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Abstract The generation of terahertz (THz) radiation by ultrafast optical excitation
of III–V semiconductors has been studied extensively in the last three decades.One of
the widely used THz sources/detectors is photoconductive antennas (PCAs) based
on low-temperature grown GaAs (LT-GaAs). These PCAs have acted as reliable
table-top sources of THz radiation required for different applications ranging from
spectroscopy to imaging. THz radiation is generated from these semiconductors by
transient photocurrents or by the nonlinear optical phenomenon. In the case of low-
bandgap semiconductors, like InAs or GaSb, THz emission is mainly due to transient
photocurrents. The transient photocurrent arises due to the built-in surface field or
due to the difference in the mobility of electrons and holes generated by the intense
laser pulse. III–V semiconductors doped with isoelectronic elements like bismuth
have shown interesting properties like giant bandgap bowing, (e.g., 80–90 meV/%
of Bi in GaAsBi), increase in hole concentration, and giant spin-orbit bowing. In
this chapter, we discuss the effect of Bi incorporation on the THz emission and the
mechanisms responsible for THz phenomena in two typical III–V semiconductors,
viz. GaAs and GaSb. Even though the THz emission mechanism in these two alloys
is different, an enhancement in the THz emission efficiency in both the alloys with
increased Bi concentration has been reported. We discuss potential applications of
these III–V: Bi alloys.

1 Introduction

Semiconductors hold a special place in terahertz science and technology. They are
among the crucial components of terahertz technology ever since the beginning of
investigations in this spectral realm. Ultrafast optical excitation of semiconductors
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is one of the most popular techniques used to produce terahertz (THz) radiation
in table-top spectroscopic systems of the day. A large number of II–VI and III–V
semiconductors emit THz radiation upon femtosecond optical excitation due to vari-
ous physical mechanisms. Studying the THz emission from these materials not only
reveals the emission mechanisms but also guides the search for efficient broadband
sources of THz radiation. In this chapter, we discuss the influence of isoelectronic
alloying of III–V semiconductors in the THz emission phenomenon.

2 THz Emission from Semiconductors

Femtosecond lasers deliver extraordinary optical energy, setting forth interesting pro-
cesses in materials. Terahertz emission from semiconductors relies on the transient
phenomenon (fs-ps) powered by ultrafast optical pulses. It either takes a nonlinear
optical route or a transient current route. The nonlinear optical route relies on a
process called optical rectification (OR). OR leads to rapid variation in the electric
polarization in the semiconductor crystal, and the time-varying polarization acts as
the source of THz radiation [1].
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bility tensor and E(ω) is the electric field of the excitation wavelength. The III–V
semiconductor systems like GaAs, InP, GaP, InAs, and II–VI systems like ZnTe,
CdTe display broadband THz emission via OR. Like most other nonlinear processes,
OR is subject to phase-matching condition and depends on the orientation of crystal
axis with respect to the optical polarization of the excitation light. The THz emission
could happen through a second-order nonlinear phenomenon in the bulk of the semi-
conductor and is called the bulk OR. Besides, terahertz radiation could also emerge
by a third-order nonlinear process taking place at the semiconductor surface. This
phenomenon is called the surface field-induced OR. The femtosecond excitation of
the semiconductor generates electron-hole pairs near the surface. The photocarri-
ers undergo drift and diffusion near the surface, constituting transient currents. The
strength and nature of transient currents depend on the material system and the pho-
ton energy. These transient currents with characteristic subpicosecond lifetimes act
as a source of THz radiation.

Semiconductor surfaces host unique energy states called surface states [2, 3].
The surface states play a vital role in the electrical behavior of semiconductors.
Several experiments have demonstrated localization of surface states to a narrow
band near the mid-bandgap. Hence, it is safe to assume that the surface Fermi level
is close to the mid-bandgap. However, in the bulk interior, the Fermi level could be
away from the mid-bandgap, and parameters like doping density and donor/acceptor
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Fig. 1 Band bending at the surface of an n-doped semiconductor, which has a bandgap of Eg and
whose Fermi level is EFB away from the valance band edge EV. Ea and Ed represent the position
of acceptor and donor levels, respectively, above EV. The quantity qφBB represent the maximum
extent of band bending (at the surface) measured from the conduction band edge Ec in bulk

levels determine its position. Due to this, there is a mismatch between the Fermi
levels at the bulk and the surface. This mismatch leads to band bending, charge
separation, and establishment of the electric field near the surface (depletion region).
This phenomenon is called the Fermi-level pinning [2] (Fig. 1).

Ultrafast excitation of the semiconductor surface introduces new carriers in the
depletion region, and these carriers accelerate due to the surface electric field. These
transient drift photocurrents lead to radiation in the THz frequency range. Wide-
bandgap semiconductors like GaAs and InP have higher Fermi-level mismatch and
stronger surface fields. Hence, drift currents constitute the prominent emissionmech-
anism.Drift currents form the basis of popular THz source called the photoconductive
antenna (PCA). PCAs are made using wideband semiconductors with biased elec-
trodes on the surface where the external electric field drives the drift photocurrent.
PCAs, compared to bare surface emitters, offer better flexibility in terms of dipole
strength, dipole orientation, spectral tunability, etc.

However, low-bandgap materials do not form strong surface fields. InAs, which
is a low-bandgap material, shows the highest amplitude THz emission among III–V
semiconductors at 800 nm excitation, and the emission is due to carrier diffusion. In a
low-bandgapmaterial that has a short absorption length at 800 nm,when excited with
an ultrafast near-infrared (NIR) pulse, a dense pool of hot carriers is created close to
the surface. The gradient in carrier density between the bulk and surface drives the
diffusion of carriers into the bulk. The hole has a higher effective mass and lower
mobility compared to electrons. Hence, the inhomogeneous carrier distribution cre-
ated by ultrafast optical excitation evolves with a net movement of electrons toward
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the bulk. This is called the photo–Dember effect. The transient diffusion current thus
generated results in THz emission. Carriers attain high excess kinetic energy and
carrier temperature in lower-bandgap materials, making diffusion stronger in them
[4].

Drift and diffusion photocurrents coexist in semiconductor systems. However,
their relative and absolute strengths depend on many factors, including the bandgap,
the position of satellite valleys, mobility, doping density, pump photon energy, etc.
Guessing the THz emission mechanisms in a semiconductor system is not easy, as
one needs to consider a large number of factors that are at play. For instance, when
excited with ultrafast pulses with photon energy ~1.5 eV (λ ~ 800 nm), GaAs with
a bandgap, Eg of ~1.42 eV, is a surface field-assisted drift current emitter [5]. On
the other hand, studies have shown GaAs transforming into a diffusion emitter when
excited at 3.1 eV due to high carrier excess energy [4]. Following this reasoning,
one might be tempted to conclude that pumping a system with higher photon energy
would force stronger diffusion leading to the photo–Dember effect. However, in the
case of InAs (Eg ~ 0.35 eV), pumping with photon energies above ~1.6 eV decreases
photo–Dember emission. When excited high up to the conduction band, electrons
encounter an increased probability of scattering to the low-mobility satellite valleys
[6]. Similar reasoning explains the higher photo–Dember THz emission from InAs
compared to the InSb at 1.5 eV excitation, even though InSb has a lower bandgap
[7].

Similarly, one would also expect heavy doping as a way to create a higher surface
field and leading to higher drift currents. Even though high doping density enhances
the field strength, the depletion region becomes very narrow, and hence a large
fraction of photocarriers are generated outside the depletion region where there is
no field to accelerate the charges. Moreover, the increased screening [8, 9] and high
carrier–carrier scattering [10] sharply reduced the THz emission efficiency at high
doping levels.

The excitation density of the pump beam is a vital factor in determining the
emission mechanism. Let us look at THz emission from InAs. At low intensities, the
THz emission happens via the photo–Dember effect [11]. However, at higher fluence,
the surface field-assisted OR takes over as the dominant mechanism [12]. Moreover,
the drift and diffusion currents tend to saturate at higher fluences (photocarrier–
carrier density). The nonlinear phenomenon, on the other hand, might get stronger
and show saturation only at much higher excitation densities.

In short, the THz emission from semiconductors is a complex phenomenon that
cannot be easily generalized.Multiple emissionmechanisms can coexist and compete
in a single material system. One has to study the physical system and THz emission
carefully to elucidate the underlying emission mechanisms. Such investigations are
vital in the pursuit of the identification and design of efficient broadband sources
of THz radiation, which have the potential for spectroscopic and technological
applications.
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3 Isoelectronic Doping

Alloying is a common technique used to tailor the optoelectronic properties of a semi-
conductor so that it fits the desired application. The process involves the introduction
of new isoelectronic elements into the host material. Various isoelectronic species
that have characteristics like atomic radii, ionicity, and electronegativity, similar to
the host, are preferred. However, exceptions to this also exist. Isoelectronic alloying
in III–V semiconductors is one of the heavily investigated areas of semiconductor
sciences in the past decades [13, 14]. Such processes often drastically alter the struc-
tural, optoelectronic, and transport properties of the parent material. The interest in
these alloys is two-fold: scientific curiosities on the nature of perturbations that come
along with alloying as well as rich and diverse applications these alloys potentially
hold.

The introduction of isoelectronic species perturbs the host semiconductor band-
structure. As mentioned earlier, alloying is a tool to tune several material parameters.
One could easily see that tertiary alloys encompass a richer diversity of physical sys-
tems compared to binary systems. The introduction of new isoelectronic species
and its compositional variation generates material systems with a broad spectrum of
properties. The following are a few properties influenced and tuned by isoelectronic
compositional variation.

• Structural parameters like lattice parameters and crystallinity.
• Optoelectronic parameters like bandgap, spin–orbit splitting energy, and the
temperature sensitivity of bandgap.

• Transport properties like doping, electron–hole mobility.

Bandgap and lattice engineering of isoelectronic III–V alloys pushes its applicability
to the fabrication of hybrid solar cells, LEDs, and lasers [13–15].

The strong influence of isoelectronic alloying on the structural, optoelectronic,
and transport properties would inevitably modify the terahertz emission properties
also.

4 III–V Bismide Alloys

Bismuth is the heaviest stable member in group V. Bismuth sets itself apart from
the rest of the members with its highest atomic radius and lowest electronegativ-
ity. It acts as an isoelectronic substituent in III–V semiconductor systems. Bismuth
incorporation into many of these III–V systems brings distinct modifications to the
host semiconductors. Many of these characteristics have potential applications in the
fabrication of optoelectronic devices ranging from detectors to solar cells and lasers.
Some of the critical modifications introduced by Bi incorporation in III–V systems
are discussed below.
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5 Structural Properties

Lattice constant: Bismuth is the largest member of group V with an atomic radius
of 230 pm. The anionic substitution of Bi necessarily leads to lattice expansion in
general due to the high lattice mismatch. X-ray diffraction studies have revealed a
definite shift in the characteristic peaks [16–18]. The studies have shown amonotonic
increase in lattice constant with increasing Bi content in the case of GaAs. The lattice
parameter data obtained from theXRD technique is often used to assess theBi content
in the alloy with the help of Vegard’s law.

Crystallinity: The researchers always struggle with creating highly crystalline
bismide alloyswith large bismuth content. The anionmismatch is oneof the important
reasons, and the lattice expansion makes it difficult to achieve a lattice matching with
the substrate [19].

6 Optoelectronic Properties

Bandgap: At dilute concentrations, Ga containing III–V: Bi alloys display a linear
decrease in the bandgap [20]. In the case of GaSb1−yBiy, the reduction happens at a
rate of 30–40 meV/% of Bi [21, 22]. As the disparity between the anions increases,
as in the case of the GaAs1−xBix system, the bandgap drop is more pronounced and
happens at a rate of ~80–90 meV/% of Bi [18, 23–26]. Many theoretical approaches
have predicted bandgap bowing effects in III–V systems. Quantum dielectric theory
[27], tight-bindingmethod [28], DFT [22], virtual crystal approximation (VCA) [27],
band anticrossing model (BAC) [29], etc., are the main theoretical approaches used
to model the bandgap reduction with Bi incorporation in III–V semiconductors. Out
of these, the BAC model fits well with the GaAsBi system, and a combination of
BAC and VCAmodels provides a satisfactory explanation for the observed bandgap
reduction in GaSbBi (Fig. 2).

Large spin–orbit splitting energy: The large spin–orbit splitting in III–V semicon-
ductors doped with bismuth is also due to valance band anticrossing. The interaction
of electron spin–orbital angular momentum with heavy Bi atom leads to the shift
of the spin–orbit band of the new system to lower energy. This phenomenon, along
with the movement of the valance band to higher energy, results in large spin–orbit
splitting [24, 26, 33]. Such effects are useful for applications in spintronics.

7 Transport Properties

Unintentional doping: Bi-related states appear close to the valence band maxima
of the host semiconductor, which in turn mainly affects the hole transport in the
bismide alloys. One of the most crucial characteristics in all the gallium-containing
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Fig. 2 Bandgap (Eg) reduction in GaAsBi observed from various studies reported in references
[18, 23, 26, 30–32]. The figure also shows the comparison of experimental results to the theoretical
calculations based on valance band anticrossing (VBAC), quantum dielectric theory (QDT), and
virtual crystal approximation (VCA) [27]

III–V bismides is the introduction of the unintentional p-type character. The p-nature
arises due to the formation of acceptor-like states induced byBi, whose concentration
increases at higher Bi content. One of the possible explanations for the acceptor states
comes from the ability of Bi to have a valency of 3 as in Bi2Te3 or Bi2Se3 [34]. The
valency of 3 comes as a consequence of large energy separation between 6s2 and 6p3

atomic orbitals in a heavy atom like Bi. A small fraction of Bi remains like this in
the bismide alloys. In such a scenario, Bi can act as a double acceptor when residing
in group V sub-lattice. Hence, a higher Bi concentration could lead to a higher hole
density.An alternate route to explain the increasedp-nature is the fact thatBi shifts the
valence band edge to higher energies, closer to Fermi-level stabilization energy. The
reduced activation energy favors the formation of acceptor-like defect states. This
effect is observed in many bismide alloys, including GaAsBi [35–37] and GaSbBi
[38, 39] (Fig. 3).

Hole mobility: The hole mobility shows remarkable degradation with Bi incorpo-
ration [35, 36, 40, 41]. The decrease in hole mobility is due to increased scattering
rate by isolated as well as clustered Bi atoms. These sites could act as potential well
for holes. Alongwith the drop in holemobility, there is an increase in carrier effective
mass with increasing Bi content in the alloy. This effect happens due to the strong
hybridization of Bi-related levels with the host’s VB. In short, the perturbation of
Bi on CB is much weaker than that on VB, and consequently, the mobility of the
electron is less affected compared to holes.
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Fig. 3 Increase in the hole
concentration in GaAs1−xBix
with increasing Bi content
(x) observed by Pettinari
et al. in reference [36]

8 Terahertz Emission from III–V-Bismide Alloys

As mentioned already, terahertz emission is a complex phenomenon influenced by
a plethora of factors. Isoelectronic alloying could allow us to tweak many of these
factors and alter the terahertz emission properties in semiconductors. In the previous
section, we have discussed the characteristic deviation of bismide alloys from the
parent III–V system. The material characteristics like bandgap, doping, and mobility
have a crucial role in the terahertz emission phenomenon. In the following sections,
we shall discuss the terahertz emission mechanisms in the GaAsBi and GaSbBi
systems.

9 GaAsBi

Much investigation has been done on THz emission aspects of GaAs [5, 42]. With
typical NIR excitation wavelengths andmoderate excitation densities (~mJ/cm2), the
primary THz emission mechanism is surface field-assisted transient currents. GaAs
being a wide-bandgap semiconductor, the system offers the possibility of consider-
able bandbending andhighbuilt-in surfacefields. The influence of the photo–Dember
effect is minimal in GaAs when photoexcited at wavelengths close to the bandgap.
These facts have been verified very well over the last couple of decades, and there
is a consensus regarding this among researchers. However, in GaAs, excitation with
high-energy photons results in a shift to photo–Dember emission. The reason for this
is higher carrier temperature due to higher excess kinetic energy [4]. In addition to
transient currents, the nonlinear phenomenon of optical rectification is also prevalent
in GaAs [42].
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In this section, we shall discuss the terahertz emission emerging out of nonlinear
phenomena and transient currents in GaAsBi. One must keep in mind that both these
emission phenomena are present in the GaAs system as well.

9.1 Optical Rectification

The terahertz emission from GaAsBi due to 800 nm excitation with moderate flu-
ences shows a very clear indication of OR. An essential characteristic of the NL
processes is the strong dependence of THz emission on the relative orientation of
the excitation laser polarization and the crystal axes. For instance, in a zinc-blende
structure, following relations dictate the dependence of p-polarized THz emission
on the azimuthal angle (φ) with p-polarized laser excitation, due to bulk OR [43].

E 〈100〉
p−p ≈ cos 2φ

E 〈110〉
p−p ≈ sin φ + sin 3φ

E 〈111〉
p−p ≈ a + b cos 3φ (2)

The surface field-assisted OR has a different set of rules for azimuthal depen-
dence. The studies so far have looked at the epilayers grown on the <100> and
<311>B substrates. The GaAsBi epilayers grown on (311)B face has a rather inter-
esting azimuthal dependence [44]. The bare <311>BGaAs substrate and the GaAsBi
epilayers show entirely different trends in terahertz emissionwith azimuthal rotation.
With the careful analysis of the second- and third-order susceptibility tensor in zinc-
blende crystals, one could, in principle, arrive at the azimuthal dependence for any
crystal plane. In doing so, the azimuthal dependence from (311)B GaAs substrate
agrees well with that of bulk OR. While the trends in epilayer differed significantly,
this could well be explained by considering a combination of bulk as well as surface
field-assisted OR [44].

The surface field-assisted OR phenomenon arises due to the presence of a static
electric field in the zinc-blende structure. Such a static electric field can be present on
the surface of semiconductors, as discussed earlier. In such cases,

(
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)
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While the (311)B-grown GaAsBi layers show terahertz emission via bulk and
surface OR, studies have shown no evidence of surface OR contribution in the case
of (100) grown GaAsBi epilayers. Also, in (100) orientation, zinc-blende structures
show no azimuthal dependence in the case of surface OR (Fig. 4).
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Fig. 4 Azimuthal angle dependence of THz emission from (a) GaAs (311)B substrate and (b)
GaAsBi epilayer reported in reference [44]. (c) Similar azimuthal dependence from (100) GaAsBi
epilayer reported in reference [45]

Studies have shown that the nonlinear phenomenon gets weaker with increasing
Bi content in the alloy [45]. The reason is not entirely apparent yet. The Bi-induced
bandgap bowing might also help us partially to explain the reduction in the contribu-
tion of OR. With increased optical absorption at lowered bandgap, the electron–hole
pair generation process readily consumes the excitation photons. Hence, a lesser
number of photons are available for nonlinear processes, which reduces the THz
emission via OR. The effect of Bi alloying on the nonlinear susceptibility (nonlinear
coefficients) is so far not known.

9.2 Transient Photocurrents

As mentioned earlier, transient currents are the dominant mechanism when it comes
to THz emission in GaAs at 800 nm excitation, at low to moderate fluences. Studies
show similar behavior in the case of GaAsBi systems too. The transient current could
be due to the surface field or photo–Dember effect, depending on several factors.
The extent of bismuth concentration itself is one of the most critical factors. At low
bismuth content, the GaAsBi system is predominantly a surface field emitter, just
like GaAs. Such behavior is easily understandable, considering the high-bandgap
semiconductor system. One would see that the polarity of THz signals from p- and
n-doped GaAsBi is opposite to each other. With increasing Bi content, the bandgap
of the alloy system linearly decreases. Consider two semiconductors with different
bandgaps, which are excited with radiation at the same wavelength (above bandgap
excitation). Then, the carriers in the semiconductor with lower bandgap would have
higher excess energy (and carrier temperature). Such a situation is very favorable
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for creating diffusion current. Hence, decreasing the bandgap by incorporating more
and more Bi makes the photo–Dember effect increasingly favorable (Fig. 5).

We reported such a transition happening somewhere between x ~ 0.5% and 1.4%
Bi [45]. In the study, all the samples in the set (0 ≤ x ≤ 3.1%) had inherited
p-type doping associated with Bi incorporation. The THz pulses showed opposite
polarity between 0.5 and 1.4% due to a crossover in the emission mechanism from

Fig. 5 THz emission characteristics of (100) GaA1−xBix epilayers observed in reference [45]. (a)
Comparison of THz pulses obtained from epilayers of varyingBi content under similar experimental
conditions. One could see the polarity reversal in THz emission between x ≈ 0.5 and 1.4%. (b)
Trends in THz emission with varying Bi content and its comparison to the theoretical prediction in
reference [46]. (c) The broadband emission spectrum from bismide alloys
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Fig. 6 (a), (b) compare the THz pulse polarities of unintentionally doped (u) alloys to the n- and
p-doped GaAsBi alloys. At low Bi concentration, the emission is dominated by drift currents. The
claim is supported by the opposite polarity of the THz pulse in n- and p-type GaAsBi samples

surface field-assisted emission to photo–Dember dominated emission. One could
see that with 1.55 eV (800 nm) excitation even at x ~ 1.4%, the carriers would have
around twice the excess energy compared to that in GaAs. The p-doping density in
GaAs1−xBix with increasing x could have a positive impact on the surface field and
THz emission. However, in the above study, that effect is seen to be overshadowed by
the increase of the photo-Dember effect. In the above study, there is an enhancement
in the terahertz emission amplitude with increasing Bi content too. However, the
terahertz emission could also face a backlash due to the reduced transport quality by
bismuth induced defects [47] (Fig. 6).

The dominance of the photo–Dember effect becomes pronounced in the GaAsBi
system with increasing excitation photon energy. But the photo–Dember current
does not increase indefinitely with photon energy. The emission efficiency starts
to drop once the excess energy of carriers crosses the energy difference between
the � valley and satellite valley [47]. In such cases, the carriers start to scatter to
the higher energy, low-mobility conduction band valleys. This reduces the photo–
Dember efficiency. This technique is useful in finding the position of satellite valleys
in the new GaAs1−xBix alloys.

9.3 Photoconductive Antennas

GaAs is used extensively for the fabrication of THz photoconductive antenna,making
it extremely relevant in THz sciences. Semi-insulating (SI) and low-temperature
grown (LT) GaAs substrates are the most used photoconductive materials [48]. LT-
GaAs, in particular, is the best material for making high-amplitude, broadband THz
PCAs. The LT-GaAs has high resistivity, fast carrier decay, and low dark currents,
which makes it ideal for PCA applications. One could also use cheaper SI-GaAs-
based THz antennas for spectroscopic applications. If one intends to use a large
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Fig. 7 Detection efficiency
of GaAsBi-based PCAs
which operate with long
wavelength excitation [53]

aperture PCA emitter, SI-GaAs offers results comparable to LT-GaAs or often better
[48, 49].

GaAsBi alloys also show great potential in PCA fabrication. The material also
shows very fast carrier relaxation and high enough dark resistivity. GaAsBi PCAs
operating at 800 nm are well known today [50–52]. But the most attractive prospect
of GaAsBi-based PCAs lies in the bandgap tunability of the alloy. The bandgap
bowing with Bi incorporation could lead to the usage of fiber lasers emitting in
the 1–1.55 μm wavelength range for exciting the PCAs. Fiber lasers are far more
compact and cheaper compared to the Ti-sapphire lasers that power GaAs-based
PCAs. Arlauskus et al. have already demonstrated GaAs1−xBix-based PCAs with x ~
6% being able to detect THz pulses even at excitation wavelengths as high as 1.8μm
[53]. Commercial GaAsBi PCAs are available now, which function in all-fiber mode
operating at 1.06 μm. A shift to fiber laser-based THz spectroscopy systems could
be a key to popularize the THz radiation and revolutionize its industrial applications
(Fig. 7).

9.4 GaSbBi

GaSb is a low bandgap material with a bandgap Eg ≈ 0.72eV. Surface fields do
exist in GaSb; however, the strength is meager compared to GaAs due to the low
bandgap of GaSb. The THz emission from GaSb due to surface field acceleration is
much lower compared to GaAs. GaSb has a high absorption coefficient at typical Ti:
Sapphire excitation wavelength (λ ≈ 800nm;Ehν≈ 1.55 eV), and the carriers achieve
high excess kinetic energy at such excitation conditions. One might be tempted to
predict a stronger diffusion current due to the photo-Dember effect. However, there
are more hurdles in GaSb for efficient diffusion currents driven THz emission. The
satellite valleys of GaSb are very close to the Γ valley (EΓ −L ≈ 0.084eV and
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EΓ −X ≈ 0.31eV). Excitation with well above bandgap radiation readily scatters the
carriers to lowmobility satellite valleys reducing the photocurrents andTHz emission
[7].

We looked at the impact of Bi incorporation on the THz emission. We reported a
steady increase in THz emission with increasing Bi content in GaSbBi alloys grown
via liquid phase epitaxy [54]. The bare GaSb, as mentioned earlier, is a weak THz
emitter, with the emission intensity, which is only about 1/20th of that from LT-GaAs
(Fig. 8). However, the emission amplitude fromGaSbBi becomes comparable to that
from LT-GaAs at a Bi content of ~1.65%. Bismuth incorporation in GaSb gives p-
nature to the new alloy. As discussed earlier, studies have shown an increase in the
p-doping density with increasing Bi content [38]. The study attributed the increased
strength of the surface field due to increased doping density as the reason for such
an emission enhancement. Another work on the GaSb system had revealed such an
improvement in THz emission from GaSb due to impurity compensated n-doping
due to tellurium inclusion [10]. The effect of bandgap lowering should not impact
the photo–Dember effect so much at 1.55 eV excitation, as the GaSb system already
has a low bandgap and excess carrier energy will not very different in the GaSbBi
alloys with different Bi concentrations.

The study of the terahertz radiation pattern reveals the orientation of radiating
dipole in the semiconductor system. We did this by rotating the sample with respect
to the excitation beam (Fig. 9). The radiation pattern (A◦(θd)) due to a dipole oriented
at an angle X to the normal to the surface, inside the semiconductor is as follows
[54].

Fig. 8 THz pulses from GaSbBi alloys with varying Bi content and its comparison to LT-GaAs.
The anionic Bi content in the alloy increases with increasing Bi content in the growth melt. The
highest Bi content, in this case, is 1.65% Bi when grown at 4% Bi in the growth melt. The emission
improves around 20-fold between GaSb and GaS1−yBiy (y ≈ 1.65%)
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Fig. 9 (a) A schematic illustration of the experimental system for studying the dependence of
THz emission on incidence/detection angle and, (b) the optical alignment of photocarriers in the
semiconductor. The (time) integrated amplitude of the experimentally observed THz radiation from
(c) GaAs1−xBix and (d) GaSb1−yBiy emitter, along with the simulated pattern (with and without
optical orientation) using Eq. 5 (dash-dotted line). Eq. 5 was integrated for θd ± 14◦

A(θd, χ) ∼ cos θd × sin
(
θ

′
d + χ

)

cos θ
′
d + n cos θd

(4)

A◦(θd, χ) ∝ [1 − R(90 − θd)] × sin θd × A(θd, χ) (5)

Our study on GaSbBi (and on GaAsBi) shows that the photocurrent (dipole)
preferentially align along the refracted pump beam inside the III–V: Bi alloys. Such
an “optical alignment” of carrier momentum points to the influence of the photo–
Dember effect in the system. So far, no influence of optical rectification was observed
from either GaSb or GaSbBi systems.

Further studies are required to understand the influence of Bi on the position of
satellite valleys in GaSbBi alloys. Such influences could have a strong influence on
the THz emission properties in the GaSbBi system.

To sum up, the terahertz emission from GaAsBi and GaSbBi could be enhanced
with increasing Bi incorporation with 800 nm excitation. Giant bandgap bowing in
GaAsBi leads to increased photocarrier temperature that enhances the photo–Dember
effect in GaAsBi. The unintentional p-doping due to Bi inclusion strengthens the
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surface field and hence the THz emission in GaSbBi. However, the bandgap bowing
in GaSbBi and p-doping in GaAsBi seems to be of lesser influence in THz emission
amplitude. However, the degradation of crystal quality will reduce the transport
quality and the emission amplitude in any semiconductor system. It is exceptionally
challenging to create good-quality alloys with high Bi content. But, if we succeed in
that endeavor, it would be interesting to learn the THz emission phenomenon from
high Bi content alloys with excellent crystal quality. The knowledge of THz emission
dynamics in bismide alloys is still minimal. Further studies, including excitation
spectra dependence, must be done on bismide systems of a wide composition range
if we are to have a broader understanding of the subject.

9.5 Application in THz Spectroscopy

The THz emission from the GaSbBi and GaAsBi films is spectrally broad. The use-
ful tail of the emission extends up to ~4.5 THz. The detected bandwidth could be
limited because of the low sensitivity of the PCA detector at higher THz frequencies.
We had compared the performance of the GaAsBi emitter and a commercially avail-
able iPCA in a THz-TDS system. The emission amplitude from GaAsBi or GaSbBi
surface is several orders of magnitude lower compared to the iPCA, but its spectral
reach surpasses that of a commercially available iPCA.We had used GaSbBi emitter
to study the THz response of β BBO crystal and demonstrated that compared to
a commercially available interdigitated PCA (iPCA), the frequency limit in which
material response is faithfully measured is higher in the case of GaSbBi. Similar per-
formance has also been obtained fromGaAsBi. For example, as shown in Fig. 10, we
compare the THz transmitted signal through a spin-ladder compound Sr14Cu24O42.
This particular compound attenuates the transmission of THz signal in the frequency
band from 0.25–1 THz, which results in two peaks (~0.25 THz and ~1 THz) in the
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Fig. 10 a THz signal generated using an (a) GaAsBi emitter and b commercially available iPCA
after transmitting through a Sr14Cu24O42 crystal
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transmitted spectra. These two peaks give rise to two kinds of oscillations, (i) a slow
oscillation with a period of ~4 ps and (ii) a fast oscillation with a period of ~1 ps.
As one can see, the fast oscillations are much more visible in the case of THz gen-
eration using GaAsBi compared to iPCA, due to the higher bandwidth of GaAsBi
emitter. This demonstrates the feasibility of GaSbBi and GaAsBi alloy emitters for
broadband THz-TDS applications.
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