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ABSTRACT

Terahertz (THz) technology has emerged as a promising platform for appli-
cations in spectroscopy, imaging, and high-speed communications. However, the de-
velopment of compact, e cient, and telecom-compatible THz sources and detectors
remains a signi cant challenge. To address it, this dissertation focuses on the growth,
fabrication, and characterization of ErAs-embedded I11-V semiconductor heterostruc-
tures for photoconductive antennas (PCAs) designed to operate under 1550 nm optical
excitation.

Molecular beam epitaxy (MBE) was employed to synthesize ErAs:GaAs and
digital alloys of [ErAs:(InGaBiAs)y(InAIBiAS) 1 ], with precise control of uxes and
growth temperature to optimize bulk resistivity, carrier lifetime, and bandgap compati-
bility with telecom wavelengths. The structural, optical, and electrical properties of the
Ims were characterized using high-resolution X-ray di raction (HRXRD), atomic force
microscopy (AFM), scanning electron microscopy (SEM), spectrophotometry, Hall ef-
fect measurements, and optical pump THz probe spectroscopy (OPTHzP).

Devices were fabricated using maskless laser photolithography and lift-o metal-
lization techniques. A PCA detector of THz based on ErAs:InGaAlBiAs demonstrated
measurable response at 1550 nm excitation, while ErAs:GaAs was integrated with a
spintronic emitter architecture to explore THz pulse shaping and chirality control.
Functional testing using THz time-domain spectroscopy (THz-TDS) was used to eval-
uate device performance.

Overall, this work establishes a fabrication and characterization approach for
ErAs-based THz PCAs and highlights the potential of digital alloy heterostructures

for applications requiring compatibility with telecom-band excitation.
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Chapter 1
BACKGROUND

1.1 Terahertz technology

Terahertz (THz) radiation is located between the microwave and infrared regions
of the electromagnetic spectrum, and it is often referred to as the "THz gap" due to
historical di culty in developing e cient and versatile sources and detectors. As a
result, THz waves are one of the least explored regions of the spectrum [5].

Speci ¢ boundaries vary between di erent authors; some articles place the range
between 0.1 and 10 THz, 0.3 to 3 THz, or 0.3 to 30 THz [6].

The main challenge in THz technology comes from its intermediate position
between the electronic and photonic domains, as illustrated in Figure 1.1. At lower
frequencies, conventional electronic devices struggle to operate e ciently in the THz
regime due to limited carrier mobility and parasitic e ects, making it di cult to ex-
tend microwave electronics in this range [1]. At higher frequencies, while THz radiation
itself is well described by classical electromagnetism (i.e., Maxwell's equations), its gen-
eration and detection often involve quantum mechanical processes, such as interband
and intraband transitions, which are described by the Schredinger equation. However,
THz photon energies are relatively low, 1 THz corresponds to 4.13 meV, which is sig-
ni cantly below the thermal energy at room temperature ( 25 meV) [5]. This low
photon energy reduces the e ciency of conventional infrared or optical techniques for
THz generation and detection.

Another important limitation of THz waves is their strong attenuation by water
[7]. This is primarily due to rotational transitions of water molecules, which absorb

THz radiation at speci c frequencies, resulting in signi cant signal degradation during



Figure 1.1: lllustration of the electromagnetic spectrum highlighting the terahertz
(THz) gap. The gure spans frequencies from radio waves (19 THz) to gamma rays

(10 THz), illustrating the division between the electronic domain and the photonic
domain.

atmospheric propagation. This limitation reduces the e ectiveness of THz technology
for long-range wireless communication and presents challenges for imaging applications,
where dielectric materials must be dry to ensure transparency in the THz range. As
a result, many experimental setups that involve THz spectroscopy or imaging are
performed in dry-air environments, N, or under vacuum to mitigate this e ect.

Despite the limitations mentioned above, THz radiation has several advantages.
It is non-ionizing, making it safe for biological applications, and can penetrate dry
nonmetallic materials such as plastics, fabrics, and ceramics, allowing applications in
security screening, biomedical imaging, and non-destructive testing [6]. Furthermore,
THz spectroscopy is highly sensitive to molecular rotational and vibrational transitions
and phonon interactions, making it valuable in chemical sensing, pharmaceuticals, and
material characterization [7].

Signi cant advances have been made in recent decades in developing THz sources



and detectors. Photoconductive antennas (PCAs) are among the most used THz emit-
ters, generating pulsed THz radiation when exposed to ultrafast laser pulses [8]. The
work of Auston et al. (1983) demonstrated how photoconductive materials in trans-
mission lines could be used to produce ultrafast THz pulses [9]. Later developments,
such as biased semiconductor antennas, improved the e ciency of THz generation by
incorporating space-charge e ects [10].

Another relevant advance in THz emission came from Cherenkov radiation-based
methods, where femtosecond optical pulses interacting with electro-optic media gener-
ated THz waves [11]. Similarly, time-domain spectroscopy (THz-TDS), developed by
Grischkowsky et al. (1990), provided a powerful tool for analyzing material absorption
and dispersion properties within the THz range [12].

An important aspect of THz technology is the design of e cient radiation
sources. Lens-coupled THz antennas improve the directionality and intensity of emit-
ted THz waves, as demonstrated in studies by Jepsen and Keiding (1995) [13]. By
attaching a collimating lens to the back of a THz emitter, signi cantly improved the
brightness and beam quality of THz sources, leading to higher sensitivity in THz imag-
ing and spectroscopy.

In summary, while there is still a lot of work to do to close the THz gap, advances
in device physics, material science, and photonics integration are helping address this
challenge. The next generation of THz technologies targets to increase e ciency, reduce

complexity, and expand industrial and scienti ¢ applications.

1.2 General Applications of Terahertz Technology

Terahertz (THz) technology, particularly time-domain THz pulses generated
and detected using photoconductive antennas, has enabled a wide range of applica-
tions because of its non-ionizing nature, sensitivity to molecular vibrations and dielec-
tric properties, and its ability to pass through dry dielectric materials. This section
categorizes the general applications of THz radiation into three main domains: spec-

troscopy, imaging, and communications.



1.2.1 THz Spectroscopy
1.2.1.1 Material Characterization

THz spectroscopy o ers a powerful, non-destructive method to analyze materials
based on their characteristic vibrational and rotational transitions. Broadband THz
time-domain spectroscopy (THz-TDS) systems employing photoconductive antennas
enable precise measurements of dielectric properties, allowing di erentiation between
crystalline polymorphs, porosity levels, and structural integrity in polymers, ceramics,

semiconductors, and pharmaceuticals [14, 15, 16].

1.2.1.2 Chemical Sensing

The unique spectroscopic ngerprints of many molecules in the THz range allow
the identi cation of explosives, narcotics, and chemical agents. Systems such as the T-
Cognition spectrometer use THz pulses from photoconductive emitters to scan samples

and compare absorption spectra to a known library [17, 18, 14].

1.2.1.3 Biomedical Spectroscopy

THz spectroscopy is used to assess biological molecules (e.g., amino acids, DNA,
proteins) because of its sensitivity to hydrogen bonding and hydration levels. Photo-
conductive THz sources o er coherent, broadband probing of tissues and biomolecules

in a label-free and non-ionizing manner [19, 14].

1.2.2 THz Imaging
1.2.2.1 Security Screening

THz imaging systems are employed in security applications to detect concealed
weapons, explosives, or contraband under clothing or inside packages. These systems
rely on the contrast between THz-transparent materials (e.g., fabric) and THz-opaque
objects (e.g., metal, water-rich materials), with photoconductive antenna arrays form-

ing the core of many portable or walkthrough imaging platforms [17, 18].



1.2.2.2 Industrial Inspection

THz imaging has matured as a non-destructive testing method for industrial
applications including layer thickness measurements, void detection in foams, compos-
ite evaluation, and coating analysis. Photoconductive antenna-based scanners, such as
those developed by TeraView and TeraMetrix, are deployed in-line to provide real-time
quality control [20, 21, 15, 14].

1.2.2.3 Medical Imaging

Medical imaging applications bene t from THz's high sensitivity to water con-
tent and molecular structure. THz pulses reveal contrast between healthy and diseased
tissues (e.g., tumors), and can be used for early cancer detection, burn assessment, or

dental diagnostics, particularly in super cial layers where resolution is critical [19, 14].

1.2.2.4 Art and Heritage Conservation

THz imaging is employed to examine artworks, manuscripts, and historical arti-
facts without damaging them. It can uncover underlying sketches, structural damage,
or di erentiate restoration layers using the depth resolution and dielectric contrast of

pulsed THz systems [16, 14].

1.2.3 THz Communications
1.2.3.1 High Bandwidth Wireless Communication

Sub-THz and THz frequencies are explored for ultra-high-speed wireless in 6G
and beyond, with the possibility of implementing data rates over 100 Gbps. While
continuous-wave (CW) systems are more common in this domain, photoconductive

emitters via photomixing are used in research to generate THz carriers [14].

1.2.3.2 Space Communications
THz links are being investigated for deep-space communication because of their

high data throughput and smaller beam divergence. The development of THz transceivers



is supported by advances in semiconductor devices and, in some research platforms,

photoconductive THz sources [14].

1.2.3.3 Other Applications

Emerging THz applications include environmental sensing (e.g., detecting pol-
lutants or gases by their absorption lines), mapping electrical conductivity in materials
such as graphene [22], and even ultrafast computing and logic using THz pulses in

semiconductor switches [5, 1].

1.3 THz Measurement Systems and Techniques
1.3.1 THz Time-Domain Spectroscopy (THz-TDS)

Terahertz Time-Domain Spectroscopy (THz-TDS) is a technique that measures
the electric eld of broadband terahertz pulses as a function of time. Unlike traditional
spectroscopy methods that record intensity as a function of frequency, THz-TDS cap-
tures the temporal waveform of a terahertz pulse and then applies a Fourier transform
to extract frequency-domain spectral information. This coherent detection gives both
amplitude and phase, giving information about material properties such as refractive
index, absorption coe cients, and complex permittivity.

The generation and detection of THz pulses in THz-TDS are commonly achieved
using photoconductive antennas (PCAs). Alternatively, electro-optic crystals such as
ZnTe or GaP can be used for detection, where the THz eld modulates the birefrin-
gence of the crystal, and this change is probed by the laser pulse through electro-optic
sampling.

THz-TDS has been widely applied in spectroscopy and imaging. It allows non-
contact, non-destructive probing of a material's chemical composition and structural
features. For example, it has been used to di erentiate polymorphs in pharmaceutical
compounds, identify explosives and narcotics, analyze semiconductor properties, and

even assess cultural heritage artifacts without damage [14, 1, 19, 17, 15, 5].



1.3.2 Terahertz Time-Domain Re ectometry (THz-TDR)

Time-Domain Re ectometry (TDR) is a technique used to locate faults in elec-
trical transmission lines. It works by sending a fast electrical voltage pulse along a
transmission path and monitoring re ections caused by impedance mismatches such as
breaks or shorts. The round-trip time of the re ected electrical signal is used to deter-
mine the location of the fault. Traditional TDR, while e ective for many applications,
is constrained by its spatial resolution due to the limited bandwidth and rise time of
electrical pulses.

Terahertz frequency TDR (THz-TDR) enhances this concept by using ultrafast
pulses in the THz frequency range (0.1{10 THz), potentially enabling sub-J@m res-
olution. This improvement is achieved by using femtosecond optical (laser) pulses to
generate and detect the THz signals through photoconductive switches or antennas.
In a THz-TDR setup, an ultrafast optical (laser) pulse excites a photoconductive an-
tenna, generating a picosecond-duration THz electromagnetic pulse that propagates
through the device under test. Any discontinuities re ect the THz electromagnetic sig-
nal, which is then sampled in time by a synchronized detection antenna. The resulting
time-domain waveform provides high-resolution spatial data about internal faults.

Photoconductive devices are essential to THz-TDR because of their ability to
generate and detect broadband, sub-picosecond THz pulses. Photoconductive antennas
enable precise and non-destructive fault localization in dense microelectronic systems.

Applications of THz-TDR include failure analysis of semiconductor packages,
inspection of 2.5D/3D integrated circuits, and nondestructive analysis of high-density
interconnects. Itis also used in advanced printed circuit boards and embedded systems

where conventional TDR cannot resolve closely spaced faults.

1.3.2.1 Electro-Optical Terahertz Pulse Re ectometry (EOTPR)
Electro-Optical Terahertz Pulse Re ectometry (EOTPR) builds on the THz-
TDR principle by providing even ner resolution and advanced signal processing ca-

pabilities. EOTPR



uses a pair of photoconductive switches|one for pulse generation and another
for detection|to perform high-resolution time-domain re ectometry at THz frequen-
cies. The ultrafast laser-driven switches generate THz pulses with bandwidths up to
2 THz and rise times under 6 ps, potentially enabling fault detection with resolution
below 10um [23, 24, 25].

EOTPR systems operate by launching a THz pulse into the package intercon-
nect or transmission line under test. Any impedance discontinuity re ects part of the
pulse, which is sampled using a time-gated detection process. The timing of re ections
reveals fault locations, while their polarity and amplitude give insight into fault type
(short, open, or partial defect). Because of the use of laser-synchronized photocon-
ductive switches, EOTPR o ers greater bandwidth and dynamic range compared to
conventional TDR systems.

Commercial EOTPR setups have been successfully integrated into semiconduc-
tor failure analysis work ows, providing powerful non-destructive inspection of ip-chip
packages, fan-out wafer-level packages, and TSV interconnects. The technique has
proven e ective in isolating open circuits, micro-cracks, and interfacial delamination
[25, 24].

1.3.3 Continuous-Wave (CW) THz Systems:

Continuous-Wave (CW) terahertz (THz) systems generate and detect radiation
at xed or tunable frequencies in the THz range, in contrast to the broadband pulses
used in THz time-domain spectroscopy (THz-TDS). These systems are valuable for

applications requiring high spectral resolution and steady-state measurements.

Generation and Detection Techniques
CW THz radiation is produced through photomixing, where two near-infrared
continuous-wave lasers with slightly di erent frequencies illuminate a photoconductive

antenna. The beat frequency between the two lasers results in the generation of CW



THz waves [5, 1]. This method bene ts from the precision of laser frequency control,
allowing for tunable and narrowband THz generation.

Other CW generation methods include frequency multiplication chains, which
start from microwave frequencies and use nonlinear devices to produce higher harmon-
ics in the THz range. Quantum cascade lasers (QCLS) are also used, particularly in the
higher THz range (above 2 THz), o ering compact solid-state sources with relatively
high output power for CW operation.

Detection of CW THz radiation is typically accomplished using heterodyne re-
ceivers, bolometers, or photoconductive antennas in a photomixing setup. These tech-
nigues enable precise frequency discrimination and high signal-to-noise measurements
[14].

1.3.4 THz Imaging Systems
Terahertz (THz) imaging systems can be grouped based on their imaging modal-
ities, which include focal plane arrays, scanning-based systems, and other emerging

imaging techniques.

Focal Plane Arrays

Focal plane array (FPA) imaging uses two-dimensional detector arrays to cap-
ture THz images in real-time. These arrays are composed of multiple pixels, each
capable of detecting THz radiation, thereby enabling rapid acquisition of image frames
without mechanical movement. FPAs are advantageous for applications requiring high-
speed imaging, such as security screening or industrial inspection on production lines.
Most THz FPAs operate in the continuous-wave (CW) regime, though pulsed FPAs

are also being developed [14].

Scanning Systems
Scanning THz imaging systems employ a single-point detector or emitter that is
mechanically moved across the target area to build up an image point-by-point. Raster

scanning is commonly used in both transmission and re ection geometries. These



systems can leverage the broad spectral content of THz time-domain spectroscopy
(THz-TDS), providing both structural and spectroscopic information. Photoconduc-

tive antennas are frequently used in these systems as both emitters and detectors
[19, 1]. Despite slower acquisition speeds compared to FPAs, scanning systems o er

high spatial resolution and exibility in con guring measurement geometries.

Other Imaging Techniques

Several emerging techniques are enhancing the capabilities of THz imaging:

" Synthetic Aperture THz Imaging : This approach simulates a large aperture
using a moving THz source and/or detector, improving resolution without large

optics.

" Compressive Sensing : By acquiring fewer measurements than traditional scan-
ning methods, compressive sensing allows for faster image reconstruction with

reduced data requirements.

" Holographic THz Imaging : Captures both amplitude and phase of the THz

eld, enabling 3D image reconstruction.

These techniques bene t from the coherent detection capabilities of THz-TDS systems
and are particularly suited for advanced material analysis and biomedical imaging
[17, 5].

1.4 Commercial THz Companies and Products

Several companies have commercialized THz pulse systems and photoconductive

devices:

" TeraView Ltd. : Specializes in THz imaging and spectroscopy for semiconductor
chip fault analysis and quality assurance and non-destructive inspection of high

value coatings [26].
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Menlo Systems : Produces ber-coupled THz-TDS spectrometers, enabling
high-precision material analysis. Their systems are used in pharmaceutical qual-

ity control, materials research, and industrial process monitoring [27].

" TOPTICA Photonics : Develops THz spectroscopy and imaging systems using
photoconductive antennas for multiple scienti ¢ and industrial applications. The
femtosecond lasers used to test the devices presented in this thesis are from this

company [28].

Advantest Corp. : Manufactures THz-based testing systems used in failure

analysis and quality assurance [29].

Luna Innovations (TeraMetrix) . Focuses on THz process monitoring, non-

destructive evaluation, and in-line industrial quality control [30].

" HUBNER Photonics : Develops THz systems for public security and quality
control [31].

1.5 Devices

As demonstrated in the previous section, the diverse applications of Terahertz
(THz) technology needs di erent kind of devices for generation and detection. While
electro-optic materials, non-linear crystals, and photomixers play signi cant roles in
speci ¢ applications, photoconductive antennas (PCAs) stand out for their versatility
and widespread use. This makes them a critical component in many THz systems, and
the primary focus of this work. Therefore, this section will delve into the principles,

advancements, and applications of photoconductive antennas and switches.

1.5.1 Photoconductive switches

Photoconductive antennas (PCAs), also known as photoconductive switches
(PCSs), utilize the photoconductive properties of semiconductors to generate and de-
tect Terahertz (THz) radiation. A PCA consists of metallic electrodes deposited on a

semiconductor substrate, forming a micron-scale gap that exposes the semiconductor
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material. As shown in Figure 1.2a When used as an emitter, a DC bias voltage is
applied across the electrodes. Without illumination, the semiconductor gap is highly
resistive, and minimal current ows. However, when an ultrashort laser pulse with

a photon energy exceeding the semiconductor bandgap illuminates the gap, electron-
hole pairs are generated, making the gap conductive. The bias voltage accelerates
these charge carriers, creating a transient photocurrent that radiates electromagnetic
waves. To generate THz radiation, the switching process must be ultrafast, requiring
laser pulses with durations below 100 femtoseconds. The geometry of the metallic elec-
trodes and the antenna structure determine the properties of the radiated THz waves,
such as the polarization and directionality.

When a photoconductive antenna (PCA) is used as a detector, the incoming
Terahertz (THz) electromagnetic wave induces a transient current in the semiconductor
gap. This occurs because the electric eld of the THz wave accelerates the charge
carriers generated by the ultrafast laser pulse. For optimal detector performance,
particularly in time-domain applications, a short carrier lifetime in the semiconductor
material is crucial. This short lifetime ensures that the detector's response accurately
re ects the temporal pro le of the THz wave, enabling high temporal resolution.

To e ectively analyze the performance of photoconductive switches (PCSs), it
is crucial to understand the key parameters that in uence their measured characteris-
tics. These parameters can be categorized into four main areas: the properties of the
ultrashort optical pulse, the intrinsic properties of the semiconductor thin Im and sub-
strate, the design and materials of the photoconductive antenna, and the measurement
setup, such as laser pump alignment.

Photoconductive antennas (PCAs) remain a preferred technology for generating
and detecting THz pulses due to their scalability, cost-e ectiveness, and compatibility
with ber-coupled optical systems. Recent research has focused on optimizing ma-
terials and geometries to enhance PCA performance, particularly for use at telecom

wavelengths such as 1550 nm.
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Figure 1.2: lllustrative example of pulsed THz generation in a photoconductive antenna
(PCA). (a) A femtosecond optical pulse generates a transient photocurrent in the
photoconductor, which drives the antenna to emit a broadband THz pulse. (b{e)
Time-domain evolution of carrier generation (red trace) and the resulting photocurrent
for photoconductive materials with short (gray trace) and long (blue trace) carrier
lifetimes. Reproduced with permission from N.M. Burford and M.O. El-Shenawee,
\Review of terahertz photoconductive antenna technology,’Optical Engineering vol.
56, no. 1, p. 010901, 2017® 2017 SPIE. [1]

See reuse license on D.1
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Figure 1.3: Diagram of a photoconductive antenna device

This motivates our development of PCA devices based on ErAs:llI-V semicon-

ductors, which will be explored in Chapters 3 and 4.

1.5.2 Main components

As Figure 1.3 shows, the main components of a photoconductive antenna are
the photoconductive material, which is a thin Im semiconductor grown on a substrate,
and the antenna, which consists of the micro-fabricated electrodes on top of the photo-
conductive material. Usually, a hyperhemispherical silicon lens is attached to the back
side of the substrate to enhance the emission and detection of THz radiation. The
reason for this is the di erence in refractive index at the air-substrate interface, which

could cause strong di raction of the traveling THz waves.

1.5.3 Thin Im semiconductor

The Im's semiconductor thickness is usually designed to absorb most of the
optical pump laser [32]. The semiconductor acts as a switch in the PC; thus, some
essential characteristics are necessary. For the switch-on process, the Im should have
a bandgap below the energy of the optical pulse, allowing carriers to be excited across
the bandgap. ldeally, no current will circulate without the optical pulses' excitation;
thus, the thin Im must be a highly resistive material. The higher the resistivity of the

material, the higher the signal-to-noise ratio (SNR) of the emitted or detected THz
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signal [33]. The amplitude of the THz pulse (k) is proportional to the carrier mo-
bility ( ) and the change with time of the carrier density (% ); as a consequence,
high mobility of the carriers is strongly desired. Usually, the increase of the dark re-
sistance decreases the mobility; however, high values of both can co-exist if the dark
carrier concentration (initial) is low, which is achievable by having a Fermi level in the
middle of the material bandgap. Another important property is the carrier lifetime,
which is more critical if the device acts as a detector due to the necessary temporal
resolution. If the carrier lifetime is too long, we get a lower SNR and narrower band-
width performance; thus, a short carrier lifetime is necessary. The short carrier lifetime
also guarantees that the photocurrent intensity corresponds to the THz amplitude in a
concise instance of time. The semiconductor Im breakdown bias is another essential
property that determines the maximum eld that could be applied. Ideally, one mate-
rial would possess all relevant characteristics simultaneously; however, there is usually
a trade-o among them, as they are closely related.

Other Materials

Radiation damaged silicon on Sapphire was one of the rst materials used for
THz applications. The low carrier lifetime is due to the Si lattices damage through ion
implantation, which produces deep traps within the bandgap. In this case, both the
carrier life time and mobility decrease with the increase of ion implantation, reaching
a limit of 0.6 ps for doses above 3 10 cm 2 [34]. Today, one of the most common
materials used for THz generation and detection is low-temperature GaAs (LT-GaAs).
Usually, GaAs is synthesized by MBE at around 588C, but when the material is grown
at a lower temperature (around 200C) and then annealed at around 600C, an excess
of As is incorporated ( around 1%). The excess of arsenic creates defects, which act
as recombination centers, reducing the carrier lifetime. Although LT GaAs is highly
implemented, both as a detector and an emitter, it has di culties with reproducibility,
due to the low temperature growth of 200°C, where it is most di cult to control the
temperature, and the crystal quality is lower. Another more promising alternative is

the incorporation of semimetallic ErAs nanoparticles embedded in high-quality GaAs.
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1.5.4 Antenna geometry

The THz radiation characteristics (bandwidth, output power, and signal to noise
ratio (S/N)) emitted by a photoconductive switch (PCS) depend principally on the
properties of the ultrashort optical pulse (wavelength, pulse width, and pump uence),
DC bias applied (limited by the breakdown voltage of the thin Im semiconductor),
thin- Im semiconductor properties (carrier mobility, dark resistance, bandgap, break-
down voltage, and carrier lifetime), and PCS geometry. Concerning the optical pulse
parameters, the wavelength should be shorter than the corresponding thin- Im semi-
conductor bandgap. The pulse width should be in the femtosecond region to create
a transient photocurrent because of the fast change in carrier concentration, and the
pump uence is the ratio between the energy and the area of the pulse spot on the sur-
face of the thin- Im semiconductor; the higher the uence, the better until it reaches
a saturation point due to a high carrier concentration that creates a built-in voltage
that screens the DC bias applied on the antennas. In terms of thin- Im semiconduc-
tor properties, the carrier lifetime is more crucial for the PCS when performing as a
detector. For an emitter, while the bandwidth of the emitted THz radiation is primar-
ily determined by the ultrafast excitation pulse duration and the material's intrinsic
characteristics, the carrier lifetime plays a critical role in enabling high repetition rate
operation without saturation e ects. [35]. Similarly, a material with a shorter carrier
lifetime allows a higher pump intensity before saturation is reached [36]. Finally, the
parameters related to the PCS geometry, considering the dipole antenna structure, are
the most critical: dipole spacing, length, and width. The spacing is typically in the
order of microns and limits the spot size of the optical pulse. Using the dipole ap-
proximation, the source is the pulse spot size, which is usually much smaller than the
wavelength of the emitted radiation. This dipole approximation is valid since the size
of the source, which is comparable to the spot size of the optical beawg (typically
10 ), is usually much smaller than the wavelength of the THz radiation ., (300 m
for 1 THz). Considering only the far- eld radiation (distancer >> 1., the emitted

THz electric eld can be expressed as Equation 1.1.
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Etnz(t) = 2 P

[lpc(ty)] (1.1)

From Equation 1.1, the emitted THz electric eld is proportional to the change
in photocurrent with respect to time. Here, ¢ is the permeability of free space, is the
angle between the dipole axis and the observation direction, r is the distance from the
source, andt; = t ¢ is the retarded time. The termw, represents the spot size of the
optical beam incident on the photoconductive gap. Its presence in the equation arises
from the approximation that the photoexcited currentlpc(t) is uniformly distributed
across this optical spot size in the derivation of the dipole moment.

For modeling the photocurrent, the Drude-Lorentz model often simpli es by fo-
cusing on electrons due to the higher mobility compared to holes. This model clari es
how the photocurrent depends on many of the factors mentioned above such as semi-
conductor parameters (carrier lifetime, mobility), optical pulse parameters (intensity
pro le, pulse width), and DC bias. However, the only parameter related to the antenna
geometry is the dipole spacingvy because the optical spot size is typically matched
to the electrode gap. The reason for not seeing other antenna geometry parameters
is that the dipole approximation considers the radiation generated only in the gap of
the antennas; however, those electrons that can reach the anode contribute to THz
generation in the antenna structure. For that reason is recommended that the optical
pulse extends slightly onto the anode [37]. This approximation does not consider the
bias screening by the carriers at high optical power. In addition, the peak frequency is
strongly a ected by the length of the dipole antenna; a longer dipole length shifts the
peak to lower frequencies. Also, it is a ected by the type of dipole antenna, where the
bow tie geometry type has lower peak frequencies than the dipole ones. However, the
low-frequency value is limited by the response frequency of the thin Im semiconductor
[36, 38].

On the other hand, it is essential to consider that experimentally, the THz
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radiation measured depends on the detector; even if the emitter has a broad bandwidth
in the frequency domain, it is limited by the receiver performance. When the PCS acts
as a detector, all the parameters mentioned above play a role in the performance. The
main di erence is in the bias eld because it is administrated by the THz radiation that

is being detected. Also, carrier lifetime has a more critical role than in an emitter, so
the photocurrent duration is much shorter than the duration of the THz pulse, allowing
for mapping the waveform with high temporal resolution. Unlike the emitter, a longer
carrier lifetime in the receiver will reduce the bandwidth because the amplitudes of the

high-frequency waves cancel out in the average [39].

1.5.4.1 Dipole Length

The geometry of a photoconductive antenna (PCA) critically in uences its emis-
sion characteristics, particularly in the terahertz (THz) frequency range. Among these
geometric parameters, the dipole lengthl() plays an important role, as it determines

the antenna's resonance condition, bandwidth, and overall spectral performance.

Resonance and Frequency Response
Photoconductive antennas can be modeled as classical dipole antennas, exhibit-

ing resonance when their length satis es the condition:

L=m (1.2)

_n.
2 k)
wherem is the resonance mode (typicallyn = 1 for the fundamental), and , = =n

is the wavelength of THz radiation inside the semiconductor with refractive inder.

Using the wave relationc=  f, the resonance frequency is:
m c
f=— 1.3
2nL (1.3)

This inverse relationship implies that shorter dipoles resonate at higher frequencies,

while longer dipoles resonate at lower frequencies.

Experimental Observations
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Early work by Auston et al. [40] established the principle of using photoconduc-
tors as time-varying current sources for THz radiation, treating them as sub-wavelength
dipoles. Smith et al. [41] later fabricated and tested PCA dipoles of lengths 50, 100, and
200 um, and performed time-domain autocorrelation and frequency-domain analysis.

Their measurements demonstrated:

" The 200 um dipoles exhibited a resonance at 340 GHz with a FWHM 260
GHz.

" The 100 um dipoles had a broader spectral peak around 525 GHz, extending
beyond 1 THz.

" The 50 um dipoles showed broadband emission reaching beyond 1.5 THz.

These results emphasize that reducing dipole length shifts the peak emission

frequency upward, although with reduced signal strength.

Higher-Order Resonances

Beyond the fundamental resonancef = 1), higher-order resonances can emerge
form=2;3;::.. Tani et al. [42] and Miyamaru et al. [43] reported observable second-
order peaks (e.g., 0.71 THz for 200pm dipoles) when excited with ultrafast laser
pulses. These higher-order modes are typically weaker and more sensitive to damping

mechanisms such as carrier relaxation and substrate losses.

Design Trade-0 s

The choice of dipole length involves a trade-o between emission strength and
spectral response. Longer dipoles, such as 300, tend to produce stronger emission
and higher electric eld strength, but at the cost of a narrower bandwidth and lower
peak frequency. In contrast, shorter dipoles, such as %0n, yield broader spectral
bandwidths and higher peak frequencies, though with reduced emission intensity.

In applications like time-domain spectroscopy (THz-TDS), where broadband

emission is bene cial, shorter dipoles may be preferred. However, for narrowband
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detection or communication applications, resonant designs using longer dipoles may be

more suitable.

Summary

Dipole length fundamentally governs the resonant and spectral behavior of
PCAs. Experimental and theoretical analyses consistently show that decreasihg
increases the center frequency and bandwidth, while longer dipoles enhance spectral
power near their fundamental resonance. These relationships provide a key design lever

for optimizing THz emission or detection in PCAs.

1.5.4.2 Antenna Width

The width of the dipole electrodes in a photoconductive switch (PCS) plays a
signi cant role in determining the e ciency, bandwidth, and spatial characteristics of
the emitted and detected THz radiation. While much focus has been placed on dipole
length and gap spacing, the lateral dimension (width) of the dipole arms in uences
several key mechanisms in THz generation and detection.

In the emitter con guration, the width determines the area over which the laser
pulse interacts with the biased semiconductor region. A wider dipole increases the
e ective interaction area, potentially enhancing the total emitted power, particularly
when the optical spot is not tightly focused. However, Jepsen et al. emphasized that
for tightly focused laser spots (spot size 14, ), the PCS can be modeled as a point
dipole, and most of the THz radiation arises from a localized region near the anode
edge [10]. Therefore, an excessive increase in dipole width may not linearly improve
THz emission and can introduce spatial averaging e ects that reduce high-frequency
components due to destructive interference across the extended source.

The antenna width also plays a critical role in the detection process. As de-
scribed by Burford and El-Shenawee, the detector's geometrical response function
(GRF) depends on the overlap between the spatial pro le of the incoming THz beam

and the detector area [1]. High-frequency THz components are con ned to smaller
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spot sizes; thus, a narrower detector width improves the GRF at higher frequencies
and extends the detectable bandwidth. This was corroborated by Jepsen et al., who
showed that reducing the width and length of the detector leads to a nearly di eren-
tiated signal response at low frequencies and improved sensitivity at high frequencies
[10].

Increasing the dipole width increases the metal-semiconductor interface, which
may lead to enhanced carrier collection and improved e ciency, but also introduces
parasitic capacitance and inductance that limit the temporal response of the antenna.
This trade-0 must be considered in applications prioritizing broad bandwidths versus
those optimizing for signal amplitude or power.

Overall, antenna width is a crucial geometrical parameter that must be opti-
mized in conjunction with dipole length and gap spacing. For high-resolution THz
time-domain spectroscopy (THz-TDS), narrower dipoles with sub-wavelength widths
o0 er better bandwidth performance, while wider electrodes may be preferred in imaging

or power-intensive applications.

1.5.4.3 Antenna Gap

The gap between the dipole electrodes in a photoconductive switch (PCS) is a
key design parameter that directly impacts the strength and temporal pro le of the
THz radiation. The gap de nes the region over which the bias voltage is applied,
thereby determining the electric eld available to accelerate photoexcited carriers. It
also de nes the spatial overlap with the incident optical excitation, which is usually

focused onto the gap.

Electric Field and Carrier Acceleration

For a given bias voltageVyiss, the electric eld in the gap is approximately
E = Wias=d, whered is the gap width. A narrower gap results in a higher electric eld,

which leads to stronger carrier acceleration and, consequently, higher THz emission.
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However, as shown in the work by Tani et al. [36], this enhanced eld also increases
the risk of dielectric breakdown and enhances carrier screening at high optical uence.
Moreover, as Mangeney and Crozat [44] demonstrated in InGaAs-based PCAs,
reducing the gap to sub-micron dimensions signi cantly boosts the emitted power but
also leads to a saturation regime where further increase in laser power no longer in-
creases emission. This is due to space-charge e ects and bias eld screening caused by

dense photoexcited carriers.

Saturation and Screening E ects

When high optical uence is used, photocarrier density in the gap becomes
su ciently large to screen the externally applied eld, thus reducing the acceleration
e ciency. This bias eld screening e ect is more pronounced in devices with smaller
gaps due to the stronger local eld and reduced active volume. Zhang et al. [37]
guantitatively assessed the contributions of the in-gap photocurrent versus antenna
structure to THz emission, showing that while a large portion of the radiation originates

near the anode, eld screening limits further scaling of emission with uence.

Laser Spot and Gap Matching

In practice, the laser spot size must be properly matched to the gap size to ensure
e cient excitation. Kono et al. [45] emphasize that when the optical spot exceeds the
gap region, only a fraction of the laser power contributes to THz generation. A smaller
gap also requires tighter focusing, which may reduce excitation uniformity or cause
localized damage at high power. Conversely, a larger gap eases alignment and focusing

but decreases the local electric eld for a given bias voltage.

Modeling and Design Trade-O s
Theoretical modeling, such as that presented by Khiabani et al. [46], treats the

gap as a lumped element in an equivalent circuit. The gap contributes capacitance

22



and resistive loss, both of which increase with gap size and degrade high-frequency

response. Therefore, the choice of gap width involves a balance between:
" High eld strength (narrow gap)
~ Breakdown voltage margin (wider gap)
" Laser alignment and optical coupling e ciency

" Frequency bandwidth and parasitic e ects

Summary

In summary, the antenna gap is a critical parameter in photoconductive antenna
design. Narrower gaps enhance electric elds and improve THz emission e ciency,
but also introduce challenges related to screening, saturation, and optical alignment.
Optimal gap sizes typically range from 1{10um for near-infrared fs-laser excitation,

depending on material breakdown characteristics and the target THz bandwidth.

1.6 Telecom wavelength 1550 nm

Traditionally PCS rely on excitation by ultrafast Ti:Sapphire lasers operating at

800 nm. While e ective, Ti:Sapphire lasers are expensive, bulky, and require regular

maintenance. In fact, the ultrafast laser component can account for up to 50% of the
total cost of a THz time-domain spectroscopy (THz-TDS) system [47].

An alternative lies in leveraging telecom-wavelength ultrafast lasers centered at
1550 nm. These lasers bene t from decades of development in the optical telecommu-
nications industry, leading to compact, low-cost, and ber-compatible laser systems.
When combined with engineered photoconductive materials responsive at 1550 nm,
this approach allows the creation of THz emitters and detectors that operate outside

the Ti:Sapphire regime.
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Key Advantages of 1550 nm Ultrafast Lasers
~ Cost Reduction : Telecom-band ber lasers are signi cantly cheaper than Ti:Sapphire
lasers. This can drastically lower the total cost of a THz-TDS setup, making the

technology more accessible to new users and application elds [47].

Compact and Robust Setup : 1550 nm ber-based systems are compact, ro-
bust, and more amenable to turnkey solutions. This facilitates system integra-
tion, portability, and long-term stability, particularly bene cial for industrial or

eld-deployable THz systems.

Component Availability : The telecommunications industry has matured a
complete ecosystem of components|such as ber couplers, splitters, modulators,

and detectors|optimized for 1550 nm, enabling exible system design and rapid

prototyping.

The transition to 1550 nm ultrafast lasers is therefore a signi cant step toward
democratizing terahertz technology. By leveraging lower-cost laser sources and ber-

based integration, THz systems can be scaled to a wider range of applications.

1.7 Rare earth monopnictides materials
ErAs Characteristics

Erbium arsenide (ErAs) is a rare-earth monopnictide that crystallizes in a rock
salt (NaCl) crystal structure, diering from the zinc blend structure typical of Ill-
V semiconductors such as gallium arsenide (GaAs) and indium gallium arsenide (In-
GaAs). The rock salt structure of ErAs is characterized by a face-centered cubic (FCC)
lattice, with Er atoms and As atoms occupying alternating lattice sites. Despite this
structural di erence, ErAs shares an arsenic sublattice with 1lI-V materials, enabling
relatively coherent interfaces during epitaxial growth [48].

The lattice parameter of ErAs (5.74A) results in a lattice mismatch of approx-
imately 1.6% with GaAs and 2.05% with InP-based materials, such as InGaAs and
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InAlAs lattice-matched to InP [49]. This relatively low mismatch facilitates epitaxial
integration with minimal strain when proper growth conditions are maintained.

The enthalpy of formation of ErAs has been reported to be signi cantly more
negative than that of GaAs or InGaAs, which provides a strong thermodynamic driving
force for the formation of ErAs during epitaxial growth [50, 51]. Schultz and Palmstr m
calculated the reaction enthalpy for the replacement of Ga in GaAs by Er to form ErAs

and Ga as

Er + GaAs! ErAs + Ga (1.4)

with a reported enthalpy change of H, = 790 kJ/g-atom [50]. This reac-
tion pathway complements the direct formation of ErAs from elemental sources under

MBE growth conditions, represented by:

Er+As! ErAs (1.5)

In typical MBE growth, excess arsenic ux ensures stoichiometry, while the re-
placement reaction may dominate in facilitating nanoparticle embedding within the
GaAs matrix. While MBE growth is predominantly governed by kinetics, thermody-
namic quantities such as the reaction enthalpy still play a critical role in determining
which phases are favored and stable once formed. In particular, the large negative
enthalpy associated with the displacement of Ga by Er to form ErAs supports the

spontaneous formation of ErAs nanoparticles, even under limited atomic mobility.

1.7.1 Growth incorporation
The incorporation of ErAs nanoparticles into 111-V semiconductor matrices is
typically achieved through molecular beam epitaxy (MBE). Two primary methods are

employed for this purpose: the co-deposition method and the growth interrupt method.
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Co-deposition Method

In the co-deposition method, Er and the I11-V semiconductor constituents (such
as Ga, In, As, Bi and Al) are deposited simultaneously. This approach allows ErAs
nanoparticles to self-assemble within the host matrix as the Er concentration exceeds
its solubility limit. The self-assembly process is driven by the thermodynamic immisci-
bility between ErAs and the 111-V matrix, combined with the thermodynamic driving
force arising from the enthalpy of formation di erence [50].

The solubility limit of erbium in GaAs under typical MBE growth conditions
at 580 C is approximately 7 10 cm 3, above which ErAs precipitates form as
near-spherical nanoparticles with a rocksalt crystal structure [52]. In the case of
Ing:s3Gag.47AS, grown at a lower temperature of 49CC, Burke et al. found that Er
is soluble up to approximately 3 10'° cm 3 before forming ErAs nanoparticles, as
con rmed by high-angle annular dark- eld STEM and infrared absorption spectroscopy
[53]. This di erence in solubility limits is attributed to variations in lattice constant
and growth temperature between the two host materials.

The temperature dependence of ErAs nanoparticle growth in GaAs has been
characterized by an activation energy of approximately 0.63 eV, extracted from an
Arrhenius plot of precipitate size versus substrate temperature [52]. This value suggests
that ErAs growth is a thermally activated, di usion-limited process. Although the total
Er incorporation appears relatively insensitive to temperature between 540{630,
increased atomic mobility at higher temperatures enables coalescence and growth of
larger ErAs precipitates.

In summary, key parameters in uencing the co-deposition process include:

" Growth Temperature: Higher temperatures promote larger nanoparticle sizes

due to enhanced surface di usion.

" Er Flux and Deposition Rate: The ux a ects the density of nanoparticles,
referring to the number of nanoparticles per unit volume of the Im, not the

intrinsic density of the nanoparticles themselves.
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" Substrate Orientation: Di erent crystallographic orientations can in uence

the shape and distribution of nanoparticles [54].

Growth Interrupted Method

The growth interrupt method involves periodically pausing the deposition of
the 111-V matrix to allow for the controlled incorporation of Er atoms. During these
interruptions, Er atoms are deposited onto the partially grown surface, displacing group
[l atoms and bonding with arsenic to form ErAs nanoparticles. This method provides
greater control over the size, distribution, and density of the nanoparticles compared
to co-deposition [55].

Advantages of the growth interrupt method include:

" Enhanced control over nanoparticle morphology.
" Ability to achieve larger nanoparticles due to localized Er accumulation.

" Potential to reduce the formation of unwanted defects by controlling the growth

environment.

Factors In uencing Nanoparticle Size
Several factors play a critical role in determining thesize and distribution  of

ErAs nanopatrticles:

" Growth Temperature:  Higher temperatures increase atomic mobility, leading
to larger nanoparticles due to enhanced di usion. Lower temperatures result in
smaller nanoparticles with higher number density (i.e., more nanoparticles per

unit volume of the Im) but may introduce defects due to limited atomic mobility.

Er Flux and Deposition Amount: Higher Er ux increases nanoparticle
density (de ned as the number of nanoparticles per unit volume), but has a
limited e ect on size beyond a certain threshold. The deposition amount can

in uence whether nanoparticles remain isolated or coalesce into larger structures.
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" Substrate Orientation: Growth on (001) GaAs tends to produce spherical
nanoparticles, while orientations such as (111)A or (211)A can promote nanorod

formation due to anisotropic di usion [54].

Strain Accommodation: The lattice mismatch between ErAs and the host
matrix in uences the degree of strain. While the mismatch with GaAs ( 1.6%)
and InP-based materials ( 2.05%) is relatively low, localized strain can still a ect

nanoparticle growth dynamics.

Understanding these factors is crucial for optimizing growth conditions and tai-

loring the properties of ErAs-embedded I11-V materials for speci ¢ device applications.

1.7.2 Fermi Level Pinning, Carrier Concentration, and Carrier Lifetime in
ErAs-Embedded 111-V Semiconductors

One of the most relevant electronic e ects of incorporating ErAs nanoparticles
in 11V semiconductors is Fermi level pinning. This phenomenon occurs due to the
introduction of metallic-like states within the bandgap of the host material, which
originate from the ErAs nanoparticles' semimetallic nature [55, 56]. Fermi level pinning
occurs at an energy level determined by the dominant energy of the high density of
states originating from the semimetallic ErAs nanoparticles at the interface. This
pinned energy level can be located within the semiconductor's bandgap or within its
conduction or valence band.

In InGaAs, the Fermi level is often pinned close to or within the conduction
band, e ectively rendering the material heavily n-type. This behavior is not due to
ErAs acting as a traditional donor dopant, but rather because the pinned Fermi level
facilitates the accumulation of free electrons in the conduction band [57]. The strength
and position of this pinning e ect are in uenced by several factors, including nanopar-
ticle size|where smaller nanoparticles exhibit stronger quantum con nement e ects

that can shift the Fermi level position|and nanoparticle density, as higher densities
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lead to stronger coupling between nanoparticles, enhancing the pinning e ect. Ad-
ditionally, interface states at the ErAs/Ill-V boundary contribute to Fermi level sta-
bilization [58]. In this context, \stabilization" implies that the Fermi level becomes
less responsive to external in uences such as doping levels or applied bias, as these
interface states e ectively act as a bu er that maintains the Fermi level at a relatively

xed energy.

Carrier Lifetime Reduction

ErAs nanoparticles act as non-radiative recombination centers, substantially re-
ducing the carrier lifetime in I11-V semiconductors. This reduction is advantageous for
applications requiring ultrafast electronic responses, such as THz photomixers, photo-

conductive switches, and high-speed photodetectors. Key mechanisms include:

" Trap-Assisted Recombination: Interface states at the ErAs/semiconductor

boundary facilitate rapid recombination of electron-hole pairs [59].

" Enhanced Recombination Rates:  Carrier lifetimes as short asub-picosecond
(<1 ps) have been observed, making these materials highly suitable for ultrafast

optoelectronic applications [60].

Summary

The integration of ErAs nanoparticles in 11I-V semiconductors has a profound
impact on electronic properties through Fermi-level pinning, modulation of carrier con-
centration, and reduction of carrier lifetimes. These e ects are critical for optimizing

performance in terahertz devices, high-speed electronics, and photodetectors.

1.8 Dilute bismuthides
Introduction

The incorporation of bismuth (Bi) into I11-V semiconductors has gained increas-
ing attention due to its ability to signi cantly modify the material's optical and elec-

tronic properties. Bi incorporation leads to a substantial reduction in the bandgap, an
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increase in spin-orbit splitting, and a reduced temperature dependence of the bandgap,
making Bi-containing I11-V alloys attractive for applications in optoelectronics, infrared
photonics, and terahertz devices [61, 62]. Incorporating bismuth in [1l-V materials
brings signi cant interest because even a small incorporation brings a high reduction
in the bandgap. This occurs primarily due to the strong interaction between the highly
localized 6p levels of the Bi atoms and the delocalized valence band states of the I1I-V
host material. This interaction causes a repulsion and splitting of the valence band,
with the new upper valence band being pushed upwards, closer to the conduction band,
thus reducing the fundamental bandgap.

Despite the promising potential of Bi incorporation for precise bandgap engi-
neering, achieving signi cant and controlled Bi incorporation during the growth of I11-V
semiconductors presents considerable challenges. The large atomic size of Bi hinders its
e cient incorporation into the Il1-V lattice. In fact, under typical I1lI-V growth condi-
tions (often at higher temperatures), Bi tends to act as a surfactant rather than being
incorporated into the growing Im. To overcome this limitation and facilitate Bi incor-
poration into the semiconductor lattice, speci ¢ growth conditions are crucial. Lower
substrate temperatures are generally required to kinetically trap the larger Bi atoms
onto the growth surface. Furthermore, deviating from the standard arsenic (As) over-
pressure commonly employed in lll1-As material growth, a near-stoichiometric As ux
is necessary. This near-stoichiometric condition is logical considering that Bi competes
with As atoms for the same anion lattice sites within the 1lI-V structure. An excessive
As ux would thermodynamically favor As incorporation, making Bi incorporation a

more challenging process.

Growth Techniques
Bismuth incorporation into 111-V semiconductors is primarily achieved through

epitaxial growth techniques such as:

" Molecular Beam Epitaxy (MBE): The most widely used method, allowing

precise control over ux ratios and temperature to optimize Bi incorporation [63].
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" Metal Organic Vapor Phase Epitaxy (MOVPE): Suitable for large-scale
growth, though controlling Bi incorporation is more challenging compared to

MBE due to the need for high precursor decomposition temperatures [64].

Key Growth Parameters
Several growth parameters in uence Bi incorporation in I11-V semiconductors,

including:

" Substrate Temperature:  Growth temperatures typically range from 26€C to
350°C. Lower temperatures enhance Bi incorporation but may degrade crystalline

quality due to increased defect densities [65].

~ 1I/V Ratio: A near-stoichiometric I11/V ux ratio is critical for maximizing
Bi incorporation. High As overpressure suppresses Bi incorporation due to com-

petitive site occupation [66].

Growth Rate: Slower growth rates promote higher Bi incorporation by provid-
ing su cient time for Bi atoms to integrate into the lattice rather than segregate

at the surface [63].

Challenges in Bi Incorporation
The successful integration of Bi into I1I-V semiconductors faces several chal-

lenges:

" Phase Separation and Droplet Formation: At high Bi uxes or non-optimized
growth conditions, Bi can segregate, leading to metallic droplet formation, a ect-

ing Im uniformity [64].

~ Atomic Ordering:  Studies have reported CuPtB-type ordering in GaAsBi lay-
ers, which can modify electronic band structure and impact carrier dynamics
[65].
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" Limited Solubility: The large atomic size dierence between Bi and other
group V elements limits its solubility, requiring precise control of growth condi-

tions to achieve uniform incorporation [67].

Strategies for Enhanced Bi Incorporation

To optimize Bi incorporation and minimize defects, researchers have explored:

" Oscillating 11/V Flux Ratios: Studies suggest that modulating the 1I/V
ratio during growth can enhance Bi incorporation compared to steady-state con-
ditions [63].

" Surfactant-Assisted Growth: The controlled use of Bi as a surfactant at high

temperatures can aid in achieving better Im morphology [64].

Conclusion

The incorporation of Bi into I11-V semiconductors o ers promising pathways for
bandgap engineering and the development of advanced optoelectronic devices. How-
ever, achieving high-quality Bi-containing IlI-V Ims requires meticulous control of
growth parameters to balance incorporation e ciency and crystalline quality. Contin-
ued research into growth mechanisms, defect mitigation, and atomic ordering e ects

will further enhance the potential of Bi-based I1I-V materials for future applications.

1.8.1 Mechanism and E ects of Bismuth Incorporation on Bandgap Re-

duction in I1I-V Semiconductors
Introduction

The incorporation of bismuth (Bi) into II-V semiconductors such as GaAs,
InGaAs, and InAlAs signi cantly reduces the bandgap, enabling applications in opto-
electronic devices operating in the infrared and terahertz regions. This reduction is
primarily explained by the valence band anti-crossing (VBAC) model, which describes
the interaction between Bi-related states and the valence band of the host material
[68, 69].
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Mechanism of Bandgap Reduction

The valence band anti-crossing (VBAC) model explains the bandgap reduction
observed in I11-V semiconductors upon bismuth incorporation. Bi introduces highly
localized states near the valence band edge due to its large atomic size and low elec-
tronegativity compared to other group V atoms. These states interact with the ex-
tended states of the host valence band, resulting in an upward shift of the valence band
edge and a signi cant narrowing of the bandgap.

This mechanism has been supported both theoretically and experimentally across

multiple alloy systems:

" GaBiAs: Biincorporation reduces the bandgap by approximately 62{88 meV/%Bi,
as measured by photore ectance and photoluminescence spectroscopy [70, 71].

The exact value depends on growth conditions and the strain state of the Im.

" InGaBiAs: Studies report a bandgap reduction of approximately 56 meV/%Bi
in lattice-matched Ing.53Gag.47Bix As; x Ims grown by MBE on InP. Bandgaps
were determined using transmission spectroscopy and con rmed by Fourier-transform

infrared spectroscopy (FTIR) [71].

" InAIBiAs:  In MBE-grown InAIBiAs Ims with up to 3.2% Bi, a reduction of
about 47 meV/%Bi was observed using spectroscopic ellipsometry. For Bi con-
tents above 3%, the bandgap reductions begin to deviate from VBAC predictions,

possibly due to alloy disorder or Bi clustering [70].

Validation and Demonstration of the VBAC Mechanism
The validity of the valence band anti-crossing (VBAC) model has been sup-
ported through a combination of theoretical calculations and experimental observa-

tions:
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" Theoretical Modeling:  Tight-binding, k p, and DFT-based supercell simula-
tions for GaBIiAs, InGaBiAs, and InAIBiAs con rm the interaction between Bi-
induced localized states and the host valence band. These models reproduce the

observed trends in bandgap reduction, particularly in the dilute Bi regime [68, 69].

Experimental Validation: Spectroscopic techniques such as photore ectance,
contactless electrore ectance (CER), FTIR, and ellipsometry reveal redshifts in

optical transitions consistent with VBAC predictions [69, 71, 70].

Nonlinear Bandgap Behavior: At higher Bi concentrations (e.g., above 3{
4%), experimental data begin to deviate from linear VBAC predictions, indicating
the growing in uence of alloy disorder, Bi clustering, and limitations of the simple

two-level model [70].

Conclusion

Bismuth incorporation into 111-V semiconductors signi cantly reduces the bandgap,
with quantitative reductions depending on the host material and Bi content. The
VBAC model provides a robust framework for understanding these changes, supported
by experimental and theoretical evidence. Continued research into Bi incorporation
mechanisms and their e ects on electronic structure will further enhance the potential

of dilute bismuthides for optoelectronic applications.

1.9 Digital Alloys and Modulated MBE

Digital alloys, also referred to as modulated MBE structures or short-period
superlattices, are engineered semiconductor layers formed by periodically alternating
thin layer depositions of constituent binary, ternary or quaternary materials. These
arti cial superlattices are grown using molecular beam epitaxy (MBE) with precise
shutter control, enabling ne-tuned control over composition, strain, and interface
quality.

In a typical digital alloy, the e ective composition is de ned by the duty cycle of

the constituent uxes. For instance, alternating layers of AlAs and AISb with controlled
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shutter timing yields a structure that mimics a homogeneous AIASbh;  alloy. When
the period of the superlattice is su ciently short (typically below 10 nm), the carriers
experience an averaged potential, and the structure behaves electronically and optically
like a random alloy of the same average composition.

This behavior has practical advantages, particularly for alloy systems prone to
phase separation or miscibility gaps. Zhang and Chow demonstrated that modulated
MBE (MMBE) growth of AlAsS ¢.16Shy.g4 On INAs substrates resulted in signi cantly
improved crystalline quality and surface morphology compared to random alloys.

Moreover, MMBE enables more reliable composition control for group-V com-
pounds, as group-V ux ratios (e.g., Ag/Sh,) are challenging to stabilize due to dif-
fering sticking coe cients and vapor pressures. By modulating the group-V shutters
instead of relying on e usion cell temperature, Zhang and Chow achieved highly re-
producible compositions with improved optical properties [72].

Fritz et al. extended this digital alloy concept to the growth of pseudoquater-
nary InGaAlAs alloys using a \machine-state switching" technique. In this approach,
the MBE system switches between multiple prede ned source con gurations to cre-
ate short-period superlattices with targeted band gaps and strain pro les [73]. Their
separate-con nement quantum well LEDs exhibited superior emission intensity com-
pared to bulk alloy counterparts, demonstrating the e cacy of digital alloy engineering
in optoelectronic device applications.

Despite their underlying periodicity, digital alloys behave as e ective media
when the modulation period is smaller than the carrier coherence length and mean
free path. In this regime, standard envelope function approximations apply, and the
electronic and optical properties resemble those of a true random alloy. Thus, digital
alloys o er a powerful method for material and bandgap engineering, combining the

bene ts of precise MBE control with the exibility of alloy tuning.
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1.10 Band engineering

For optoelectronic devices, several material parameters are critical particularly
Im quality. Achieving high-quality Ims often requires lattice matching to the sub-
strate, as this minimizes strain and reduces the formation of crystalline defects such as
dislocations. However, the availability of high-quality substrates with a wide range of
lattice constants is limited. Similarly, targeting a speci ¢ bandgap can be challenging,
especially when constrained by lattice matching. In addition, many optoelectronic de-
vices demand precise band alignment between di erent layers or components. These
challenges underscore the importance of band engineering. The ability to indepen-
dently tune both the bandgap and band alignment would greatly expand the design

space for next-generation optoelectronic devices.
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Chapter 2
EXPERIMENTAL TECHNIQUES

2.1 Molecular beam epitaxy

Molecular beam epitaxy (MBE) is an ultra-high-vacuum (UHV) technique that
operates at a background pressure of around 510 1° torr.While growth rates are
typically slow, on the order of one monolayer per second, this provides exceptional
control over layer thickness and composition, enabling the growth of high-purity mate-
rials with sharp atomic interfaces. These capabilities make MBE particularly suitable
for the growth of quantum wells, superlattices, embedded nanocomposites, and other
heterostructures that require sharp atomic interfaces. [74].

MBE employs high-purity sources; for instance, in our Material Growth Facility,
we employ arsenic with a purity level of 7N5 (99.999995%) to ensure the deposition
of defect-free epitaxial layers. At the same time, the system needs to guarantee that
the material is not contaminated before evaporation, hence the use of e usion cells,
which are among the most critical components of an MBE system. These cells are
designed to evaporate or sublimate materials under controlled conditions. E usion
cells usually consist of high-purity pyrolytic boron nitride (PBN) crucibles heated by
tantalum laments. This con guration minimizes contamination while allowing precise
ux control. Advanced designs, such as valved cracker cells, enable the decomposition
of tetramers (e.g., Ag) into dimers (As;), which o er more favorable surface kinetics
during growth [75]. This exibility in e usion cell design enables the growth of materials
with complex compositions and doping pro les [74].

Our II/V MBE system, named Apollo, is equipped with 10 di erent e usion

cells, as shown in Figure 2.1. These include sources for: Aluminum, Gallium, and
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Figure 2.1: The periodic table highlights the source materials available in the IlI-V
MBE (Apollo) system at the Materials Growth Facility (MGF) at the University of
Delaware. Primary source materials are shown in sky blue, while electronic doping
sources are shown in salmon.

Indium (for IllI-group materials); Valved cracker cells for Arsenic and Antimony, which
provide large uxes; and a source for Bismuth. The system also has two rare earth
sources, Erbium and Terbium. Due to the high temperature required to sublimate
these elements, their crucibles are made of tungsten. Finally, for doping, we have a
silicon source (a lament) and a dual cell containing beryllium and GaTe.

MBE operates in a molecular regime, where atoms and molecules travel along
collision-free paths from the e usion cells to the substrate; this is where the term
\beam" originates. Additionally, MBE systems are equipped with in-situ diagnostic
tools such as re ection high-energy electron di raction (RHEED), allowing real-time

monitoring of growth dynamics.

In conclusion, MBE's molecular regime, UHV environment, and precision make
it indispensable for applications requiring the highest material quality and interface

control. Advances in e usion cell technology and in situ characterization continue to
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expand its capabilities, ensuring its relevance in both research and high-performance

device fabrication.

2.1.1 Thin Film Growth Mechanisms

The growth of thin Ims is a crucial process in materials science and engineer-
ing, especially for epitaxial growth methods such as molecular beam epitaxy (MBE).
Depending on the balance of surface energy, strain energy, and kinetic factors, thin
Ims can grow in distinct modes: layer-by-layer (Frank-van der Merwe), island growth
(Volmer-Weber), or a mixed mode known as Stranski-Krastanow growth. The material

system, substrate properties, and growth conditions in uence each growth mode.

2.1.1.1 Layer-by-Layer Growth (Frank-van der Merwe Mode)

Layer-by-layer growth, also known as the Frank-van der Merwe mode, is charac-
terized by the sequential formation of complete atomic monolayers. This growth mode
happens when the adhesive forces between the substrate and the arriving adatoms are
stronger than the cohesive forces between the adatoms themselves. As a result, in the
ideal case, each layer is completed before the nucleation of the subsequent layer begins,
leading to the formation of smooth, continuous Ims. This type of growth is often
favored in systems exhibiting a good lattice match between the growing Im and the
substrate.

The evolution of layer-by-layer growth can be monitored in real-time using re-
ection high-energy electron di raction (RHEED). Oscillations in the intensity of the
RHEED specular beam directly correlate with the periodic changes in surface rough-
ness associated with the completion of each monolayer, as presented in the work of
Neave et al. (1983) [76].

In systems experiencing lattice mismatch, the initial stages of layer-by-layer
growth can be accompanied by the development of uniform elastic strain within the
growing Im. As described by Van der Merwe (1963), this elastic strain can be ac-

commodated without the introduction of defects up to a specic critical thickness.
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Beyond this critical thickness, however, the strain energy becomes energetically unfa-
vorable, typically leading to the formation of dislocations at the interface to relieve the

accumulated strain [77].

Step-Flow Growth

Step- ow growth is a kinetic regime within the layer-by-layer (Frank{van der
Merwe) growth mode. It could occur when the substrate surface has a slight inten-
tional miscut, creating a regular array of atomic steps. Under growth conditions where
adatoms have high surface mobility|typically at elevated temperatures and low de-
position rates|they di use to these step edges before they can nucleate islands on
terraces. As a result, atoms are incorporated directly at the step edges, causing the
steps to advance laterally. The surface remains smooth and free of 2D island formation,
enabling high-quality epitaxial growth.

This mode eliminates RHEED oscillations typically associated with monolayer
completion because the surface morphology remains nearly constant throughout growth.
Step- ow growth is favored at higher substrate temperatures and/or lower ux rates,
which extend adatom di usion lengths. It is particularly advantageous for fabricating
atomically smooth Ims and sharp interfaces.

The transition between step- ow and island nucleation depends on the balance
between adatom di usion length and terrace width. When di usion length exceeds
terrace width, step- ow dominates; otherwise, 2D island nucleation can occur, restoring

layer-by-layer oscillations.

2.1.1.2 Island Growth (Volmer-Weber Mode)

Island growth occurs when the interactions between adatoms are stronger than
between the adatoms and the substrate. In this mode, three-dimensional islands form
directly on the substrate, leading to rough surfaces. This growth mode is common
when there is a signi cant lattice mismatch or weak substrate-adatom bonding. The

minimization of surface energy and strain drives the Volmer-Weber mode. Matthews
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and Blakeslee (1974) explained how mis t dislocations emerge to accommodate strain

in systems with high lattice mismatch, leading to island formation [78].

2.1.1.3 Stranski-Krastanow Growth

The Stranski-Krastanow (SK) growth mode combines layer-by-layer and island
growth. Initially, a few monolayers grow in a layer-by-layer form, followed by the
nucleation of three-dimensional islands due to the accumulation of strain energy. This
mode is relevant for the self-assembly of quantum dots, as described by Grundmann
et al. (1995). The strain distribution in SK growth drives the transition from wetting

layers to 3D island formation [79].

Stress-Driven Surface Instabilities and Relevance to Molecular Beam
Epitaxy

Stress plays an important role in dictating the morphology of thin Ims, partic-
ularly when signi cant strain is present. Surface instabilities driven by this stress can
in uence the growth mode and the overall quality of the deposited material. Terso and
LeGoues (1994) emphasized the importance of elastic strain relaxation as a key driving
force behind the transition from two-dimensional (layer-by-layer) to three-dimensional
(island) growth [80]. Furthermore, studies by Yang and Srolovitz (1993) have shown
that stress-induced instabilities can lead to the formation of crack-like grooves on the
surface, highlighting the signi cant impact of stress on thin Im morphology [81]. The
nonlinear evolution of these stress-driven instabilities can further accelerate groove for-
mation and morphological changes, potentially disrupting the continuity of the growing

Im.

Conclusion
The growth mode of thin Ims involves the balance of energetic and kinetic
factors. Understanding the mechanisms behind layer-by-layer, island, and SK growth

is crucial for optimizing the performance of epitaxial systems.
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2.1.2 Re ection High Energy Electron Di raction (RHEED)

Re ection High-Energy Electron Di raction (RHEED) is a powerful in situ char-
acterization technique widely used in molecular beam epitaxy systems. By provid-
ing real-time information on surface structure, growth dynamics, and crystal quality,

RHEED enhances the precision and control achievable in MBE.

How RHEED Works

RHEED involves the interaction of a high-energy electron beam (typically 10{
20 keV) with the surface of a substrate or thin Im at a glancing angle (33°). The
di racted electrons form a pattern on a phosphorescent screen, providing information

about the surface morphology and crystal structure.

Information Provided by RHEED

Re ection high-energy electron di raction (RHEED) o ers valuable real-time in-
sights into the surface and structural properties of epitaxial Ims during growth. The
di raction patterns reveal the arrangement of surface atoms, allowing for the identi -
cation of crystallographic orientations and surface reconstructions [82, 76]. RHEED is
also a useful tool for monitoring growth dynamics; oscillations in the di raction inten-
sity correspond to di erent growth modes such as layer-by-layer, island, or step- ow
deposition [82, 83]. The sharpness and streakiness of the patterns provide qualitative
information about surface roughness and atomic step formation [83]. Additionally,
the overall di raction pattern quality serves as an indicator of crystallinity, helping to

assess the presence of structural defects in the growing Im [84].

Advantages of RHEED in MBE

RHEED is especially well-suited for molecular beam epitaxy (MBE) due to its
ability to provide continuous, real-time monitoring under ultrahigh vacuum (UHV)
conditions. It enables in situ adjustments to growth parameters during deposition,
helping to ensure high-quality Im growth [82, 83]. The technique is susceptible to

subtle changes in surface structure and composition [84], and it allows for precise
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tracking of layer-by-layer growth. In particular, RHEED intensity oscillations are cor-
related with monolayer completion, facilitating accurate thickness control and growth
rate calibration [76, 83]. Furthermore, because the electron beam is incident at a shal-
low angle, RHEED is a non-destructive technique that minimizes damage to the sample

surface [83].

Applications of RHEED in MBE

RHEED plays a vital role in various molecular beam epitaxy (MBE) applications
due to its ability to provide real-time, surface-sensitive information during growth. It
is commonly used for thin Im growth analysis, particularly for monitoring layer-by-
layer deposition in heterostructures and quantum wells [76, 83]. RHEED also facilitates
the study of surface reconstructions during substrate preparation or growth, helping
in process reproducibility [82, 83]. Additionally, it enables real-time calibration of
growth rates by determining atomic or molecular uxes [82, 84]. Finally, RHEED is
e ective in detecting surface defects such as dislocations, steps, and other irregularities,

contributing to improved material quality control [83].

2.1.3 Substrate Temperature Monitoring

Growing high-quality epitaxial Ims requires that adatoms possess su cient
surface mobility, which is typically achieved by heating the substrate to high temper-
atures. In MBE systems, this heating is provided by a backside heater that radiates
thermal energy toward the substrate. The power delivered to the heater is regulated
based on a thermocouple reading; however, this measurement does not directly re-
ect the actual temperature of the substrate surface or the growing Im. Importantly,
the di erence between the thermocouple and substrate temperature is not constant, it
varies with growth conditions and depends signi cantly on the type of substrate holder
used. As a result, relying just on the substrate thermocouple compromises tempera-
ture reproducibility across di erent experiments. To address this, various alternative

methods have been developed to monitor the true surface temperature during MBE
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growth more accurately.

2.1.3.1 Black-Body Pyrometry

Black-body thermometry is a non-contact technique that determines substrate
temperature based on the thermal emission spectrum of the heated surface. It is
grounded in Planck's law, which describes the spectral radiance emitted by a blackbody

as a function of temperature and wavelength.

Principle of Operation
The substrate emits radiation in the infrared to visible range, with intensity
and spectral distribution determined by its temperature. By measuring the emitted

spectrum and tting it to Planck’s law, the temperature is extracted:

c? 1

S exp & 1

1(;T)= (T:F:)2h

wherel (;T ) is the spectral radiance, is the wavelength, T is the absolute
temperature, is emissivity, T:F: is the tooling factor, h is Planck’'s constant,c is the
speed of light, andk is Boltzmann's constant.

In MBE systems, substrates do not behave as perfect blackbodies, making emis-
sivity corrections and system calibration essential for obtaining accurate temperature
measurements. Pyrometry o ers several advantages in this context: it is non-invasive,
compatible with ultrahigh vacuum (UHV) environments, and e ective across a broad
temperature range, typically above 40T. Moreover, it does not rely on the electronic
structure of the material, making it broadly applicable. However, it is also sensitive
to variations in surface emissivity and background light, and it provides poor signal

quality at lower temperatures, limiting its utility in certain growth regimes.
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2.1.3.2 Single-Wavelength Pyrometry
Single-wavelength pyrometry, or narrow-band pyrometry, infers temperature
from the intensity of thermal radiation at a specic wavelength. It is a simplied

version of full-spectrum black-body analysis.

Principle of Operation
Radiation intensity is measured at a selected wavelength (e.g., 950 nm), and
temperature is calculated using calibrated data. An approximation based on Wien's

law is often employed:

G,

In %+1

wherel ( ) is the measured intensity, andC,; and C, are radiation constants.

This approach o ers simple and fast implementation when combined with narrow-
band Iters, making it well-suited for high-throughput, real-time monitoring. However,
it requires a stable and well-characterized emissivity, and its signal quality tends to de-

teriorate at low temperatures.

2.1.3.3 Band Edge Thermometry

Blackbody pyrometry and single-wavelength Pyrometry often fail to provide
reliable measurements under low temperatures. Band-edge thermometry, on the other
hand, o ers a precise and non-contact method to determine the real-time substrate

temperature by the material's optical properties.

Principle of Band-Edge Thermometry

Band-edge thermometry determines temperature by measuring the temperature-
dependent optical bandgap of the substrate material. This is achieved by analyzing
the absorption or re ectance spectrum near the material's band edge, which allows
for high-precision temperature estimation. The technique relies on the principle of

bandgap shrinkage: as the temperature increases, lattice vibrations intensify, altering
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the overlap of atomic orbitals and causing the bandgap of materials such as GaAs or
InP to narrow. This shift in the band edge provides a direct and reliable correlation

with temperature.

Advantages for MBE Applications

Band-edge thermometry possesses unique features that make it particularly ap-
propiate for monitoring molecular beam epitaxy (MBE) processes. It is especially
e ective at low substrate temperatures (below 300C), where traditional pyrometry
becomes unreliable due to weak blackbody radiation. This capability is critical for
accurate temperature control during the growth of bismuthide materials. Addition-
ally, band-edge thermometry enables real-time monitoring by providing continuous,
dynamic temperature measurements throughout deposition. Its material versatility
further enhances its utility, as it is compatible with a range of substrates including
GaAs, InP, and Si.

Operation in MBE Systems

The kSA BandiT system, a state-of-the-art band-edge thermometry tool, is
widely employed in MBE systems due to its advanced capabilities. It operates by
analyzing the diuse re ectance spectrum from the substrate, speci cally targeting
the material's band-edge to determine temperature. The system supports real-time
adjustments, including dynamic calibration and tuning of spectrometer integration
times, to maintain measurement accuracy during growth. Additionally, it is highly
compatible with existing MBE infrastructure, integrating through pyrometer ports or

unused source ports in the chamber.

BandiT System Implementation
BandiT System Implementation: The BandiT system combines band-edge ther-

mometry, black-body analysis, and simulated pyrometry within a single optical setup,
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enabling comprehensive and exible temperature monitoring in MBE systems. It ac-
guires spectral data across a broad wavelength range, allowing for simultaneous black-
body tting and band-edge detection. The system also supports real-time simula-
tion of single-wavelength pyrometry using narrow-band Iters. Two operation modes
are available: \unlocked" mode for full spectral tting and \locked" mode for sta-
ble temperature-only readout. It o ers exible mounting through pyrometer ports,
unused source anges, or viewport adapters. Additional features include automated
background subtraction and dynamic integration time adjustment, ensuring accurate

and continuous measurements throughout the growth process.

Conclusion

Band-edge thermometry is an indispensable tool for modern MBE systems, par-
ticularly for low-temperature applications. Its precision and real-time monitoring ca-
pabilities ensure accurate substrate temperature control, enabling the production of

high-quality thin Ims.

2.1.4 Material Flux Measurement - Beam Equivalent Flux

An important parameter in molecular beam epitaxy (MBE) is the ability to
guantify the amount of material being deposited on the substrate during growth. In
the MBE system used for this work, material ux is monitored using a Beam Flux
Measurement tool, which incorporates a retractable ion gauge. When extended, the
ion gauge is positioned just a few centimeters below the substrate surface, directly in
the path of the molecular beams. During actual Im growth, the ion gauge is retracted
to avoid interference with the deposition process.

The ion gauge measures the Beam Equivalent Pressure (BEP), which re ects
the number of atoms or molecules in the beam that reach the gauge. The principle
of operation involves ionizing these neutral species and measuring the resulting ion
current, which is proportional to their density. Speci cally, a hot lament (typically

tungsten or thoria-coated iridium) emits electrons via thermionic emission. These
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electrons are accelerated toward a positively biased grid (usually +150 to +200 V),
colliding with incoming atoms or molecules from the beam, resulting in ionization. The
resulting positive ions are collected by a negatively biased collector electrode (usually
a thin wire), producing a small ion current detected by a sensitive electrometer.

The measured ion current is converted into BEP, typically calibrated using ni-
trogen (N,) as a reference gas. However, because di erent atomic or molecular species
have di erent ionization e ciencies, the same BEP value does not correspond to the
same material ux for all sources. Despite this limitation, BEP measurements are
extremely valuable for relative ux calibration and process reproducibility within the

same system and source material.

2.2 Characterization Techniques

2.2.1 High Resolution X-ray Di raction

X-ray diraction (XRD) is an essential technique for characterizing the struc-
tural properties of thin Ims, providing information on crystallinity, strain, composi-
tion, texture, and thickness. High-resolution XRD (HRXRD) is particularly valuable
for epitaxial semiconductor materials, where minor lattice mismatches and interfacial
strain can signi cantly impact Im performance.

Thin Im diraction di ers from bulk XRD due to the in uence of substrate-
induced strain, Im thickness, and interface quality. In these cases, precise instrument

alignment and appropriate optics are required for obtaining reliable measurements.

Bragg's Law and the Principle of Di raction

The condition for X-ray di raction is governed by Bragg's Law:
n =2dsin (2.1)

wheren is the diraction order (usually 1), is the X-ray wavelength,d is the inter-
planar spacing, and is the Bragg angle. This relation forms the basis for determining

lattice constants and strain in crystalline materials. In HRXRD, precise measurement
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of allows extraction ofd-spacing variations with high accuracy, revealing strain states

and compositional changes in thin Ims.

Common Re ections for (001) Substrates

For high-symmetry I1l{V semiconductor substrates such as GaAs and InP with
a (001) orientation, specic re ections are commonly used in high-resolution X-ray
di raction (HRXRD) to analyze strain, relaxation, and lattice parameters. The sym-
metric (004) re ection is usually employed for both GaAs and InP to probe the out-
of-plane lattice constant. In addition, asymmetric re ections such as (113), (224), and
(115) are used to access in-plane strain information through reciprocal space mapping
(RSM). These re ection choices are standard in the analysis of epitaxial layers and are

crucial for evaluating Im quality and lattice mismatch.

XRD Instrumentation and Requirements

A typical X-ray di ractometer consists of:

X-ray Source : Usually Cu K radiation ( = 1:5406A), though other sources

(Mo, Co, Ag) may be used for speci ¢ applications.

Goniometer : Allows precise control of angles ( 2, !, , ) for dierent

measurement con gurations.

Incident Beam Optics : Includes divergence slits, monochromators, and paral-

lel beam optics to tailor beam properties.

Sample Stage: Equipped with x vy translation and tilting capabilities for

precise sample positioning.

Detector : Can be 0D (scintillation counter), 1D (strip detector), or 2D (area

detector), a ecting scan speed and resolution.

High-Resolution XRD Setup

For thin Ims, the following equipment is typically required:
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Parallel beam optics (Gebel mirrors or collimators) to minimize beam diver-

gence.

Monochromators (Si(220) or Ge(220) channel-cut crystals) to Iter K radia-

tion and enhance resolution.

Eulerian Cradle for rocking curves , pole gures, and azimuth scans, espe-

cially for epitaxial Ims.

X-ray Mirror  or Hybrid Mirror-Crystal Setup for ultra-thin Ims ( < 10 nm) to

improve signal-to-noise ratio.

Sample Alignment for XRD Measurements

Accurate X-ray di raction (XRD) measurements require precise sample align-
ment before data collection. The process begins with height and tilt alignment, where
the sample is positioned at the goniometer center|typically using a laser or video cam-
erajand then rocked around the ! axisat2 =0 to align the height along thez-axis.
Successivé and z scans are performed to ne-tune the alignment and maximize peak
intensity. Next, the substrate peak is aligned by setting 2to the known re ection
of the substrate material, followed by anl -scan to re ne the out-of-plane orientation.
Observing peak splitting at this stage may indicate misalignment or the presence of
domain structures. For epitaxial Ims, in-plane orientation is evaluated using -scans
at known asymmetric re ections (such as (103) in cubic systems). These scans help
identify multiple in-plane orientations and allow for corrections of any miscut angles

present on the substrate.

Key XRD Measurements for Thin Films Symmetric 2=l Scans

" Determines out-of-plane lattice parameter and phase identi cation.

" Peak shifts indicate strain (elastic deformation) or composition changes.

Rocking Curves ( ! -Scans)
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" Measures crystalline quality and mosaicity.
Narrow FWHM indicates high-quality epitaxy.
Reciprocal Space Mapping (RSM)
" Resolves in-plane and out-of-plane lattice parameters.
" Distinguishes pseudomorphic (strained) and relaxed Ims.

Thickness Fringes Analysis
In high-resolution X-ray diraction (HRXRD), the observation of thickness
fringes|also known as Pendell®sung fringes or interference fringeslis a strong in-

dicator of Im quality and interface sharpness.

" Origin : Pendellesung fringes arise from the interference between X-rays re ected
at the Im surface and those re ected at the Im-substrate interface. Construc-
tive and destructive interference occur when the Im has smooth and parallel

interfaces, leading to periodic intensity oscillations around the main Bragg peak.

Film Thickness Determination  : The spacing between adjacent fringes in 2

is inversely proportional to the Im thicknesst:

t (2.2)

- 2(2 )cos
where is the X-ray wavelength, (2 ) is the angular spacing between fringes,
and is the Bragg angle of the main re ection.

" Implications of Fringe Presence

{ The presence of well-de ned fringes indicates a Im with uniform thickness,
low surface/interface roughness, and minimal interdi usion between the Im

and substrate.

{ The number and sharpness of fringes can also re ect the coherence length

and crystalline quality of the Im.
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" Implications of Fringe Absence or Blurring

{ Ifthe fringes are missing, blurred, or asymmetric, this may indicate interface

roughness, composition grading, interdi usion, or non-uniform thickness.

{ In highly defective or polycrystalline Ims, fringes may disappear entirely

due to a lack of phase coherence in the re ected waves.

Conclusion

HRXRD is a powerful technique for analyzing thin Ims, providing insights into
strain, composition, thickness, and texture. Proper instrument alignment and optics
selection are crucial for reliable data. The combination of symmetric scans, rocking
curves, and RSM allows for a comprehensive understanding of Im quality and interface

characteristics.

2.2.2 Rutherford Backscattering Spectrometry (RBS)

Rutherford Backscattering Spectrometry (RBS) is a useful ion beam analysis
technique used for quantitative elemental composition analysis and depth pro ling of
thin Ims and bulk materials. It is based on the elastic scattering of high-energy ions
(typically MeV-range He' or He?*) o atomic nuclei in a sample, with the energy distri-
bution of backscattered ions providing insights into elemental identity, concentration,
and depth distribution [85, 86].

RBS is valuable in semiconductor research, where precdgpant incorporation,
interfacial composition, and layer thicknessesust be controlled. The technique pro-
vides highly accurate results, making it suitable for studying thin Ims and multilayer
structures [87].

Principles of RBS

Elastic Scattering and Energy Analysis: Rutherford Backscattering Spec-
trometry (RBS) is based on the elastic scattering of incident ions, where the energy
of the backscattered ions provides information about the target material. The energy

of the backscattered ions depends primarily on the mass of the target atom|heavier
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elements scatter ions with higher retained energy, enabling mass discrimination. The
scattering angle () also plays a critical role; larger angles enhance sensitivity to heavy
elements [85]. Additionally, ions lose energy as they penetrate the material, and the
magnitude of this energy loss correlates with the depth at which the scattering occurs,
allowing RBS to be used for depth pro ling [86].

For a given target element, thekinematic factor (K) de nes the energy of
backscattered ions as:

(Mzcos )2+ M2 M2

1= KEo= o (M1+ My)2

(2.3)

wherekE, is the incident ion energyM; and M, are the masses of the incident ion and
target atom, respectively, and is the scattering angle [86].
As the incident ion penetrates the sample, it loses energy due to electronic and
nuclear interactions. The total energy loss, E, allows determination of the depth ¢)
at which the scattering event occurred, based on stopping power calculations [86, 88].
RBS can pro le depths up to 2 pm, with depth resolution of 1{10 nm, de-

pending on material composition and detection setup [87].

Channeling vs. Non-Channeling RBS: Rutherford Backscattering Spec-
trometry (RBS) can be conducted under either random (non-channeling) or channel-
ing conditions, each providing di erent structural information. In non-channeling RBS,
the ion beam is incident at a random angle with respect to the crystal lattice, allowing
for the determination of elemental composition independent of atomic arrangement.
This mode is commonly used to obtain depth pro les of multilayer structures and to
analyze dopant distribution and interface mixing [86]. In contrast, channeling RBS
(C-RBS) involves aligning the ion beam with a major crystallographic axis or plane
of the sample. Under these conditions, ions are guided through open channels in the
lattice and experience reduced backscattering, making the technique highly sensitive
to structural imperfections. C-RBS is particularly e ective for detecting lattice defects

and strain|since such imperfections disrupt channeling and increase the backscattered
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signallas well as for distinguishing between substitutional and interstitial dopant in-
corporation and assessing the crystalline quality of epitaxial layers [86].
By comparing random and channeled spectra, one can quantify crystallinity,

defect densities, and impurity positioning in epitaxial layers [86].

SIMNRA for RBS Spectrum Simulation: To analyze the acquired RBS
spectra, SIMNRA was employed for theoretical modeling and experimental data t-
ting [89]. This simulation tool enables the generation of backscattering energy spec-
tra based on both Rutherford and non-Rutherford cross-sections, allowing for accurate
representation of ion{target interactions. SIMNRA also supports the modeling of com-
plex multilayer structures, incorporating corrections for stopping power and interface
roughness. Experimental spectra are tted using a least-squares optimization routine
to extract quantitative information [89]. These simulations are particularly valuable
for distinguishing between dopant incorporation within the bulk and surface segrega-
tion e ects, signi cantly enhancing the accuracy of compositional and depth pro ling
analysis.

Conclusion Rutherford Backscattering Spectrometry is useful for quantitative
compositional analysis and depth pro ling of semiconductor materials. Using non-
channeling or channeling RBS modality, combined with SIMNRA simulations, the

incorporation of elements in thin Ims can be accurately characterized.

2.2.3 Van der Pauw and Hall e ect

The Van der Pauw (VDP) method and Hall e ect measurements are criti-
cal techniques for characterizing the electrical properties of thin- Im semiconductors.
These methods allow for the determination of bulk resistivity, carrier concentration,
and mobility, which are essential parameters in evaluating semiconductor materials for
electronic and optoelectronic applications [90].

The methodology used involves several key steps. First, we cleave a square

piece from our sample, usually 1 x 1 cm, representing our thin Im sample, which we
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assume is isotropic. Smaller pieces could also work ne, but for consistency, 1 x 1 cm
was the size used for the characterization. After cleaving the sample, indium contacts
are soldered on the four corners, where we used indium due to its malleability and
stickiness, which allows good electrical contact with the copper pins of the Hall e ect
setup.

A few requirements to use this method are that the sample has a uniform thick-
ness {), where the thickness is much shorter than the other two dimensions, which
applies for thin Ims ranging from a few hundred nm in thickness to a few microns.
The Im should be isotropic, with no holes, and the four-point contacts must be on
the circumference of the sample. Although the Van der Pauw method does not require
a square sample, it simpli es the experimental methodology by eliminating the need
for nanofabrication and provides more accurate measurements.

The rst stage of the measurement process consists of measuring the resistance
in the sample using the van der Pauw measurement.

Following the orientation from Figure 2.2. Current is applied between the ad-
jacent contacts 1 and 2, and voltage is measured in the opposed pair of contacts, 4
and 3, which allows the calculation of RA (Equation 2.4). Then, the current is ap-
plied between contacts 2 and 3, and the voltage is measured between contacts 1 and
4 to calculate RB (Equation 2.5). To reduce noise and have a more accurate value
for the resistance, several values of current and voltage are applied and measured to
generate an ohmic curve where the slope is the resistance. Usually, 5 data points for
Ra and Rg are enough for a quick measurement, but at least 10 data points are rec-
ommended for these measurements. As the thin Im is isotropic, RA and RB should
be the same; di erences are usually related to deviations from a square in the cleaved
piece or di erences in contact resistance on the soldered indium contacts.

Using the Van der Pauw equation allows calculation of the sheet resistandes|
(Equation 2.6) and bulk resistivity ( ) using Equation 2.7

_ Va3

Ra = — (2.4)
12
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Figure 2.2: Sample preparation and geometry for Hall e ect measurements

V.
Rg = — (2.5)

| 23
e Ry RE =1 (2.6)
= Rt (2.7)

Following the resistivity measurement, Hall e ect measurements are used to
extract carrier properties. A magnetic eld is applied perpendicular to the Im surface
while a current is applied between one contact pair. The resulting Hall voltage is
measured across the opposite pair, creating a Lorentz force that drives carriers to one
side and generates a transverse voltage. Two Hall con gurations (Hall A and Hall B)
are typically measured to improve accuracy.

We applied a current between diagonal contacts 1 and 3 and measured a voltage
across opposite contacts 2 and 4 for Hall A. For Hall B, we used a current between
contacts 2 and 4 and measured the voltage between contacts 1 and 3. Calculating
the Hall coe cient as the slope of a line, we have the option to sweep either the
applied current with constant magnetic eld, or keep constant the current and sweep
the magnetic eld, as shown in Equations 2.8, 2.9. As in the resistivity measurement,
several data points reduce the noise in the measurement. In thin- Im semiconductors,

deviations from ideal conditions|such as grain boundaries, multi-carrier conduction,
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and contact misalignment|can introduce errors. Alternative measurement approaches,
including continuous monitoring of Hall voltage during magnetic eld sweeps, have been
proposed to improve accuracy [90].

Using the Equation 2.10, we can calculate the sheet concentratiog and with
the thickness the bulk carrier concentratiom using Equation 2.11. Finally, with the
bulk resistivity and bulk carrier concentration, the carrier mobility can be calculated

through Equation 2.12

Va4
Ha = 2.8
A7 (1sB) 9
Vis
Hg = 2.9
>~ {124B) (29)
1 1 1
= - [+ — 2.1
o= 5 lon, ¥ ar] (2.10)
n= % 2.11)
1
= — (2.12)
gn
Hall E ect for Carrier Concentration and Mobility
Measurement Challenges in Low-Mobility Thin Films Thin Ims often

exhibit low mobility, which poses signi cant challenges for accurate Hall e ect mea-

surements. Common issues include:
" High sheet resistance , requiring extremely sensitive voltage measurements.

~ Misalignment voltage , where non-ideal contact placement leads to parasitic

voltage components [90].

~ Multi-carrier conduction , where the presence of multiple charge carrier types

a ects the extracted mobility values.
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" Grain boundary e ects , especially in polycrystalline Ims, leading to under-

estimated mobility due to charge trapping.

Conclusion The Van der Pauw method and Hall e ect measurements are useful
tools for evaluating the electrical properties of semiconductor thin Ims. Nevertheless,
understanding measurement errors, contact quality, and material-speci ¢ challenges is

crucial for meaningful data interpretation in semiconductor research [90].

2.2.4 Spectrophotometry

Overview of UV-Vis-NIR Spectrophotometry

Spectrophotometry in the ultraviolet-visible-near-infrared (UV-Vis-NIR) range
is a fundamental optical technique for characterizing the transmission and re ection
properties of materials. This technique provides insights into the electronic band struc-
ture of semiconductors and allows for the determination of optical bandgaps. By ana-
lyzing how materials interact with light across a broad spectrum, spectrophotometry
plays a key role in photovoltaics, optoelectronics, and nanomaterials research.

Principles of Spectrophotometry

Spectrophotometry operates based on Beer-Lambert's law, which states that
the absorbance of a material is proportional to its thickness and the concentration of

absorbing species:

A = log o _ (2.13)

Where:
A is the absorbance,
lo and | are the incident and transmitted light intensities,
is the absorption coe cient,

" dis the sample thickness.
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The absorption coe cient is directly related to the electronic transitions in
a material and is used to estimate the optical bandgap enerdy,. Depending on the
nature of the electronic transitions, di erent models such as Tauc plots are employed
to extract E4 [91].

Applications of UV-Vis-NIR Spectrophotometry: UV-Vis-NIR spectropho-
tometry is used across scienti ¢ and industrial elds for the optical characterization of
materials. One of its primary applications is the determination of the optical bandgap
of semiconductors and insulators through Tauc plot analysis [91]. It also plays a crit-
ical role in evaluating the optical properties of thin- Im coatings, bulk materials, and
nanostructures in optoelectronic and photovoltaic devices [92]. In industrial settings,
it is used for quality control of optical coatings, such as transparent conductive oxides
and anti-re ective layers [93]. Additionally, the technique is essential in photocatal-
ysis and solar energy research, where it aids in studying light absorption behavior in
semiconductor-based water-splitting systems and energy conversion materials [93].

Advantages and Limitations of UV-Vis-NIR Spectrophotometry: UAVE
Vis-NIR spectrophotometry o ers several advantages for material characterization. It
is a non-destructive technique, allowing measurements to be performed without dam-
aging or altering the sample. Its wide spectral coverage|from the ultraviolet (200{400
nm) to the near-infrared ( 2500nm)|makes it applicable across a broad range of mate-
rials and optical analyses. The method is quantitative and reproducible, provided that
sample preparation and instrument calibration are carefully controlled. Moreover, UV-
Vis-NIR spectrophotometry can be integrated with complementary techniques such as
FTIR, ellipsometry, and X-ray di raction to yield a more comprehensive understanding
of material properties.

Despite its strengths, the technique also has limitations. Surface roughness and
light scattering can distort re ection and transmission measurements, introducing er-
rors in absorption coe cient estimation [93]. Sub-bandgap absorption due to defects or
disorder may lead to the appearance of Urbach tails, complicating band edge identi -

cation [94]. Misapplication of the Tauc method|particularly incorrect selection of the
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absorption coe cient form|can result in signi cant over- or underestimation of the
optical bandgap [95]. Additionally, in thin- Im samples, interference e ects may arti-

cially shift the apparent bandgap, necessitating correction during data analysis [94].

Experimental Setup and Measurement Conditions

The optical characterization of the samples was carried out using a Perkin-
Elmer Lambda 750 UV-Visible-NIR spectrophotometer equipped with an integrating
sphere. The integrating sphere enables accurate detection of both specular and di use
re ectance, which is particularly important for samples that exhibit strong scattering
behavior. Measurements were performed over a spectral range of 870{2600 nm in both

transmission and re ection modes.

Data Analysis and Bandgap Estimation
The optical bandgap €4) was estimated using the Tauc plot method, which
relates the absorption coe cient ( ) to the photon energy © ) according to the equa-
tion:
(h )"=B(h Ey (2.14)

where n depends on the nature of the electronic transition, a value of = 2
corresponds to a direct allowed transition, whilen = 1=2 is used for indirect allowed
transitions. By plotting ( h )" versush and extrapolating the linear region of the

plot to the photon energy axis, the bandgap can be extracted with reasonable accuracy.

2.2.5 Optical Pump THz Probe Spectroscopy (OPTHzP)

Optical pump{terahertz probe (OPTHzP) spectroscopy is a time-resolved tech-
nigue used to investigate ultrafast carrier dynamics in semiconductors and nanostruc-
tured materials. It operates in a pump{probe geometry, where a femtosecond optical
pump pulse excites carriers in the sample, generating a transient population of elec-
trons and holes. After a controlled delay t, a broadband THz pulse probes the same

region, experiencing absorption or scattering due to the photoinduced carriers. In this
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study, a femtosecond laser (800 nm, 35 fs pulse width) was split into three beams: one
to optically excite the sample, a second to generate the THz radiation via a (110)-
cut ZnTe crystal, and a third for electro-optic sampling of the transmitted THz eld.
The temporal delay t was controlled using a mechanical delay stage, enabling mea-
surement of the transient change in THz transmission, Ety, (t), which re ects the
evolution of the carrier population on sub-picosecond timescales.

Experimental Setup

The OPTHzP system used in this work employs the following components:

" A mode-locked Ti:Sapphire femtosecond laser generatin@5 fs pulses centered
at 800 nm.

A beam splitter that divides the laser beam into a pump and a probe arm.
A THz emitter and detector, both based on electro-optic ZnTe crystals.

Four o -axis parabolic mirrors (OAPMSs) to collimate and focus the THz beam

through the sample and onto the EO detection crystal.

A Te on lter to block residual 800 nm light while allowing the THz beam to

pass.

A mechanical delay stage in the probe beam path to control the temporal delay

t between pump and probe.

Electro-optic sampling (EOS) detection: the THz-induced birefringence in the
ZnTe detection crystal modulates the polarization state of the probe pulse. A
guarter-wave plate, Wollaston prism, and balanced photodiodes are used to mea-
sure the polarization change, which is proportional to the instantaneous THz

electric eld.

The ZnTe crystals are oriented with theirfD01 axes aligned to the polarization
of the laser pulses, optimizing THz generation and detection.

Two primary measurement modalities are used:
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1.

THz peak transient absorption in the time domain: The change in peak
amplitude of the transmitted THz electric eld is measured as a function of delay

time t. This yields the decay pro le of the photoexcited carrier population.

. THz frequency selective transient absorption in the frequency domain:

The full THz waveform is recorded with and without the optical pump. A Fourier
transform of the di erential signal yields the transient absorption spectrum across

THz frequencies.

The di erential electric eld E(t) is de ned as:

E(t) = Epump-on(t)  Epumpo (1) (2.15)

This subtraction isolates the pump-induced change in the transmitted THz signal,

providing access to transient carrier-induced conductivity.

Setup Characteristics

Key characteristics of a typical OPTHzP setup include:

~ Sub-picosecond time resolution , limited by the duration of the laser and THz

pulses.

" Broadband spectral range from approximately 0.1 to 3 THz, depending on

emitter-detector design and optics.

" Contact-free measurement , enabling the study of intrinsic carrier transport

without electrodes.

" Sensitivity to complex conductivity , enabling extraction of both real and

A

imaginary components of the transient response.

Advantages and Applications

OPTHzP is widely applied to:

Study ultrafast carrier recombination and trapping in semiconductors.
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" Resolve charge transport in nanoscale systems like quantum wells and 2D mate-

rials.
" Probe exciton formation and dissociation dynamics.
" Analyze the e ect of interfaces, doping, and defects on photoconductivity.

Additional details about the speci ¢ implementation of the optical pump THz
probe setup can be found in Section 3.3.3 of Wu's thesis [96] and Section 3.5.2 of

Avenoso's thesis [2].

2.2.6 Scanning Electron Microscopy (SEM)

During material analysis and processing, many defects and features of interest
exhibit dimensions below the optical diraction limit, limiting their resolution using
conventional light microscopy. Even features above this limit, in the submicron regime,
can be di cult to resolve clearly due to insu cient optical contrast or resolution. For
investigating nanoscale structures, typically ranging from a few nanometers to hundreds
of nanometers, scanning electron microscopy (SEM) is an invaluable tool. SEM employs
a focused electron beam instead of photons, leveraging the much smaller de Broglie
wavelength of electrons to achieve nanometer-scale spatial resolution.

In SEM, image contrast is due to interactions between the incident electron
beam and the sample. Secondary electrons (SEs), low-energy electrons emitted from
the sample surface, provide detailed information about surface topography. Backscat-
tered electrons (BSES), in contrast, originate from deeper within the material and are
sensitive to atomic number di erences, enabling compositional contrast. By selecting
appropriate detectors, SEM allows simultaneous investigation of both surface morphol-
ogy and material variations.

During SEM analysis of semiconductor samples, charge accumulation is a critical
concern. The impinging electron beam can induce a static charge buildup, particularly

in poorly conductive Ims or substrates, leading to imaging artifacts, resolution loss,
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and sample degradation. To mitigate this, carbon tape was used to establish an elec-
trical ground between the sample and the microscope stage, facilitating the dissipation
of accumulated charge. Additionally, operating parameters such as low beam current
and low acceleration voltages (typically between 1- 5 kV) were optimized to minimize
charging e ects while preserving image quality.

Two di erent SEM instruments were primarily used throughout this work. The
Zeiss Merlin SEM, located inside the cleanroom of the nanofabrication facility, provided
routine imaging capabilities for device processing and morphology assessment. This
system operates with acceleration voltages ranging from 100 V to 30 kV and probe
currents between 20 pA and 40 nA, achieving a minimum resolution of approximately
0.8 nm under optimal conditions. It is equipped with in-lens secondary electron (SE)
and backscattered electron (BSE) detectors, as well as a chamber-mounted SE detector.
A ve-axis motorized stage and load-lock sample transfer system allowed for e cient
imaging of samples up to 4 inches in diameter.

For high-resolution imaging and elemental analysis, the AURIGR! 60 Crossbheart!
FIB-SEM, located outside the cleanroom in the Keck Center, was used. This system in-
tegrates electron and ion optics with a high-resolution focused ion beam (FIB) column
and enables advanced imaging, nano-tomography, and nano-patterning capabilities. In
conjunction with an Axio Imager M2 light microscope, a \Shuttle & Find" correlative
microscopy work ow allowed features identi ed optically to be correlated precisely with
SEM/FIB observations. The AURIGA 60 was particularly useful for high-resolution
imaging of nanoscale features and was equipped with an Energy-Dispersive X-ray Spec-
troscopy (EDS) detector for compositional analysis.

SEM was instrumental in multiple aspects of this work. Surface imaging en-
abled the assessment of thin Im morphology, including detecting growth-induced de-
fects such as droplets. SEM was also employed to investigate the quality of dry-etched
features, photolithography patterns, and device structures fabricated during nanofab-
rication processes. In selected cases, cross-sectional imaging provided insight into Im

thickness, interface sharpness, and layer uniformity, which are critical for evaluating
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the success of epitaxial growth and device processing steps.

The resolution attainable in SEM depends on multiple factors, including beam
energy, probe size, and working distance, with modern eld emission systems capable
of achieving resolutions approaching 1 nm at optimal conditions. Nevertheless, several
imaging artifacts must be considered, including sample drift, beam-induced damage,

charging e ects, and edge artifacts.

2.2.6.1 Energy-Dispersive X-ray Spectroscopy (EDS)

Energy-Dispersive X-ray Spectroscopy (EDS) was employed primarily for fail-
ure analysis of fabricated devices. EDS provided qualitative and semi-quantitative
elemental composition information, allowing the identi cation of contaminants, mate-
rial inconsistencies, or processing defects that could impact device performance.

EDS analysis was conducted using the AURIG® 60 Crossbeari! FIB-SEM
system, equipped with an integrated EDS detector optimized for high spatial resolution
and elemental sensitivity. In EDS, incident high-energy electrons interact with atoms
in the sample, ejecting inner-shell electrons and causing the emission of characteristic
X-rays as outer-shell electrons Il the vacancies. By detecting these emitted X-rays
and analyzing their energy spectra, the elemental composition of the sample can be
determined.

Unlike standard SEM imaging, where low accelerating voltages (typically 2{
10 kV) were preferred to minimize charging and surface damage, EDS analysis required
higher accelerating voltages (typically 10{30 kV). Higher beam energies were necessary
to generate su cient X-ray emission, particularly for detecting elements with higher
atomic numbers or those embedded deeper within the sample. The speci c accelerating
voltage used was selected based on the target elements of interest and the penetration
depth needed for reliable excitation.

EDS techniques used in this work included area mapping to visualize the spatial

distribution of elements across broader regions.
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Overall, EDS provided a crucial analytical complement to SEM morphological
imaging, enabling a more comprehensive understanding of material properties and their

relationship to device performance.

2.2.7 Scanning Transmission Electron Microscopy (STEM)

Scanning Transmission Electron Microscopy (STEM) was employed in this work
through collaboration with researchers at the National Institute of Standards and Tech-
nology (NIST). STEM analysis was used to investigate the cross-sectional structure of
semiconductor thin Ims grown by molecular beam epitaxy (MBE), focusing on iden-
tifying embedded ErAs nanoparticles, which exhibited sizes on the order of a few
nanometers.

STEM combines the principles of scanning electron microscopy and transmission
electron microscopy. In STEM, a nely focused electron probe is rastered across a thin
specimen, and transmitted electrons are collected to form an image. This scanning
approach enables atomic-scale imaging and allows for collecting various contrast signals,
among which high-angle annular dark- eld (HAADF) imaging is particularly valuable
for materials containing heavy elements.

The primary distinction between STEM and conventional transmission electron
microscopy (TEM) is the imaging mode. In conventional TEM, a wide, parallel elec-
tron beam illuminates the entire sample area simultaneously, and image formation
relies heavily on phase or diraction contrast. In contrast, STEM uses a converged,
focused electron probe scanned point-by-point across the sample, enabling enhanced
spatial resolution and contrast exibility based on electron scattering angles. High-
angle annular dark- eld (HAADF) STEM imaging, in particular, o ers atomic nhumber
(2) contrast, where heavier elements appear brighter due to their greater scattering
cross-sections.

For this work, cross-sectional HAADF-STEM imaging was primarily used to vi-
sualize the ErAs nanoparticles embedded within the semiconductor matrix. The strong

atomic number contrast provided by the HAADF mode allowed the ErAs nanopatrticles
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to appear as bright, well-de ned features against the lighter I1I-V host material. The
size, shape, density, and distribution of nanoparticles were assessed from the acquired

cross-sectional images.

2.2.8 Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is employed to characterize the surface mor-
phology of semiconductor thin Ims grown by molecular beam epitaxy (MBE). AFM
provides high-resolution, three-dimensional surface pro ling by scanning a sharp tip
attached to a exible cantilever across the sample surface and detecting the resulting
tip de ections with nanometer precision.

The basic working principle of AFM relies on the interaction forces between the
tip and the sample surface, which can include van der Waals forces, electrostatic forces,
and mechanical contact forces. As the tip scans over the surface features, these forces
cause the cantilever to de ect. A laser beam re ected from the back of the cantilever
onto a photodetector records these de ections, generating a topographical map of the
sample.

Tapping mode AFM was used throughout this work to minimize sample damage
and improve imaging quality. In tapping mode, the cantilever is oscillated near its
resonant frequency, and the tip intermittently contacts the surface at the bottom of
each oscillation cycle. This mode reduces lateral forces between the tip and the sample
compared to contact mode AFM, making it particularly suitable for imaging soft,
delicate, or poorly adhered thin Ims. Additionally, tapping mode o ers improved
resolution of high-aspect-ratio features and reduces the likelihood of tip-induced surface

modi cation.

2.2.9 Prolometry

Pro lometry was employed during cleanroom processing to measure the thick-
ness of photoresist layers, etch rate calibration, and to characterize the pro les of fab-

ricated mesa structures. This technique provided rapid, non-destructive measurements
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critical for verifying lithography and etching process outcomes.

Pro lometry operates by physically scanning a sharp stylus across the sample
surface while recording the vertical displacement as the stylus traverses surface features.
By tracking these height variations, pro lometry generates two-dimensional pro les or
three-dimensional surface maps of the sample. It is particularly useful for measuring
step heights, thin Im thicknesses, and surface topography with sub-nanometer vertical
resolution.

Measurements were conducted using a Dektak XT stylus pro lometer. This
system o ers a step height repeatability of 0.5 nm, enabling precise thickness measure-
ments across various materials and feature sizes.

Pro lometry was primarily used to verify photoresist thicknesses after spin coat-
ing and soft baking steps, ensuring proper resist uniformity and target thickness for
subsequent lithography processes. It was also used to characterize the etched mesa pro-
les, providing information about etch depth, sidewall steepness, and process consis-
tency. These measurements were essential for optimizing fabrication steps and ensuring

reproducibility across device batches.

2.3 Microfabrication
2.3.1 Metal Lift-O Process

The lift-0 process is a widely used technique for de ning metallic patterns
on substrates, particularly when direct etching of the metal is impractical or unde-
sirable. Unlike subtractive methods such as dry or wet etching, lift-o is an additive
pattern transfer process: metal is deposited over a patterned resist, and the resist is
subsequently removed, lifting away the unwanted metal and leaving behind the desired
features.

The general steps for the lift-0 process are shown in Figure 2.3 :

1. Substrate cleaning : The sample is cleaned to remove any contaminants that

may a ect resist adhesion or metal deposition quality.
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. Resist coating : A resist layer|often a bilayer structure with a bottom layer to

promote undercut|is spin-coated onto the substrate.

. Photolithography : The resist is exposed to ultraviolet light through a pat-

terned mask and then developed to de ne the desired features.

. Metal deposition : A metal layer is deposited over the patterned resist, typically

using thermal or electron beam evaporation.

. Lift-o : The sample is soaked in a solvent (e.g., NMP) to dissolve the resist
and lift away the unwanted metal, leaving behind the metal only in the exposed

regions.

Figure 2.3: Lift 0 process to deposit metallic contacts

More information about the recipes used in this work is presented in the Ap-

pendix A

2.3.2 Photolithography

Photolithography is a microfabrication process that de nes patterns on a sub-

strate by transferring a geometric design through a photosensitive resist. The method

involves several steps:

1. Substrate preparation:  Cleaning the substrate to remove contaminants and

promote adhesion.
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2. Photoresist deposition: Spin-coating a uniform photoresist layer onto the

substrate.

3. Soft bake (prebake): Evaporating solvents from the photoresist to improve

adhesion and process stability.

4. Exposure: llluminating the photoresist through a photomask (or directly in

maskless systems) to transfer the desired pattern.

5. Post-exposure bake (optional): Enhancing the image contrast or completing

chemical reactions.

6. Development: Removing either the exposed or unexposed regions of the resist,

depending on the type of photoresist used.

7. Pattern transfer:  Using the developed resist pattern for subsequent etching or

metal deposition steps.

Key parameters that in uence photolithographic resolution and delity include:

Wavelength of exposure light: Shorter wavelengths (e.g., deep UV) enable

ner resolution.

Type of photoresist:  Positive resists dissolve in the developer where exposed,

while negative resists remain insoluble after exposure.

Exposure dose and focus: Control the extent and sharpness of resist modi -

cation.
Resist thickness and bake steps: A ect aspect ratio and adhesion.
Alignment accuracy:  Especially critical in multi-layer structures.

In this work, photolithography was performed using a Heidelberg Instruments

MLA100 Maskless Aligner, which operates by direct laser writing at a wavelength of 365
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nm. The MLA100 enables maskless patterning with micron-scale resolution, making it
suitable for rapid prototyping and research-scale fabrication. It features programmable
exposure dose, automatic ducial marker alignment, and substrate leveling.

More information about the recipes used in this work is presented in Appendices

A and C.

2.3.3 Metallic deposition

Metallization is an important step in fabricating photoconductive antennas,
in uencing their electrical performance and stability. In this work, electron beam
(e-beam) deposition was employed to deposit metallic contacts onto the devices. This
method ensures high purity and precise thickness control, making it suitable for forming
electrode layers in terahertz (THz) photoconductive antennas.

Electron Beam Deposition  Electron beam deposition is a physical vapor de-
position (PVD) technique that uses a focused, high-energy electron beam to evaporate
a target material inside a vacuum chamber. The evaporated atoms then condense onto
the substrate, forming a thin Im. The process occurs under high vacuum conditions,
minimizing contamination and ensuring uniform Im deposition. The system used for
deposition was the PVD Products 302 Evaporator, which incorporates a six-pocket
electron beam source with automated crucible indexing. This setup allows precise

control of deposition rates, essential for achieving consistent metal thicknesses. [38].

2.3.4 Dry Etching Techniques

Dry etching is a critical process in semiconductor fabrication, used to de ne
micro and nanoscale features with high precision. Unlike wet etching, which relies
on isotropic chemical reactions in solution, dry etching o ers greater anisotropy and

control over feature pro les by combining physical and chemical mechanisms.
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2.3.4.1 Chlorine-Based Inductively Coupled Plasma Etching

CI-ICP etching is a plasma-based technique that enables directional and selective
material removal through chemical reactions with chlorine species and physical sput-
tering from ion bombardment. The process was carried out using a Plasma-Therm
Apex SLR ICP system, which supports a wide range of gas chemistries and precise
control of process parameters.

Several key parameters govern the etch behavior in CI-ICP systems:

Gas Composition and Flow Rates: Chlorine-containing gases such as £l
and BCl; provide the reactive species for etching I1I{V compounds. Inert gases
like Ar are often added to enhance physical sputtering and improve anisotropy.

The gas ratio in uences etch rate, selectivity, and sidewall quality.

~ ICP Power (up to 1000 W): Determines the density of the plasma and thus
the concentration of reactive species. Higher ICP power increases the chemical

etching rate and helps sustain uniform plasma distribution.

" RF Bias Power (up to 300 W):  Controls the ion energy reaching the substrate.
Higher RF bias increases directional ion bombardment, enhancing anisotropy, but

may also induce surface damage if not optimized.

Chamber Pressure: Typically maintained in the range of 5{10 mTorr. Lower
pressures favor anisotropic etching due to longer mean free paths, while higher
pressures may promote sidewall passivation or polymer deposition depending on

the chemistry.

Substrate Temperature and Cooling: The platen temperature can be ac-
tively controlled (up to 200 °C) and is stabilized by helium backside cooling.

Temperature a ects etch rate, byproduct volatility, and resist stability.

Proper tuning of these parameters enables high- delity etching of 1HI{V semi-
conductors such as GaAs and InP, with controlled etch depths, smooth sidewalls, and

high selectivity relative to masking layers.
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An important consideration in dry etching is the selectivity of the etch process
toward the masking material. While positive photoresists are convenient for rapid
prototyping and are compatible with most I1I{V etch chemistries, they can su er from
limited etch resistance under high RF bias or aggressive plasma conditions. This can
result in undesirable mask erosion, pattern distortion, or incomplete transfer of vertical
features.

In processes requiring deep etches or high aspect ratios, hard masks such as
SiO,, SiN,, or metals (e.g., Ti or Cr) are often employed due to their greater resistance
to physical sputtering and chemical attack.

Other etch-related challenges include sidewall roughness, undercutting due to
isotropic components of the etch, and potential surface damage from high-energy ion
bombardment. These e ects must be balanced by carefully tuning gas ratios, RF/ICP

power, and substrate cooling.

2.3.4.2 lon Beam Etching (lon Milling)

lon milling is a physical etching method that removes material through momen-
tum transfer from high-energy inert gas ions, typically Ar. Unlike plasma etching,
ion milling does not rely on chemical reactions and is therefore helpful for materials
resistant to reactive etching or when minimal chemical modi cation is desired.

Etching was performed using an Intlvac Nanoquest Il system, which supports:

" lon Beam Energy: Adjustable between 100 and 1500 eV to balance etch rate

and surface damage.

" Incidence Angle and Rotation: Substrate tilt and rotation control etch di-

rectionality and improve uniformity.

" Substrate Cooling:  Actively cooled stage prevents thermal damage during

extended etching.
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One important feature of the Nanoquest Il system is the integration of a sec-
ondary ion mass spectrometry (SIMS) endpoint detector, which allows real-time mon-
itoring of surface composition. This is particularly bene cial when processing super-
lattices or heterostructures, where layer-speci ¢ stopping is critical to preserve device

functionality and interface quality.

2.4 Packaging
2.4.1 Wire Bonding

Wire bonding is a critical packaging step in microfabrication used to electrically
connect device pads to external circuitry for testing or integration. Despite its apparent
simplicity, improper bonding can compromise device functionality and render earlier
fabrication steps ine ective. Successful wire bonding depends on carefully considering
pad size, bonding stability, and equipment parameters.

This work used the PT HBO5 wire and ribbon bonder, a versatile tool capable
of both wedge and ball bonding. The system includes a heated stage for processes

requiring thermal activation. Two main bonding materials are typically employed:

A

Aluminum ribbon  bonding, which uses a metal wedge and operates at room

temperature.

Gold wire bonding, which uses a ceramic capillary and requires stage heating
(typically to 100 °C) to form a bonding ball.

Key parameters in uencing bond quality include:
Bond force : Determines how rmly the wire is pressed onto the pad.

Ultrasonic power : Facilitates metal deformation and adhesion.

Bonding temperature : Crucial for thermosonic bonding with gold wires.

To ensure reliable bonds, bonding pads should typically be at least 58 on
each side, though larger sizes are preferred to account for possible bonding mis res.

Pad surface cleanliness and mechanical stability also signi cantly a ect bond quality.
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2.5 Device Testing - THz Time Domain Spectroscopy

Terahertz time-domain spectroscopy (THz-TDS) is a technique for characteriz-
ing material properties in the terahertz (THz) frequency range, spanning approximately
0.1 to 4 THz. In THz-TDS, the transient electric eld of a THz pulse is directly mea-
sured in the time domain using ultrafast optical techniques. This approach provides
access to both amplitude and phase information of the THz radiation, enabling the
direct extraction of complex refractive indices, conductivity, and absorption spectra
without relying on Kramers-Kronig transformations.

A typical THz-TDS setup consists of the following main components:

Femtosecond Laser : Provides ultrafast optical pulses (typically<100 fs) at
wavelengths such as 800 nm or 1550 nm. The laser acts as the source for both

THz generation and detection.

Beam Splitter : Divides the laser pulse into two paths: one for THz generation

and one for detection after traveling through a delay line.

Delay Line : A mechanical translation stage that adjusts the optical path length

of the probe beam, allowing precise temporal scanning of the THz electric eld.

" THz Emitter (Photoconductive Antenna, PCA) . A biased photoconduc-
tive switch where femtosecond laser excitation generates a transient current, pro-

ducing a broadband THz pulse.

THz Optics : O -axis parabolic mirrors or silicon lenses collect, collimate, and

focus the divergent THz beam onto the sample and detector.

Sample Holder : Holds the sample in either a transmission or re ection geom-

etry for THz interaction.

THz Detector (Photoconductive Antenna, PCA) : Operated without bias,
the detector PCA samples the instantaneous THz electric eld gated by the

delayed optical probe pulse.
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" Lock-in Amplier : Ampli es the small photocurrent signal at the modulation

frequency, improving the signal-to-noise ratio.

" Purge Box : Encloses the THz beam path and is purged with dry air or nitrogen

to minimize water vapor absorption.

" Computer and Data Acquisition System . Controls the delay line, records

the THz time-domain signal, and processes the data via Fourier transformation.

One of the main characteristics of this setup is the option to use two di erent
wavelengths. The laser system used in this work is an ultrafast Erbium-doped ber
laser from TOPTICA Photonics, Inc. It features two mechanically switchable outputs
at 780 nm and 1560 nm, both operating in an 80 MHz mode-locked con guration. The
primary output delivers pulses centered at 780 nm 10 nm with a duration of less
than 100 fs. The beam has a tunable output power up to 100 mW. The secondary
output provides pulses centered at 1560 nm 40 nm with a pulse width of less than
90 fs and a maximum power of 140 mW.

Operating Principle of the Setup

The femtosecond laser generates two synchronized beams: one beam excites the
THz emitter to produce a broadband THz pulse, while the other beam, after passing
through a variable delay line, samples the THz pulse at the detector.

The sequence of operation is as follows:

1. THz Generation : The generation beam excites the emitter PCA, creating a

transient current that emits a THz pulse.

2. Propagation through the Sample : The THz pulse travels through the sample

or free space.

3. Time-Resolved Detection : The delayed probe beam gates the detector PCA.
By varying the optical delay, the temporal pro le of the THz electric eld is

reconstructed.
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4. Signal Processing : The measured time-domain signal is Fourier-transformed

to obtain the amplitude and phase spectra across the THz frequency range.

The THz TDS setup allows the test of our devices as emitters or detectors of
THz pulses compatible with either 1560 nm or 780 nm excitation wavelengths.

More information about the setup is in section 3.3.2 on Wiepeng Wu's thesis
[96]
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Chapter 3
ErAs:GaAs

ErAs nanoparticles embedded in GaAs semiconductor matrix have been previ-
ously studied and are known for their e ects on carrier dynamics; more background
on this topic can be found in section 1.7. In this work, ErAs:GaAs Ims were grown
and characterized to enable the fabrication of THz photoconductive antennas and test
THz measurement setups. Moreover, a novel hybrid THz emitter integrating spintronic
and photoconductive materials was successfully fabricated and tested within a collab-
oration with the MRSEC at the University of Delaware, highlighting the potential of

integrated THz devices for THz technology.

3.1 Thin Film Epitaxial Growth

ErAs:GaAs thin Ims were epitaxially grown by molecular beam epitaxy (MBE)
on semi-insulating GaAs (001) substrates. ErAs nanopatrticles were co-deposited at a
substrate temperature of 530C under anAs, overpressure. The erbium ux was cal-
ibrated by correlating the Er cell temperature with the resulting ErAs composition,
as determined by Rutherford Backscattering Spectrometry (RBS) calibration measure-
ments.

The main steps for the Im growth are described below:

" Substrate deoxidation:  The native oxide on the semi-insulating GaAs (001)
substrate was thermally desorbed at 62T under anAs, overpressure of approx-
imately 1 10 ® Torr beam equivalent pressure (BEP). This process typically
requires 10 minutes. Re ection high-energy electron di raction (RHEED) was
used in real-time to monitor the deoxidation, as evidenced by the sharpening of

the RHEED di raction pattern.
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" Buer layer growth: Following deoxidation, the substrate surface exhibited
nanoscale roughness and pinholes. A smoothing 100 nm GaAs bu er layer was
grown at 580 °C under the sameAs, overpressure as the deoxidation step to

produce a at surface suitable for the ErAs:GaAs Im growth.

ErAs:GaAs growth:  The target ErAs:GaAs 2 m layer was grown at 530C by
simultaneously opening the Ga, Er, and As shutters. Co-deposition allowed for
the formation of self-assembled ErAs nanoparticles embedded within the GaAs
matrix. The Er composition was controlled by tuning the Er cell temperature,
following prior calibration via RBS. At the end, we will have the structure shown

in Figure 3.1

Figure 3.1: Structure of ErAs:GaAs Im

3.2 Thin Im Characterization: Carrier Dynamics

The primary focus of the ErAs:GaAs Im characterization was to evaluate the

e ect of ErAs incorporation on carrier lifetime. Other material properties, such as the

bandgap, are not signi cantly a ected by the presence of ErAs nanopatrticles. Addi-

tionally, due to the high resistivity of the Ims, it was not possible to extract meaningful

values for carrier concentration or mobility via Hall e ect measurements.

A carrier dynamic study was conducted using the optical pump THz probe

technique, which was introduced in section 2.2.5. The measurements were carried out

by the collaborators Joseph Avenoso and Weipeng Wu, under the advice of Professor
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Table 3.1: Time constants for di erent ErAs compositions on GaAs Ims obtained by
optical pump THz probe measurements

% ErAs  1[ps] 2[ps]

0.5 0.71+ 0.01 25.54+ 0.68
1 0.43+ 0.01 27.97 0.56
15 0.17+ 0.01 12.77+ 0.22

Lars Gundlach. These measurements were made using an 800 nm optical pump pulse
at a uence of 6 J/cm?, chosen to maintain the excitation within the linear regime.

The transient THz signal, measured as a function of the time delay between the
optical pump and the THz probe, provides insight into the carrier recombination dy-
namics within the Ims. Following photoexcitation, the decay in the transmitted THz
eld is related to the reduction in carrier population due to recombination or trapping
at ErAs nanoparticles. To quantify these decay dynamics, the measuredEry, (1)
signals were tted using a sum of exponential decay functions shown in Equation 3.1.
This approach allowed the extraction of characteristic time constants associated with
fast and slow recombination mechanisms. Measurements were performed on a set of
three samples with di erent ErAs concentrations (0.5%, 1%, and 1.5%) to study the
correlation between nanoparticle concentration and carrier lifetime. The number of
exponentials employed for the tting procedure corresponds to the minimum number
of exponential terms needed to produce an acceptable t; additional terms did not
improve the R-squared value. Figure 3.2 shows the tting for all three samples at
di erent compositions; in all cases, two exponential decay components were enough to

t the measurement.

Etnz(t) = yot Ale( D+ Aze( Do (3.2)

Table 3.1 shows clearly a subpicosecond time constant, which decreases with
the increment in ErAs composition as has been reported before. This carrier dynamics

shows that this material is pertinent to use for the fabrication of THz pulse emitters.
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Figure 3.2: (a{c) Carrier dynamics in ErAs:GaAs samples with varying ErAs compo-
sitions, as listed in Table 3.1. The experimental data are tted with exponential decay
curves using Equation 3.1. Measurements were performed using an 800 nm pump

wavelength at a uence of 6uJ/cm?.
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Figure 3.3 illustrates the mechanism involved in the optical pump and THz
probe. The large red arrow illustrates the e ect of the pump, which has su cient
energy to excite carriers across the bandgap. The small red arrows represent the
probe, which has a small energy and is mainly absorbed by free carriers. The free
carriers will eventually recombine; the purple arrow indicates the recombination across
the bulk of the material, in this case, the GaAs matrix, and the green arrows indicate

the recombination in the traps.

Figure 3.3: Schematic representation of carrier generation and recombination path-
ways. (Left) The optical pump promotes carriers across the bandgap. The THz probe
perturbs the carrier distribution, driving electrons to higher energy states in the con-
duction band and holes to lower energy states in the valence bandRight) Two
recombination channels are depicted: a fast decay procesg) (nediated by deep-level
traps (e.g., ErAs nanoparticles) and a slower decay processg)(associated with band-
to-band or shallow trap recombination. This model re ects the biexponential behavior
observed in time-resolved THz spectroscopy.

One possible limitation when using OPTHzP in time-domain peak detection
mode is that the analysis typically tracks the change in transmission at the peak of
the THz electric eld. This approach does not account for potential temporal shifts
in the THz pulse maximum, which may occur due to evolving carrier dynamics. Such
shifts correspond to changes in the frequency content of the THz signal and can carry
additional information about carrier scattering or conductivity changes. However, the
impact of these spectral shifts on the extracted carrier lifetime is generally minimal,

especially when the system remains in the linear response regime. Figure 3.4 presents
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results obtained using the THz frequency-selective transient absorption modality, com-
paring a semi-insulating GaAs substrate with an ErAs:GaAs Im containing 0.5% ErAs
nanoparticles. The measurements were carried out with an 800 nm optical pump pulse
and a 20 J/cm? uence. In Figure 3.4c, no strong shift in frequency is appreciable;
consequently, tracking the peak of the time-domain THz waveform over pump delay

provides su cient sensitivity to carrier dynamics.

() (b)

(©) (d)

Figure 3.4: Optical pump THz probe spectroscopy using the modality THz frequency
selective transient absorption in the frequency domain of the bare GaAs substrate at
(a) full scale and (b) zoomed and of ErAs:GaAs Im ( 0.5 ErAs concentration) at (c)
full scale and (d) zoomed. Figure courtesy of Joseph Avenoso [2]

3.3 Photoconductive Switch Emitters
ErAs:GaAs was used in the fabrication of THz emitters, including a hybrid THz

device that integrates both a spintronic emitter (SE) and a photoconductive antenna
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(PCA). The primary motivation for this hybrid approach was to enable pulse shaping

and chirality control without external components.

3.3.1 Fabrication

The fabrication of planar photoconductive antennas (PCAs) on ErAs:GaAs thin
Ims involved a multistep process spanning several facilities. Figure 3.5 summarizes
the complete process ow, beginning with epitaxial growth by molecular beam epitaxy
(MBE), followed by photolithography, metallization, lift-o , and nal device packaging.
The MBE growth of the ErAs:GaAs layer was performed at the University of Delaware
MBE lab. Subsequent lithographic patterning and metal deposition were conducted in
the university's nanofabrication cleanroom. Device packaging and wire bonding were
completed in the electronics facility. This structured work ow enabled precise control

over material quality and device reproducibility.

Figure 3.5: Fabrication process ow for photoconductive antennas on ErAs:GaAs sub-
strates. This ow illustrates the complete process integration from material synthesis
to a functional THz device.

To evaluate emission performance, several PCA geometries were fabricated, in-
cluding dipole, bowtie, butter y, and I-shaped layouts. This diversity in design facili-
tated optimization of the nanofabrication process and allowed exploration of geometry-
dependent emission characteristics. A representative dipole antenna, with au& gap

and 10um strip width, was used for THz emission testing.
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3.3.2 Photolithography and Patterning Details

All PCAs were patterned using maskless photolithography with the Heidelberg
MLA100 system, which enabled rapid iteration of various antenna geometries without
requiring physical masks. The use of a positive bilayer resist (AZ1512 atop LOR 5A)
created an undercut pro le critical for clean metal lift-o. Exposure was optimized
for 365 nm laser illumination with doses of 150 mJ/ciy enabling reliable resolution
of features down to 3um. Development in AZ MIF 300 was followed by an oxygen

plasma descum step to enhance resist removal and improve metal adhesion.

3.3.3 Metal Deposition and Lift-O

Electrodes were deposited by electron beam evaporation using either a Ti/Au
(20/100 nm) or Ti/Pt (10/100 nm) stack. Ti was chosen for adhesion, while Au and
Pt were selected for conductivity and long-term chemical stability. Metal deposition
was directional to maintain the lift-o pro le, and lifto was performed in heated NMP
with ultrasonic agitation. Clean separation of metal and resist was veri ed by optical
inspection. The metallization stack choice (Au vs Pt) was decided based on device
reproducibility, material cost, and processing. In the last case, wire bonding was easier

on Pt than Au contacts.

3.3.4 Wire Bonding and Packaging Considerations

Both aluminum ribbon and gold wire bonding were explored. Gold wire required
elevated bonding temperatures (100C) and was preferred for its reliability. Special
care was taken to ensure bond pad size 50 50 um) and surface cleanliness. The
bonding process was sensitive to pad adhesion quality, which in uenced mechanical

and electrical yield.

Device Packaging Procedure
The packaged photoconductive antenna devices were prepared for measurement

using the following steps:

85



Chip Dicing: The wafer was cleaved into individual chips, each containing a
single photoconductive antenna (PCA), with typical dimensions of approximately

4 mm 4 mm or larger.

Mounting: Each chip was mounted on the backside of a custom-designed printed

circuit board (PCB) using a dielectric epoxy adhesive.

Wire Bonding:  Electrical connections were established by wire bonding the

contact pads of the PCA to the corresponding electrode traces on the PCB.

Soldering: External wires were soldered to the PCB electrodes to allow integra-

tion into the THz measurement system.

Electrical Isolation:  Kapton tape was applied to the exposed electrode regions
on the PCB to provide electrical insulation and prevent accidental shorting during

handling and operation.

3.3.5 THz TDS Testing

Figure 3.6 shows the measured THz signal from this device. The time-domain
trace demonstrates a strong ultrafast response with a peak amplitude of approximately
35 uV under 780 nm femtosecond optical excitation and applied bias. The frequency-
domain spectrum, obtained via fast Fourier transform (FFT), reveals broadband emis-
sion spanning from 0.1 THz to 1.6 THz. These results validate the suitability of
ErAs:GaAs for ultrafast THz emission and con rm that the fabricated PCA supports
both high- eld output and broadband operation. While resistance was evaluated for
multiple devices, the measured resistance was often too high to be accurately quanti-
ed with the available instrumentation, suggesting open or poorly contacted devices in

some cases.

3.3.6 Failure Analysis
During initial packaging attempts, several photoconductive antenna (PCA) de-

vices failed after Kapton tape was applied for electrical insulation. To diagnose the
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Figure 3.6: Emission from a dipole photoconductive antenna fabricated on ErAs:GaAs.
(a) Time-domain trace of the emitted THz eld under 780 nm excitation and applied
bias, showing a peak amplitude of 3pV. (b) Frequency-domain spectrum obtained
via FFT, indicating a bandwidth from 0.1 THz to 1.6 THz.

issue, microscope images were recorded after each step of the packaging process. As
shown in Figure 3.7, the device was undamaged before tape application, but damage
was observed afterward, likely caused by electrostatic discharge (ESD) during handling.
Based on these ndings, the packaging procedure was revised: wires were soldered to
the PCB before applying Kapton tape and performing wire bonding. Additionally, the

free ends of the wires were shorted together to equalize potential across the electrodes
and prevent discharge through the antenna gap. ESD mitigation measures were also
implemented, including the use of a grounded wrist strap and an ionizing fan during
packaging. These improvements signi cantly increased the device yield and reduced
ESD-induced failure rates.

To investigate the root cause of device failure, scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS) were conducted on photocon-
ductive antennas that exhibited defects, as shown in Figure 3.7b. Figure 3.8 shows
both overview and high-magni cation SEM images of a damaged device, where sur-
face cracking and material deformation are visible in the antenna gap. These features

suggest a localized breakdown event, potentially initiated by electrostatic discharge
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Figure 3.7: Optical microscope images of a photoconductive antenna (PCA) device
before and after Kapton tape application during packaging. (a) The device prior to
insulation, showing a clean and intact electrode gap. (b) After tape application, damage
is visible at the gap, likely due to electrostatic discharge (ESD). This behavior was
observed in early devices, prompting a revision of the packaging procedure to minimize
ESD risk.

(ESD).

Elemental analysis using EDS was used to assess chemical compaosition in the
a ected region. The gold (Au) map con rms proper metallization of the electrodes,
while the gallium (Ga) and arsenic (As) maps reveal the distribution of the GaAs
substrate. Notably, the damaged gap region shows an apparent loss of arsenic signal
while gallium remains detectable. This selective depletion of arsenic is consistent with
thermal desorption or vaporization, which can occur under localized heating conditions
associated with ESD. These ndings strongly support ESD as the dominant failure
mechanism and underscore the importance of electrostatic protection during all post-
fabrication steps.

To minimize the risk of electrostatic discharge (ESD) damage during packaging,
bonding, and Kapton tape application, they were carried out with proper grounding
using an ionizing fan and an ESD wrist strap. Additionally, the packaging order was

modi ed: soldering of external wires was performed before wire bonding and Kapton
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Figure 3.8: SEM images illustrating the failure analysis of a photoconductive antenna
(PCA) on ErAs:GaAs. (a) SEM overview showing the antenna structure. (b) SEM
close-up revealing signi cant damage and surface cracking in the gap region. (c{e)
EDS elemental maps of the same region, showing (c) gold (Au) from the electrodes,
(d) gallium (Ga), and (e) arsenic (As). The reduced arsenic signal and structural
damage support electrostatic discharge (ESD) as the likely failure mechanism.
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application. This procedural change signi cantly improved device yield and avoided

PCA shorts due to handling damage or latent charge buildup.

3.4 Hybrid Emitter

Many emerging applications in terahertz (THz) science|such as spectroscopy
of chiral molecules, nonlinear THz optics, and THz communication|require not only
broadband THz emission but also precise control over the polarization, temporal shape,
and frequency content of the emitted THz pulses. Conventional THz sources, such as
stand-alone photoconductive antennas (PCAS) or spintronic emitters (SEs), typically
o er either high eld strength or broad bandwidth, but not both, and often rely on
external modulators for dynamic control over emission properties.

To overcome these limitations, a hybrid THz emitter was developed that in-
tegrates a semiconductor-based PCA and a spintronic emitter on opposing sides of a
common substrate, as shown in Figure 3.10. This architecture enables independent con-
trol of two emission channels by using separate external parameters: the PCA is driven
by an applied voltage and short-wavelength optical excitation (780 nm), while the SE
responds to an external magnetic eld and long-wavelength excitation (1560 nm). By
combining these two mechanisms, the hybrid emitter enables in situ THz pulse shaping
and polarization control, including chirality modulation, without the need for bulky
external optical elements.

This work focuses on the photoconductive component of the hybrid device,
which not only demonstrates strong voltage-driven THz emission but also plays a
central role in enabling temporal control through its ultrafast carrier recombination
dynamics. The ErAs:GaAs PCA thus serves as both a high-speed THz source and a
tunable control element within the hybrid architecture. Furthermore, the GaAs sub-
strate enables the independent excitation of the emitters because of its transparency

to the excitation controlling the SE.
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Figure 3.9: Fabrication process ow for the Hybrid emitter, highlighting in red the
main di erence with respect to the fabrication of a single PCA, shown in Figure 3.5

3.4.1 Fabrication Overview

The fabrication steps of the hybrid emitter are summarized in Figure 3.9. As
shown, the key di erence between the hybrid device and a single-side ErAs:GaAs-based
PCA lies in the additional deposition of spintronic materials on the back side of the
substrate. To enable this, a double-side polished GaAs (001) wafer was used, providing
the smooth surface required for uniform sputtering of the magnetic heterostructure.

As presented in Figure 3.10, the photoconductive antenna (PCA) was designed
with an I-shaped geometry with a narrow gap optimized for broadband THz emis-
sion. The antenna consisted of two Ti/Pt electrodes (10 nm / 100 nm) with a gap of
5 pum, a strip length of 2.64 mm, and a line width of 1qum. These dimensions were
de ned through photolithography using a laser maskless writer, followed by electron
beam evaporation and lift-o . The narrow gap enhances the localized electric eld and
maximizes the e ciency of ultrafast carrier acceleration under optical excitation and
applied bias. Additionally, two optical alignment markers were patterned symmetri-
cally within the gap region to facilitate precise illumination of the active area during
THz time-domain spectroscopy (THz-TDS) measurements.

Figure 3.11 is a scale representation of the PCA, where Figure 3.11a is the
patterning design. Figure 3.11b shows a wide- eld view of the PCA structure, including
the gap region and alignment markers. Figure 3.11c provides a magni ed view of the

active region between the Ti/Pt electrodes, showing the well-de ned gm gap. These
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Figure 3.10: Schematic illustration of the hybrid THz emitter integrating a photocon-
ductive antenna (PCA) and a spintronic emitter (SE) on opposite sides of a GaAs
substrate. The schematic of the PCA is not to scale due to the large dimensional dif-
ference between the gag and the electrode pads' separatios. Figure courtesy from
Wu et al., Adv. Optical Mater., 2024, 2402374. [3]

See reuse license on D.2

images con rm the success of the photolithography and metal lift-o processes and
validate the functional design of the PCA.

Following fabrication of the front-side photoconductive antenna, the back side of
the wafer was prepared for spintronic emitter deposition. A trilayer structure consisting
of Ta (3 nm)/CoFeB (2 nm)/Pt (3 nm) was deposited by DC magnetron sputtering
in an Ar atmosphere at a pressure of 4.5 mTorr and a ow rate of 20 sccm. The base
pressure prior to deposition was maintained below 10 Torr. The use of Pt and Ta,
which have opposite spin Hall angles, enhances the spin-to-charge conversion e ciency
via the inverse spin Hall e ect, thereby improving the THz emission strength of the
spintronic emitter.

After deposition, the wafer was cleaved into individual chips. Each chip was
mounted onto a custom-designed printed circuit board (PCB), and wire bonding was
performed to provide electrical access to the PCA. To enhance the out-coupling of
THz radiation during measurement, a hyper-hemispherical silicon lens was a xed to

the substrate, aligned with the PCA emission axis as shown in Figure 3.10.
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