1.8: THz emitter using a RTD oscillator integrated with a slot antenna, developed at Tokyo
Tech., Japan. Adapted from [42]

Fig.1.9 (a) schematically illustrates the effect of the graded emitter on the band structure. The
three step graded emitter reduces the transit time in the collector depletion region by suppressing
the transition between the I' and L bands as the resonant level align in the quantum well at a lower
bias. Another technique previously applied by the group to reduce the electric field in the collection
region was spike doping the collector region. With this technique, schematically illustrated in Fig.

1.9(b), the oscillation frequency was increased to 898 GHz [47].
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Figure 1.9: Schematic conduction-band profile of RTD (a) with (solid line) and without (dashed

line) graded emitter, adapted from [44] (b) Spike doping in the collector spacer layer, adapted from
[47]
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In 2011, Feiginov et al. at TU Darmstadt, reported on a RTD oscillator operating at a funda-
mental frequency of 1111 GHz with a RTD mesa area of 0.35 um? and a peak current density of
14 mA/um?. A planar Vivaldi antenna on a dielectric membrane was used to extract the radiation
from the resonator [48]. In this configuration, the antenna emitted the radiation in the plane of the
membrane which mechanically held the emitting antenna and resonator together. Fig. 1.10 shows

an image of the emitter.

Membrane

Figure 1.10: THz emitter developed at TU Darmstadt operating at 1111 GHz. Adapted from [48]

Tokyo Tech. demonstrated fundamental oscillation at 1.31 THz in 2012 with an output power of
10 uW through optimisation of the well width and barrier thickness to further reduce the tun-
nelling time through the DBRTD. This was achieved with a RTD mesa area of 0.33 um? and a thin
quantum well of 3.9 nm and potential barriers of 1.0 nm [49]. A fundamental oscillation frequency
of 1.42 THz with an output power of ~ 1 uW was reported in 2014 by the same group through
further optimisation of the collector spacer thickness [50]. The optimum spacer thickness was 12
nm, due to the trade-off between the transit time in the collector depletion region and the parasitic
device capacitance. Most recently, they reported on an oscillation frequency of 1.55 THz through
optimisation of the antenna length to 16 um [81]. The aforementioned results are primarily based
on slot antenna resonators mounted on a Si lens.

In 2013, Koyama et al. from Canon, Japan, observed oscillations at 1.02 to 1.4 THz using

RTD based oscillators integrated with patch antennas without a Si lens to couple the radiation
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from the chip into the atmosphere [52]. This was achieved with InGaAs/InAlAs triple-barrier
RTDs exhibiting a peak current density of 2.8 mA /um?. Fig. 1.11(a) schematically shows the THz
emitter. The requirement of the Si lens to couple the radiation out of the substrate was eliminated
by using a square patch antenna for surface emission. Another technique to eliminate the bulky Si
lens was developed by Tokyo Tech., based on a square patch antenna fabricated on a 7 pm thick
BCB layer stacked on the RTD with slot resonator [53]. This technique is shown schematically in

Fig. 1.11 (b). A 4:1 ratio between the power in the upward and substrate direction was reported.

Emitting direction
MIM capacitor f output
Patch antenna N
} . Patch ant.
}’“ e
> BCB | 135-205um~

RTD electrode

2 O,

Shunt resistor
Ground electrode  RTD

Figure 1.11: (a) RTD-based oscillator with an integrated square patch antenna developed at Canon
inc., Japan. Adapted from [52] (b) RTD oscillator integrated with patch antenna developed at
Tokyo Tech., Japan. The patch antenna is located directly above the slot antenna. Adapted from
[53]

Since the early 1990s, several techniques have also been introduced to increase the output power
of the oscillator through improved resonator and RTD design, including offset slot antennas and
oscillator arrays. Maximum power transfer occurs from the RTD to the antenna when the radiation
conductance of the antenna is equal to half the negative differential conductance of the RTD
(assuming the antenna loss is negligible). The maximum extractable output power from a tunnel
diode is determined by the current and voltage spans (Al and AV)in the NDR region, which is
approximately equal to (3/16) AVAI for a cubic polynomial fit to the I-V characteristic [54][55][56].
Due to the capacitance of the RTD, the oscillation frequency of the RTD is often far below the
peak conductance of the antenna, which results in a small radiation conductance. One solution
was proposed by Prof. Asada at Tokyo Tech. in 2006 based on an offset slot antenna structure,
where the position of the RTD is shifted within the slot antenna [62]. With this technique, the
radiation conductance and oscillation frequency can be independently determined by the lengths of

the short and long parts of the slot, respectively. This technique was later successfully demonstrated

[58][59][60]. In 2013, Suzuki et al. demonstrated a high output power oscillation of ~ 400 uW at 530
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- 590 GHz using a single oscillator with an offset slot antenna [60]. Since Reddy et al. demonstrated
coherent oscillation in 1997 with an oscillator array [38] several attempts were carried out to increase
the output power by using similar techniques [61][62][63][64][65][66]. Combined output powers of
610, 270, and 180 pW at 620, 770, and 810 GHz were obtained with a two-element array in 2013
[60]. Suzuki et al. expects output powers of 10 and 1 mW at 500 GHz and 1 THz, respectively,

with more than five to ten elements [60].

1.4 Terahertz Sources and Applications

This section gives a brief overview of the recent technological advances in terahertz source tech-
nology, and gives an introduction into the emerging applications of terahertz radiation. Fig. 1.12
shows a diagram of the electromagnetic spectrum. The terahertz band spans the region of the
electromagnetic spectrum between the microwaves and the infrared light, typically between 100

GHz and 30 THz.

Microwaves wsm!e ray y-ray
MF, HF, VHF, UHF, SHF, EHF

T ll’

100 108 108 109 1012 1IZI15 10'8 1021
kilo mega giga tera peta exa zetta
Example Radio Radar 7 Optical Medical Astrophysics
industries: communications communications imaging

Frequency (Hz)

Figure 1.12: Electromagnetic wave spectrum (adapted from http://thznetwork.net)

Due to the technological challenges to develop efficient emitters in the THz region, this band of
frequencies is also known as the terahertz gap [67].

Optical and electronic devices have been developed to operate in the THz range, but often
suffer from a low output power [68]. Fig. 1.13 shows a diagram of output power (as of year
2007) of the THz sources as a function of frequency. As shown in Fig. 1.13, the high and low
frequency ends of the THz spectrum are covered by the optical and solid-state electronic devices,
respectively. The major factor which limits the operating frequency of the solid-state electronic
devices is the carrier transit-time [69]. The optical devices are challenged by the requirement
of low energy band-to-band transitions to extend towards longer emission wavelengths. Recent
optical THz devices, denoted by ovals in Fig. 1.13, include the P-type Ge laser [70], THz quantum
cascade laser (QCL) [71][72][73], THz wave parametric amplifier [74][75], and the uni-travelling
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Figure 1.13: THz emission output power as a function of frequency. The ovals denote recent THz
sources (adapted from [68])

carrier photodiode (UTC-PD) [76]. Amongst the electronic devices, the RTD is known to be a very
promising candidate for the realisation of compact, coherent, and room temperature operating THz
emitters. Transistors have also been studied intensively on the electron device side [77][78][79]. To
date, the RTD is recognised as the fastest electronic device with a fundamental oscillation at 1.55
THz being reported by Suzuki et al. in 2014 [80] [81].

Applications of THz waves include ultra-broadband wireless communications [82], spectroscopic
sensing and imaging [68][83], and high-resolution radar [84]. Many non-conducting materials (e.g.
paper, leather, plastic, soft biological tissue) are semi-transparent to THz waves and have “THz
fingerprints”, which allows for imaging, identification, and analysis of materials. There is currently a
growing interest in the applications of THz radiation for active security imaging and pharmaceutical
and industrial process monitoring. An example, terahertz time domain spectroscopy (TDS) is used
in the semiconductor industry to evaluate the properties of semiconductor wafers, including mobility
and conductivity [68]. Furthermore, as THz radiation is non-ionising, unlike X-rays, this radiation
is very attractive for biomedical applications (e.g. cancer detection) as the relatively low photon
energy of the THz wave does not cause damage to biological soft tissue. It is also well known that
the spectral region between 0.1-30 THz can offer ultra-fast wireless communications [89]. A more
in-depth discussion about the future of THz communications is given in the following section. For
the development of these emerging applications, there is a big drive for the realisation of compact,
low cost, and room temperature operating THz sources. An electronics based approach is essential

for low cost and/or consumer applications.
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1.5 Terahertz Communications

For over the last three decades, wireless data rates have been following Edholm’s Law, doubling
roughly every 18 months. Future data rates of tens of Gbit/s are therefore expected [90]. Higher
carrier frequencies are required for these data rates as the channel capacity is limited by the band-
width. Shannon’s channel capacity formula is given by Eq. 1.2

C = Blog, (1 + %) (1.2)

where C' is the channel capacity, B the bandwidth, and S/N the signal-to-noise ratio. THz com-
munication systems will be used in the future to transmit very high data rates over short distances
to establish local wireless connections to high speed fiber-optical networks [91]. For future wireless
data communications, Britz proposed a so called Triple-Stack Nanocellular Architecture which uses
existing cellular and wi-fi infrastructure for low bandwidth traffic in combination with the high
bandwidth THz “super channel” for short distance high data traffic [92]. At the moment, the lower
frequency band of 275 - 3000 GHz has not been allocated yet for specific uses, and offers very high
wireless data which match the current bandwidths of fibre optic communications [93].
Demonstration of THz communication has been extensively carried out [85][86][87][88]. In 2011,
Mukai et al. demonstrated wireless data transmission at 1.5 Gbit/s in the 300 GHz band using a
RTD coupled to an antenna with simple amplitude shift keying (ASK) modulation [94]. In 2012,
Ishigaki et al. demonstrated wireless data transmission using ASK modulation with RTDs oscillat-
ing at 542 GHz with bit error rates (BERs) of 2x10® and 3x10™ for data rates of 2 and 3 Gbit/s,
respectively [86]. At these frequencies, the wavelength is small enough to allow on-chip integration
of the antenna. However, at 300 GHz, the maximum omni-directional quarter wavelength antenna
size is 250 um, which results in a small collecting area [92]. In addition to the small collection area
of the THz antenna, the atmospheric propagation loss at THz frequencies is high, due to the strong
absorption by oxygen and water vapour molecules [95]. As a result, significant antenna gain will be
required for applications beyond one meter. Due to the high directionality of high gain antennas,
maintaining link alignment between the transmitter and receiver will also become more challeng-
ing for long distance data transmission. Some sort of dynamic beam shaping/steering technology
will be required in the future [96]. The use of highly directional antennas will inevitably lead to
efficient reuse of the spectrum for point-to-multipoint applications and enable high density wireless

networks.
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1.6 Gaps in Knowledge

1.6.1 Optical Characterisation of High Current Density Resonant Tun-

nelling Diode

The QW perfection and uniformity, and doping uniformity of the emitter and collector layers of the
RTD over the full wafer are important parameters. High peak and low valley currents are required,
with low device variability and high yield in volume manufacture, to make RTD based THz emitters
commercially viable. Standard non-destructive wafer characterisation techniques provide limited
information about these parameters.

To date, the optical properties of high current density RTDs are relatively unexplored. In
this work, conflicting assertions in the literature are clarified about unambiguous identification of
the photoluminescence (PL) emission from high current density RTD structures. Furthermore,
a new PL mapping has been developed to allow important information about doping level and
uniformity, ternary alloy composition and uniformity, and uniformity of quantum well thickness to
be deduced with a high spatial uniformity in a non-destructive test. The observed non-uniformity
is further analysed by X-Ray diffraction to confirm details of the growth process. The use of the
Moss-Burstein shift to measure the doping concentration, and map the uniformity of doping for
a particular epitaxy tool is also new. A new non-destructive optical characterisation technique to
resolve the absolute energy level position of the first electron state of RI'Ds through low temperature
PL spectroscopy is also reported. The absolute energy levels of MOVPE grown InGaAs/AlAs/InP
based RTD structures are resolved by a combination of type-I and type-II QW recombination,
which allows an investigation into important scattering mechanisms affecting device performance,

and monitor the QW alloy content and thickness non-destructively.

1.6.2 Terahertz Resonant Tunnelling Diode Emitter Fabricated Through

I-line Photolithography

Electron-beam lithography (EBL) is typically applied for the realisation of micron and submicron
scale terahertz RTDs. Eliminating EBL in the fabrication stage is desirable from a manufacturing
perspective, as patterning a full wafer with EBL can be time consuming and costly due to the serial
nature of the process.

In this work, a novel fabrication method of micron scale, high current density RTDs is devel-

oped based on air-bridge technology, standard i-line photolithography, and wet chemical etching.
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The method is not only simple and manufacturable, but also provides accurate control over the
final device area (and hence characteristics) by measuring the V-I characteristic of the RTD dur-
ing the fabrication process. This technique allows ultra-fine control of the final device area and
characteristics. Accurate control of the final device area is not only important from a manufactur-
ing standpoint to minimise the device variability in volume manufacture, but also with regard to
impedance matching the RTD to the antenna for maximum power extraction. The requirement for
a second contact metallisation to the emitter layer is also eliminated by guiding the emitter current
through the full RTD structure by a second contact electrode on the collector side, simplifying the
overall device fabrication process. There appears to be no report about such a technique in the
literature.

Furthermore, the V-I characteristics of high current density RTDs for THz applications have
primarily been reported in the literature for measurements at room temperature. In this work,
temperature dependent V-I characterisation was carried out from 20 K - 300 K to investigate
the temperature dependent device performance. Using the newly developed techniques, terahertz

emission at 350 GHz is demonstrated by integration of the RTD and a slot antenna.

1.7 Outline of Thesis

This thesis covers the development work of InGaAs/AlAs/InP high current density RTDs grown
by MOVPE for THz applications. Chapter 1 covers a historical perspective, the basic principle of
double barrier RTDs, a summary of previous work, and the application of RTDs to THz emission,
including THz communications. Chapter 2 covers optical spectroscopy of InGaAs. Photolumi-
nescence is investigated as a function of doping concentration to enable non-destructive mapping
of doping concentrations of the contact and the collector/emitter layers on the wafer level. The
PL results are compared with electrochemical capacitance-voltage (eCV) and secondary ion mass
spectrometry (SIMS) data. Chapter 3 investigates PL spectroscopy of high current density RTDs.
PL is investigated for doped and undoped structures, and for structures with varying well widths.
The experimental results are compared with modelling results. Low temperature PL mapping is
used to investigate the ternary alloy composition and uniformity, and uniformity of quantum well
thickness of the RTD. The details of the growth process are further explored by high resolution
X-Ray diffractometry (HR-XRD). Chapter 4 describes the design of the THz emitter with the RTD
and monolithical integration of the antenna on an InP substrate. The design considerations of the

emitter are discussed including metal-insulator-metal (MIM) structure design, slot antenna design,

17



bias stabilisation, and output coupling of the THz radiation. Chapter 5 describes the fabrication
process of the RTD based THz emitter. This chapter also covers the development work of the
air-bridge structure, low resistance ohmic contacts, and MIM structure. Chapter 6 covers device
characterisation of the RTD based THz emitter. The dependence of the electrical V-1 characteris-
tics on mesa area and temperature is investigated. THz emission is demonstrated in the 300 GHz

band. Chapter 7 provides a summary of this thesis and details future work.
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Chapter 2

Optical Spectroscopy of InGaAs

2.1 Introduction

The doping uniformity of the emitter/collector and contact layers of the RTD over the wafer is an
important parameter. High peak and low valley currents, and low resistance ohmic contacts are
required to maximise the output power of the RTD. Thin potential barriers, and a high doping
density are used in the emitter/collector to the increase of incident electron density to achieve
a high tunnelling current density. The tunnelling current density is known to be very sensitive
to the doping concentration in the emitter as the current density almost doubles for a twofold
increase in the emitter doping concentration [35]. A RTD with a high peak current density allows
for a reduction in device area, which in turn minimises the parasitic capacitance of the device, as
required for high speed operation. Low resistance ohmic contacts are also therefore required, not
only to minimise the excess voltage drop of the device which could lead to dc-bistability, but also
to minimise the RC time constant. A uniform doping concentration over the wafer is important in
volume manufacture to minimise device variability and optimise yield.

This chapter covers photoluminescence spectroscopy of n-type InGaAs. Photoluminescence
is measured as a function of doping concentration for InGaAs test-layers at low temperatures
and correlated to secondary-ion mass spectroscopy (SIMS) and electrochemical capacitance-voltage
(eCV) profiling, to allow a non-destructive measurement of the absolute doping concentration of
n-doped InGaAs. This enables non-destructive wafer level mapping of doping concentrations of
the collector/emitter and contact layers of the RTD. The rapid non-destructive characterisation
and wafer mapping of these structures promises a route to future growth optimisation of the RTD

structures.
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2.2 Layer Structure and Sample Preparation

InGaAs test layers with varying doping concentrations were grown to measure photoluminescence
as a function of doping concentration. These test layers were grown with a staircase-like doping
profile (increasing with growth direction), which could later easily be selectively etched off by eCV
profiling. This material was grown as part of a doping calibration procedure of the MOVPE reactor.
The epitaxial growth was carried out by Dr. B.J. Stevens and consisted of a 100 nm undoped InP
buffer layer, followed by five successive 200 nm n-doped Ing 53Gag 47 As layers with disilane flows of
20, 50, 150, 300 & 600 sccm, respectively. Fig. 2.1(a) schematically shows the layer structure of the
test-structure. The n-doped InGaAs layers are grown on a single 2” wafer to ensure identical growth
conditions for each layer. To investigate the doping uniformity of the contact and emitter/collector
layers of the RTD structure, two 2” test wafers were grown with a single 200 nm n™ lattice matched
InGaAs layer for SigHg flows of 700 sccm and 55 scem, for doping concentrations of 2x10'cm™

and 3x10¥cm™, respectively. Fig. 2.1(b) and 2.1(c) schematically show the layer structures used

to investigate the doping uniformity of the contact and emitter/collector layers, respectively.
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(a) (b)

(c)

Figure 2.1: Schematic of (a) n™ InGaAs test-structure (b)(c) doping uniformity test-structures with
doping concentrations equivalent to the contact and emitter/collector layers of the RTD structure,
respectively.

The structural quality of the epitaxy was evaluated by HR-XRD. Fig. 2.2 shows an omega-2theta
HR-XRD scan measured on the test-structure shown in Fig.2.1 (a). A negative lattice mismatch
of 2.92x1072°is measured between the InGaAs and the InP substrate diffraction peaks. The signal
from the InP substrate is much stronger than the InGaAs layers as the substrate is thicker (350
um) than the InGaAs layers (1 um in total). A 2.92x10"2°compressive strain corresponds to an
alloy composition of Ings4Gag 46As, indicating good lattice matching to the InP substrate and
pseudomorphic growth. This was confirmed by differential interference contrast (DIC) microscopy,
as no obvious signs of lattice relaxation were observed.

Rohm Semiconductor carried out the SIMS measurements as part of the doping calibration

procedure of the MOVPE reactor.
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Figure 2.2: HR-XRD omega-2theta scan of the layer structure shown in Fig. 2.1(a)

The doping calibration was performed at a growth temperature of 660 °C. The surface temperature

was measured with a Laytec EpiTT pyrometer and the thermocouple setpoint to achieve this was

set to 595 °C. Fig. 2.3 shows the measured SIMS profile of silicon (Si) incorporation, and oxygen

(O), carbon (C), and hydrogen (H) contamination within the sample, respectively.
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Figure 2.3: Silicon, hydrogen, carbon, and oxygen concentrations as a function of depth of the
InGaAs test-structure shown in Fig. 2.1(a). SIMS was carried by out Rohm Semiconductor.

The required Si staircase doping profile is observed in Fig. 2.3. Carbon, hydrogen, and oxygen

impurity concentrations of 3x10'® atoms/cm?, 1x10'6 atoms/cm?, and 6x10'6 atoms/cm?, respec-

tively, are measured which were close to the detection limit of the instrument. Fig. 2.4 shows the

measured silicon concentration by SIMS as a function of disilane (Si;Hg) flow.
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Figure 2.4: Silicon concentration as a function of disilane (SizHg) flow.

A slightly sub-linear concentration increase with increasing SioHg flow is measured, indicating
a lower doping incorporation efficiency for higher SiosHg flows. The measured relation between the
Si concentration and disilane flow was used to calibrate the doping profile of the RTD structure.
Optical access was required to each layer of the structure for the PL measurements. This
was achieved by eCV profiling through the test-structure. A CVP21 eCV profiler from WEP was
used to measure the free-carrier concentration and carrier diffusion throughout the InGaAs test-
structure. The eCV profiling technique uses an electrolyte-semiconductor Schottky contact to create
a depletion region, a region empty of conducting electrons (for n-type material), but contains ionised
donors and electrically active defects [1]. This depletion region has an associated capacitance which
is dependent on the free-carrier concentration. Information of the doping and electrically active
defect densities is extracted by measuring this capacitance. A 0.1 M tiron based solution was used
as the electrolyte. To ensure uniform electrochemical etching at the transition from high-to-low
doped layer, voltage etching in electric breakdown mode was applied. In this mode, the profiler
preferentially etches the InGaAs surface with the highest doping concentration as the Zener or
avalanche breakdown voltage is lower for Schottky barriers with thin depletion widths. A uniform
etch is important, as the capacitance of the interface between the electrolyte and semiconductor is
highly dependent on the doping concentration and the total interfacial area. Fig. 2.5 shows the

measured capacitance density as a function of etch depth for all four etches at 300 K. The insets
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on the figure represent images of the etched craters, taken with a DIC microscope. The measured
capacitances, between successive etches, decreases as a function of etch depth, as expected, as the
depletion width of the “Schottky” barrier scales inversely to the doping concentration. Faraday’s law
of electrolysis is used to calculate the depth etched from the total charge transferred by integrating
the etch current (note: this calculation is automatically carried out by the eCV profiler)[1]. A
transition from a measured high-to-low free-carrier concentration is observed for the first three
etches (A, B, C) for integer multiples of ~ 200 nm. For etch D, the lower transition occurs at a

depth of ~ 1 um, 200 nm more than expected.
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Figure 2.5: Capacitance density (nF/cm?) as a function of etch depth (pum) for (a) ~ 200 nm (b)
~ 400 nm (c) ~ 600 nm (d) ~ 800 nm etch depths, as measured by eCV profiling. The insets show
images of 1 mm? etched craters taken with a Nomarski DIC microscope.

Fig. 2.6 shows the free-carrier concentration deduced from the capacitance measurements as a
function of depth for all four etches. The eCV profiler calculates the free-carrier density, from the

data shown in Fig. 2.5, as a function of depth through Eq. 2.1 and Eq. 2.2
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€

Xep. = 5 (2.2)

where N is the free-carrier density, C' the capacitance, V the voltage, e the electric charge, € the
electric permittivity, and Xdep. the depletion depth. The insets of Fig. 2.6 represent images of the

etched craters. Fig. 2.6(d) includes a SIMS profile plot of the same sample.
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Figure 2.6: Free carrier concentration (cm™) as a function of depth (um) for (a) ~ 200 nm (b) ~
400 nm (c) ~ 600 nm (d) ~ 800 nm etch depths. The insets show images of 1 mm? etched craters
taken with a Nomarski DIC microscope. (d) shows both the free-carrier concentration and silicon
dopant concentration measured with eCV and SIMS, respectively.

For the highest doped nt InGaAs layer, a good correlation is measured between the silicon dopant
concentration and free-carrier concentration by SIMS and eCV, respectively, with essentially 100
% of incorporated dopants releasing a charge carrier at room temperature, as expected for n-type
materials. Fig. 2.7 shows SIMS and eCV, extracted from Fig.2.6(d), as a function of Si;Hg flow.
A logarithmic fit is applied to the data to show the strong linear relation between the doping/free-
carrier concentration and disilane flow (plotted on a logarithmic scale).

Fig. 2.8(a) shows the measured free-carrier concentration as a function of SIMS, and (b) the

measured difference between both measurement techniques. For the deepest (lowest) doped layer,
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Figure 2.7: Silicon and free-carrier concentration as a function of SioHg flow measured by SIMS
and eCV, respectively.

a 100 % difference is observed between SIMS and eCV. The cause of the measured difference is not
yet clear, but is possibly due to non-optimal etching conditions resulting in an increase in area for
an apparent increase in free-carrier concentration, the influence of the highly doped crater sidewall
on the measurements, and non-uniform etching, as observed for the deeper, lower doped layers as
shown on inset images of Fig. 2.6. For accurate eCV measurements, the step layer sequence should
have been reversed to avoid issues with the highly doped sidewall. However, for PL studies in order
to minimise PL emission from deeper layers, a sequence with reducing doping concentration with
increasing etch depth is optimal.

eCV profiling does not only measure the free-carrier concentration, but also the electron diffusion
within the n-doped InGaAs layers. In Fig. 2.6, sloped transition regions between doped layers are
observed due to the majority carrier screening effect [2]. The free-carrier concentration is smeared
out for abrupt spatial changes in impurity concentration.

This screening length is known as the Debye length, and is defined by Eq. 2.3

ekT
Ld=\|—= 2.3
N (2.3)
where Ld is the Debye length, k£ the Boltzmann constant, T' the temperature, e the electric charge,

and N the free-carrier density. Fig. 2.9 shows the calculated Debye length as a function of free-

carrier concentration, through Eq. 2.3, for temperatures from 10-300 K. As shown in Fig. 2.9, the
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Figure 2.8: (a) Measured free-carrier concentration as a function of SIMS (b) measured error in
free-carrier concentration as a function silicon incorporation. Linear least square fits are applied to
the data. The dashed lines indicate a one-standard deviation confidence limit to the fit.

Debye length increases as a function of temperature. This indicates that the doping distribution in
the InGaAs test-structure can be resolved with greater accuracy by cooling the sample down. Low
temperature profiling is achievable with CV profiling, but becomes impractical for eCV profiling,
due to freezing of the electrolyte. Screening lengths of 46 nm, 62 nm, 70 nm, and 156 nm are

calculated for free-carrier concentrations of 9.0x10'® cm™, 5.5x10'® em™, 4.0x10'® cm™3, 8.0x10'7

37



cm™3, respectively, for InGaAs with a relative permittivity of 13.9 at 300 K. Good agreement between
theory and experimental data is observed. A screening length of 156 nm for the transition region
between the 2x10'7 ¢cm™ and 6x10'7 ¢cm™ silicon doped layers is not observed. This is attributed
to non-uniform etching, as the inset image of the etched crater shown on Fig. 2.6(d) indicates. The
etch craters were subsequently cleaved out, bonded with indium to a ceramic tile, and attached to
the cryostat’s cold finger for temperature dependent PL measurements. All samples were placed

on a single ceramic tile to ensure thermal matching.
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Figure 2.9: Debye length as a function of free carrier concentration in InGaAs for temperatures
from 10-300 K.

2.3 Low Temperature Photoluminescence Spectroscopy

The PL experiments were performed in a closed-cycle helium cryostat over a temperature range
between 15-300 K. Fig. 2.10 shows a photograph of the low temperature PL mapping tool which
was built for this work. A LabVIEW user interface program was written to control the automated
X-Y stage and collect and process the spectral data.

A Nd:YVOy laser at 532 nm was used for optical excitation, pulsed at 20 Hz by an optical chopper.
Neutral density filters were installed for excitation density dependent measurements. Laser excita-
tion at a wavelength of 532 nm was selected to minimise the penetration depth of the optical light
in InGaAs. The penetration depth is defined as the depth at which 1/e (i.e. 37 %) of the total

incident light is transmitted [3]. The photon density as a function of distance is governed by the
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Figure 2.10: Low temperature PL mapping tool

Beer-Lambert law of absorption through Eq 2.4.
P=PFP(1-R)(1—e %) (2.4)

where P is the transmitted power, Pi the incident power, R the Fresnel reflection, a the absorption

length, and X the distance. The absorption length is given by Eq. 2.5.

_dmok
¢

(2.5)

where v is the photon frequency, k the extinction coefficient, and ¢ the speed of light. At 300
K, the penetration depth of the optical excitation at 532 nm is approximately 60 nm for undoped
InGaAs [4], therefore little influence on the PL signal from underlying InGaAs layers is expected.
Noteworthy is that the penetration depth is larger at lower temperatures due to the increased
electronic band-gap energy. The PL measurements were performed with an excitation power of ~

15 mW focused to a spot of ~ 75 um in diameter. A small excitation spot was favourable to minimise
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PL emission from outside the eCV-etched crater (~ 1 mm in diameter). The PL spectra are shown
uncorrected as the spectral response of the InGaAs detector did not vary by more than 20 % over
the full region of interest (0.75 - 1.0 V). The measurements were performed at low temperatures
as the measured PL signal was very weak at room temperature, most likely due to the decrease
in bulk non-radiative recombination lifetime, increase in surface recombination velocity, and the
reduced sensitivity of an extended InGaAs detector as required for room temperature detection.
Fig. 2.11(a) shows low temperature PL spectra at 15 K from the InGaAs layer structure of Fig.
2.1(a). The silicon dopant concentrations measured by SIMS are shown in the legend and are
defined in units of cm®. As no PL emission was measurable from the Fe doped InP substrate, the
spectra shown in Fig. 2.11(a) are assigned to the epitaxial InGaAs layers. A common emission
feature at 796 meV is observed at all PL locations, as well as a broad emission extending to shorter
wavelengths. The band-gap energy of lattice matched InGaAs was previously measured by PL by
various groups, with reported values ranging between 801 to 822 meV at T~ 0 K and 725 to 749
meV at T = 300 K [5][6][7][8][9]. Goetz et al. measured a temperature band-gap energy of 811 meV
of lattice matched InGaAs at 2 K from the exciton emission-line position [7]. Following Eq. 2.6
derived by Goetz et al.,where x is defined as the gallium concentration, a low temperature band-gap

energy of 0.803 eV is assigned to undoped Ing 54Gag.46As.

E,(z)|arc = 0.4105 4 0.6337z + 0.47522 (2.6)
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Figure 2.11: (a) Low temperature PL spectra at 15 K measured on the as-grown surface, A, and
etch craters B,C,D, and E for the InGaAs layer structure shown in (b). The legend represents the
doping concentration measured by SIMS.

The measured PL emission at 796 meV, as observed in Fig. 2.11(a), with a full width at half
maximum (FWHM) of ~ 21 meV is attributed to emission from the InGaAs crystal, which is in
good agreement with the reported value by Goetz et al.. The measured linewidth of ~ 20 meV at

796 meV is broader than the typical 1-3 meV excitonic linewidth for undoped Ing 53Gag 47 As[10][11].
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The effect of high impurity concentrations on the absorption and emission spectra of heavily
doped p-type and n-type GaAs has previously been theoretically and experimentally investigated
by a number of workers [12][13][14]. It is known that the PL spectra shifts to higher energies for
n-type GaAs, while a shift to lower energies than the undoped band-gap is observed for p-type
GaAs. For n-type GaAs, the shift to higher energies is associated with the Moss-Burstein (MB)
effect overruling the band-gap narrowing effect, whereas the opposite occurs for p-type GaAs, due
to the difference in electron and heavy hole effective masses of GaAs. The MB effect is known
as a shift in optical band-gap with increasing carrier density, with the optical band-gap being
defined as the energy separation between the top of the valence band and the unoccupied energy
states in the conduction band. This effect results from the Pauli Exclusion Principle, with the
Fermi level located in the conduction/valence band, for n-type/p-type material, and fundamental
transitions to already filled states being forbidden. This leads to an up-shift as the interband
absorption moves to a higher energy. The MB effect was first observed in n-doped InSb [15]. The
MB shift is more pronounced for n-type material than p-type material due to the lower density of
states. Another effect which reduces the optical band-gap is band-gap narrowing, caused by carrier
impurity ions interaction and by many-body effects resulting from the spin-spin interaction and
Coulomb repulsive interaction between free carriers [12] [16]. For highly doped GaAs, the spectral
linewidth broadens due to the broadening in donor/acceptor density of states, and the lineshape
resembles a Fermi-Dirac distribution rather than a Boltzmann distribution for the higher doping
concentrations (n=1.25x10%" cm™ for p-type GaAs , [17]). When the donor/acceptor impurity
band becomes broad, it starts to overlap with the conduction/valence band and carriers become
free. This transition from the localised to a delocalised state is known as the Mott transition and
occurs when the distance between impurities becomes comparable to the Bohr radius [18]. For
n-type InGaAs, this criterion is met for doping concentrations greater than 1.0x10'7 cm™, from

Eq.2.7
3
dmal;

Neris = ( )3 (2.7)

where N+ is the critical impurity density, and a}; the effective Bohr radius. The effective Bohr

radius is given by Eq. 2.8
moér
a

aly = (2.8)

where my the electron rest mass, €, the relative permittivity, u the reduced electron-hole mass, and
ag the Bohr radius of the hydrogen atom (ag = 5.29x107' m [3]). A reduced electron-hole mass

of 0.026 my is calculated for electron and hole masses of 0.043 mg and 0.145 mg [19], respectively.

42



From Eq. 2.7 & 2.8, a Bohr radius of 21.8 nm and a critical impurity density of 1.31x10'7 cm™
are calculated for InGaAs. Due to the low effective mass and associated high curvature of the
electronic bands, the critical impurity density is low for materials with a small band-gap, including
InGaAs. From these calculations, it follows that the Mott criterion is met for the layer structure
in Fig. 2.1(a). Fig. 2.12 shows the measured PL peak intensity of the emission line at 796 meV for
PL locations A-E.

2-5 ] Ll L] L) L) !
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PL Intensity (a.u.)

~800 nm

A B C D E
PL Location

Figure 2.12: Low temperature PL peak intensity at 796 meV for PL locations A-E for the InGaAs
layer test-stucture (Fig.2.1(a))

An increase in PL intensity is measured at 796 meV for PL locations A-D, suggesting that the
emission originates from the lowest doped InGaAs layer with n = 2.2x10'7 cm™. However, a weak
PL emission is measured at PL location “E”. A possible explanation to this observation is the
presence of very little InGaAs material for the deepest etch crater. This is in line with Fig. 2.6(d)
which shows that the etch quality decreased for the deeper etches, and Fig. 2.5(d) suggesting that
a total of ~ 1 um was etched instead of the required 800 nm to expose the lowest doped InGaAs
layer.

Excitation dependent measurements were carried out to further investigate low temperature PL
spectroscopy of the n-doped InGaAs. Fig. 2.13. shows power dependent PL spectra measured
at 15 K for the PL locations A-E. These measurements were carried out with excitation powers
between 20 uW and 20 mW focused to a spot of ~ 75 um in diameter. At low excitation densities,
the emission line at 797 meV shows a strong asymmetrical emission lineshape with a smooth and

steep slope on the low energy and high-energy sides, respectively.
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Figure 2.13: Power dependent PL spectra at 15 K for PL locations A-E. The excitation power for
each spectrum is shown in the legend. The arrows represent the energies at maximum intensity
(Emax), half intensity (E;/2), and at -20dB (E.g0q) at the high energy tails of the spectra, for the
emission originating from the surface layers of the etched craters. The value of Eyjax in (a) is an
estimated value as assigning the peak energy for this layer proved to be difficult due to the broad
PL emission. The spectra are displaced vertically for clarity. The black vertical lines guide the eye
to show the displacement of the PL peak as a function of excitation density.
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Similar lineshape observations have been made for n-GaAs [20], n-type InP [21], and n-InAs [22].
The asymmetrical lineshape is a strong indication of indirect (without k-selection) band-to-band
(B-B) or band-to-acceptor (B-A) transitions. Indirect transitions can occur for higher doping con-
centrations as the k-selection rule is relaxed due to the potential fluctuations which destroy the
translation symmetry of the crystal [23][24][25][12][21]. Non vertical transitions are therefore pos-
sible as an electron can recombine with a hole regardless of the wave vector. Fig. 2.14 shows the

proposed transition mechanism after Sheng et al. for highly n-doped GaAs [24].
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Figure 2.14: Schematic energy diagram of radiative transitions in highly n-doped GaAs. Eq,
E¢, and Er, are defined as the nominal band-gap energy, Fermi energy, and the energy of the
photoexcited holes in the density-of-states tail, respectively.

Sheng et al. have also shown that the density-of-states tail increases with increasing carrier concen-
tration which causes the band tail to overlap with the broadened impurity acceptor levels [24]. The
localised states in the band-tail due to inhomogeneous impurity distribution and potential fluctua-
tions in heavily doped semiconductors can be treated as acceptor-like centres distributed above the
top of the valence band as proposed by Levanyuk and Osipov [29]. This effect occurs for carbon
acceptors in GaAs (Ea = 26.4 meV) for an electron concentration greater than 1x108cm™. The
dominant spontaneous recombination in low temperature PL spectra of heavily doped n-GaAs for
doping concentrations between 1x10'®cm™ and 1x10'%cm™ has been assigned by Sheng et al. to a
recombination between free electrons in the conduction band and localised holes in the deeper tail
states, acting as acceptor-like states. The measured broad emission shifting towards higher energies
with doping concentration in Fig. 2.11(a) is strong evidence of the MB effect. Of note is that the
MB energy shift is more pronounced for semiconductors with a low effective mass, as the curvature

of the bands is high and the density of states (DOS) is low. The MB energy shift was considered
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theoretically using a parabolic band approximation for an effective electron mass of 0.043 mg for
InGaAs, with my being defined as the electron rest mass [19]. Band-tailing and the band-gap nar-
rowing effect are included in the approximation, but non-parabolic effects are not considered. The
band-to-band optical band-gap for n-doped material without wave vector conservation is given by
Eq. 2.9

Egopt = Ego + Ef - Ebgn - E, (29)

where Fy,p; is the optical band-gap, E4 the nominal band-gap, Ey the Fermi energy, Eyg, the
effective band-gap narrowing, and E; the energy shrinkage due to band tailing. The Fermi energy
relative to the bottom of the conduction band for an ideal parabolic conduction band was computed

using Eq. 2.10
g Eq i
- ——(3n%n)?/3 (2.10)

2my  2m

Ey

e
where E is the Fermi energy, h the reduced Planck’s constant, ks the wave vector, m} the electron
effective mass, and n the free-electron concentration. The band-gap narrowing effect, Eygy,, due to
electron-electron interaction, is approximated to AE(¢~¢) =2.03x10°® n'/3 eV, with n being defined
as the free-carrier concentration [26]. The energy gap shrinkage due to band tailing is included in
the model as the photogenerated holes are localized at low excitation conditions in a narrow energy
region of the deeper tail states at an energy position E; [27]. The energy, E;, is approximated to

2.5 times the root-mean-square of the potential fluctuation Vs as defined by Eq. 2.11

e2

4me

where e is the electron charge, € the electric permittivity, N'D|r and N the concentration of ionized
donors and acceptors, and L the screening length [23]. The sum of Ng and N}, is approximately

equal to n, and the screening length, L, is given by Eq. 2.12
_ (@ 3\—1/6
L—(a)(nxa ) (2.12)

where n is the free-carrier concentration, and a the effective Bohr radius. Fig. 2.15 shows the
modelled optical band-gap of Ings5,GagasAs for doping concentrations between 1x10'7 cm™ and
3x10' em™, as well as the experimental data. The solid line represents the optical band-gap
without band-tailing and band-gap narrowing effects included, which is given by the sum of the

nominal band-gap and the Fermi energy in the conduction band. The blue and red dashed lines
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represent the optical band-gap with band-gap narrowing included, and a combination of band-gap
narrowing and band-tailing effects, respectively. The triangular symbols represent the experimental
data. For the quantitative analysis of the MB shift, the experimental optical band-gap is typically
determined as the energy at the maximum of the spectrum [22]. Of note is that theoretical works
have shown that the effective optical band-gap energy is at the energy were Iy /Igmax is at ~ 0.9 and
~ 0.6 for indirect band-to band (B-B) and band-to-acceptor (B-A) processes, respectively [22] [24].
The experimental values at Eyjax are plotted in the low excitation density regime to minimise the
quasi-Fermi level shift due to band-filling. A small blue-shift of less than 10 meV is observed with
increasing power density in Fig. 2.13, which is most likely attributed to a shift in the quasi-Fermi
level as a low density of states in the band-tail states of highly doped material is expected. Good
agreement is observed in Fig. 2.15 between theoretical modelling and experimental data, and work
previously reported by Munoz et al. [26] and Fedoryshyn et al. [28]. From theoretical modelling,
it follows that the band-tailing effect is the dominant optical band-gap reduction effect at higher
doping concentrations assuming a parabolic band approximation. The observed deviation at the
highest carrier density in Fig. 2.15 from the theoretical curve is most likely attributed to the non-
parabolic band-structure of InGaAs at higher energies. The non-parabolic nature of the electronic
band-structure of InGaAs tends to increase the effective mass of electrons at higher energies and

consequently increases the density of states.
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Figure 2.15: Theoretical and experimental optical band-gap as a function of doping concentration
for the n™ InGaAs test-structure. The solid and dashed lines represent the theoretical curves
with and without the inclusion of the band-gap narrowing and band-tailing effects. The triangles
represent the experimentally measured energy at maximum PL intensity (Epax)-
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2.4 Wafer Level nt InGaAs Uniformity

The measured relation between doping concentration and optical band-gap from SIMS and PL,
allows for a non-destructive measurement of the absolute doping concentration of n-doped InGaAs.
This technique was used to non-destructively determine the absolute doping concentration uni-
formity of the emitter/collector and contact layers of the RTD structure using the nt InGaAs
test-structures, shown in Fig. 2.1 (b) and (c). These test-structures are duplicates of the contact
layers (n=2x10'" cm™ Si doped) and emitter/collector layers (n=3x10'® cm™ Si doped) of the RTD
structure, respectively.

HR-XRD was carried out to quantify any residual strain of the epitaxial InGaAs layers on InP.
Tensile strains of 23x10™* and 1.4x10"* were measured for the contact layer and emitter/collector
layer, which correspond to Ing 529Gag 471 As and Ing 511 Gag 489 As, respectively. eCV was performed
to measure the doping concentration (approximately) in these layers, as no SIMS data was available
at the time for these test-structures. Fig. 2.16 shows the measured free-carrier concentration as
a function of depth, up to 70 nm, for both structures. Free-carrier concentrations of 1.3x10%cm™
and 3.9x10'8cm™ are measured for the contact and emitter /collector layers, respectively. From Fig.
2.16, the corresponding doping concentrations for both layers are estimated from the measured free-
carrier concentrations to be within 10 % for the contact layer and 40 % for the emitter/collector

layer.
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Figure 2.16: Free-carrier concentration (cm™) of the contact layer (TS1224) and emitter/collector
layer (T'S1742) as a function of depth (um).
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Low temperature PL spectroscopy was subsequently carried out at 15 K of both structures. Fig.
2.17 shows the measured PL spectra of both structures as a function of energy. The arrows represent
the energies at maximum intensity (Emax), half intensity (E;/2), and -20dB (E_204p) at the high
energy tails of the spectra. The legend represents the measured free-carrier concentration of both

walfers.

] —s—n=38x10%Si ]

—_ 2.0-. Epax —e—n=15x10"Si ]
= ]
S 45 15K
- ]
2 ]
g ]
S 1.0
e
£ ]
-l ]
5 0.5

0.0

L BN IR I [N R R LR IR L
0.75 080 0.85 090 095 1.00 1.05
Energy (eV)
Figure 2.17: Low temperature PL spectra at 15 K for both test-structures as a function of energy.
The arrows represent the energies at maximum intensity (Emax), half intensity (E;/3), and at

-20dB (E_20aB), at the high energy tail of the spectra. The free-carrier concentration of both wafers
is shown in the legend.

Similar observations are made as in Fig. 2.11, the PL emission broadens and shifts towards higher
energies as a function of doping concentration. This observed effect has previously been associated
to the MB effect. Of note is that no distinctive emission line at 797 meV is measured for both
test-structures, which again confirms that the measured emission line at 797 meV, shown in Fig.
2.11, originates from the lowest doped layer, as this layer was not included in these test-structures.
The asymmetric emission lineshape with a smooth and steep slope on the low energy and high-
energy sides, respectively, is observed for the collector/emitter layer, indicating indirect (without
k-selection) band-to-band (B-B) or band-to-acceptor (B-A) emission. B-B recombination is known
to be more dominant for higher doping concentrations as the density-of-states tail at the valence
band increases with doping level, which eventually overlaps with the deeper acceptor states [24][22].
B-A recombination is typically the dominant recombination process in n-type GaAs for doping

concentrations below 5x10'7 ¢cm™ with carbon impurities as the main acceptor species in MBE
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grown GaAs (Ea = 26.4 meV [24]), [30]. Shallow acceptors, carbon (C), silicon (Si), and zinc
(Zn) have been previously identified in undoped MOCVD grown InGaAs by Goetz et al. assigning
binding energies of 13 meV, 25 meV, and 22 meV assigned to these acceptors, respectively [7]. As
these binding energies are less than the binding energy of the acceptor carbon in GaAs, and the
effective mass of InGaAs is smaller than GaAs, indirect B-B recombination is tentatively assigned
as the dominant recombination process for these InGaAs test-structures with doping concentrations
greater than 2.2x10'7cm™3.

Fig. 2.18 shows the low temperature spectra of the InGaAs layers with different doping concen-
trations plotted on a logarithmic scale. The spectrum with an approximate doping concentration
of 1.5x10*cm™ originates from the doping uniformity test-structure (Fig.2.1(b)). The arrows rep-

resent the -20 dB points of Eyjax at the high energy tails of the spectra.
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Figure 2.18: Low temperature PL spectra at 15 K from Fig. 2.11 and Fig. 2.17; plotted on a
logarithmic scale as a function of energy. The legend represents the doping concentration measured
by SIMS. The doping concentration of the highest doped layer (n=1.5x10'" ¢cm™) was deduced
from eCV measurements.

Plotting the low temperature PL spectra on a logarithmic scale highlights the blue-shifting and
broadening of the PL spectra with increasing doping. An increase in linewidth with doping con-
centration is observed due to the MB effect. The experimentally measured FWHM linewidths were
compared with the theoretical linewidths of n-doped InGaAs using a parabolic band approxima-

tion. Fig. 2.19 plots the energy half-width as a function of doping concentration, where the black
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line represents the calculated Fermi energy in the conduction band, and the blue square symbols

represent the experimentally measured half-width linewidth.
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Figure 2.19: Energy half-width as a function of free-carrier/doping concentration. The black solid

line follows the calculated Fermi energy as a function of free-carrier concentration, while the blue

square symbols represent the experimentally measured half-width linewidth as function of doping
concentration.

Good agreement is observed between the experimentally measured FWHM energy and theoreti-
cal modelling. Fig. 2.20 plots the doping concentration as a function of the measured half-width

energy. From Fig. 2.20, an empirical relation is derived between AE and n in the form of Eq. 2.13.
n =3 x 10!7¢26AF (2.13)

The established fit to the experimental data can be used as a tool to determine the free-electron
concentration of InGaAs with doping concentrations between ~ 1x10'7cm™ and ~2x10%cm™ by
low temperature PL. Not only does the emission linewidth increase as a function of doping, a shift
in the peak emission energy towards higher energies is also observed. Similarly, the blue-shift of the
emission as a function of doping can be used as a tool to determine the free-electron concentration
of InGaAs through low temperature PL. Fig. 2.21 shows the doping concentration plotted as a
function of the measured energy at -20dB (E_o0qp) at the high energy tails of the PL spectra. The
data is plotted at E_ogqp instead of Enpax, as assigning the peak wavelength at Eyiax in Fig. 2.11(b)

and 2.17 proved to be difficult due to the broadness of the PL spectra. The horizontal error bars
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Figure 2.20: Doping concentration as a function of the measured energy half-width energy. A
logarithmic fit is applied to the data. The inset schematically illustrates the measured half-width
energy.

(partially covered by the symbols) represent the measured energy shift for a four order magnitude

change in excitation density. The experimental data is in good agreement with the theoretical
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Figure 2.21: Doping concentration as a function of the energy at -20 dB at the high energy tail of
the PL spectra. The inset schematically shows the recombination process. Of note, the horizontal
error bars are partially covered by the symbols.
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model. A third order polynomial fit was applied to the data in the form of Eq. 2.14.

n =729 x 10°°E® — 1.83 x 10*' E? 4 1.57 x 10*' E — 4.55 x 10%° (2.14)

In addition to Eq. 2.13, this relation can also be used as a tool to non-destructively determine the
absolute doping concentration of n-type InGaAs by low temperature PL.

The doping uniformity of the n*t InGaAs layer (n ~2x10!? cm™ Si), representing the contact
layer of the RTD, was first investigated over a full 2" wafer at 15 K, the structure is schematically
shown in Fig. 2.1(b). Fig. 2.22 plots a series of PL spectra at 15 K in 500 pm steps from the
wafer edge towards the wafer center, as shown schematically in the inset. Locations “A” and “G”
are measured at 500 pm and 3.5 mm from the periphery of the wafer, respectively. From the
experimental data, an increase in spectral linewidth from wafer center (location “G”) to periphery
(location “A”) of 10 meV and 1 meV is measured at -20 dB of the high and low energy tails of
the spectra, respectively. At -10 dB, a broadening of 10 meV and 2 meV from the wafer center
(location “G”) to the periphery (location “A”), is measured at the high and low energy tails of
the spectra, respectively. The broadening at the low-energy tail of the spectrum is attributed to
an InGaAs alloy composition variation at the wafer edge. A 1 meV shift in PL corresponds to a
0.16 % change in indium concentration. Due to the small shift at low energy being associated to
small alloy composition variations, the observed broadening at the high-energy tail of the spectrum
is attributed to the MB effect. The relationship between MB shift and doping concentration, as
previously investigated for n™ InGaAs, is shown in Fig. 2.21. A measured AE shift of 9 meV at -20
dB translates to a 4.6 % variation in doping. This corresponds to a doping variation of 6.0x107
em™, with increasing doping towards the wafer edge.

Using the same analysis, the spatial variation of the doping concentration was non-destructively
mapped by measuring the PL spectrum at different points over the wafer. Fig. 2.23(a) and (b) show
doping uniformity maps of the contact and emitter/collector layers, respectively, non-destructively
mapped using low temperature PL. The measurements were performed over full 2" wafers with a
5 mm spatial resolution. The data points on the maps represent energy at -20 dB of Igpax at the
high energy tails of the spectra. Subsequently, the emission energy at those points was converted
to a corresponding doping concentration (via Fig. 2.21 and Eq. 2.14), and plotting on a gradient
scale. For the nT InGaAs test wafer with a doping concentration equivalent to the contact layers
of the RTD structure, a measured energy variation of 24 meV corresponds to a An of ~ 2x10'8

cm™3, which correlates to a doping uniformity of + 8 % over the full wafer.
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Figure 2.22: A series of photoluminescence spectra measured at 15 K from the wafer edge towards

the wafer center with 500 pm steps, as shown schematically in the inset. The measured energy
shift at -10 dB and -20 dB over the full line-scan are shown.

Similarly, for the n* InGaAs test wafer with a doping concentration equivalent to the emit-
ter /collector layers of the RTD structure, a measured energy shift of 22 meV corresponds to a
An of 9x10'7 cm™, which correlates to a doping uniformity of + 10 %. The variation in doping,
measured with PL, was verified with eCV, by measuring the free-carrier concentrations on two
locations. Fig. 2.23 (¢) and (d) show the measured free-carrier concentrations at locations “A”
and “B” up to a depth of approximately 70 nm for both maps. A difference in free-carrier con-
centration of approximately 1.3x10'® cm™ to 1.9x10'® ecm™ , and 1.6x10'7 cm™ to 1.9x10'7 cm™
was measured for the maps which represent the contact and emitter/collector layers of the RTD,
respectively. The error bars on the graphs indicate the measured error in free-carrier concentration
as calculated from the non-linearity of the 1/C? curve. The cause of the observed decrease in free-
carrier concentration with depth in Fig. 2.23(b) is not yet clear but might be due to non-optimal
etching conditions resulting in a decrease in area, with an apparent reduction in doping as a result.
For both wafers, a good correlation is found between the measured free-carrier concentrations with
eCV and the doping concentrations via low temperature PL analysis.

The measurement of doping via the analysis of low temperature PL measurements is highly ad-
vantageous in not only being a rapid non-destructive measurement technique, but the measurement
is also found to be more reproducible than eCV as no etching is involved during the measurement

process [1][31]. With regard to the origin of the measured doping variation, SiosHg was used as the
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Figure 2.23: (a) (b) PL maps of doping concentration of n* InGaAs test-layers determined from PL
at 15 K. The test-layers have an equivalent doping concentration of the contact and emitter/collector
layers of the RTD structure, respectively. (c) (d) eCV profiles measured at 300 K, at locations “A”
and “B” of the maps shown in (a) and (b), respectively, for an etch depth step of ~ 5 nm.

preferred doping gas for this work, instead of silane (SiHy), due to the higher silicon incorporation
efficiency and lower temperature dependence of SioHg [32]. However, thermal effects are considered
important as the dopant silicon was incorporated from the precursor disilane within the dissociation
rate limited region of SioHg at a temperature of 560 °C (measured with a Laytec EpiTT pyrometer
(calibrated using an Absolut probe)), and a pressure of 100 Torr [33][34]. The observed effect is
not well explained by gas-phase depletion or saturation effects as both wafers show similar doping
uniformities. For a depletion or saturation effect, an improvement in doping uniformity should have
been observed for the wafer with a lower doping concentration, however, this effect is not observed
in these measurements.

With regard to the impact on the device performance, doping uniformity is important. For
the contact layers, a variation in doping will affect the contact resistance of the device, and the
associated device losses, as the depletion width of a non-alloyed ohmic contact is highly dependent
on the doping concentration. For the emitter/collector layers, a doping variation will have an

impact on the V-I performance of the device as the tunnelling current is highly dependent on the
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doping concentration in the emitter region. Teranishi et al. reported that the current density almost
doubles for a twofold increase in the emitter doping concentration for similar high current density
InGaAs/AlAs/InP RTD structures [35]. For a measured emitter/collector doping uniformity of +
10 %, a peak current density variation between 630 kA /cm? to 770 kA /ecm? is expected over the

2. Devices fabricated in

full wafer for a RTD with a nominal peak current density of 700 kA /cm
the high doping density region (location “B” in Fig. 2.23) will have a larger peak current than
devices fabricated in the lower doping density region (location“A”). Devices with a higher doping
density in the emitter layer are expected to have a higher output power due to the increased Al
(Ipeak - Ivalley) and reduced NDR. Whilst a doping uniformity of + 10 % over the full wafer is not
ideal for volume manufacture as the device variability will be large, it allows efficient research as
simultaneous experiments with different process conditions can be carried out at different positions
over the wafer, to explore optimum process parameters. In future work, devices will be fabricated
over the full wafer to investigate the impact of the measured doping uniformity on the device
performance. From literature, a ten-fold improvement in doping uniformity is expected for these
structures through optimisation of the growth. On-wafer doping uniformities for MOVPE grown
GaAs on 6” GaAs wafers of 1.24 % and 1.1 % standard deviation at carrier densities of 8x10'7
em™ and 3x10'? em™ for n- and p-type, respectively, were reported. [36]. Optimising the growth

conditions for high wafer uniformity will also have to be investigated in future work.

2.5 Conclusions

This chapter covered optical spectroscopy of n-type InGaAs. Photoluminescence was measured as a
function of doping concentration for InGaAs test-layers at low temperatures and correlated to SIMS
and eCV profiling. A photoluminescence characterisation technique was developed to measure the
absolute doping concentration of the highly n-doped InGaAs layers non-destructively through low
temperature PL. It was shown how the emission wavelength is dominated by the Moss-Burstein
effect and how correlating this shift to eCV and SIMS allows non-destructive mapping of the
absolute doping concentration. n™ InGaAs test-structures were grown by MOVPE to investigate
the doping uniformity over the full wafer. By examining the PL spectra from different positions over
the full 2" n™ InGaAs test-wafers, it was possible to deduce the absolute doping concentrations and
uniformity of the highly doped collector /emitter and contact layers of the RTD structure. A + 8 %
doping variation for the contact layers, and a &+ 10 % for the emitter/collector layers was measured,

for 62 % of the wafer area. These results were confirmed by measuring the free-carrier concentration
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over the wafer by eCV. The measured variation over the wafer was attributed to thermal effects as
the dopant silicon was incorporated from the precursor disilane within the dissociation rate limited
region. The observed effect could not be explained by gas-phase depletion or saturation effects as
both wafers showed similar doping uniformities. The optical spectroscopy of the epitaxy through
PL is both time/cost effective and highly advantageous for the growth optimisation process.

With regard to the manufacturability, process variations will cause manufactured devices to
have a diverse performance/quality profile. Doping variations over the wafer will have an impact
on the contact resistance and operating current of the device. Devices with a larger doping density
are expected to have a higher output power due to the larger tunnelling current, but will have
a lower contact resistance. To manufacture the RTD THz emitter cost-effectively, good circuit
design is required, to make sure that the electrical parameter tolerances are accommodated in
the design to assure functionality, high yield, and high reliability. As some devices will perform
better depending on the location on the wafer, profit can be maximised by selling these high
quality devices for a higher price by separating them (a process called “binning) from the relatively
low performance/quality devices. This performance binning can be done for various parameters,

including oscillation frequency, output power, and device quality.
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Chapter 3

Optical Spectroscopy of Resonant
Tunnelling Diode

3.1 Introduction

This chapter covers optical spectroscopy of high current density InGaAs/AlAs/InP resonant tun-
nelling diodes (RTDs) structures grown by metal-organic vapour phase epitaxy (MOVPE). Optical
spectroscopy is known to be a powerful technique for studying the electronic properties of resonant
tunnelling structures [1][2][3][4][5][6][7].

In this chapter, a range of characterisation techniques are applied to RTD structures to allow
non-destructive determination of doping level, ternary alloy composition, and quantum well(QW)
thickness, via a low temperature photoluminescence (PL) technique. The origin of the PL emission
of these high current density RTD structures is investigated in detail, as this has not been fully
clarified in the literature [8][9].

The optical properties of doped and undoped RTD structures are explored through low tem-
perature PL, to resolve the absolute energy level position of the first electron state of the RTD.
As the performance of the RTD is dictated by the position of the absolute resonant energy levels
in the QW, with large voltage and current spans required in the negative differential resistance
(NDR) region of the RTD for maximum power extraction, being able to accurately measure energy
levels in these structures is highly advantageous for device and growth optimisation. The absolute
energy levels of the RTD structures are resolved through a combination of doped and undoped

structures. The analysis also allows important scattering mechanisms affecting device performance
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to be investigated, and provides a non-destructive monitor of the QW alloy content and thickness.
PL mapping of the RTD wafer has been performed at low temperatures for the assessment of vari-
ations in InGaAs alloy composition and well-width fluctuations with high spatial uniformity in a
non-destructive test.

Optical spectroscopy of the epitaxy through PL is both time/cost effective and highly advan-
tageous for the growth optimisation process, being a non-destructive technique, compared to other
techniques such as SIMS, eCV, and transmission electron microscopy (TEM). The details of the
growth process are discussed and confirmed using high resolution X-ray diffraction (HR-XRD)
crystallography. The rapid non-destructive characterisation and wafer mapping of these structures

promises a route to future growth optimisation of such structures.

3.2 Epitaxial Material and Growth Details

The epitaxial growth of the RTD structures was carried out under the supervision of Dr. Ben
Stevens from the National Centre of III-V Technologies. The growth was performed in a vertical
Thomas Swan 6 x 2 close-coupled shower head MOVPE reactor on (100) semi-insulating InP:Fe
substrates with a 0.07 °offcut at a pressure of 100 Torr. The wafer was placed with the major
flat towards the edge of the susceptor plate. A Laytec EpiTT pyrometer (calibrated using an
Absolut probe) was used to control the growth temperature to 560 °C. The thermocouple set point
to achieve this was set between 585 °C and 629 °C. The wafer was heated by three stationary
resistive graphite heaters located underneath the wafer carrier which was rotated at 100 rpm in the
clockwise direction. Trimethylgallium (TMG), trimethylaluminium (TMA) and trimethylindium
(TMI), housed in stainless steel bubblers, were used as group-III precursors and arsine (AsH3) and
phosphine (PH3) as the group-V source materials. The ternary InGaAs alloy was grown under a
V/III ratio of 200. Hydrogen (H3) was used as the carrier gas and purified by a palladium cell.
Epison™ gas phase analysers were used to accurately control the concentration of the gas phase.
Disilane (SigHg) diluted to 10 ppm in helium (He) was used as precursor to achieve n-doping

concentrations up to 2x10'9 cm.

Using disilane instead of silane (SiH4) is often preferred due
to the higher silicon incorporation efficiency and lower temperature dependence [10]. To achieve
high n-doping concentrations (up to 2x10' ¢cm™), a comparatively low growth rate of 6 nm/min.

was used to maximise the incorporation of the silicon dopant in the crystal. The growth rate was

calibrated with the EpiTT system using optical reflectance interferometry.
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The epitaxy of the RTD structure consisted of a 100 nm InP buffer layer, followed by 200
nm Ing 53Gag 47As, and 400 nm highly n-doped Ings3Gaga7As (2x101° cm™ Si) to serve as the
lower contact. A 20 nm n-doped Ings53Gag.a7As (3x10'8 ecm™ Si) emitter layer was subsequently
grown, followed by a 2 nm Ing 53Gag 47As spacer layer. An Ing ggGag.29As quantum well was formed
between two 1.1 nm AlAs barriers. At the collector side, a 20 nm Ing 535Gag 47As spacer layer was
grown with a 25 nm Ing 53Gag.47As (3x10'8 ecm™ Si) collector layer. The epitaxy was terminated
with 15 nm n-doped Ing 53Gag.47As (2x101? ecm™ Si), and 8 nm Ing goGag.20As (2x10* em™ Si) to
enhance the formation of a low-resistance ohmic contact at the collector side. Fig. 3.1 schematically
shows the RTD layer structure. RTD structures were grown with varying QW thicknesses of 3 nm,
3.5 nm, 4 nm, and 4.5 nm. The undoped RTD structures were grown primarily for an optical
spectroscopy study, as a repeat of the doped RTD structure with a 4.5 nm QW, but without the
inclusion of the precursor SiosHg as the dopant gas. Fig. 3.1 also shows a transmission electron
microscope (TEM) image of a RTD structure with a 4.5 nm QW. The growth appears to be of

excellent quality and defect free.
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Figure 3.1: Schematic of RTD layer structure and transmission electron microscope (TEM) image
of a 4.5 nm QW (TEM image courtesy of Rohm Semiconductor)

3.3 Modelling of Energy Transitions

The energy transitions of the RTD were modelled as part of the investigation. This work was carried

out to ensure that the experimental measurement system was optimum for the detection of QW
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emission, and to compare theory against experimental results. The detectable wavelength range of
our PL system is mainly governed by the wavelength ranges of the InGaAs photodetector (0.73 -
1.55 eV) and the double-grating monochromator. The resonant states of the undoped InGaAs/AlAs
RTD structure were calculated without an applied external electric field for the conduction and
valence bands. The transmission coefficients of the RTD structure, in Fig. 3.2, were calculated
through a finite square-well model with open boundary conditions applied to the structure [11]. The
programming language MATLAB was used to model the InGaAs/AlAs/InP RTD. A basic transfer
matrix algorithm was adapted from R. Petersen [12] and used as a platform for the development
of the model. Worthy of mention is that the model is only based on global coherent tunnelling, no

phase-decoherence scattering events are considered in this investigation.

Iny 53Gag 47AS

1.1 nm AlAs
4.5 nm Ing goGag 50AS
1.1 nm AlAs

Ing 53Gag 47AS

Figure 3.2: Layer structure used for modelling the energy transitions of the RTD

The transfer matrix method was first proposed by Tsu and Esaki in 1973 [11] for the numerical
calculation of the transmission probability function of the RTD. This method is based on solving
the 1D Schrdinger equation with scattering boundaries on the wave function. Considering the 1D

time-independent Schrdinger equation 3.1

0 1 9
202 <m*<z)az>¢<2> +V(2)u(2) = E:4(2) (3.1)

The wave function in each section (i.e. barriers and well) of the RTD (simplified band structure

diagram shown in Fig. 3.3) are expressed in plane waveform following Eq. 3.2
Vi(2) = Ajet*i® 4 Bem i (3.2)

where k; is the complex wave number (Eq. 3.3)

2mi(E, —V;)

ki = :
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Figure 3.3: Simplified band diagram of a double barrier RTD

At each boundary, two conditions on the wave functions must hold (Eq. 3.4 Eq. 3.5)

Yi(2z) = Yita(z +1) (3.4)
1 9yi(2) 1 Oiga(z)
m} J(z) n mi ,  0(2) (3.5)

Z=Zi41 Z=Zi41

The coefficients A & B in the adjacent sections are then related to each other as follows (Eq. 3.6)

] =5 5] &

where T is defined as the transfer matrix between two sections (Eq. 3.7)

1 1+ Ltlkﬁej(ki*kwrl)zwl 1— Ltlkﬁe*j(ki+ki+1)zi+1
_ m? it1 m? i1
Y e (37)
1 — D1 ki pj(kithici)zin ] 4 ikt ki o—j(ki—kit1)zita
my ki1 m; ki1

The A & B coefficients of the collector and emitter can be related to each other following Eq. 3.8

and Eq. 3.9
AL Al
Pl =1 |2k (3.8)
BEz BEz
T =TT 1Tis.. Ty (3.9)
By using scattering conditions for the emitter (Eq. 3.10)and collector (Eq. 3.11).
(AL, BE.) = (1,0) (3.10)
(A, BE.) = (0,1) (3.11)
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The transmission probability T(E,) is expressed by Eq. 3.12

m*L kR ’Agz

*R LL
m*f k |Aé
z

! 2

T(E.) = (3.12)

2

Table 3.1 lists the semiconductor material parameters that were used to calculate the energy levels

of the RTD structure.

Layer Ing 53Gag.47As | Ing.goGag.20As | AlAs
ao(A) 5.867 5.976 5.659
o, (10°/C) 5.857 5.463 5.2
Eg(eV) 0.811 0.556 3.13
C11(10"dyn/cm?) 9.99 9.04 12.5
C12(10Mdyn/cm?) 4.93 4.70 5.3
ac(eV) -6.058 -5.498 -5.64
ay(eV) 1.075 1.032 2.74
b(eV) -1.753 -1.779 -1.5
m? /m, 0.0436 0.0318 0.13
m;, /mg 0.609 0.604 0.44

Table 3.1: Parameters used to calculate the resonant energy levels of the RTD. The parameters
values are taken from [13][14][15]

The band structure of the RTD structure was modelled using model-solid theory, a theory first
proposed by Chris Van de Walle [16]. This method relates the energy levels in bulk semiconductors
from self-consistent ab initio band structure calculations to a common reference level. This refer-
ence level is chosen to be the average electrostatic potential in a semi-infinite “model-solid” built
up from a superposition of neutral atoms to mimic the bulk electron density. Fig. 3.4 shows the

modelled energy band diagram of an undoped InGaAs/AlAs RTD structure.

The black and orange lines represent the band structure with and without the inclusion of strain,
respectively. The tunnelling barriers of the RTD are under tensile strain, as the lattice constant of
AlAs is smaller than lattice matched InGaAs to InP, which reduces the band-gap energy of AlAs.
The tensile strain shifts and splits the degenerate valence bands at the I' points, effectively rising
the light hole band above the heavy hole band, which has a larger effective mass. The opposite
occurs for the compressively strained InggGag2As well, as the band-gap energy increases due to
compressive strain and the heavy-hole band rises above the light hole band.

Fig. 3.5 (a) and (b) show the modelled transmission coefficients as a function of incident-electron
energy for the conduction and valence bands at 15 K, respectively, for the band structure shown in

Fig. 3.2.
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Figure 3.4: Modelled band structure of InGaAs/AlAs RTD with (orange line) and without strain
(black line) at 15 K.

The peaks in the transmission spectra correspond to the discrete energy states in the QW along the
growth direction. Unity transmission is observed at the resonant energy levels as the transmission
coefficients are calculated for a symmetrical structure. The observed increase in energy separation
between adjacent transmission peaks is explained by the parabolic energy dispersion for the in-plane
momentum of carriers in the QW. The transmission coefficients are only calculated for the heavy
holes in the valence band as the InggGag.2As quantum well is compressively strained. A smaller
energy spacing between resonances in the valence band is calculated, due to the larger effective
mass of the holes. Furthermore, the resonance width of the electronic states in the conduction
band is larger than for the hole states in the valence band, which is also associated to the difference
in effective mass between electrons and holes. Fig. 3.6 shows the modelled band diagram of the
InGaAs/AlAs RTD with the first and second energy states of the conduction and heavy-hole bands.
Two resonant states are calculated in the conduction band for energies less than the conduction
band edge of AlAs with a measured energy separation of 0.71 eV. As observed in Fig. 3.6, these
resonant energies are quasi-bound states as the AlAs barriers have a finite width of 1.1 nm. For the
valence band, the first heavy-hole state is a bound state, as the quantisation energy of the resonant
state is less than the valence band energy edge of Ing 53Gag 47As. The smaller quantisation energy
in the valence band is associated with the higher effective mass of the holes. The strain dependence

of the effective mass is not considered in these calculations.
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Figure 3.5: Modelled transmission coefficients for (a) the conduction band, and (b) the valence
band.

The electron 1-heavy hole 1 (elhhl) transition is calculated as the sum of the bandgap-energy of
the strained Ing gGag.oAs well and the lowest energy states of the conduction and heavy hole bands,
following Eq. 3.13.

E\HHy = Eyey + Ec1 + Egm (3.13)

A transition energy of 827 meV is calculated for elhhl. This transition energy is 16 meV larger

than the low temperature band-gap energy of lattice matched InGaAs (Egox = 811 meV) [15].
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Figure 3.6: Energy band diagram of an undoped InGaAs/AlAs based RTD structure. The hori-

zontal lines represent the first two resonant energy levels in the conduction and valence bands.
Fig. 3.7 shows the effect of the layer thickness of the AlAs barriers, the compressively strained

quantum well (QW), and the indium content of the Ing goGag.20As QW on the confinement energy

of the first electron and heavy-hole states.
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Figure 3.7: Band-structure of a typical InGaAs/AlAs/InP based RTD. The possible luminescence
transitions which may occur in the RTD structure are indicated by arrows. The horizontal red lines
indicate the first and second electron states and first heavy-hole state. The effect of monolayer (ML)
fluctuations in barrier width (BW), and well width (WW), and indium [In] concentration on the
resonant energy levels are included.
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From calculations, it follows that the confinement energy of the electrons in the QW is a strong
function of the quantum well width (WW) and the indium content [In], but is significantly less
sensitive to variations in barrier width (BW). For holes, as expected for a significant increase in
mass (from 0.03mg to 0.60my), there is a considerable reduction in the sensitivity of the confinement
energy to all parameters. To a first approximation, the energy of the type-II transition indicated
in Fig. 3.7 is determined by the indium composition of the QW and the band-offset. The first
electron state in the QW can be deduced if all the energetic transitions of the structure shown in
Fig. 3.7 are measurable. The carrier lifetime in the QW, known as the dwell time, 74, was also
considered theoretically using the finite square-well model. The decay rate of the resonant state

for completely coherent transmission is given by Eq. 3.14.

(3.14)

where 74 is the elastic decay rate, i the reduced Planck’s constant, and I" the elastic width of the
resonant level. The elastic width of the resonant state is approximated to the FWHM of the resonant
state calculated from the transmission coefficient spectrum using the transfer-matrix method. Fig.
3.8 shows the FWHM linewidth of the the first resonant energy state in the conduction band as
a function of barrier thickness for RTD structures with well widths ranging between 3.0-4.5 nm.
An exponential relationship between barrier thickness and the resonance width is observed with
broad and narrow resonances for thin and thick potential barriers, respectively. By increasing the
barrier thickness, the confinement in the well becomes stronger, with a concomitant increase in the
lifetime of the carriers at resonance. An increase in the resonance width is also observed for thinner
QWs. By decreasing the well width, the electron confinement energy increases, which reduces the
resonance lifetime due to the lower potential barrier height. A FWHM of 3.2 meV is calculated
for a 4.5 nm QW with 1.1 nm barriers. Through Eq. 3.14 and Fig. 3.8, the electron dwell time
was calculated for the structure. Fig. 3.9. shows the dwell time as a function of barrier and well
thickness. The inset schematically illustrates the multiple-reflection process of the electron in the
quantum well. As observed in Fig. 3.9, the electron dwell time in the quantum well is inversely
proportional to the resonance width, with a short dwell time associated to a broad resonance. The
dwell time becomes longer for thicker barrier and well thicknesses, as the multiple reflection time
becomes longer. An electron escape time of 58 fs was calculated for a 4.5 nm InggGagoAs QW
confined by 1.1 nm AlAs barriers and Ing 53Gag.47As spacer layers. As the speed of operation of the

RTD is mainly governed by tunnelling probability of the electron through the structure, with short
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Figure 3.8: Resonance width as a function of barrier thickness for different QW widths.The in-
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Figure 3.9: Electron dwell time as a function of barrier thickness for different well widths. The
inset pictographically shows the energy-band diagram illustrating the multiple-reflection process of
an electron.

dwell times being required, the RTD is able to operate at very high frequencies, as compared to
many other electronic devices where the speed of operating is governed by a conventional transit-

time [17].
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3.4 Photoluminescence Spectroscopy of Resonant Tunnelling

Diode

PL experiments were performed over a temperature range from 15 to 300 K in a closed cycle helium
cryostat. Nd:YVOy laser excitation at 532 nm, chopped at 20 Hz, was used to excite the samples.
A Bentham DMc150 double monochromator was used to disperse and analyse the PL. The signal
was detected by an InGaAs transimpedance amplified photodetector coupled to a EG&G 5208
two-phase lock-in analyser. PL experiments were performed with an excitation power of 15 mW
focused to a spot of ~ 75 um in diameter. High-resolution X-ray diffractometry (HR-XRD) was

applied on the (004) reflection to characterise the crystal, including layer composition and strain.

3.4.1 Low Temperature Photoluminescence Spectroscopy

Fig. 3.10 shows temperature dependent PL spectra of the 4.5 nm QW RTD structure (shown
schematically in Fig. 3.1) at the wafer center from 15 K to 300 K. A broad emission spectrum
is observed at 300 K, which resolves into two distinctive emission features at 789 meV and 834
meV when the sample is cooled below 50 K. A FWHM linewidth of 43 meV is estimated of the
broad emission feature at 834 meV from the half-width at half maximum (HWHM) linewidth at
the high energy end of the spectrum, as indicated in Fig. 3.10. A weak signal is measured at room
temperature, which is associated to the reduction in bulk non-radiative recombination lifetime and
increase in surface recombination velocity with temperature. Low temperature PL spectroscopy
has previously been shown to be useful in studying the characteristics of the resonant tunnelling
process. Young et al.[2], Skolnick et al. [3], and Buckle et al. [1] applied PL to determine the

charge accumulation in resonant tunneling structures as a function of bias.
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Figure 3.10: Temperature dependent PL spectra of the full RTD structure from 15 K to 300 K.

3.4.2 Origin of the Photoluminescence Emission

The eCV profiler was used as a selective etch tool to explore the origin of the observed emission.
Fig. 3.11 shows the measured free-carrier concentration of the RTD structure as a function of depth
through eCV. The solid line represents the designed doping profile. Good agreement is observed
between the designed and measured free-carrier/doping profiles. The good agreement between both
profiles highlights the use of eCV as a highly accurate selective etch tool. This technique was used
to create a PL sample with several craters of different etch depths within a few millimetres of each
other. For these thin, highly doped structures, an etch step of ~ 2 nm was used.

Fig. 3.12 shows 15 K PL spectra for different etch depths. For the first sample, etching was
halted at the highly doped collector layer located above the QW, as shown in the inset of Fig.
3.12(a). The red line on the eCV profile represents the location of the double barrier structure and
the blue dotted line represents the measured free-carrier concentration. Etching was halted within
an approximate distance of 25 nm above the QW. As in the case of the unetched sample (Fig. 3.10),
two features are observed at 789 and 834 meV at 15 K. For the second sample, etching was carried
out through the QW, as shown in Fig. 3.12(b)’s inset, and halted on the highly doped emitter layer,
within an approximate distance of 16 nm below the QW. In this case, only emission at 789 meV
remains detectable. For the third sample, the etch continued through the highly doped emitter layer
to the undoped InGaAs buffer layer. The third etch was carried out using a H3PO4:HyO5:Hy0O

(1:1:38) wet etchant with an approximate etch rate of 100 nm/min. at room temperature. As
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Figure 3.11: Free-carrier concentration as a function of depth of the RTD structure measured by
eCV. The dashed line represents the measured free-carrier concentration and the solid line represents
the required doping profile.

only emission at 789 meV remains detectable for the second sample, the emission as 834 meV can
therefore be attributed to the QW. As the PL emission at 789 meV remains detectable for the
other two samples, this emission line is attributed to bulk InGaAs. A 3 meV broadening of the
InGaAs emission linewidth is also measured between Fig. 3.12(b) and Fig. 3.12(c). The origin of
this observation is not yet clear, but it is maybe caused by re-absorption of the undoped InGaAs
emission through the n* InGaAs layer.

To further explore the origin of the low temperature PL features in Fig. 3.10, a line-scan was
carried out along the edge of the wafer, as schematically illustrated in Fig. 3.13(a). This technique
allows a partially quantitative PL map with higher resolution than can be obtained using standard
positioning of the stages due to the shallow angle used. Previous selective etch measurements were
not able to unambiguously identify the origin of the bulk InGaAs peak observed at 789 meV [18].
Fig. 3.13(b) shows the PL intensity as a function of energy for 103 scans measured along the edge
of the wafer in the epitaxial direction with a 10 micron step size, as indicated. Due to the finite
spot size of the excitation light, approximately 75 pm in diameter, the PL emission from the 4.5
nm QW was spread across multiple spectra. Assuming a spread of £+ 10 scans for the QW and
bulk InGaAs layer, which is reasonable as the well is only 4.5 nm thick, the separation of the
QW and undoped InGaAs buffer layer is in good agreement with the designed 400 nm n* InGaAs

layer. As no emission is observed at the band-gap energy of InGaAs for the undoped InGaAs
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Figure 3.12: PL spectra at 15 K for different etch depths. In (a) etching was halted at the highly
doped collector layer located above the QW, in (b), etching halted on the highly doped emitter
layer below the QW, in (c), etching was halted on the undoped InGaAs buffer layer. The eCV
profiles of etches (a) and (b) are shown in the insets, with free carrier concentrations plotted as
a function of depth. The red line on the eCV profile represents the location of the double barrier
structure and the blue dotted line represents the measured free-carrier concentration.

spacer layers in Fig. 3.13(b), the emission line at 789 meV is attributed to the 200 nm undoped
InGaAs buffer layer. This suggests that the photogenerated carriers tunnel rapidly in the QW, and
the electrostatic potential profile associated with the doped RTD spatially separates the carriers,

preventing radiative recombination within the undoped spacer layers closest to the QW.
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Figure 3.13: (a) Schematic diagram of the PL linescan technique along the edge of the wafer

performed with a diode-pumped solid-state (DPSS) laser (b) PL emission measured at 15 K as a
function of energy measured along the scan direction as indicated in (a)
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3.4.3 Photoluminescence Spectroscopy of Undoped/nt InGaAs

Fig. 3.14 shows temperature dependent PL spectra of the etched sample with the highly doped
emitter layer on the surface (Fig.3.12 (b)). The inset shows the same data plotted on a logarithmic
scale. In addition to the emission feature at 789 meV, a broad emission extending to ~ 1.1 eV is
measured. PL emission as a function of doping in InGaAs was investigated in Chapter 2, where a
broad PL emission extending towards higher energies is observed due to the Moss-Burstein effect.
The emission at 789 meV from the deeper undoped InGaAs buffer layer is measured as a stronger
signal than the emission from the highly doped InGaAs layer, even though this layer is more deeply
burried in the layer stack. This shows that the radiative recombination efficiency of the undoped
InGaAs layer is greater than the recombination efficiency of the highly n-doped InGaAs. The low
radiative recombination efficiency of the highly doped InGaAs layer can be associated to a short
non-radiative recombination time due to increased Auger recombination [19][20].

An Auger process involves three carriers, where the energy released by the recombination of
an electron and hole is transferred to another nearby carrier instead of creating a photon. This
electron then thermalises back down to the conduction band edge. The total recombination lifetime

7 can be represented by the parametric equation Eq. 3.15
7= [rgpy + Bn+Cn* ™! (3.15)

where the three terms on the right-hand side represent the Shockley-Read-Hall (SRH, A coefficient),
radiative, and Auger recombination contributions, respectively. n is the free-electron concentration,
and B and C are the radiative and Auger recombination coefficients. Henry et al. have shown from
measurements performed on InGaAs over a doping concentration range of 3x10'7cm™ to 1x10'9
cm™ that the recombination lifetime decreases with doping concentration due to a combination of
radiative and Auger recombination [21]. Ahrenkiel and co-workers have found that in the doping
range from 1016 to 10'® cm™, the radiative lifetime varies as 1/n, with n being defined as the ma-
jority carrier doping concentration [22]. This behavior was indicative that radiative recombination

3 were a “B” coefficient

is the dominant mechanism in the doping range from 10'® to 10'® cm-
of 1.43x107*° ecm™s! was measured, which was also in strong agreement with the observation of
InGaAs as a strong light emitter. They have also shown that the SRH lifetime is on the order
of a microsecond for undoped InGaAs samples, and for doping densities greater than 5x10'® cm™
Auger recombination becomes the dominant recombination mechanism as the Auger recombination

lifetime is inversely proportional to the square of the majority carrier concentration.
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Figure 3.14: Temperature dependent PL spectra on the second etch sample (Fig.3.12(b)) with the
highly doped emitter layer (n = 2x10'° cm™) exposed from 15 300 K. The inset shows the spectra
plotted on a logarithmic scale.

For an Auger recombination constant of 8.1x1072% cm®/s [22], a recombination lifetime of 31 pi-
coseconds is calculated for the highly doped emitter/collector layers with a doping concentration
of 2x10' cm™. Indeed, the Auger recombination lifetime is approximately ten times shorter than
the radiative recombination lifetime for a doping concentration of 2x10'%cm™, which is in good
agreement with the observations made in Fig. 3.14. From the low temperature PL emission spec-
tra shown in Fig. 3.14, it was also possible to deduce the absolute free carrier concentration of the
400 nm n* InGaAs layer. The measured energy at -20 dB of Igyax at the high energy tail of the
spectrum (E_g0qp = 1.11 €V) corresponds to a free carrier concentration of 3.1x10"cm3, which is
in very good agreement with the measured free-carrier concentration of 3x10'"%cm™ shown in Fig.
3.11.

Aside from HR-XRD, PL spectroscopy is also a powerful technique which can be applied to
determine the crystal quality. The PL emission linewidth generally gives a good measure of the
material quality with narrow linewidths commonly being a characteristic of high quality material.
At low temperatures, the PL linewidth of bound excitons can be less than 0.1 meV in binary III-V
semiconductors [23]. The linewidth of ternaries and quarternaries is typically larger. Low tempera-

ture PL excitonic linewidths with a FWHM of less than 2 meV have been reported for high quality
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MOVPE grown Ing 53Gag.47As by a number of workers [15][24][25][26]. An excitonic PL linewidth
of 1.2 meV was measured by Schubert et al. for Ing53Gag 47As grown by chemical-beam epitaxy
(CBE) [23][27]. The broader linewidths of ternary and quaternary semiconductors are commonly
attributed to compositional inhomogeneities and to alloy clustering [28][29]. Schubert et al. showed
good agreement between experimental and theoretical data by developing a quantitative model de-
scribing the broadening of the linewidths of the exciton and the band-to-acceptor recombinations
due to alloy broadening [23]. A FWHM PL emission linewidth of 6.9 meV was measured at 15 K
for the emission line at 789 meV. From the position of the peak emission energy, the InGaAs emis-
sion at 789 meV could not be associated to a free exciton, or exciton bound to a shallow acceptor
as the low temperature PL emission is 17 meV red-shifted from the nominal band-gap energy of
Ing 538Gag.462As (806 meV for a 200 ppm positive lattice mismatch). Binding energies up to 4.5
meV have been assigned for the aforementioned near band-gap excitonic emission lines by Goetz et
al. [15]. The same group have also assigned binding energies of 13 meV + 1 meV, 25 meV + 1 meV,
and 22 meV + 1 meV for the shallow acceptors, carbon (C), silicon (Si), and zinc (Zn), respectively,
in undoped MOCVD grown InGaAs [15]. Of note, temperature dependent PL spectroscopy can
also be used to determine the activation energies of impurities in the crystal. A donor-to-acceptor
pair (DAP) recombination process between a donor and acceptor is unlikely as other exciton emis-
sion lines are typically observed along with DAP emission lines [15][30][25][31][32][24][23]. In this
work, only a single emission line is observed. Similar observations were made by Bass et al. for low
temperature MOVPE grown undoped InGaAs at 620 °C [25]. They showed that at high growth
temperatures (>636 °C), the PL spectrum typically consists of a near band edge exciton line and
an electron-to-acceptor (e-A0) or a donor-acceptor pair line. However, at low growth temperatures,
the PL spectrum is dominated by e-A0 recombination due to exciton ionization caused by strongly
fluctuating local potentials in the crystal. An e-A0Q optical transition involves an electron in the
conduction band recombining with a hole trapped on an acceptor level.

The Maxwell-Boltzmann lineshape of the e-A0 luminescence for a direct bandgap semiconductor
can be described by Eq.3.16, assuming a hole effective mass myq) ->infinite, which is a valid
approximation as the hole bound to an acceptor can be treated as an immobile particle with an
effective mass mpole ->infinite (i.e. zero curvature) [33].

hv — (Eg —EA)

e— A0
165 & [ — (B, — Ba)] Penp(~ 2

) (3.16)
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Fig. 3.15 shows the theoretical emission line shape for temperatures from 20-100 K. The inset of
the figure schematically illustrates the e-AQ recombination mechanism. The lineshape of an e-AQ
transition has a characteristic asymmetric lineshape with a minimum FWHM of approximately 1.80

kgT, and peak emission at (Ec-Ea) + kT/2, assuming a defect-free semiconductor. As observed
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Figure 3.15: Lineshape function for a band-to-acceptor (e-A0) recombination in bulk InGaAs from
20-100 K. The inset schematically illustrates the e-AQ recombination mechanism.

in Fig. 3.15, the linewidth of an e-AQ transition is highly dependent on the crystal temperature.
From Fig. 3.15, an e-AO transition at 15 K has a minimum FWHM of approximately 2.25 meV.
The linewidth discrepancy of 4.7 meV between theory and the measured FWHM can be associated
to a combination of alloy broadening and some thermal broadening, due to self-heating of the
semiconductor from the laser excitation light and non-optimal cooling conditions of the sample in
the cryostat. Whereas self-heating effects can be minimised by using very short excitation pulses,
the experimental setup was not equipped to perform such experiments. Further, carbon is selected
as a good candidate for the acceptor level as the measured energy shift of the PL spectra (17 meV)
is in good agreement with the binding energy of carbon (13 meV).

Hydrogen and carbon impurities are difficult to avoid in MOVPE growth, as they are byproducts
of the precursor breakdown [34]. Fry et al. [32] found a dramatic improvement in the PL properties
for InGaAs samples grown by MOVPE at 650 °C compared to lower growth temperatures, which
was attributed to a reduction in carbon contamination. The growth temperature and V-III ratio
are important parameters which influence the impurity incorporation and, thus, mobility of the

material. The effects of the V/III ratio on the electronic and optical properties of InGaAs layers
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grown by MOVPE were investigated by Kamada et al. [24]. They found that the donor and
acceptor concentrations increase almost linearly in the high V-III ratio, measuring an acceptor
impurity concentration of ~ 8x10°cm™ for a V-III ratio of 300. In this work, a carbon impurity
concentration of 3x101® atoms/cm?® was measured by SIMS for a V-III ratio of 400, which is in-line
with the results reported by Kamada et al. A reduction in background impurity concentration is

expected by future growth optimisation.

3.4.4 Photoluminescence Spectroscopy of Doped/Undoped RTD Struc-

tures

Fig. 3.16 shows the electronic band structure and charge density profile of the RTD (with doped
emitter/collector) at 15 K. The first and second electron states and first heavy-hole state are
indicated by horizontal red lines. NEMO5, a simulation tool based on the non-equilibrium Green’s
functions (NEGFs) formalism, was used to calculate the band structure [35]. A Hartree model was
used to solve the quantum charge self-consistently with the electrostatic potential. As observed in
Fig. 3.16, the electrostatic potential is raised on the collector side, with respect to the emitter due to
the asymmetry of the RTD structure as the undoped collector and emitter spacer layers are 20 nm

3 is calculated within the well without

and 2 nm, respectively. An electron density of ~ 1x10'® cm"
a bias applied to the structure. This quantum well charge originates from the diffusion of carriers
from the dopant atoms of the highly doped emitter and collector layers. Type-I recombination
between the first electron and heavy-hole states is observed in this type of structure as the doping
induced electrons in the QW recombine with captured photo-generated holes.

Fig. 3.17 shows excitation power dependent PL spectra of the doped RTD sample measured at 15
K. The feature at 789 meV has previously been assigned to e-A recombination in bulk InGaAs using
a selective etch technique based on electrochemical capacitance-voltage profiling (eCV) (section
3.4.2), whereas the feature at 826 meV is attributed to an elhhl recombination within the QW,
being in excellent agreement with the modelled energetic transition at 827 meV (section 3.3). The
absolute position and linewidth of these two emission lines provide valuable information about
the alloy composition and broadening of the bulk InGaAs layers, and the QW perfection and
first electron-heavy-hole transition energy, respectively. A full-width at half-maximum (FWHM)
linewidth of 35 meV is measured for the elhhl transition, which appears to consist of two emission
lines, as indicated by the two gaussian lineshapes which are fitted to the spectrum, as shown in

Fig. 3.17.
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Figure 3.16: Modelled band structure and charge density profile of the doped RTD at 15 K. The
horizontal red lines indicate the first and second electron states and first heavy-hole state. The
boundary of the emitter and collector spacer layers is defined by the vertical dashed lines.
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Figure 3.17: Excitation power dependent PL spectra of the doped RTD structure at 15 K. The two
black curves are Gaussian fits to the QW emission feature

If the band-offsets of such a structure are well known, the first resonant energy level above
the conduction-band of the emitter, AE, can be deduced from the measured elhhl transition. In
order to engineer higher current density/frequency devices and reproducibly manufacture these

devices, a precise knowledge of this energetic position is required. However, the use of band-offsets
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has been highlighted as being inaccurate in the simulation of the absolute energies of particular
bound-states from optical transitions in similar structures [36][37][38]. At the lowest excitation
density of 0.2 W/cm?, PL linewidths of 5 meV and ~ 35 meV are measured for the bulk InGaAs
and QW emission lines, respectively. For the bulk InGaAs, the origin of broadening is assumed
to be due to compositional inhomogeneities (alloy broadening) [28]. The measured value of 5
meV is in line with other reports [39][29]. Assuming a theoretical FWHM emission linewidth of
2.3 meV for a conduction-band-to-acceptor transition for ternary InGaAs at 15 K, 4.4 meV of
the measured linewidth of this transition is assigned to alloy and thermal broadening [29]. For the
QW, in addition to alloy broadening (reduced as compared to lattice-matched ternary due to higher
indium composition), well width fluctuations, barrier width fluctuations, and lifetime broadening
of the states will come into play [40]. Of note is that the feature attributed to the QW appears to
be a doublet with separation ~ 20 meV, which is in excellent agreement with a calculated value of
19 meV for a ML fluctuation of the QW (Fig. 3.7). Power dependent measurements shown in Fig.
3.17 do not indicate strong saturation effects for these two transitions, suggesting that they have a
similar density of states.

With regard to the broadening mechanisms for recombination from such ML fluctuations, as
the indium concentration in the QW approaches the binary compound InAs, alloy broadening in
the QW is expected to be less pronounced as compared to the case for lattice-matched ternary
InGaAs which is close to a 50/50 ratio. Whilst the effect of ML fluctuations of the barrier thickness
will have a small effect on the confinement energies, they may have a significant role in modifying
lifetime broadening of the transition. Calculation of the electron dwell time gives 58 fs for this
structure (1.1 nm barrier), corresponding to a lifetime broadening of 3.2 meV. If a 0.8 nm barrier
is considered this value rises to 6.0 meV. These values appear to be in-line with the measured
linewidth of the QW transition.

Fig. 3.18 shows a low temperature PL spectrum of a nominally identical undoped RTD sample
with a 4.5 nm QW measured at 15 K. Features at 805 meV and 769 meV are measured with FWHM
linewidths of 4.8 meV and 13 meV, respectively. The emission at 805 meV, 13 meV red-shifted from
the low temperature band-gap energy of Ing 526Gag.474As (818 meV for a 400 ppm negative lattice
mismatch), is once again a strong indication of an e-A0 recombination with carbon as acceptor level.
The slight shift in energy between the doped and undoped sample is due to campaign-to-campaign
variations in lattice-matching which is described later. The inset of the figure shows the calculated
e-AQ lineshape at 15 K for Ing 506Gag.a74As with a binding energy of 13 meV assigned to carbon.

The experimental emission band shows good agreement with the theoretical lineshape of the e-A0
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Figure 3.18: Low temperature PL spectrum of the undoped RTD structure measured at 15 K. The
inset shows the experimental data and theoretical lineshape for an e-AQ transition in InGaAs.

transition. As the e-AQ transition at 15 K has a minimum FWHM of approximately 2.25 meV, a
4.2 meV linewidth broadening is attributed to alloy broadening. The emission band at 769 meV,
36 meV below the InGaAs emission line, is attributed to the QW, as this emission does not remain
observable when the experiment is repeated with the QW etched off (as described in section 3.4.2).
Fig. 3.19 shows power dependent low temperature PL spectra at 15 K. Compared to the RTD
structure (with doping), the PL emission of the undoped RTD is clearly below the band-gap energy
of bulk InGaAs, which is strongly suggestive of a type-II transition. With increasing PL excitation
power density, a blue-shift of the PL peak is observed, which confirms type-II QW recombination.
A type-II band alignment occurs when the band-gaps of two materials show a partial overlap.
An example of such a type-IT staggered band alignment is GaAs/GaSb. The radiative states in
type-II GaSb/GaAs quantum wells and quantum dots (QDs) have been studied by a number of
workers [41][42]. As the tunnel barriers of the RTD are very thin, the photo-generated minority
carriers become spatially separated as the electrons can tunnel out of the QW into the surrounding
undoped InGaAs layers due to short dwell time, and the holes remain captured in the QW due to
the large valence band discontinuity of the Ing gGag2As well and lattice matched InGaAs layers.
Due to the low kinetic energy at low temperatures (kT = 1.25 meV at 15 K), and the large valence
band discontinuity (~ 120 meV), the holes are prevented escape from the QW into the surrounding
InGaAs layers. Then, radiative recombination takes place between the electrons confined in the

InGaAs layers and the holes in the quantum well.
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Figure 3.19: Excitation power dependent PL spectra of the undoped RTD structure at 15 K

For a type-1I recombination, the strongly localised holes in the QW create an electrostatic well
(triangular) in the conduction band for the electrons in the surrounding layers with an electric-field

strength given by Eq. 3.17.

2men,,
TN (3.17)

€o

where € is the electric field strength, e the electron charge, n, the steady-state sheet electron
concentration, ¢y the dielectric constant of the cladding layer, and I the photon flux. The ground

electron state, E, in the triangular well is given by Eq. 3.18
E, = bI'/? (3.18)

with Eq. 3.19

b= [91}2/3{ h }1/3[2@2]2/3[a(L+l)2}1/3

3.19
8 2m. ¥ ( )

€0
where m, is the cladding effective electron mass, a the absorption coefficient, L the width of the
quantum well, | the cladding layer thickness, and - the radiative recombination coefficient. An
increase in excitation density raises the steepness of the confining potential, with a concomitant
increase in the quantisation energy of the electron [42]. Eq. 3.18 clearly shows that the quanti-
sation energy of the electrons follows the third root of the excitation density, a characteristic of

a type-II recombination process. In addition to a blue-shift, the excitation power dependent PL
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exhibits a broadening of the type-II QW emission linewidth as a function of excitation density. As
the electrostatically induced triangular QW due to the Coulomb attraction between the electrons
and trapped holes become more pronounced as a function of excitation density, the effect of ML
barrier fluctuations are expected to become more significant due to the increased electron wave
function overlap with the barriers, broadening the electronic states. In the low excitation power
limit, a linewidth of 10 meV is found for the type-II QW transition. For the QW hole states
contributing to the emission, lifetime broadening is negligible, and the sensitivity of the emission
energy to structural parameters is very weak. If a linewidth of 5 meV is assumed for the electrons
in the ternary, then the holes confined within the QW contribute around 7 meV to the linewidth
broadening. It is noted that the type-I QW transition has a total linewidth of ~ 35 meV, and
that the ratios of these broadenings are similar to the ratio of effective masses of the electrons and
holes. Fig. 3.20 shows the measured peak emission energy as a function of the third root of the
excitation power density for both structures. For the undoped RTD structure, the sub band-gap
emission feature strongly follows the third root of the excitation density, whereas the bulk InGaAs
emission does not follow this trend and remains constant, which is clear evidence of a type-II QW
recombination [42]. This trend is not observed for the doped RTD structure showing type-I QW
recombination. The difference in energy of the e-A transition of the undoped ternary is explained
by campaign-to-campaign variation in the epitaxial process.

The structural quality of the epitaxy was evaluated by HR-XRD. For the doped RTD, the
InGaAs layers were determined to be lattice-matched, whilst a negative lattice mismatch of 95 arcsec
was measured for the undoped RTD structure. This corresponds to a mismatch of 400 ppm between
the InGaAs layers and the InP substrate, or Ing 506Gag.474As (as opposed to Ing 530Gag 46sAs for
lattice matched). This small compositional variation results in the different peak emission energy
of bulk InGaAs between both samples. The inset of Fig. 3.20 schematically shows the type-I and
type-II QW recombination of the doped and undoped structures, respectively, and illustrates the
principle of deducing the energy of the first resonant energy level above the conduction band of
the emitter. Due to the campaign-to-campaign variation in the composition of the lattice-matched
InGaAs, the first resonant energy level is approximated to AE = E1 + E2 (shown in inset). To
minimise the effect of band-bending due to the photogenerated charge carriers in the analysis, the
peak emission energies are extrapolated to zero excitation density. A value for AFE of 75 meV (to
the dominant transition observed in PL as it is assumed to have the higher density of states) is
obtained. The standard band-offsets used in Fig. 3.6 yielded a modelled value of AE of 110 meV. A

more accurate measurement of this energy level is expected by growing both structures in a single
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Figure 3.20: Peak emission energy as a function of excitation power density for both structures.
The inset shows a schematic diagram of the recombination processes in both structures illustrating
how the first resonant energy level, AFE, is deduced.

run to ensure that identical growth conditions are applied to both structures. The technique is
powerful as no prior knowledge of the band-offset of this highly strained heterostructure is required
to determine AE. Further, this technique does not only allow the measurement of AE, but by
comparing the position of the type-I and type-II QW emission, the alloy concentration and QW

thickness can be non-destructively and separately characterised and monitored.

3.4.5 Quantum Well Width Dependent Photoluminescence

PL spectroscopy was carried out of RTD structures with different well widths ranging between 3.0 -
4.5 nm. Fig. 3.21 shows low temperature PL spectra measured at 15 K for structures with different
well widths. Of note is that the PL emission intensity is normalised to the peak PL signal of the
InGaAs buffer layer. Blue-shifted QW emission is observed for RTDs with reducing well widths,
as expected from the solutions of the time-independent Schrodinger’s equation for an infinite well,

given in Eq. 3.20.
h2m2n?

where 1, is defined as the quantum well width. Fig.3.22 shows the experimentally measured and
theoretically calculated elhhl QW peak transition energy as a function of well width at 15 K, using

the full Schrodinger solver presented in Section 3.3. Superlinear relationships are observed for the
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Figure 3.21: Low temperature PL at 15 K from RTDs with well-widths from 3 nm to 4.5 nm.

experimentally measured PL energy and the theoretical energy transitions. The error between
experiment and theory is greatest for the 3.0 nm well. The observed discrepancy between theory
and experiment can unlikely be attributed to a miscalibrated growth rate, as the measured error
decreases with increasing well width. If a change in growth rate would have been responsible for
the measured discrepancy, the measured emission of the thinnest QW should have shown better
agreement with the theoretical data. A possible explanation is the non-parabolic nature of the
electronic band-structure of InGaAs which is not included in this model. As the effective mass of
electrons tends to increase in the conduction band of InGaAs, a decrease in elhhl transition energy
is expected for higher transition energies. Overall, good agreement is observed between theory and
experiment.

Fig. 3.23 shows PL spectra measured at 300 K for the same RTD structures. Similar to the
low temperature PL spectra shown in Fig. 3.21, the peak emission energy shifts towards higher
energies for a reduction in well width. These results indicate that both room temperature and low
temperature PL can be used to detect monolayer well width fluctuations over the wafer due to
the strong dependency between QW emission and well width. From a manufacturing perspective,
performing these measurements at room temperature is very attractive as room temperature PL

mapping tools are readily available commercially without the need for a custom-built cryostat.
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Figure 3.23: Room temperature PL spectra of RTDs with well widths between 3.0-4.5 nm. The PL
spectra are displaced vertically for clarity.

3.4.6 Wafer Level Composition and Thickness Uniformity

From a manufacturing perspective, high yield of high performance RTDs requires not only a uniform
doping concentration, but also uniformity of the layer thicknesses and alloy composition of the QW.

A rapid, non-destructive assessment of the epitaxial material is valuable in the optimisation and
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monitoring of the growth process, which in turn allows the maximisation of device yield. Full
wafer optical characterisation of high performance RTD structures is so far relatively unexplored.
Photoluminescence excitation spectroscopy has previously already been applied to triple barrier
GaAs/AlGaAs structures and allowed the variation in quantum well width to be deduced from a
line-scan across the wafer [43]. For the RTD sample discussed previously, the uniformity of bulk
InGaAs layers and the QW were investigated by PL mapping a 2" wafer. Fig. 3.24 shows a wafer
map measured over a full 2" RTD wafer with a 5 mm resolution (68 points) at 15 K. The differences
in peak energies AE, with respect to the wafer center, for both the InGaAs layers and QW emission
are plotted as a function of position. Figs. 3.24(a) and (b) show the peak energy of the InGaAs
emission line for the leading-to-trailing and outer-to-inner directions, respectively, and the peak
energy of the QW emission line is shown in Figs. 3.24(c) and (d). The emission process of the
InGaAs peak has previously been identified to originate from free-to-bound recombination process
from the undoped bulk InGaAs. The QW emission at 828 meV is attributed to the elhhl transition.
By measuring PL at low temperatures, thermal broadening effects are minimised, allowing both
the QW and InGaAs emission lines to be investigated in detail. A dish-shaped profile is observed
in most of the curves of Fig. 3.24 for both bulk InGaAs emission from the bulk InGaAs and QW
emission, with a greater change for the QW (8-9 meV) as compared to bulk InGaAs (~ 4 meV).
Furthermore, the change in QW emission shows differences from leading-to-trailing and outer-to-
inner. Low temperature PL performed on the emission peak of bulk InGaAs suggested that the
observed AE profile of the bulk InGaAs emission peak is caused by an alloy non-uniformity over
the wafer as no quantisation is present in the bulk InGaAs layers. The observed blue-shift at the
wafer edge is explained by the InGaAs alloy being tensile strained (i.e. higher Ga to In ratio).
Strain can also lead to lattice relaxation with the formation of dislocations. This can pose a major
reliability issue and affect device performance.

According to Vegard’s law, the change in composition corresponding to a + 4.0 meV shift
corresponds to a ~+ 0.03 % lattice mismatch strain. The critical thickness of InGaAs on InP
with a 0.03 % strain was theoretically considered. Fig. 3.25 shows the critical layer thicknesses
of InGaAs on InP calculated using the mechanical force balance model of Matthews and Blakeslee
(M&B) [44], and the energy balance model first proposed by Frank-van der Merwe [46] and later
extended by People and Bean (P&B) [45]. It is generally known that the experimental critical layer
thickness of InGaAs on InP lies between both models [47]. Critical thicknesses of 0.78 pm and
150 wm are calculated for the M&B’s and P&B’s models, respectively, suggesting pseudomorphic

growth for the RTD structures of 800 nm in thickness over the mapped region of the wafer. This
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Figure 3.24: (a) (c) leading-to-trailing and (b) (d) outer-to-inner line-scans of the InGaAs, and QW
peak energy shifts, respectively, as determined by PL at 15 K. Insets show origin of line-scans with
regard to the wafer map.

corresponds to a radius of 20 mm from the wafer center (62 % wafer real-estate) that is lattice
matched and pseudomorphic, for an alloy composition variation of 0.6 % from Ing.532Gag.472As to
Ing.506Gag.a7sAs. The larger measured energy shift for the QW is attributed to a change in the
quantum confinement of the charge carriers. If the same alloy composition variation of 0.6 % is
considered for the Ing sGag.oAs of the QW, the QW becomes less compressively strained at the wafer
edge, as the lattice matched n™ InGaAs becomes tensile strained. Using this alloy composition in
the model, a 8.0 meV shift of the elhh1 transition is calculated. This is in good agreement with the
measured shift of 8.5 meV. Furthermore, the composition of the group-III sublattice is essentially
mass-transfer controlled [48]. As a consequence, a change of alloy composition has a concomitant
change in growth rate and hence layer thickness. From experimental low temperature PL data and
theoretical modelling, the QW thickness uniformity is estimated to be within ~ 0.5 % for the results

shown in Fig. 3.24. This is in good agreement with a predicted 0.65 % growth rate reduction from
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the relative change in composition of the alloy assuming a constant gallium supply (i.e. the alloy
is indium deficient at the edge).

HR-XRD was applied to investigate the material quality at the wafer edge in greater detail. Fig.
3.26 shows HR-XRD spectra measured with a 500 pm spatial resolution from the edge towards the
wafer center on the (004) reflection. The spectra are displaced vertically for clarity. From Fig. 3.26,
tensile strain of the nominally lattice-matched InGaAs layer is clearly observed at the wafer edge.
The lattice matched condition is met at a distance of ~ 3.5 mm from the wafer edge. Within 500 pm
from the edge, a 1.25x10"!°peak splitting is measured between InP and InGaAs, which corresponds
to a tensile strain of 0.19 %. The physical origin of this change in alloy composition (i.e. indium
deficient, gallium rich) requires further investigation as it will also impact upon epitaxial layer
thicknesses in this region. It is noted that an effect of phosphorus incorporation originating from
the polycrystalline material on the susceptor, effectively increasing the band-gap of the quaternary
InGaAsP compound, could also have contributed to the overall observed effect; however, a very
low phosphorus concentration (3x10** atoms/cm™) was measured with SIMS, suggesting that this
is an unlikely cause for the band-gap shift. For a tensile strain of 0.19 % critical thicknesses of 80
nm and 2 pm are calculated using M&B’s and P&B’s models, respectively. According to M&B’s
model, the epitaxy relaxes whereas P&B’s model suggests pseudomorphic growth.

Reciprocal space mapping (RSM) was carried out to quantify the relaxation at this point, 500

um from the edge. Fig. 3.27 shows a reciprocal space map measured on the asymmetric (224)
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reflection. The red dot on the figure’s inset indicates the location of the RSM, within 500 um from

the wafer edge. The in-plane reciprocal lattice constant (qx) of InP is marked as a black line to
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guide the eye. For pseudomorphic growth, whilst the lattice constant normal to the growth plane is
modified by the Poisson ratio, the in-plane lattice constant of the InGaAs layer should be equal to
that of the InP matrix. The observed deviation of the InGaAs reflection from the in-plane lattice
constant evidences partial relaxation of the InGaAs layer. A 7 % partial relaxation of this InGaAs
layer is estimated within 500 pm from the wafer edge. The observed broadening of the InGaAs
peak in qyz is attributed to the non-uniform strain at the wafer edge. This suggests that optimum
performance and reliability for devices fabricated within a region of 3.5 mm to the wafer edge may

be affected.

3.5 Conclusions

In this chapter, the optical spectroscopic characterisation of MOVPE grown, high current density
(~ 700 kA /cm?) InGaAs/AlAs/InP based diodes RTDs was reported. The origin of the PL emission
from the RTD structure was investigated with a high spatial resolution, confirming emission from
the bulk InGaAs buffer layer and QW. The optical properties of nominally identical doped and
undoped RTD structures were investigated in detail, with type-I and type-II QW recombination
determined for both structures, respectively. A technique was proposed and demonstrated to resolve
the absolute first electron resonant energy level of a RTD by non-destructive low temperature PL
spectroscopy. This allowed the absolute position of the first resonant energy level to be deduced
without prior knowledge of the band offsets. It was shown that this technique can be used to monitor
the well width and indium concentration of the RTD, which is attractive for process control in a
manufacturing environment. With regard to the wafer uniformity mapping, both alloy and QW
uniformity and perfection were non-destructively mapped over a full wafer, and conclusions were
confirmed with HR-XRD. InGaAs alloy composition fluctuations of less than 0.6 % and a QW
thickness variation of less than 0.5 % were deduced from this non-destructive mapping technique

for 62 % of the wafer area.
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Chapter 4

Design of Terahertz Emitter

4.1 Introduction

Research onto millimetre and submillimetre waves covering a frequency range from 100 GHz to 30
THz has recently received great interest, as this band of frequencies can offer ultra-broadband wire-
less communications, imaging applications, and is well suited for spectroscopic sensing [1]. There
is demand to develop emitters in this frequency range, as emerging applications are mainly limited
by a lack of solid-state emitters, rather than detectors [2]. THz emitters operating at ambient room
temperature are attractive, as no cooling is required which constrains device practicability.

Significant difficulties are posed on the design and physical realisation to develop such devices.
Due to the short wavelength of these frequencies, compared to microwaves, on-chip transmission
line structures can enable a variety of options for system level integration such as on-chip antennas
and beam steering. These technologies have been so far only applied on high-end military systems.
In addition, the materials and technologies available from the semiconductor industry are attractive
for the realisation of such devices as they can provide a route to volume manufacture with cost
scalability.

In this chapter, the design procedure of a submilimeter-wave antenna monolithically integrated
with a RTD is described. The THz oscillator is designed to emit at the lower end of the THz
spectrum, in the 300 GHz band, as the atmospheric attenuation is relatively low (~10dB/km)
in this frequency range, compared to the higher frequencies (>1000dB/km), and to minimise the

complexity of the device fabrication.
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4.2 Background

RTDs can operate at very high frequencies with cut-off frequencies in the terahertz range. At
the time of writing, the RTD is recognised as the fastest electronic device with emission at a
fundamental oscillation of 1.55 THz being reported in 2014 [3]. The RTD is fast due to the very
short tunnelling time through the structure, which leads to very high cut-off frequencies. Compared
to conventional electronic devices, the speed of operation of the RTD is mainly governed by the
tunnelling probability of the electron through the structure, instead of a conventional transit-time
[4].

The observation of negative differential conductance of resonant tunnelling devices at terahertz
frequencies was first reported by Sollner et al. in 1983 [5]. The RTD is well suited for oscillator
operation, due to the negative conductance characteristic of the device. Fig. 4.1 shows the small-
signal equivalent circuit of the RTD after Brown et al. [6]. The series resistance, Rs, includes
parasitic resistances such as: contact resistance, spreading resistance, and resistance of the emitter
and collector regions. The parallel space charge capacitance, Cp, represents the charging and
discharging effect of electrons at the semiconductor depletion regions. Compared to the Esaki
tunnel diode, the RTD model includes an element of inductance, known as the quantum inductance,
Lqw. This inductance represents the temporal delay of the RTD current with respect to the applied
voltage due to the finite electron tunnelling time required through the structure [6]. The magnitude

of this inductance is determined by the lifetime of the quasi-bound state through Eq. 4.1,

Low = % (4.1)

where Lqw is the QW inductance, 7, the lifetime of the quasi-bound state, and G the negative

differential conductance. The frequency dependent impedance of the RTD is given by Eq. 4.2.

Co
Rs |

G L ow
Y YY

Figure 4.1: Small-signal equivalent circuit of an ideal RTD (i.e. no surface leakage current) after
Brown et al. [6]
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Z(f) = R(f) +3X(f) (4.2)

The impedance of the RTD is complex as the parasitic space charge capacitance and quantum
inductance are reactive. Due to the negative differential conductance, the RTD can supply power
to an external circuit (e.g. antenna) for frequencies where the real part, R(f), of the circuit is

positive. The RTD is therefore very suitable for oscillator operation. The maximum oscillation

4.3 [7).

frequency of the RTD, fyiax, is defined as the frequency where R(f) becomes zero, as given by Eq.
1 1 Ch
= | I, — =2
fumax o 2L2QWCD { QW G2 +

} w3)
Eq. 4.3 simplifies to Eq. 4.4 when Lq is assumed to be negligibly small.

1 -G
2 4.4
Fua 2rCp \ Rg ¢ (4.4)

Maximum power transfer occurs between the RTD and the load when the load conductance

2
Cp _ 4Low(1+ RsG)
RsG

matches the average negative conductance of the RTD under steady-state. This condition is met
for Gioaa = Gn/2 [8]. For a RTD with a static V-I characteristic represented by a cubic polynomial,

the maximum output power from the RTD reduces to Eq. 4.5
3
Pyax = TGAVAI (4.5)

where AV is defined as the difference between the valley and peak voltage and AI the difference
between the peak and valley current [8][10][9]. Both AV and AI are important parameters for a
high output power. The maximum output power of the RTD reduces with increasing frequency due
to the intrinsic delay of the electrons travelling through the structure (i.e. tunnelling time through
the double barriers and transit-time in the depletion layer of the collector), which degrades Gn.

The frequency dependent maximum output power of the RTD is given by Eq.4.6 [11]
3
Pyax = l—ﬁcos(wT)AVAI (4.6)

where w is defined as the angular frequency and 7 as the intrinsic delay , which consists of the

tunnelling time across the double barriers and the transit time in the collector depletion region.
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4.3 Design of Terahertz Antenna

4.3.1 Slot Antenna

Submm-wave antennas were designed to couple the electromagnetic energy generated by the RTD
into the atmosphere. The slot antenna is selected as the preferred antenna to minimise the com-
plexity of design, fabrication, and monolithical integration of the RTD on the InP substrate. Fig.
4.2 pictographically shows a basic half-wavelength slot antenna with associated voltage and current
distributions. A basic slot antenna consists out of a metallic ground plane with a slot cut-out. A
signal feed is located within the slot and electrical contacts are made between the slot and the feed.

The voltage distribution across the slot is maximum at the feed, which reduces towards zero at
both ends of the slot. The voltage and current distribution are 90°out of phase, as the incident

wave is fully reflected towards the source at both ends of the slot.

Max. E
Min E

O

M2

Min |
Max. | Max. |

Figure 4.2: Center-fed half-wavelength slot antenna. The voltage and current distributions are
shown along the length of the slot in red and blue, respectively.

The equivalent circuit of the slot antenna is drawn as a parallel RLC circuit, with R representing
the radiation resistance. Resonance occurs when the inductive and capacitive reactances are equal
in magnitude. At resonance, a standing wave of the electromagnetic field is formed within the slot,
and the radiation impedance is purely resistive. The frequency of oscillation is governed by the

length of the slot. Electrical energy is continuously supplied to the slot antenna by the RTD to

106



negate the radiation loss of the antenna. To sustain the oscillation, the absolute value of the NDC
should exceed the radiation loss of the antenna.

The Babinet-Booker duality relationship was used to estimate the radiation conductance of the
slot antenna [12]. The duality principle relates the radiated fields and impedance to that of a dual
antenna, which is a linear dipole antenna in the case for the slot antenna. Fig. 4.3 shows the dual

of the slot antenna by interchanging the conductive material and air of a dipole antenna.

Slot Antenna
Dipole Antenna

A A

M2 — ®© | M2

COMPLEMENT

Figure 4.3: Dual antennas - the half-wavelength slot antenna and dipole antenna

The relationship between the impedance of the slot antenna and the impedance of the linear dipole

2
ZdipoleLsiot = UZ (77 = \/ZE) (4.7)

where Zg, is the slot antenna impedance, Zg;poe the dual linear antenna impedance,n the char-

antenna is given by Eq. 4.7

acteristic impedance, o the magnetic constant, and ey the electric constant of free space. The
characteristic wave impedance of free space is approximately 376.7 ohms. A radiation resistance of
486 ohms is calculated for the slot antenna at resonance using the Babinet-Booker relationship for
a dual dipole antenna with a typical radiation resistance of 73 ohms at resonance. This prediction
is only valid for antennas which are suspended in free space (¢, = 1). For a slot antenna fabricated
on an infinite dielectric, the Booker relationship is satisfied by using the mean dielectic constant
(e = (e +1)/2) between the atmosphere and substrate [13]. For a slot antenna on a InP substrate

with a static dielectric constant of 12.9 [14], a radiation resistance of 184 ohms is calculated at
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resonance in the thick substrate approximation, following Eq. 4.8 [15].

4862

2
For a 350 pm thick semi-insulating InP:Fe antenna substrate positioned on a 16 mm thick high-
resistivity float-zone silicon lens with a relative permittivity comparable to InP (¢, = 11.7 [16]),
this approximation remains valid as the emission wavelength at THz frequencies is much smaller
than the total thickness of the dielectric substrate. The slot antenna radiates when the physical
length of the slot is equal to the guide wavelength. For a slot antenna suspended in free space,
the guide wavelength is equivalent to the free space wavelength. The guide wavelength for a slot

antenna on a dielectric substrate is given by Eq. 4.9

Ao

Am =
NG

(4.9)

where )\, is the guide wavelength, A\ the free space wavelength, and ¢, the mean dielectric constant
[13]. Fig. 4.4 shows a graph with the calculated slot length of the antenna on InP for a guide velocity
of ¢/(/7.45), where c is defined as the speed of light. The photon energy is plotted as a function of
the oscillation frequency. The inverse variation in Fig. 4.4 shows that the slot length of the antenna
decreases as a function of oscillation frequency. An oscillation frequency of 350 GHz requires a slot

length of 163 pm.
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Figure 4.4: Slot length as a function of oscillation frequency
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Electrical isolation between the emitter and collector electrodes of the slot antenna is created
by capacitively coupling both sides of the slot antenna to provide a low impedance path at the
oscillation frequency, while maintaining electrical isolation at DC. This configuration is shown in
Fig. 4.5. A high capacitance Crp is used to achieve a low capacitive reactance to maximise the
DC-to-RF conversion efficiency by minimising the loading effect on the RTD. These RF capacitors,

Crr, are known as metal-insulator-metal (MIM) reflectors.

RTD
VBIAS m
S — A / —

N
Y.

Figure 4.5: Schematic diagram of a RTD oscillator with a half-wavelength slot antenna coupled to
a RTD oscillator, including MIM reflectors in the form of RF capacitors and a bias stabilisation
resistor.

4.3.2 Metal-Insulator-Metal Reflectors

Metal-insulator-metal (MIM) reflectors were designed with a capacitive reactance of less than 0.5

ohm at the oscillation frequency. The capacitance of a parallel plate capacitor is given by Eq. 4.10

Aege,

="

(4.10)

where C is the capacitance, A the surface area, ey the free-space permittivity, €, the relative
permittivity, and d the parallel plate separation. To maximise the capacitance density of the
MIM structure, a small plate separation and a dielectric material with a high relative permittivity
are required. Fig. 4.6 shows the calculated area of the MIM structure for different SigN, plate
separations for a capacitive reactance of less than 0.5 ohm. Silicon nitride is preferred above

silicon dioxide as the dielectric material, due to the higher electric permittivity of silicon nitride,
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Figure 4.6: MIM area as a function of oscillation frequencies using silicon nitride as dielectric
material.

to achieve a higher capacitance density. A dielectric film thickness of 150 nm SizN4 was chosen for
the fabrication of the MIM reflectors. While thinner silicon nitride results in a higher capacitance
per chip area, it sets the bar higher for the manufacturability and long term reliability, as pinholes
and electrically active defects in thin dielectric films can greatly reduce the breakdown voltage of

the device, or worse, lead to a short between conducting layers making the device inoperable.

4.3.3 Bias Stabilisation

Bias stabilisation is required for the RTD to eliminate low frequency parasitic oscillations below the
target oscillation frequency, as the RTD exhibits NDR, from DC to fyjax. A common stabilisation
technique for tunnel diodes is a shunt regulator in the form of an external resistance connected in
parallel with the NDR of the RTD [8][10][9]. The tunnel diode is stabilised when the combined V-I
characteristic of the tunnel diode and resistor has a positive slope throughout. This condition is

set by Eq. 4.11.
1

G 4.11
Rstab = &n ( )

The stabilisation resistance has to be small enough for the RTD to provide sufficient stabilisation,
but large enough to minimise the DC power loss within the resistor. As the bias stabiliser degrades
the oscillator DC-to-RF conversion efficiency, Dansky et al. [17] and Reddy et al. [8] demonstrated

solutions based on non-linear (diode) resistors, and Schottky diodes, respectively, to reduce power
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loss within the stabiliser and maximise the device efficiency. To lower the current consumption,
the turn on voltage of the stabilisers is set just below the peak voltage of the RTD. To lower the
overall complexity of the THz emitter, simple surface mount thick film resistors were selected for
bias stabilisation in this project. Small SMD film resistors are attractive as they can be easily
integrated on the THz chip, and have good high-frequency performance due to their low parasitic

inductance.

4.3.4 Output Coupling of Terahertz Radiation

It is characteristic for a planar antenna on a dielectric substrate to radiate most of its power into
the substrate. This is due to the difference in electric permittivity between the dielectric substrate
(emp = 12.4) and the atmosphere (e, =~ 1). The radiated power into the dielectric has a factor
of ei{?, over the power radiated into the atmosphere [13]. For a slot antenna on a semi-infinite
dielectric InP substrate, this equates to ~ 98 % of the total power being emitted through the
substrate. Unfortunately, due to total internal reflection at the interface between the substrate and
air, a large portion of radiated energy is trapped in the substrate and coupled to substrate modes.
This is pictographically illustrated in Fig. 4.7. A critical angle of 6. = 16° is calculated for a slot

antenna on InP.

_ Slot Antenna of THz
Air (n=1) v emitter
Substrate (n=3.6) A Tg‘g’sd
Cc
Air (n=1) Transmitted
Rays

Figure 4.7: A hyper-hemispherial silicon lens combined with the InP substrate to maximise the
coupling of electromagnetic radiation from the device into the atmosphere.

To maximise the coupling between the antenna substrate and air, a hyper-hemispherical lens
made of high resistivity silicon (eg; = 11.7) is attached to the substrate. This is schematically
illustrated in Fig. 4.8. High resistivity silicon is used as the lens material as the refractive index
matches well with the InP substrate, and the absorption is very low at THz frequencies [18]. The

hyper-hemispherical lens has the added advantage that it sharpens the radiation pattern of the
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Figure 4.8: A hyper-hemispherial silicon lens combined with the InP substrate to maximise the
coupling of electromagnetic radiation from the device into the atmosphere.

integrated antenna and therefore increases the gain by a factor of ~ 12 in case of a Si lens [13].
The effective focal length, defined by L in Fig. 4.8, was calculated with MATLAB to ~ 89 mm
(01 = 50°) for a hyper-hemispherical lens with a height of 16 mm and a diameter of 25 mm. Of
note, the gap between the lens and the substrate must be significantly less that one wavelength,
to allow optical tunnelling between the substrate and lens. Using a thin layer of glue with a low
loss tangent at the operating frequency between the lens and substrate can be used to enhance the

coupling. No glue was used in this work as multiple devices were tested using the same lens.
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4.4 Conclusions

In this chapter, the basic operation and the design requirements of a RTD based THz oscillator
were described and discussed. Important parameters of the RTD such as the maximum operating
frequency and output power were introduced. The design specifications of a RTD based THz
emitter for operation in the 300 GHz band were discussed, including a slot antenna, MIM reflector
design, bias stabilisation techniques and output coupling of the THz emission through the dielectric

substrate.
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Chapter 5

Device Fabrication Development

5.1 Introduction

This chapter covers the development work and the fabrication process of the micron scale RTD THz
emitter. As device dimensions are reduced and current densities increased, low resistance ohmic
contacts are required to minimise dc voltage drops and resistive-capacitive (RC) time constants
to access the higher oscillation frequencies. An investigation is carried out for low resistance non-
alloyed ohmic contacts to InGaAs. This is followed by the development work for the fabrication of
the air-bridge structure, including an investigation in the wet etching characteristics of InGaAs to
optimise the etching of the air-bridge. For the RTD THz emitter, the fabrication process consists
out of two main stages: the RTD fabrication and the antenna integration. In this work, the RTD
is monolithically integrated on the InP substrate with a slot antenna using metal-insulator-metal

(MIM) technology.

5.2 Development of Low Resistance Ohmic Contacts

High-speed electronic devices, including the RTD, require low resistance metal-semiconductor con-
tacts to minimise the resistive-capacitive delay, or RC delay, which sets the fundamental limit
on the speed of the device. Low RC delays are of major interest to the semiconductor industry
[1][2]. To minimise the parasitic capacitance of the RTD, a small device size and a high current
density are required. This leads to the requirement of low resistance ohmic contacts to obtain
a low RC time constant. Low resistance contacts also reduce self-heating effects in the device,

which is advantageous for optimum device performance and long-term reliability. Linear transfer
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length measurement (LTLM) test-structures [3][4] were fabricated to investigate the contact resis-
tance of titanium(Ti)/gold(Au) based non-alloyed ohmic contacts to highly doped Ing 53Gag.a7As
(Si: 2x10em~2). A photolithography mask was designed using L-Edit (Tanner Tools) and man-
ufactured by Compugraphics UK. A number of reviews of ohmic contact development to III-V
compound semiconductors are available from [5][6][7].

In 2007, Crook et al. [8] reported on ultra-low non-alloyed ohmic contacts with a specific
contact resistivity of less than 1 .um? to high indium content MBE grown In,Ga; _,As. E-beam
evaporation was used to deposit a Ti(20 nm)/Pd(40 nm)/Au(200 nm) metal contact stack. Crook
et al. found that the attained particular resistivity has a strong dependence on the procedures used
to remove surface oxides prior to contact deposition. Their surface preparation procedure consisted
of a 10 min. long UV-ozone treatment, followed by a 10 s ammonium hydroxide predeposition soak,
after which the sample was blown dry using Ns. Annealing the contacts at a temperature of 300
°C reduced the specific contact resistivity from ~0.9 Q.um? to ~0.5 Q.um?. Thermally evaporated
Ti/Au based contacts on MOVPE grown InGaAs were developed in this work. The effect of ozone
treatment, ammonium hydroxide predepositon soak, and post-metallisation anneal on the specific
contact resistivity were investigated.

The LTLM test-structures were fabricated on an InGaAs calibration wafer which consisted of
a single 400 nm n™ InGaAs (n = 2x10”cm™) latticed matched layer on a semi-insulating InP
substrate. Fig. 5.1 shows a single LTLM test-structure with a contact gap spacing of 1 pm. These
test-structures were fabricated by patterning the sample with i-line photolithography, followed by a
Ti(20nm)/Au(200nm) deposition and a metal lift-off process. Each test pattern was subsequently
electrically isolated by photolithography and wet etching to the semi-insulating InP substrate.
The electrical isolation ensures uniform current flow perpendicular between the metal contacts.
The etching was carried out using a H3PO4:H209:HoO based etchant with a volumetric ratio of
1:1:38, respectively, for an etch rate of approximately 100 nm/min. at room temperature. Due
to the etch selectivity between InP and InGaAs, the underlying InP substrate was not attacked.
The specific contact resistivity p. (ohm-cm?) was determined by measuring the resistance between
various contact gaps from 1 pm to 45 pum.

The four-probe technique is used for an accurate measurement of the LTLM gap resistance, by
excluding parasitic resistance in the circuit from the measurement, and the measurement is rendered
independent of the probe placement. This technique is required for measuring low resistance ohmic
contacts, as the parasitic series resistance in the circuit can be comparable to the resistance of the

LTLM gap.
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Figure 5.1: LTLM test-structure with a gap spacing of 1.0 um. The voltage and current probes
connections are shown on the figure.

Fig. 5.1 shows an optical microscope image of a single LTLM test-structure with a 1 um gap
width. Two probes, represented by “1”7 & “2” on Fig. 5.2, are used to supply a uniform current
flow across the full width of the gap. Two other probes, represented by “3” & “4”, sense the voltage
across the gap. Fig. 5.2 shows the measured total measured resistance (Rt) plotted as a function

of gap spacing for a constant contact width (W) of 30 pm.
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Figure 5.2: LTLM resistance as a function of gap spacing for Ti(20 nm)/Au(200 nm) contacts on
Ing 53Gag.47As (Si:2x10%cm3). The width (W) of the LTLM patterns is 30 pm.
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The transfer length, L, sets the effective contact area and represents the distance on the graph at
which the voltage underneath the contact dropped to 1/e (37 %). The specific contact resistivity

of a metal contact is calculated through Eq. 5.1

Pe = L%“ps (5.1)

where p. is the specific contact resistivity, Ly the transfer length, and ps the sheet resistivity.
The results and discussions on the effect of ozone treatment, ammonium hydroxide predeposition
soak, and post-metallisation anneal on the specific contact resistivity are presented in the following

sections.

5.2.1 UV /Ozone Treatment

Ozone (O3) is a very powerful oxidiser which is commonly used in the semiconductor manufacturing
industry for cleaning semiconductor surfaces. Ozone reacts with hydrocarbon residues by releasing
diatomic oxygen and an oxygen radical which reacts with the hydrocarbon to form carbon oxides
and other organic molecules such as alcohols and ketones [9]. This technique is very useful for the
removal of stubborn submonolayer hydrocarbon. UV-ozone can also be used to passivate defective
surface layers, often associated with native oxides, as it oxidizes most inorganic compounds to their
final oxidative state [10], and to restore the stoichiometric composition at the semiconductor surface
[11].

Ultraviolet (UV) light generated ozone is an alternative surface preparation technique to oxygen
plasma etching with the added advantage that no atomic displacement damage is produced at the
surface during the treatment [9]. A clean semiconductor surface prior to ohmic contact deposition
is important as remaining hydrocarbon deposits can block the interface reactions and alter the work
function of the surface. An investigation was carried out to study the effect of ozone on Ti/Au based
contacts on InGaAs. As our semiconductor fabrication facility was not equipped with a UV-Ozone
cleaning system, a homemade UV-ozone generator was built for this investigation. A similar UV-
ozone generator was built by Vig et al. [12] to investigate the UV-ozone cleaning effect of surfaces.
A corona discharge was used to generate ozone through the ionization of diatomic oxygen. A high
voltage transformer with an output voltage of 3 kV was used to ionise atmospheric oxygen. The
reaction of atomic oxygen and other diatomic oxygen molecules produces ozone according to Eq.

5.2,
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302 + Energy — 203 (5.2)

Fig. 5.3(a) shows a photograph of the ozone generator. A violet ionized-air glow is clearly
observed which indicates that the system is operating correctly. To enhance the oxidation process,
atomic oxygen is also produced at the surface of the sample. This is easily achieved through the
use of low-pressure mercury discharge tubes emitting at 253.7 nm. Ozone has a strong absorption

at 253.7 nm. Fig. 5.3(b) shows a photograph of the ozone generator including the UV lamps.

(b)

Figure 5.3: (a) Vertical tube ozonator (b) Complete apparatus for UV /ozone treatment experiments

The effectiveness of the ozone cleaning process was evaluated through a wettability test. The
hydrophilicity of a glass coverslip was assessed by measuring the contact angle of water on a glass
surface. Clean glass has a contact angle of less than 10 °[13]. Fig. 5.4 shows the experimental results.
Droplets “A” and “B” were deposited on an untreated and treated cover slip, respectively. Both
surfaces were first cleaned with isopropyl alcohol, followed by a 10 min. ozone exposure for glass
“B” prior the deposition of the deionised water droplets. Contact angles, represented by « on Fig.
5.4, of ~ 45 °and ~ 5 °are measured for glass slides “A” and “B”, respectively. This test confirms
that the ozone apparatus functions correctly with test results comparable to commercial apparatus
[14][13][15]. Three samples were prepared to investigate the effect of ozone on Ti/Au non-alloyed
ohmic contacts on InGaAs. Two samples were treated with ozone for exposure times of 10 and 30

minutes. The native oxide on all three samples was removed after the exposure using a NHyOH:H;O
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Figure 5.4: Water droplet on a (a) unprocessed and (b) processed glass slide (10 min. UV/Ozone
exposure)

1:19 solution and blown dry with Ny before the samples were loaded into the metal evaporator.
Fig. 5.5 shows the measured specific contact resistivity for different surface preparations. The
specific contact resistivity decreases from 18 Q.um? to 15 Q.um? for the samples which underwent
a minimum of 10 min. ozone treatment. A similar reduction effect of specific contact resistivity for

surface preparations including a UV-ozone treatment was observed by [8][16][17][18].
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Figure 5.5: Specific contact resistivity as a function of UV /ozone treatment time
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5.2.2 Native Oxide Removal

The native oxide on the semiconductor sample is usually removed prior the metal deposition, as
native oxides are known to inhibit interface reactions between a semiconductor-ohmic contact.
A basic solution of ammonium hydroxide (NH4;OH) was used to remove the native oxide on the
InGaAs test samples. NH4OH is attractive as it does not only dissolve the native oxide but it will
also remove any metal-ion contaminants [9]. After the removal of the native oxide, the samples
were blown dry using No. To avoid the native oxide regrowing, the samples were loaded into the
deposition system within a time span of five minutes. Fig. 5.6 shows the specific contact resistivity
as a function of NH4OH concentration for different predeposition soaks. A reduction in specific
contact resistivity from 24 Q.um? to 15 Q.um? is measured for the samples which underwent a
concentrated NH4OH predeposition soak. This shows that aqueous NH,OH solutions with a low
pH is not as effective as undiluted NH4OH with a normality of 14.5 to remove the surface oxides
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Figure 5.6: Specific contact resistivity as a function of the concentration of the NH,OH predeposi-
tion soak

5.2.3 Post-Metallisation Anneal

The metal-semiconductor contacts were annealed to investigate the effect of heat treatment on
the specific contact resistivity. A hot plate in atmospheric pressure was used for the annealing

process. Prior to metal deposition, the sample under test was prepared by a 10 min. O3 exposure
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followed by a 15 s dip in a 14.5N NH4OH solution, after which the sample was blown dry using
N,. Fig. 5.7 shows the specific contact resistivity as a function of post-metallisation anneal time
and temperature. To reduce experimental error, a single sample was used to explore the optimum
annealing temperature and time. This was achieved by increasing the temperature and time while
measuring the contact resistance between successive anneals. A specific contact resistivity of ~ 15

Q.um? was measured for the unannealed sample.
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Figure 5.7: Specific contact resistivity as a function of the concentration of the NH;OH predeposi-
tion soak.

Annealing the sample for ~ 35 min. at 275 °C reduces the specific contact resistivity from ~ 15
Q.um? to ~ 6.3 Q.um?. The reduction in the specific contact resistivity with temperature can be
associated to a thermally induced interfacial reaction between the semiconductor and the metal.
An increase in contact resistance is measured for anneal times longer than ~ 35 min. The observed
degradation of the Ti/Au contact for a longer anneal time can be attributed to indium outdiffusion
from the InGaAs into the metal stack [8].

In conclusion, a specific contact resistivity of ~ 6.3 Q..um? was obtained for a Ti(20 nm)/Au(200
nm) non-alloyed ohmic contact on Ing 53Gag.47As (Si:2x10' em™). The surface preparation proce-
dure for the optimum contact consisted of a 10 min. Og treatment followed by a 15 s dip in 14.5N
NH4OH after which the sample was blown dry using No. A Ti(20 nm)/Au(200 nm) metal stack was
deposited onto the samples in a metal evaporator. After the deposition, a post-metallisation anneal
at 275 °C was carried out for the duration of ~ 35 min. to obtain a specific contact resistivity of

~ 6.3 Qum?2.
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5.3 Development of Air-bridge Structure

To maximise the bandwidth of the RTD, a small device area is required for a low device capacitance.
Air-bridge interconnection technology is widely used for high frequency devices to reduce device
capacitance, and was implemented for the fabrication of the micron scale RTD.

The wet etching characteristics of InGaAs were explored and the structural design requirements
for the realisation of the metallic air-bridge were investigated. Fig. 5.8(a) shows an optical micro-
scope image of an air-bridge test-structure fabricated to investigate the maximum length:width ratio
of a 1 um thick gold air-bridge. These inverted LTLM air-bridge structures were fabricated using
the LTLM photolithography mask on a n™ InGaAs wafer. Metallic strips with dimensions equiva-
lent to the LTLM contact gaps from 1 pm to 45 um were fabricated by a metal evaporation and
lift-off process. Etching of InGaAs and InP was subsequently carried out with H3PO4:H202:Ho0O
(1:1:18) and HCI, respectively, to create “tunnels” below the 36 um long metallic stripes. Fig.5.8(b)
shows a SEM image of a 1.2 um wide bridge with a length:width ratio of 30. From this investi-
gation, a design rule with a maximum length:width ratio of 30 was set for the air-bridge, as a low

yield was observed for bridge widths of less than 1.2 pm.
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Figure 5.8: (a) optical (b) electron microscope image of the air-bridge test-structure.

The wet etching characteristics of InGaAs were also investigated to find the optimum etching condi-
tions for the fabrication of the air-bridge. The etching profile and the lateral etch rate of InGaAs is
highly dependent on the crystallographic direction [22][21][19][20]. The etch rate into a particular
crystallographic orientation is greatly determined by the relative orientation of the slow-etching
(111)A plane [9]. The (111)A plane etches slower as all three bonding electrons of the group-III

surface atoms of the plane are bonded to the lattice. The (111)A plane is therefore less reactive to
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the etchant than the fast etching (111)B plane which has two unbounded electrons on the group-V
surface atoms. A photoresist etch pattern was fabricated on a 400 nm InGaAs layer to investigate
the etch profiles along different crystallographic directions. Fig. 5.9 shows SEM images of the
etch profiles obtained for the different crystallographic orientations. V-shaped, dovetail, and nearly
vertical etch profiles are obtained for mask patterns aligned in the [01-1], [011], and [010] direc-
tions, respectively. A nearly vertical etch profile is observed for etching along the [010] and [001]
crystallographic directions, as etching is not impeded by the slow etching (111)A plane [22]. Kim
[21] found that the lateral etch rate of InGaAs, using a reaction rate controlled HsPO4:HyO5:H2O
etchant, in the [010] direction is approximately twice as fast as in other crystallographic directions.
In this work, the RTD devices were fabricated with the air-bridge aligned along the [001] direction

to benefit from the faster lateral etch rate in the [010] direction.
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Figure 5.9: (a-c)Etching profiles of InGaAs according to the crystallographic orientations on a
European-Japanese (EJ) oriented InP substrate.
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5.4 Device Fabrication Process

This section covers the step-by-step fabrication of the RTD based THz emitter. The fabrication

process consists out of two main stages:

1. RTD fabrication

(a) Metallisation

(b) Wet etch
2. Antenna Integration
(a) Metal-insulator-metal (MIM) fabrication

Fig. 5.10 pictographically shows the main fabrication stages for the RTD based THz emitter.
The fabrication process is based on air-bridge technology, standard i-line photolithography, and wet

chemical etching.

Metallisation Wet etch Photoresist
patterning
MIM Photoresist Wet etch
fabrication removal ’

" _i«

Figure 5.10: Fabrication process flow of the RTD based THz emitter.
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5.4.1 Metallisation Stage

Fig. 5.11 schematically shows the process flow of the metallisation stage. The fabrication starts by
cleaving a 15 mm by 15 mm sample from the RTD wafer using a scribe and break system. This
is followed by cleaning the sample thoroughly through a 3-stage clean process with boiling n-butyl
acetate, acetone, and isopropyl alcohol. The sample is dried using nitrogen (N3) to avoid drying
stains, and inspected under an optical microscope. This process is repeated until less than one piece
of dirt per field of view is observed at 100x optical magnification. To obtain ultra-low resistance
contacts, the metal contacts are deposited on the as-grown sample at the start of the fabrication
process. This is required to minimise the exposure to dirty deposits and possible damage to the
highly doped surface layer during future processing steps. The sample is loaded into the evaporator
following a 10 min. UV/O3 exposure, 15 s 14.5N NH,OH pre-deposition soak, and a N blow dry.
A thin metal seed layer of Ti(20 nm)/Au(20 nm) is deposited by a metal evaporation process to
fabricate the metal-semiconductor contacts. The thickness of the metal film is monitored during

the evaporation process using a thin-film thickness monitor.
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Figure 5.11: Process flow of the metallisation stage. The coloured squares in the legend represent
the layers of the RTD structure and materials used during the fabrication.
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Following the metal deposition, the sample has negative photoresist spun on. A negative resist is
chosen to attain a suitable undercut profile for the following metallisation and lift-off step. The
optimal exposure dose and development time parameters for the metal lift-off were first determined
on a test sample. Fig. 5.12 shows SEM images of photoresist patterns fabricated with a constant
exposure dose for development times from 50 s to 75 s. It is known that a low exposure dose and
long development time for negative photoresist results in a more pronounced undercut profile [23].
The undercut profile from the negative resist eases the metal lift-off process as it prevents the resist
sidewalls from being coated with metal. Fig. 5.12 shows that a more pronounced undercut profile
is obtained for longer development times. An optimal development time of 65 s is determined from
this experiment as the metal lift-off was clean, and the widening of the photoresist pattern during

the development is minimal.
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Figure 5.12: Undercut profiles of negative resist for various development times (a) 50 s (b) 55 s (c)
655 (d) 75s

The fabrication continues with a one micron gold deposition by a metal evaporation process to

fabricate the electrodes of the slot antenna and RTD. Fig. 5.13(a) shows a SEM image of the
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deposited metal on the patterned sample. The undercut profile of the negative resist ensures that
no resist sidewalls are coated with evaporated metal, which leads to a clean metal lift-off as shown
in Fig.5.13 (b). The metal seed layer is removed using a reactive ion etch with gas compositions of

SiCly+Ar and CHF35+4O5 for the selective etching of gold and titanium, respectively.
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Figure 5.13: SEM images of deposited metal (a) prior and (b) post metal lift-off

5.4.2 Wet Etching Stage

After the metallisation stage, the RTD and air-bridge are fabricated, and the slot antenna is isolated.
Fig. 5.14 schematically shows the process flow. A controlled shallow wet etch (H3PO4:Hy02:Ho0 =
1:1:38, etch rate of 100 nm/min. at room temperature) of 150 nm is carried out down to the highly
doped emitter layer located below the double-barrier heterostructure. The sample is patterned
before the etch process with photoresist to provide a good step coverage for the dielectric and
the metal of the MIM reflectors. Fig. 5.15 shows a SEM image of the photoresist pattern which
indicates that the metal electrodes are protected at the edges with photoresist within the slot. After
the photoresist removal, new photoresist is spun onto the sample and patterned to define the RTD
mesa before the second wet etch. Fig. 5.16 shows a SEM image of the photoresist pattern. The
edges of the metal electrodes for the MIM reflectors are protected again to obtain good coverage of
the dielectric and metal interconnects.

The Au air-bridge contact is fabricated by wet etching the exposed InGaAs to produce a “tun-
nel” below the exposed Au stripe and provide electrical isolation between the emitter and collector
electrodes. The metallic air-bridge structure electrically separates the bonding pad region of the
collector electrode from the active tunnelling area, whilst providing an effective reduction in par-

asitic capacitance. A low interconnect capacitance is obtained between the emitter and collector
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A2. Wet Etching
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Figure 5.14: Process flow of the wet etching stage
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Figure 5.15: SEM image of the photoresist pattern for the fabrication of the MIM reflectors.

electrodes due to air having a dielectric constant of essentially 1. The InP layer underneath the
highly doped emitter contact layers acts as an etch stop layer due to the selectivity of the phosphoric

based wet etchant, which enhances the lateral etching underneath the air-bridge. Test-structures
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Figure 5.16: SEM image of the patterned photoresist for the fabrication of the RTD.

on the wafer are used to measure the undercut progress during the wet etch process.

Fig. 5.17(a) shows a SEM image of such test-structures, where the smallest features were already
etched off during the wet etch process. Through this technique, it is possible to monitor the etch
progress of the tunnel below the exposed Au stripe. Fig. 5.17(b) shows a SEM image of the

fabricated RTD with the air-bridge structure.
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Figure 5.17: (a) SEM image of the test structure used for controlling the wet etch process of
the air-bridge fabrication (b) SEM image of fully fabricated ~ 3.3 ym? RTD with the air-bridge
structure.

As both electrodes are deposited during the single metal evaporation process, the emitter current
is guided through the full RTD structure by a second contact electrode on the collector side. Due

to the high current density through the RTD, a very low resistance path is created between the
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collector and emitter for such a contacting arrangement. Eliminating a second contact metallisation
to the emitter layer by guiding the emitter current through the full RTD structure also allows the
voltage-current (V-I) characteristic of the RTD to be measured during the etch process. Fig. 5.18

shows an annotated SEM image and a schematic cross section of the RTD device.
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Figure 5.18: SEM image and schematic cross section of the RTD

The V-1 measurements were carried out in third quadrant operation (negative bias applied to
the collector), as the current density is lower in this operation mode as the thicker undoped spacer
layer is now on the emitter side. By operating in this scheme, the peak current density and voltage is
lower compared to first quadrant operation, which consequently minimises catastrophic failure due
to self-heating. Accurate control over the final mesa area was demonstrated through this method.
Fig. 5.19 shows a graph of such RTD V-I characteristics for etches of duration 540 s to 690 s with
30 s steps. A reduction in peak current and peak voltage is clearly observed with increasing etch

time. The observed reduction in peak current is associated with a reduction in mesa size, as the
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total tunnelling current is directly proportional to the mesa area. The corresponding mesa area
for each V-I characteristic is deduced from the current density through the RTD as indicated in
the Fig. 5.19. The current density was deduced from a second fabrication based on EBL and dry
etching techniques, which allowed for an accurate measurement of the mesa area. The fabrication
and characterisation of this control sample was carried out by Rohm Semiconductor. From Fig.
5.19, an areal etch rate of approximately 2.33x10"2 um? /s is deduced, which corresponds to a RTD
peak current reduction rate of 160 pA/s. Based on an etch time resolution of 1 second, this results

in an areal etch accuracy of ~ 0.7 % for a single device based on a final area of 3.3 um?.
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Figure 5.19: V-I characteristics of the RTD measured during the fabrication process. The etch time
for each V-I characteristic is shown in the legend. The device area shown in um? represents the
total RTD area as calculated from the peak current density measured from a second sample.

A greater etch area accuracy is expected by using a more diluted etchant and a source-measure
unit (SMU) with higher accuracy and resolution.

A phosphoric based etchant with a low concentration of peroxide was selected for the etch
process to avoid bubble formation on the wafer surface, which is known to mask and degrade the
surface quality during the etching procedure. To obtain uniform, reproducible etch results, pre-
cleaning with a dilute NH4OH solution (NH4OH:H20 = 1:19) was carried out to remove the native
oxide. This ensures a uniform surface for the etchant to attack, since a variation in initial etch rate
at different places on the wafer can produce undesired differences in etch depths across the wafer,

which is important as small quantities of the structure are to be removed for ultra-fine control of
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the final device area. Whilst wet etch processes may be considered to be highly variable in research
laboratories, careful environmental control, control of the etch chemicals, agitation, stirring, or
the use of spray etching methods in an industrial environment can produce highly reproducible
results. The manufacture of micron scale InGaAs-InP HBTs using an all-wet-etch process was
recently shown to have high uniformity across the whole of a 3" wafer and high reproducibility
from wafer to wafer [24]. The avoidance of plasma processes, and the elimination of the risk of
damage to the electrical properties of the device due to bombardment of the surface with energetic
ions during dry etching are also seen as a benefit. The effect and influence of dry plasma etching
processes of Si/SiGe resonant interband tunnel diodes (RITDs) was investigated by Park et al. [25],
where a ~ 40 % enhancement in PVCR for the HBr plasma etched RITD (70 pm mesa diameter,
Jpeak = 32A /cm?) was measured compared to the wet etched RITD. The mechanism involved for
the improved PVCR was attributed to hydrogen passivation, which is responsible for passivating
ionised centres, and reducing the bulk defect state densities, thereby lowering the measured valley
current density [26]. However, greater surface damage was measured on the plasma-etched sample.
Whereas dry etch damage might be less significant for devices with a large diameter, the damage
(up to 100 nm deep [27]) can have a large impact on the performance of micron and sub-micron
scale devices, as the size of the device approaches the dimension to the damaged region. The effect
of dry and wet etching on the RTD performance will have to be explored in future work. Further

discussion on the measurement of the V-I characteristics is included in Chapter 6.

5.4.3 MIM Fabrication

The THz emitter was completed with the fabrication of the MIM reflectors to capacitive couple
the slot antenna electrodes as these capacitors behave like short circuits at high frequency. Bias
stabilisation was provided to the THz emitter with a SMD resistor. Fig. 5.20 schematically shows
the process flow. The process starts with a deposition of 150 nm silicon nitride by plasma-enhanced
chemical vapour deposition (PECVD). The deposition rate of the PECVD system was calibrated
by depositing 100 nm of SizN4 on a silicon test sample and measuring the dielectric thickness with
an ellipsometer. The patterned dielectric of the MIM reflectors is fabricated using a reactive ion
etching process with a gas composition of trifluoromethane (CHF3) and oxygen (O3). Photoresist
is used to define the pattern during the etch process. Fig. 5.21 shows a SEM image and cross
section of the MIM structure. To maximise the capacitance of the MIM reflectors, a rectangular

cut-out is created on one side of the MIM dielectric to interconnect the metal of the slot antenna
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B1. MIM Fabrication
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Figure 5.20: MIM fabrication process flow

and MIM reflector. After the dry etch process, the photoresist is removed and a new photoresist
is spun onto the sample and patterned for the MIM reflector metallisation. A Ti(20 nm)/Au(150
nm) metallisation is deposited through a sputtering process. Sputtering is preferred over metal
evaporation to improve the metal step coverage on the dielectric film. Fig. 5.22 shows the step
coverage of the dielectric and metal film within the slot after the metal lift-off. Good step coverage
is obtained through this process.

At the end of the fabrication, a SMD resistor is placed on the chip across the electrodes to
provide bias stabilisation for the RTD. Fig. 5.23 shows a schematic of the completed RTD based
THz transmitter. The fabricated device is placed upon a hyper-hemispherical lens to couple the

emission out of the chip.
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Figure 5.21: SEM image of the fabricated THz emitter. The cross section shows the metallisation
and dielectric structure of the MIM reflectors. The interconnect capacitance of the MIM reflectors
is shown in red.
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Figure 5.22: SEM image of the MIM reflector showing the step coverage of the dielectric and metal
film within the slot after the metal lift-off.
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Figure 5.23: Schematic of the RTD based THz emitter
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5.5 Conclusions

In this chapter, an EBL free processing technique for the fabrication of micron scale, high current
density RTDs for THz applications based on air-bridge technology, standard i-line photolithography,
and wet chemical etching was developed. To minimise the contact resistance of the RTD, an
investigation was carried out to determine the optimum conditions for the fabrication of the metal-
semiconductor contacts. A specific contact resistivity of ~ 6.3 Qum? was obtained. The RTD was

successfully integrated monolithically with a slot antenna for the realisation of the THz emitter.
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Chapter 6

Device Characterisation

6.1 Introduction

This chapter reports on electrical and optical characterisation of the RTD THz emitter. As dis-
cussed in Chapter 3, the volume manufacturable fabrication method for micron scale high current
density RTDs provides accurate control over the final device area (and hence characteristics) by
measuring the V-I characteristic of the RTD during the fabrication process. Further details about
this characterisation technique are included in this chapter. By measuring the RTD V-I charac-
teristic in-line with the fabrication process, important information about the RTD performance
are extracted, such as RTD peak voltage and specific contact resistivity. Extracting these charac-
teristics during the fabrication process without the need of additional complex test structures is
advantageous from a manufacturing point of view, and provides a route for further device optimisa-
tion. To bring the RTD into oscillation mode, a bias in the NDR region is required to convert DC
electrical power into high frequency oscillations. It is noted that the output power of the device is
dependent on the voltage and current spans in the NDR region, which also highlights to need for a
large peak-to-valley current ratio (PVCR). The electronic properties of the RTD, such as PVCR,
are sensitive to structural variations such as barrier and well thickness, material composition, dop-
ing, and interface roughness. The valley current of the RTD is investigated, including temperature

dependent V-I characterisation.
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6.2 Device Characterisation

The RTD devices were measured on the wafer at room temperature using probes from Cascade
Microtech. The DC characteristics of the devices were measured with a Keithley 2400 general-
purpose sourcemeter as a voltage source. The shields of the coaxial cables connecting the test
probes to the sourcemeter were earthed to reduce noise coupling into the system. A LabVIEW
program was written to measure the V-I characteristic of the device. As covered in Chapter 5, the
final device area of the RTD was controlled by measuring the V-I characteristic of the RTD during
the fabrication process. Fig. 5.19 does not only show a reduction in the RTD peak current with
increasing etch time, but a reduction in the RTD peak voltage is also observed. The reduction in the
peak voltage is associated with the voltage drop across the emitter contact, the source resistance,
and the air-bridge, as the IR voltage drop reduces with decreasing mesa size (i.e. reduction in
tunnelling current). Extrapolating the peak voltage and current as a function of mesa area provides
important information about the RTD as parasitic elements are excluded from the measurement.

Fig. 6.1 shows the RTD peak voltage and current as a function of etch time.
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Figure 6.1: RTD peak voltage and peak current as a function of etch time. The black dotted lines
guides the eye to the intercept point on the curve of the extrapolated quadratic fit to the RTD
peak voltage in the limit of zero current. The approximate mesa area is displayed for the etched
devices, as calculated from the current density and the RTD peak current.

A minimum peak voltage of ~ 225 mV is determined in the limit of zero peak current by extrapo-
lating the quadratic fit to the peak voltage as a function of etch time. In the limit of zero current,

the peak voltage consists out of the voltage drops across the collector contact and between the
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emitter and collector layers of the RTD at resonance. In this limit, the voltage drops across the
aforementioned parasitic elements are excluded, and a parasitic series resistance of ~5.0 ohms is
deduced. The bias between the emitter and collector layers of the RTD at resonance is also ex-
tracted by subtracting the collector contact voltage from the peak voltage of the RTD. The voltage
across the collector is deduced from linear transfer length method (LTLM) measurements which
were performed on test-structures fabricated alongside the RTDs on the same sample. A specific
contact resistivity of 8 Q.um? was measured for the collector contact. The resistance of the emitter
contact, which includes the contact resistance and the low resistance path between the collector
and emitter of the RTD, is estimated to be less than ~1 2, as the total contact area of the emit-
ter is much larger than the mesa area of the RTD. For a collector contact with a specific contact
resistivity of 8 Q.um?, a peak voltage of 168 mV between the emitter to the collector layers of the
RTD is deduced from Fig. 6.1. If the bias at resonance of the RTD is known from modelling, this
fabrication method also allows a measurement of the contact resistance without the need of TLM
structures. A resistive cut-off frequency of ~1 THz is estimated for a RTD with an active area of

3.3 um?, following Eq. 4.4 in Chapter 4.

6.3 Valley Current Characteristics

To gain a greater understanding into the valley current of the RTD, room temperature V-I charac-
terisation was carried out for RTD devices with different perimeter/area ratios to quantify surface
leakage current around the perimeter of the mesa. Temperature dependent V-I characterisation
from 20 K to 300 K was also carried out to investigate the mechanism responsible for the valley
current.

Fig. 6.2 shows the RTD V-I characteristics measured at 300 K during the fabrication process for
etch durations from 420 s to 780 s with etch steps of 60 s. The inset of the figure shows a scanning
electron microscope (SEM) image of the final device. Areal etch rates of ~ 5.2x10~3um?/s and
~ 12.4x1073um? /s are deduced for peak current reduction rates of 36 wA /s and 85 pA/s for etch
durations of 420 s and 780 s, respectively. Based on an etch time resolution of 1 second, this
results in an etch accuracy of ~ 0.3 % for a final area of 3.8 um?. A negative differential resistance
characteristic is observed in Fig. 6.2, which indicates that the total series resistance between the
bias supply and the RTD is less than the measured negative differential resistance of the RTD. The
observed “plateaulike” characteristic in the NDR region of the V-I characteristics is attributed to

the oscillating nature of the circuit while measuring the V-I characteristic of these devices [1].
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Figure 6.2: V-I characteristics of a single RTD measured in-line with the fabrication process for
etch durations from 420 s (A) to 780 s (G) with 60 s etch steps. The approximate mesa area is
displayed for the etched devices, as calculated from the current density and the RTD peak current.
The inset shows a SEM image of the fabricated RTD.

Fig. 6.3 shows the measured RTD peak voltage and valley current as a function of peak current
for the V-I characteristics shown in Fig. 6.2. In the limit of zero peak current, a minimum peak
voltage of ~ 289 mV is deduced. The inset of Fig. 6.3 shows the measured PVCR of the RTD
during the etch process. No degradation in PVCR is observed for a reduction in mesa size. The
RTD diameter dependence on the PVCR has been theoretically investigated by Ternent et al. [2],
and experimentally investigated by Nomoto et al. [3] for ultra-small AlSb-InAs RTDs with mesa
diameters down to 10 nm. Both showed that the PVCR of small RTDs degrades for a reduction
in mesa diameter. They attributed the reduced PVCR to surface leakage current which increases
the valley current. The RTD surface current is determined by the surface generation velocity and
surface states at the perimeter surface of the mesa. In this work, no such degradation mechanism
is observed due to the strong linear dependence between the valley and peak currents of the RTD,
as shown in Fig. 6.3. The valley current of this RTD can therefore be attributed to the tunnelling
area of the RTD, not to a leakage surface current around mesa perimeter. This is confirmed in Fig.
6.4 for the peak current and valley current plotted as a function of mesa radius for a circular device.
The black solid line represents the calculated valley current for surface leakage current around the

perimeter of the mesa, while the blue and green solid lines represent the calculated peak and valley
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Figure 6.3: RTD peak voltage and valley current as a function of peak tunnelling current for etches
A-G. Linear fits are applied to the data. The inset shows the measured PVCR for the mesa etches
A-G.
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Figure 6.4: Experimental and theoretical RTD peak and valley current as a function of mesa radius
for a circular device

current with no surface leakage current. These results confirm that the peak and valley current
are proportional to the mesa area, as they do not scale with the perimeter of the mesa. This

also indicates that high quality mesa sidewalls were fabricated using the wet etch process, as no
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surface leakage current is measureable. This further eliminates the requirement for mesa-sidewall
passivation of the RTDs which are fabricated using this process, as very little improvement in device
performance is expected.

Temperature dependent measurements were carried out to investigate the thermal dependence
of the RTD V-I characteristics. The RTD devices were bonded with indium to an aluminium oxide
tile and mounted on a copper heat sink in a closed-cycle helium (He) cryostat. The operating
temperature was controlled by a resistive heating element attached the copper heat sink. Fig. 6.5
shows the V-I characteristic of a RTD measured as a function of temperature from 20 K to 300 K.

The temperature dependence of the peak and the valley current is shown in the inset.
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Figure 6.5: Temperature dependent RTD V-I characteristics from 20 K to 300 K. The inset shows
the measured valley current as a function of temperature.

The peak current is essentially unchanged, but the valley current increases when the temperature is
raised from 20 K to 300 K. As the valley current increases more rapidly than the peak current, the
PVCR reduces from 1.8 to 1.4. The valley current of the RTD is known to be dependent on elastic
and inelastic electron scattering processes, such as interface roughness, impurity scattering, phonon
scattering, and thermal assisted tunnelling through higher resonant states [4][5]. The contribution
of each mechanism to the valley current depends on the structural composition of the RTD. Lake
et al. [6] reported that the valley current for GaAs/AlAs RTD is dominated by phonon scattering,

whereas interface roughness scattering is dominant for InGaAs/AlAs based RTD with an InAs
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subwell [7]. The thermal dependence of optical phonon scattering was theoretically investigated
by Roblin et al. [8] and Chevoir and Vinter [9], showing that the peak current reduces and valley
current increases with temperature due to enlarged phonon scattering which degrades the peak
tunnelling current and broadens the resonant transmission probability. The small increase in peak
current density, measured in Fig. 6.5, as a function of temperature is most likely attributed to
thermally assisted electron tunnelling through higher resonant energy levels. This observation is in
good agreement with previous work reported by De Saint Pol et al. [10] and Klimeck et al. [11] on
temperature dependent transmission probabilities of GaAs/AlGaAs based heterostructures. A RTD
valley current of ~ 32 mA is extrapolated in the limit of zero temperature. The excess RTD current
in this limit is tentatively attributed to interface roughness (IR) scattering [7]. Monolayer thickness
variations in barrier thickness are expected to have a large effect on the tunnelling properties of
these devices, as the 1.1 nm AlAs barriers are very thin and have a high confining potential. These
observations are in good agreement with the results from the photoluminescence investigation
shown in Chapter 3, and Roblin et al. [8] attributing IR scattering as the dominant scattering
mechanism in InGaAs/AlAs based RTDs with an InAs subwell. The measured peak voltage shift
with temperature is attributed to a temperature dependent increase in series resistance of the
external circuit. Similar observations were reported by Li et al. [12] for GaN/AlGaN RTDs.

Fig. 6.6 shows the NDR and the maximum power (approximately) of the RTD as a function of
temperature. A reduction in maximum power and an increase in NDR are observed as a function
of temperature. The increasing valley current with temperature reduces the voltage and current
spans in the NDR region which lowers the extractable output power of the RTD. These results
show that device performance is optimum at low temperatures, which highlights the need for good

thermal design.
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Figure 6.6: NDR and maximum extractable power (approximately) of the RTD as a function of
temperature.

6.4 Measurement of Terahertz Radiation

This section describes the development of the experimental detecting apparatus and characterisation
of the THz emitter. The radiated energy of the THz emitter was collected through the substrate
using a silicon hyper-hemispherical lens. Fig. 6.7 shows a diagram of the THz measurement system,
a photograph of the corresponding optical set-up for detecting the sub-mm electromagnetic waves
is shown in Fig. 6.8. A room temperature pyroelectric detector from Gentec [13] was used for the
detection of the THz radiation. This pyroelectric detector is based on a permanently poled, LiTaO3
ferroelectric crystal. The detector senses the absorbed incident radiation as the instantaneous
polarization of the ferroelectric crystal is a function of the rate of temperature change of the crystal
[14]. The induced electrical charge due to the change in polarisation is converted into a voltage
by a transimpedance amplifier. The pyroelectric detector with a 4 mm? active area has a noise
equivalent power (NEP) of 4.0x10710W /(Hz)'/?, a sensitivity of 140 kV/W [13], and a predicted
absorption efficiency of ~ 10 % [15]. A TPX (Rexolite) window with a spectral range from 50 -
2000 um and a ~ 90 % transmission between 400 - 2000 pm was placed in front of the detector to
block out stray electromagnetic radiation [16].

As the instantaneous polarization of the pyroelectric detector changes with a rate of temperature
change, source modulation was required to heat and cool down the detector crystal. This was

achieved by pulsating the RTD electrically with a square waveform at a frequency of 20 Hz and a
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Figure 6.7: Measurement system for detecting sub-mm electromagnetic waves

duty cycle of 50 %. As most function generators are calibrated for a 50 ohm load to minimise ringing,
the low impedance RTD could not be driven directly from the output of a function generator. A
chopper circuit was designed and built to pulsate the RTD electrically at a voltage in the NDR
region. Fig. 6.9 schematically shows a diagram of the chopper circuit. The output signal of a
function generator was used to modulate the gate voltage of two enhancement-mode n-channel
MOSFETSs. Power MOSFETS with a low static drain-source on-resistance of 65 m{2 were selected
for this circuit to minimise loading in the circuit. Due to the intrinsic body diode of the power
MOSFET, two back-to-back MOSFETSs are used in series for bipolar measurements.

A 50 ohm gate impedance is connected in parallel with the gates of the MOSFETSs to match the
input impedance the MOSFETSs to the output impedance of the function generator. A gate-source
voltage of 10 V was applied to saturate the MOSFET channels for a low static drain-source on
resistance of 65 mS) (gate threshold voltage of MOSFET = 1.8 V). A Keithley 2400 source-measure

unit (SMU) was used as a low impedance voltage source to supply the RTD bias voltage.
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Figure 6.8: Photograph of the optical setup for detecting sub-mm electromagnetic waves
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Figure 6.9: Electronic chopper circuit for pulsed measurements
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A lock-in amplifier (LIA) was used to filter out the unmodulated disturbing background radiation
from the measurement. A LIA acts as a synchronous demodulator followed by a low-pass filter,
whereby noise signals at frequencies other than the reference frequency are rejected, and the signal-
to-noise ratio is consequently improved.

The radiated energy from the THz emitter was collimated by a parabolic mirror and subse-
quently focused onto the detector element through another parabolic mirror. Two gold-coated 90°
off-axis parabolic mirrors with a diameter of 3" and a focal length of 154 mm were used. The fre-
quency measurement of the THz emitter was carried out using a simple Fabry-Perot interferometer.
To measure the output power of the THz chip, the Fabry-Perot interferometer was excluded from
the optical path to maximise the detected signal. To bring the RTD into the oscillation mode, the
device was biased in the NDR region.

Fig. 6.10 shows the V-I characteristics of the same RTD measured with and without bias
stabilisation, and the detected THz output signal as a function of the supply voltage. The V-I
characteristic of the non-stabilised RTD shows the typical NDR characteristic with a measured
negative resistance of ~ 11 ohms. To eliminate any low frequency parasitic oscillations over the
bias lines, the RTD was stabilised with an external resistance of 8.2 ohms connected in parallel with
the NDR. The combined V-I characteristic of the stabilised RTD has a positive slope throughout,
confirming that the stabilisation condition is met as the dynamic resistance of the stabiliser is less
than half the tunnel diode’s negative differential resistance. A voltage shift of 0.1 V is measured
between the stabilised and non-stabilised RTD V-I characteristics. The voltage shift between the
stabilised and non-stabilised RTD is attributed to the voltage drop across the finite resistance
between the voltage source and the RTD. For a measured shift in voltage and current of 0.1 V
and 37 mA, respectively, a source resistance of ~2.7 ohms is calculated. This resistance consists of
the output impedance of the SMU, resistance of the supply lines, interface resistance between the
probes and the contact metallisation of the THz chip. This voltage shift can be further reduced in
future work by using a 4-terminal probe method instead of two probes to supply the bias voltage
to the RTD. As the RTD is only allowed to oscillate when biased in the NDR region, no emission
from the chip is expected for a bias voltage smaller or higher than the peak and valley voltages,
respectively. A RTD biased outside the NDR region has no gain available to negate the resistive
and radiative losses in the circuit. This is in excellent agreement with the experimental data as
no emission is observed for bias voltages below and above ~ 0.48 V and ~ 0.62 V, respectively,
as shown in Fig. 6.10. Maximum power extraction of the RTD occurs when the device is biased

at the mid-point of the NDR region to maximise the voltage and current excursions. Maximum
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output power is measured from the THz emitter when the RTD is biased at the mid-point of the
NDR region (Vbias = 0.54 V). A wall-plug efficiency of ~ 7 ppm is deduced for the THz emitter

with a measured output power of ~ 100 nW.
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Figure 6.10: V-I characteristics of the same RTD measured with and without bias stabilisation.
The detected output power is shown as a function of the supply voltage.

A simple Fabry-Perot interferometer was built to measure the emission frequency of the THz
chip. Two 4” semi-insulating Si wafers were used as the partially reflecting mirrors of the inter-
ferometer. One wafer was mounted on a translation stage to control the cavity length (i.e. the

separation between the two partially reflecting surfaces) between both wafers. The transmittance

function of a Fabry-Perot etalon is given by Eq. 6.1

1

T 1+ Fsin®(6/2) (6.1)

where T is the transmittance, R the reflectance, F' the finesse, and § the phase difference between

each successive transmitted pair. J at normal incidence is given by Eq. 6.2

§=-"2 (6.2)

where ¢ is the speed of light, f the frequency, I the etalon thickness, and n the refractive index

of the material between the reflecting surfaces. The coefficient of finesse of the interferometer is
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determined by the reflectivity of the surfaces and is given by Eq. 6.3.

F= fRR)2 (6.3)

The transmission function of the etalon originates from constructive and destructive interference
effects between the two reflecting surfaces. Maximum transmission occurs when the optical path
length difference between the incident and reflected waves is an integer multiple of half the wave-
length. Fig. 6.11 shows transmission as a function of the frequency for different mirror reflectivities.
The free spectral range (FSR) is defined as the frequency separation between adjacent transmission

peaks, and is related to the full-width half-maximum by Eq. 6.4.

FSR=F x FWHM (6.4)

As shown in Fig. 6.11, etalons with a high finesse show sharp resonances with a small FWHM

R =26%

Transmittance

R=40%
R=60% 1
R=80% -

0.5 1.0 1.5 2.0 25 3.0 3.5 40 45 50 55
Frequency (THz)

Figure 6.11: Transmission spectra of Fabry-Perot etalons with different coefficients of finesse

linewidth. The Fabry-Perot etalon was made out of semi-insulating silicon, as large polished semi-
insulating 4” Si substrates and readily available and silicon has a low imaginary part of the refractive
index (i.e. the absorption) at THz frequencies (<0.05 cm~! up to 1.5 THz)[17]. The black line in

Fig. 6.11 shows the transmission function of the Si Fabry-Perot interferometer as calculated from

157



the normal reflectance coefficient, given by Eq. 6.5.

2

R— <”2 - ”1> (6.5)

Nno + Ny

where nl and n2 are defined as the refractive index of air and silicon, respectively. For Si with a
refractive index of 3.4, a reflectance of 26 % is calculated at normal incidence. Fig. 6.12 shows the
detected signal, for the THz emitter shown in Fig. 6.10, as a function of translation stage position,
for the etalon located at normal incidence in the collimated optical beam path. Transmission
peaks are observed for repeats of ~ 420 pum is mirror displacement, confirming emission at ~ 350
GHz from the clear fundamental frequency Fabry-Perot oscillations. Good agreement is observed
between the experimental data and theory in Fig. 6.12. There is no evidence of higher order
oscillations but these are not expected due to the low power. Fig. 6.12 provides little information
about the linewidth of this THz emitter as the interferometer has a low finesse. From the linewidth

of the etalon, it is shown that the linewidth of the emitter is less than 186 GHz.
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Figure 6.12: Theory and measured signal as a function of Fabry-Perot mirror displacement
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6.5 Conclusions

This chapter described the electrical and optical characterisation of the RTD THz emitter, and de-
velopment of the experimental characterisation setup. Important device parameters were extracted
by measuring the RTD V-I characteristic during the etch process, such as RTD peak voltage (Vp
= 168 mV), specific contact resistivity (p. = 8Q2.um?), and an estimation of the resistive cutoff
frequency (fyjax = ~ 1 THz). Extracting these characteristics in-line with the fabrication process
without the need of additional complex test structures is advantageous from a manufacturing point
of view, and provides a route for further device optimisation. The measured excess current, also
known as the valley current, of the RTD was tentatively attributed due to interface roughness
scattering, and tunnelling through higher electronic states, which can be further improved on by

future growth optimisation. Finally, coherent THz emission at 350 GHz was demonstrated.
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Chapter 7

Summary and Future Work

7.1 Summary

This thesis focused on the design, fabrication, and characterisation of high current density In-
GaAs/AlAs/InP RTD THz emitters grown by MOVPE for THz applications. The RTD structures
were grown by MOVPE to meet the large scale, high throughput needs of the growing high technol-
ogy market. Low-cost manufacturing of the RTD THz emitter will require high wafer uniformity,
high yield, and high throughput epitaxy. Process control is very important for high yield in volume
manufacturing, as feature sizes become increasingly small. To manufacture the RTD THz emit-
ter cost-effectively, good circuit design is also required, as electrical parameter tolerances have to
accommodated for to assure functionality, high yield, and high reliability.

In Chapter 2, the optical properties of InGaAs were explored. PL emission was measured as
a function of doping concentration on InGaAs test-layers at low temperatures and correlated to
SIMS and eCV profiling to provide non-destructive mapping of the doping concentration over the
wafer. A low temperature PL mapping tool was developed for this work. InGaAs test-structures
equivalent to the contact and emitter/collector layers were used to measure the doping uniformity
of the RTD wafers. By measuring the Moss-Burstein shift at different locations over the full wafer,
a + 8 % doping uniformity for the contact layers, and a + 10 % for the emitter/collector layers
was deduced for 62 % of the wafer area. These results were confirmed by measuring the free-carrier
concentration over the wafer with an eCV profiler. The measured variation over the wafer was
attributed to thermal effects as the dopant silicon was incorporated from the precursor disilane
within the dissociation rate limited region. The observed effect is not well explained by gas-phase

depletion or saturation effects as both wafers showed similar doping uniformities. Doping uniformity
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is important, as a variation in doping will affect the contact resistance of the device, the associated
device losses, and the V-I performance as the tunnelling current is highly dependent on the doping
concentration. Whilst a doping uniformity of + 10 % over the full wafer is not ideal for volume
manufacture, it is good for research to explore the optimum process parameters, as simultaneous
experiments with different process conditions can be carried out at different positions over the
wafer. Furthermore, no InGaAs test-structures are likely to be needed in future work to map the
doping uniformity non-destructively, as PL emission was observed from the highly doped contact
layer of the full RTD structure.

The optical properties of the RTD structure were explored in Chapter 3. It was shown that
the low temperature PL emission from the RTD structure predominantly originates from the QW
and the undoped InGaAs buffer layer. Good agreement was observed between the experimental
results and the developed theoretical model. Type-I and type-1I QW recombination was determined
for nominally identical doped and undoped RTD structures. A technique was developed to allow
the absolute position of the first resonant energy level (~ 75 meV) to be deduced without prior
knowledge of the band-offsets, and monitor the well width and indium concentration of the RTD,
through low temperature PL spectroscopy. Using the low temperature PL mapping tool, both alloy
and QW uniformity and perfection were non-destructively mapped over a full wafer. InGaAs alloy
composition fluctuations of less than 0.6 % and a QW thickness variation of less than 0.5 % were
deduced from this non-destructive mapping technique for 62 % of the wafer area. The rapid non-
destructive characterisation and wafer mapping of these structures allows a route to future growth
optimisation. Monolayer well-width fluctuations were also detected at room temperature. From a
manufacturing perspective, performing these measurements at room temperature is very attractive
as room temperature PL mapping tools are readily available commercially without the need for a
custom-built cryostat. This will have to be further investigated in future work.

Chapter 4 covered the design procedure of a RT'D based THz oscillator, monolithically integrated
on the InP substrate. The design specifications for operation in the 300 GHz band were discussed,
including metal-insulator-metal (MIM) structures, slot antenna design, bias stabilisation techniques
and output coupling of the THz emission through the dielectric substrate.

Chapter 5 covered the development of an EBL free fabrication process for the fabrication of
a RTD THz emitter based on standard i-line photolithography, wet chemical etching, and air-
bridge technology. A specific contact resistivity of ~ 6.3 Qum? was achieved for non-alloyed Ti/Au
based ohmic contacts. A UV-Ozone cleaning apparatus was developed to achieve low resistance

ohmic contacts. The developed fabrication process is not only simple and manufacturable, but also
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provides ultra-fine control of the final device area (and hence characteristics) by measuring the V-1
characteristic of the RTD during the fabrication process. The requirement for a second contact
metallisation to the emitter layer was also eliminated by guiding the emitter current through the
full RTD structure by a second contact electrode on the collector side, simplifying the overall device
fabrication process.

The fabricated devices were characterised in Chapter 6. By measuring the RT'D V-I characteris-
tics during the etch process, the RTD peak voltage (Vp = 168 mV), and specific contact resistivity
(pc = 8 Qum?) were deduced. Extracting these characteristics in-line with the fabrication process
without the need of additional complex test structures is advantageous from a manufacturing point
of view, and provides a route for further device optimisation. The measured excess current, also
known as the valley current, of the RTD was tentatively attributed to interface roughness scatter-
ing, and tunnelling through higher electronic states. Finally, coherent THz emission at 350 GHz

was demonstrated.

7.2 Future Work

7.2.1 Optical Characterisation

In Chapter 3, a technique was developed to deduce the absolute position of the first resonant energy
level, AE , by a combination of type-I and type-II QW recombination. Due to the campaign-to-
campaign variation in the composition of the lattice-matched InGaAs, AE was approximated to ~
75 meV. A more accurate measurement of this energy level is expected by growing both structures
(doped and undoped RTD) in a single run to ensure identical growth conditions to both structures.
Fig. 7.1(a) shows the proposed layer structure, where an undoped RTD is included in the undoped
InGaAs buffer layer. Of note is that an AllnAs buffer layer is also included in the layer structure
to act as a getter for unintentional contamination prior to the growth of the first AlAs barrier. As
aluminium has a high oxygen affinity, the first AIAs barrier may be affected by a small amount of
residual contamination which remains within the reactor. The thick AllnAs buffer layer is included
to “clean” the reactor prior to the growth of the double barrier heterostructure to ensure that the
RTD is protected from any unintentional contamination. As for the undoped RTD in the buffer
region, impact on device performance of the RTD is expected to be minimal. Previous TEM samples

were grown with stacks of 4xQWs which did not show any structural problems. This should allow
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for a very nice chracterisation technique for future RTDs, if everything goes well, and a nice PL

spectrum (type-I and type-1II) is obtained, plus no change in device characteristics.

8 nm In, goGag 20As:Si 2x10'° cm2
15 nm Ing 53Ga, 47AS:Si 2x10"° cm'3
25 nm Ing 53Ga, 47As:Si 3x10'8 cm3

8 nm Iny 50Ga, ,0AS:Si 2x10'° ecm-3 20 nm Ing 53Gag 47AS
15 nm Ing 53Gag 47As:Si 2x10"° cm-3 1.1 nm AlAs
25 nm Iny 5,Ga, 47As:Si 3x10'8 cm3 4.5 nm Ing 5,Gag 20AS
20 nm Ing 553G 47AS 1.1 nm AlAs
1.1 nm AlAs 2 nm Iny 53Gag 47AS
4.5 nm Iny 5,Gag 5AS 20 nm In, 5;Ga, 4,As:Si 3x108 cm2
L LS 400 nm Iny 55Gag 47AS:Si 2x101 cm3
2 nm Ing 53Gag 47AS
20 nm Iny s;Gay 47AS:Si 3x10%8 cm3 100 nm Ing 553Gy 47AS
150 nm InP:Si 2x10'° cm™ 1.1 nm AR
4.5 nm Ing g0Gag ,0AS
5 nm InP:Si 2x10'® cm-? 1.1 nm AlAs
230 nm In, 3Gy 47As:Si 2x10"° cm™ 100 nm Iny 53Ga, 47AS
200 nm InAlAs 200 nm InAlAs
100 nm InP 100 nm InP
Semi-insulating InP Semi-insulating InP
substrate substrate

(a) (b)

Figure 7.1: Proposed layer structures including (a) an InP etch stop layer (b) undoped RTD test
structure for PL characterisation.

7.2.2 Sub-pm? Resonant Tunnelling Diode

To access the higher frequencies (f >1 THz), the device area has to be reduced to sub-um? di-
mensions to lower the parasitic capacitance of the RTD. The RTD area is limited by the current
mask-set to approximately 3.3 pm?2. The mask design has to be improved to allow the fabrication
of narrower air-bridges. Furthermore, incorporating a highly doped InP etch-stop layer in the 400
nm n* InGaAs emitter contact layer can provide a route to additional lateral etching to further
reduce the RTD mesa area to sub-um? dimensions. The proposed RTD layer structure is shown in
Fig. 7.1(b). The etching will be performed before the air-bridge is created, as illustrated in Fig.
7.2. Test-structures on the wafer will be used to measure the undercut progress during the wet
etch process. The effect of the highly doped InP layer on the device performance will have to be

investigated as well. The proposed device fabrication flow is shown in Fig.7.3.
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Figure 7.2: Lateral wet etching by using a InP etch stop layer (shown in green). Test-structures
are used to monitor the etch progress.
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Figure 7.3: Proposed fabrication process flow for the sub-um? RTD THz emitter.
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At the moment, the output power of the THz emitter (~100 nW) is mainly limited by the antenna
(Pmax RTD ~ 0.5 mW). Future antenna design will allow the output power of the THz emitter to

increase to the ~ mW level.
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