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Abstract

In the last few decades, there has been a phenomenal rise and evolution in the field
of III-Nitride semiconductors for optoelectronic applications such as lasers, sensors
and detectors. However, certain hurdles still remain in the path of designing high-
performance photodetectors (PDs) based on III-Nitride semiconductors considering
their device performance. Recently, a lot of progress has been achieved in devices
based on the high quality epilayers grown by molecular beam epitaxy (MBE). Being
an ultra-high vacuum environment based-technique, MBE has enabled the realization
of high-quality and highly efficient PDs which have exhibited competitive figures of
merit to that of the commercial PDs. Moreover, by combining the novel properties
of 2D materials with MBE-grown III-Nitrides, devices with enhanced functionalities
have been realized which would pave a way towards the next-generation photonics. In
the current chapter, the basic concepts about photodetection have been presented in
detail, followed by a discussion on the basic properties of the III-Nitride semiconduc-
tors, and the recent advancements in the field of MBE-grown III-Nitrides-based PDs,
with an emphasis on their hybrid structures. Finally, an outlook has been provided
highlighting the present shortcomings as well as the unresolved issues associated with
the present-day devices in this emerging field of research.

Keywords: group III-nitrides, molecular beam epitaxy, photodetectors,
hybrid structures, next-generation photonic devices

1. Introduction

Photodetectors (PDs) are the photonic devices that convert an incoming light
signal into an output electrical signal. High-performance PDs are crucial for the
advancements in the industrial and scientific communities, and these are being
extensively used in areas such as video imaging, space and optical communications,
flame detection, photovoltaic applications, environmental monitoring, and so on
[1-5]. Some of the most extensively employed inorganic semiconductors for the
development of PDs are zinc oxide (ZnO) [6], gallium arsenide (GaAs) [7], indium
gallium antimonide (InGaSb) [8], germanium silicide (GeSi) [9] and gallium oxide
(Ga,05) [10], due to their excellent electronic properties like high charge carrier
mobility and high light absorption coefficients. However, large exciton binding ener-
gies, low values of responsivity, slower response and narrow-band detection are some
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of the major downsides associated with these materials [11]. Moreover, the synthesis
as well as post-processing steps in the fabrication of antimony and arsenic-based
devices involves toxic precursors as well as products, which are extremely hazardous
for human health and for the environment as well. Thus, the quest is on for the devel-
opment of high-performance PDs consisting of environment-friendly constituents.

The recent developments in the III-Nitride semiconductors-based devices
have made a tremendous impact upon a number of technological areas such as
information storage, lighting and full color displays, underwater and space com-
munications, high-power and high-frequency electronic devices, photovoltaics,
sensors and detectors, and so on [12-15]. The wurtzite polytypes of indium nitride
(InN), aluminum nitride (AIN), and gallium nitride (GaN) have proved to be
excellent semiconductors for band gap engineering, due to formation of continu-
ous range of alloys with direct and tunable band gaps in the range of 0.7 to 6.2 eV
[16]. Therefore, their intrinsic physical and chemical properties along with intense
technological efforts have made the realization of versatile and reliable detectors in
the entire ultraviolet (UV)-visible-near infrared (NIR) spectrum.

In spite of the significant progresses, the growth of epitaxial group III-Nitride
thin films for practical devices, having low defect densities, has always been a chal-
lenge due to the lack of availability of lattice matched substrates. As of now, among
various epitaxial growth techniques for III-Nitrides, plasma assisted molecular
beam epitaxy (PAMBE) has emerged as the most versatile and environment-
friendly synthesis technique, involving low growth temperature, controlled growth
rates which result into the formation of heterostructures with sharp interfaces, and
non-hazardous precursors and by-products. Since pristine III-Nitride substrates are
immensely costly and therefore, not yet available for research and industrial pur-
poses, the development of this family of semiconductors proceeds entirely by the
heteroepitaxial growth on various foreign substrates such as sapphire, Si (111) and
6H-SiC [16-18], and one has to often compromise with the device performance. It
may be noted here that hybrid structures of III-Nitrides with other semiconductors
such as ZnO, perovskites, and two-dimensional (2D) layered materials such as MoS,
are expected to deliver competitive device performance as compared to the com-
mercial PDs ( [19-21]. In the forthcoming sections, we discuss about the figures of
merit involved in the evaluation of a PD, followed by a brief overview of III-Nitrides
and their properties. Then, a detailed analysis about the recent advancements in
the MBE-grown III-Nitrides for photodetection application has been presented and
finally, we wind up by discussing the unresolved difficulties and propose an outlook
in this developing field of optoelectronics.

2. Basic concepts about photodetection

A PD is a sensor that detects an incoming electromagnetic radiation. Whenever
light waves of energy greater than or equal to the band gap of a semiconductor are
absorbed, there is an overall change in the conductivity of the semiconductor. Thus,
PD is a device developed on the principle of this photoconducting effect and it
quantifies the speed and the amplitude of the change in the conductivity, in respect
of incoming electromagnetic radiations.

2.1 Important figures of merit of a PD

Several figures of merit and parameters are used for the evaluation of a PD, and
these performance metrics allow us to compare various devices. Mostly, the output
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electrical signal is recorded from the device and realized in the form of an output
photocurrent, and thus, all the key figures of merit are defined in terms of this
output photocurrent. The output photocurrent (I, ) is defined [11] as
Ip = Lypuminatea = L par (1

where I}, .. ... is the output current detected upon light illumination and I, is
the dark current in the device (i.e. without any light illumination). Photocurrent
can be enhanced by reducing the probability of recombination of photogenerated
electrons and holes, and this can be achieved by fabricating high-quality and
defect-free devices, using heterojunctions with type-II band alignment which result
into the effective separation of charge carriers. Devices utilizing p-n junctions

which operate in reverse bias, usually show a large photocurrent due to the
enhanced carrier separation as well as lower dark current.

2.1.1 Responsivity

Responsivity (R, ) is defined as the ratio of the photocurrent generated and the
incident optical power of a specific wavelength on a predefined device area. It is
given [11] by the following mathematical formula

_ IP
* PxA

where P is the incident power density of light and A is the device area where
light is being illuminated. Its units are AW, It quantifies the extent of achiev-
able electrical signal in a PD when illuminated by a light of certain power
density. Thus, a larger responsivity signifies a larger electrical output signal
for a specific optical excitation power. Replacing a single material-based or
homojunction-based device with heterojunction-based devices with type-II
band alignment is an effective way to enhance the responsivity due to minimized
recombination of photogenerated electrons and holes [22]. Another approach
is to promote devices which possess a strong built-in potential that supports
the external electric field to enhance the carrier separation and transport [15].
Growth of high-quality crystals reduces the defect density present in the system,
thereby suppressing the scattering and recombination of the charge carriers
which enhances the responsivity of the device. Manohar et al. [6] recently dem-
onstrated a highly cost effective and an elegant method to immensely enhance
the photoresponsivity of a PD by suppressing the carrier recombination through
coatings of different materials which facilitate either electron or hole transfer to
the metal contacts.

(2)

2.1.2 Specific detectivity

A fundamental performance parameter for a PD is its specific detectivity, that
measures the ability of a PD to detect weak light signals. For a PD, this metric can
be defined in terms of the noise equivalent power (NEP). The NEP of a PD is
proportional to the ratio of the square root of the dark current (I,,, ) to the
responsivity (R, ) of the PD at a given wavelength. It can be defined by the
following relation:

\/(2 *e *IDark)

NEP = (3)

y
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where e is the electronic charge. The specific detectivity (D" ) of aPD is
defined as the ratio of the square root of the active area (A) to its NEP [4], and is
given by the following equation

. VA
D= Nep @

It is measured in Jones. Higher detectivity of a PD indicates that even a very
weak signal can be detected. It may be noted that lower is the dark current, higher
is the detectivity. PDs based on p-n junctions operated in the reverse bias generally
exhibit very high specific detectivities because of low values of dark current.

2.1.3 Internal gain

The internal gain (G ) of a PD refers to the number of electrons collected at the

electrodes per incident photon. It can be determined [4] by the following relation

hc*R,
neA

G=

)

where %, ¢, n and A are the Planck’s constant, the velocity of light in vacuum,
the EQE of the device and the illumination wavelength, respectively.

In other words, internal gain is the ratio of the hole carrier lifetime to the
electron transit time and is given [4, 10] by

G =1/t (6)

where 7 is the mean hole carrier lifetime and t is the electron transit time. So,
high internal gains can be achieved by fabricating devices which exhibit high
responsivities. Another approach to enhance gain is by trapping one kind of charge
carrier (generally holes), so as to prevent it from recombination. Thus, the carrier
lifetime of the holes increases and in turn gain increases.

2.1.4 Sensitivity

Sensitivity (S) of a PD is defined [23] as the ratio of the photocurrent to the

dark current.

S= (7)

IDurk

Hence, sensitivity can be improved by either enhancing the value of photocur-
rent or lowering the dark current. The enhanced photocurrent can be achieved by
fabricating high quality and defect-free interfaces and devices, thus, reducing the
scattering effects of the photogenerated electrons and holes, and leading to higher
photocurrents. Devices consisting of p-n junctions show ultralow values of dark
currents exhibiting higher sensitivities.

2.1.5 Response/recovery time

An important aspect of a PD is how fast it detects the incident light, and how
fast it comes back to its initial state once the incident light is removed. This is
quantified by estimating the response/recovery times of the PD. Lower the values of
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these time constants, faster is the detection process. Mukhokosi et al. [23] have
demonstrated that the response times of a PD are controlled by the carrier mobili-

ties of the constituent semiconductors of the PD. The transit time (z,,,,) of ap-n
heterojunction is given [23] by the following relation
w w
Ttmn:it = = (8)

vdrzﬁ /udmﬁ E 14

where W is the depletion region width, g, isthe carrier mobility and E, is the
built-in electric field at the junction. Therefore, high-quality substrates with high
carrier mobilities such as p-Si, usually result into very small response time. The
depletion width can be narrowed down by fabricating highly doped p-n junctions,
which in turn decreases the transit time in accordance with Eq. (8).

Other parameters that affect the response speed of a PD are the junction capaci-
tance (C) and the series load resistance (R), and thus, the corresponding RC time
constant. The rise time of a PD with an RC circuit is given by:

r, =2.2RC )

Therefore, decreasing the junction capacitance can further improve the response
time. The junction capacitance depends on the width of the depletion layer, and
smaller depletion widths increase the capacitance. Therefore, the width of the
depletion region should be optimum to minimize the carrier transit time.

In addition, defect-free semiconductors exhibit faster response times, because
of reduced recombination of the photogenerated carriers. For the case of linear
devices, high-quality photosensitive materials as well as defect-free semiconductor/
electrode interfaces are required to minimize the carrier scattering and recombina-
tion processes, and result into the lowering of the carrier transit time.

2.1.6 Power consumption

One of the most critical parameters associated with a PD is its power consump-
tion. Generally, PDs require an external power source as the driving force to
separate the photogenerated electrons and holes efficiently. Thus, a lot of external
energy is required in a system that consists of several such detectors. Therefore,
it is a big concern in the present energy scenario. Hence, a lot of research is being
focussed these days on achieving self-powered or zero-biased PDs [24, 25], which
utilize a built-in electric potential for the effective charge carrier separation. The
extensively used technique for fabricating self-powered PDs is by utilizing a p-n
junction, where a strong electric field is created at the interface, and therefore, the
device can operate in zero-bias mode.

2.1.7 Spectral range

Another crucial aspect of PDs is their detection range. PDs are generally clas-
sified into two categories based on their spectral range of detection: broad-band
(which shows a considerable detection to a wide range of wavelengths) and narrow-
band or wavelength-selective (whose detection range is very limited) PDs. The most
common way to fabricate a wavelength-selective PD is by using a single semicon-
ductor (of desired band gap) as the active material in the device. Another way to
achieve wavelength selectivity is by integrating an optical microcavity within the
PD. This optical microcavity consists of distributed Bragg reflectors (DBR), which
allow multiple reflections of a specific wavelength. These reflections interfere
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constructively, leading to increased light-matter interactions and result into the
enhancement of photocurrent. This occurs only at the design wavelength of the cav-
ity, whereas all the off-resonance wavelengths incident on the PD are rejected by the
cavity. On the other hand, broad-band photodetection can be realized by making
heterojunctions-based devices consisting of different semiconductors of appropri-
ate band gaps, as demonstrated by Singh et al. [26] by making a hybrid device based
on SnS,/p-Si heterojunction, which shows a broad-band response in the entire
ultraviolet to near infrared range. Usually, conventional PDs suffer from the trade-
off between selective and broad-band detection. Recently, a few devices have been
reported to exhibit a unique feature wavelength-selectivity in a broad-band spectral
response, through the phenomenon of polarity switching [27, 28].

2.2 Different mechanisms of photodetection

PDs rely on distinct sensing mechanisms depending upon the intrinsic
properties of the photosensitive materials used as well as the architecture of the
device structures. We now briefly discuss the most commonly adopted sensing
mechanisms.

2.2.1 Photoconductive and photogating effects

The photoconductive effect involves photogeneration of excess free carriers in
a semiconductor material, when photons with energy higher than the band gap of
the semiconductor are absorbed, which eventually leads to a change in its electrical
conductivity. The photoconductive effect is the most primitive form of photode-
tection, where two Ohmic contacts are deposited on the semiconductor surface
to form a metal-semiconductor-metal (MSM) type linear device configuration
[29]. The schematic of a PD depicting the process of photoconduction is shown
in Figure 1(a). It is important to note that this change in conductivity is a result
of the change in the free charge carrier concentration due to the photogeneration
process. Thus, the effective spectral range of photoconductive PDs is limited by the
band gap of the semiconducting material or the photoactive layer. Additionally, a
photoconductive PD usually requires an externally applied voltage for the effec-
tive separation and the directional propagation of the photogenerated carriers.
This generally results in relatively larger values of the dark current, which leads to
a lower on/off ratio and higher energy consumption. Additionally, conventional
photodiodes (non-linear devices) also work in the photoconductive mode when
operated in the reverse bias condition.

(@3
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Figure 1.

Schematic view of (a) a photoconductor depicting the process of electron—hole pairs generation and their
transport and (b) a PD based on the photogating effect under illumination. The defect states capture electrons
which eventually modulates the conductivity of the material.
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Photogating effect is a type of photoconducting effect, wherein certain local-
ized states such as defects or surface states exist within the forbidden gap of the
semiconductor. The effect normally originates when the photogenerated charge
carriers are captured by the localized trapping states present within the system [30]
as depicted in Figure 1(b). This effect is pronounced in low-dimensional material
systems such as 2D layered materials and quantum dots, which have very large
surface-to-volume ratio and less screening in the z-direction. Since one type of
charge carriers are trapped, it leads to prolonged carrier lifetimes, and therefore,
PDs which exhibit the photogating effect usually show higher photogains. In addi-
tion, faster transit times and enhanced photocurrent is observed due to suppressed
carrier recombination.

2.2.2 Photovoltaic effect

Photovoltaic effect is the phenomenon of spontaneous generation of a
photocurrent upon light illumination in a PD. This effect is generally realized
in p-n junction-based devices, where a built-in electric potential exists at the
interface [31]. Upon light illumination, electrons and holes are created near the
semiconductor interface. Under the influence of the existing built-in voltage,
these electrons and holes get separated, thereby, causing a photocurrent to flow
along the direction of this built-in potential (Figure 2). The photovoltaic effect is
closely related to the photoelectric effect and therefore, the effective wavelength
range is usually limited by the band gap of the constituent photosensitive mate-
rial. However, in the case of p-n heterojunctions, due to the intimate energy band
coupling that enables interband transition between different semiconductors,
the effective detection range can be modulated beyond the limitation of the band
gaps. The biggest advantage associated with PDs based on the photovoltaic effect
is that due to the intrinsic built-in electric potential, the PDs do not require any
external power for their operation [11]. Furthermore, the photovoltaic PDs possess
low dark current under the zero-biased working mode, which is beneficial for the
detector.

BUILT-IN ELECTRIC FIELD

—..

K"e— e e
p-type

e e e

n-type I-I- h* h* h*

d——
h* h* h* DEPLETION

REGION

Figure 2.
Schematic depicting the photovoltaic effect.
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2.2.3 Photothermoelectric effect

The origin of photothermoelectric (PTE) effect is the temperature gradient
(AT) developed due to the thermal effects of the light illumination. Subsequently, a
potential gradient (AVprg) is created that serves as the driving force for the trans-
port of the photocurrent through the device (Figure 3). The thermoelectric voltage
generated is given [32] by

AV, =SAT (10)

where S is Seebeck coefficient of the material [33]. PTE effect-based PDs can
operate without external power, i.e. they are self-powered in nature. However, the
thermoelectric potential created is very low, generally in the range of millivolts
(mV) and microvolts (pV), which seriously limits the popularization and hence,
wide scale applications of PTE-based PDs.

2.2.4 Piezophototronic effect

The devices that make use of the piezo-potential of the constituent materials
for controlling the carrier generation and transport, for improving the overall
performance of the opto-electronic devices are referred to as piezophototronic
[32]. The basic requirement of such devices is a piezo-electric material such as
ZnO, GaN, etc. which can produce an electric potential upon variations in the
applied stress. The operational mechanism of a piezophototronic device is based
upon the fundamental principles of the conventional Schottky contacts and p—n
junctions. Ionic charges are introduced by the effect of piezoelectric polarization,
which tune the charge transport at the junction. The effect of piezophototronicity
on a p-n junction (GaN/MoS; in this case) under compressive strain is shown in
Figure 4(a). When the [0001]-oriented GaN film is under a compressive strain,
negative piezopotential is produced inside GaN. This results into the lowering of
the junction barrier. Therefore, more photogenerated charge carriers can cross
the junction [34]. Hence, the photoresponsivity gets enhanced. An opposite
effect (positive piezopotetial in GaN film, which increases the junction barrier) is
observed in the case of applied tensile stress.

2.2.5 Photobolometric effect

Photobolometric effect is the alteration in the electrical resistance of a material,
which is induced by the heating effect of uniform light illumination [32]. Typically,
the active material layer absorbs the incident photons and then converts them into

(a) IrA VPTE (b) A VPTE
T
._l Metal
Metal ‘ ’

Metal

Semiconductor :
Semiconductor

Figure 3.

(a) Schematic of a PTE based device illuminated locally by focused light. An open civcuit voltage which is equal
to the thermoelectric voltage AVprg gets developed across the electrodes. (b) Thermal circuit equivalent to the
device depicted in (a). Figure is reproduced with permission from Ref. [33].
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Figure 4.

(a) Piezophototronic enhancement observed in p-GalN/n-MoS, heterojunction. When the [0001]-oriented GaN
film is compressed, negative piezoelectric chavges develop in the GaN film near the interface, and the junction
barrier gets lowered. This allows a greater number of carriers to pass through the junction. Figure is reproduced
with permission from Ref. [34]. (b) Schematic depicting bolometric effect. The red shaded vegion indicates
elevated temperature with the temperature gradient (AT) and AR denotes the vesistance change acvoss the
channel. Figure is adapted from Ref. [35].

heat energy. The extent of this effect is proportional to the conductance change in
the photoactive material with temperature (dG/dT) as well as the homogeneous
temperature change (AT) induced by light illumination (Figure 4(b)). The change
in conductance is influenced by change in the charge carrier mobility of the mate-
rial because of the induced temperature change. Photobolometric effect generally
occurs in the wavelength range of mid-infrared to far-infrared. Additionally,
similar to PDs based on photoconductive effect, photobolometric PDs also require
an external power source, which differentiates them from the PTE-based PDs.

3. Group III-Nitride semiconductors

From the early decades, silicon has been considered as one of the major com-
ponents in the semiconductor industry because of its unique properties. Later,
III-V materials, particularly the arsenic based compounds, gained much attention
because of their superior properties such as high electron mobility, direct and tun-
able band gap, etc. The group III-Nitrides came into the picture around 1960s,
and active research on this material system started with the development of blue
light emitting diodes. Over the time, much of the attention of the researchers and
scientists has been diverted on different classes of materials. However, group
I1I-Nitride semiconductors continue to maintain their stronghold due to the
exceptional properties and the unique advantages they offer.

3.1 Crystal structure and optical properties of group III-Nitrides

Group III-Nitride semiconductors, mainly comprising of AIN, GaN and InN,
exist in three different crystal structures, namely, wurtzite, zincblende and rock-
salt. Among these, the most stable and the lowest energy structure is the wurtzite
system [36]. The wurtzite structure has a hexagonal unit cell and contains six
atoms of each type, with space group P63mc. The wurtzite polytype is made up of
two interpenetrating hexagonal close-packed unit cells, each containing one type
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of atom, and with an offset along the c-axis by 5/8 of the cell height. The stacking
sequence in the hexagonal structure consists of alternating hexagonal planes of
group IIl and N atom, with a stacking sequence of ABAB [36]. A stick-and-ball
model-based diagram of the hexagonal unit cell of III-Nitride semiconductors is
shown in Figure 5. The group III semiconductors and the nitrogen atoms have been
shown in different colors [37]. The polytypes of the III-Nitrides having wurtzite
structure, form a continuous alloy system, with direct band gaps ranging from

0.7 eV for InN, 3.4 eV for GaN, and to 6.2 eV for AIN [16]. Therefore, the III-
Nitrides are potential candidates for fabrication of optical devices which are active
at wavelengths ranging from the NIR to the UV.

3.2 Growth of group III-Nitride semiconductors

The first successful synthesis of GaN dates back to as early as 1930s. In 1969,
Maruska and Tietjen [38] synthesized single crystalline GaN layers on sapphire sub-
strates by using the technique of hydride vapor phase epitaxy (HVPE). Although
most of the III-Nitride semiconductors, especially for industrial-scale production,
are usually synthesized via metal-organic chemical vapor deposition (MOCVD),
metal-organic vapor phase epitaxy (MOVPE) and HVPE, however, these tech-
niques have some serious drawbacks associated with them. These fabrication
methods are generally characterized by quite high growth temperatures (>900°C).
Thus, the sample is subjected to a high level of stress when cooled down to the room
temperature from such high temperatures. Moreover, the inevitability of such high
temperatures has hindered the growth of high-quality InN and its alloys, which are
potential candidates for IR and terahertz (THz) optoelectronic applications, due
to the dissociation of InN at such high temperatures [16]. There are also various
other less-known techniques used for the synthesis of the group III-Nitrides, which
are derivatives of the above three methods. However, all these processes involve
the treatment and usage of toxic precursors as by-products, and therefore, making

\ \) Group III Element O Nitrogen

Figuress.
The wurtzite crystal structure of II-nitrides. Nitrogen and group 1II atoms are represented by gray and yellow
spheres, vespectively. Figure has been veproduced with permission from Ref. [37].
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these techniques less environment-friendly and hazardous to human health, which
has become a major concern at the global level.

PAMBE, on the other hand, is a much cleaner synthesis technique and offers
the advantage of fabrication of better-quality samples, along with a very important
benefit of growth at much lower substrate temperatures when compared with
most of its counterparts. MBE is an epitaxial and layer-by-layer growth technique
involving precise control of the supply of thermally evaporated atomic species
(Figure 6(a)). This results into construction of 2D layers on a substrate by means
of lattice matching (Figure 6(b)). The major advantages of MBE are that it is clean,
scalable and highly controlled with a high product quality. The involvement of
ultra-high vacuum growth environment and the use of ultra-high purity elements as
the source materials, minimize the inclusion of contaminants and impurities in the
grown structures. Additionally, with the advent of higher growth rate RF-plasma
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Figure 6.

(a) Schematic of a typical MBE system, showing various components. Figure has been adapted with permission
from Ref. [40]. (b) Schematic depicting epitaxial growth of a material on a substrate. (c) MBE system located
in matevials vesearch Centre, Indian Institute of Science, Bangalore, India.
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sources, the synthesis times have been significantly reduced without compromising
in the structural quality. One of the earliest works demonstrating growth of GaN by
MBE was reported by Yoshida et al. [39] in 1983, wherein they successfully synthe-
sized high electrical and optical quality GaN thin films on sapphire, with an AIN
buffer layer via reactive MBE using ammonia as nitrogen source. Figure 6(c) shows
the MBE setup located in Materials Research Centre, Indian Institute of Science,
Bangalore, India.

3.3 Approaches to improve device performance of group III-Nitride
semiconductors-based PDs

Researchers across the world have employed various approaches to improve
the performance of the III-Nitrides-based devices. These include improvement in
growth quality by the employment of different growth techniques, adopting novel
growth methods like epitaxial lateral overgrowth (ELO), using different materi-
als as buffer layers such as AIN, and by fabricating improved structures to reduce
defects. Another way to improve the growth quality of III-Nitrides is to find the
alternatives to conventional silicon and sapphire substrates. In this regard, transi-
tion metal dichalcogenides, having a small lattice mismatch with III-Nitrides, can be
used as potential substrates. Engineering the device structures can also result into
the improvement of the device performance, and this can be achieved by making
quantum confinement architectures, and by making hybrid structures using 2D
materials like graphene and MoS,.

4. Recent advancements in the MBE grown III-Nitrides-based PDs

In the preceding sections, we have focused on the important figures of merit
of PDs along with the different mechanisms of photodetection, and the properties
and growth methods for group III-Nitride-based devices. Numerous reports exist
which demonstrate the photodetection properties of III-Nitrides-based PDs. The
recent state-of-the-art III-Nitride-based PDs have been discussed wherein a special
emphasis on self-powered photodetection has been given.

4.1 I1I-Nitrides-based devices

Some early accomplishments in the field of GaN-based PDs grown by MBE have
been achieved by several researchers such as Van Hove et al. [41], Son et al. [42],
Torvik et al. [43], Osinsky et al. [44], Xu et al. [45], and so on. In 2005, Calarco et
al. [46] reported the electrical transport of GaN nanowhiskers grown by MBE, in
dark and under UV illumination. The photoresponse has been found to be sensitively
dependent on the column diameter of the nanowhiskers and this effect has been
quantitatively described through a mechanism of size dependent surface recombina-
tion. Jain et al. [47] have shown the effect of symmetric and asymmetric contact
electrodes on c-GaN/sapphire based UV PD. In 2018, Goswami et al. [48] reported
the growth of self-assembled GaN nanostructures on Si(111) for applications in UV
photodetection (Figure 7). The device exhibited a responsivity of 5.7 mAW " at a bias
of 1 V. Numerous other reports exist demonstrating the photodetection properties of
GaN-based PDs.

In the meantime, researchers have also started exploring InN-based devices. One
such work has been carried out by Shetty et al. [49]. They have grown InN quantum
dots of varying densities on Si substrates using MBE. The device shows a strong
response towards infrared illumination. The photoresponse studies revealed that
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(a) Schematic of the fabricated MSM device and (b) trend of photocurrent variation with vespect to the
applied bias. Inset shows the optical image of the actual PD. Figure has been reprinted with permission

from Ref. [48].

the increasing dot density results in the improvement in the sensitivity of the PD.
The increase in the photocurrent with the density of the quantum dots has been
attributed to the increase in the number of photogenerated carriers in InN, which
add up with the carriers generated in Si upon light illumination. The results have
also been validated using simulations and it has been observed that the experimen-
tal as well as theoretical results have sufficient agreement between them.

However, the epitaxial growth of high-quality III-Nitrides has been always
hindered by the lack of lattice-matched substrates, that hinders the development of
high-performance devices. In all the above-mentioned reports, the growth has been
accomplished on substrates (c-plane sapphire, Si(111), etc) which promote the c-plane
oriented growth of the III-Nitrides i.e., in the polar direction. Moreover, the structures
grown along the polar c-axis exhibit larger internal electric fields at the heterostruc-
ture interfaces, affecting the radiative recombination rates. To overcome these issues,
non-polar III-Nitrides are being extensively explored now-a-days because of their
several benefits over the polar III-Nitrides. Epitaxial growth of GaN in the non-polar
(a-plane) direction seems to be a feasible way for the growth of high-quality films as
the lattice mismatch between a-plane [11-20] GaN and the r-plane [1-102] sapphire
is the least (1.19%) along one of the azimuth directions. Additionally, the absence of
internal polarization fields in non-polar structures may enhance the photodetection
performance. Mukundan et al. [50] in 2015 have shown improvement in the perfor-
mance of non-polar GaN in comparison to that of the polar GaN in terms of figures of
merit as well as the device stability.

In 2018, the mechanism of the higher device performance parameters of the
non-polar GaN has been explained by Pant et al. [18] by performing azimuth angle-
dependent photodetection. They have shown the non-uniformity in the defects
present along the different azimuth directions. This is a consequence of the asymme-
try in the strain between the substrate and film, as the lattice mismatch is asymmetric
along various in-plane crystal directions. The mismatch in the lattice constants along
the [0002] direction is ~1% whereas, along the [1-100] direction, it is ~13%. This
induces a large number of defects along the [1-100] direction as compared to the
[0002] azimuth direction. Figure 8(a) shows the a-GaN-based device used in this
study. Furthermore, it has been shown in Figure 8(b) that the overall photocurrent
in the UV region is also dependent on the different azimuth angles. A maximum
responsivity of ~1.9 AW " and ~ 13.0 AW " have been obtained at a bias of 1V and
5V, respectively. These results underlined the importance of aligning the contact
electrodes along the favorable azimuth direction in order to restrict the transport
of the charge carriers. In a subsequent work, Pant et al. [51] have further shown
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(a) Fabrication of contact electrodes in different divections and (b) 1-V chavacteristics of the device taken
along different azimuth directions. Figure has been reprinted with permission from Ref. [18].

improvements in the photodetection properties of the non-polar GaN by optimizing
the growth parameters and therefore, improving the overall quality of the thin film. A
maximum responsivity of 25 AW 'has been achieved at a low bias of 1V and is among
the highest reported responsivities at such low voltages.

Another approach to overcome the problem of lattice mismatch is by using AIN
as a buffer layer. Wang et al. [52] in 2007 exhibited a Schottky-based metal-semi-
conductor-metal PD, fabricated on 1 pm-thick and crack-free GaN on Si(111),
utilizing an optimized Al,Ga; \N/AIN complex buffer layer. The device showed
a high photoresponsivity of 4600 AW at 1 V bias (366 nm) and this superior
performance has been attributed to both the crack-free GaN film as well as the high
internal gain. In another report, the growth of GaN p-n junction on AIN/Si(111)
and the effects of thermal annealing of the Ni/Ag contact electrodes on the photo-
detector applications have been explored by Yusoff et al. [14]. Recently, Ravikiran
etal. [53] have demonstrated GaN UV PDs grown on AIN/Si(111) which exhibited a
peak responsivity of 0.183 AW ' at 15 V.

4.2 I1I-Nitride heterostructures-based devices

In the reports discussed above, various methods leading to enhancement in the
responsivity have been highlighted. However, the responsivities and the transit
times (in the order of a ms) of most of these PDs still remain inferior to that of
the state-of-the-art detectors, and therefore, hamper their usage for the design
and development of practical devices. The most elegant way to enhance the device
performance is by utilizing a heterojunction with high-quality materials. There are
many reports demonstrating PDs based on the heterojunctions of III-Nitrides with
other III-Nitride semiconductors, ZnO, perovskites, 2D materials, and so forth.

In 2010, Rigutti et al. [54] have shown a single-nanowire PD relying on the
charge carrier generation in the GaN/AIN quantum discs (QDs). The photolumi-
nescence studies have shown that the emission energy of the QDs is lesser than the
band gap of GaN, which is a consequence of the quantum confined Stark effect. The
QD-based PDs exhibited a strong reduction in the dark current with responsivity
(300 nm, —1V) as highas 2 x 10> AW, Yusoff et al. [55] have demonstrated AIN/
GaN/AIN heterostructures grown via PAMBE on Si substrates. The photoresponse
shows promising results towards applications in UV detection. Pandey et al. [21]
have reported the fabrication of a BaTiOs/GaN (BTO/GaN)-based Schottky junc-
tion PD on c-plane sapphire and its selective UV photodetection in temperature
range of 313-423 K. The responsivity increased with increase in the temperature till
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393 K and then it decreased. Such behavior has been explained by the enhancement
in the device’s dark current with increase in the temperature, which is also evident
from the ideal diode equation. The device shows potential to be used as an UV PD in
high-temperature applications.

In another report, Roul et al. [13] have demonstrated hybrid ZnO/AIN/Si-based
UV PDs with infrared- and visible-blind photoresponse. The heterostructures have
been formed by depositing ZnO films on Si(111) substrate with an introduction
of AIN as an intermediate layer. The AIN layer helps in improving the crystallinity
of the ZnO films and results in excellent optical properties. The vertical transport
characteristics of the ZnO/AIN/Si heterojunction-based device under light illumina-
tion and in the dark demonstrate an intrinsic infrared- and visible-blind response,
with excellent UV responsivity of 14.5 AW . The AIN layer acts as an electron
blocking layer and allows the holes to get transported across the heterojunction in
the reverse biasing condition.

In the past few years, loads of efforts have been made in the field of III-
Nitrides/2D materials-based heterostructures for high-performance optoelectronic
devices. These 2D materials such as graphene, MoS,, etc. are characterized by
weak inter-layer van der Waals (vdW) forces, which lead to exceptional electronic
properties, and can offer an open platform to design high-performance electronic
devices. Moreover, the absence of surface dangling bonds in 2D materials results in
high-quality heterointerfaces. Such an integration has been recently demonstrated
by Goel et al. [20], wherein they have shown a high responsivity UV PD based on
2D/3D heterojunction, which has been formed by depositing few-layer of MoS, on
GaN thin film. The superior light absorption properties of MoS, resulted in high
performance MoS,/GaN-based PD. The device shows a high responsivity of 3 x 10
AW and detectivity of ~10" Jones (at a wavelength of 365 nm) at an applied
reverse bias of 1V under a light intensity of 12 mWcm ™. The rise and the decay
times of the PD were 5.3 and 5.6 ms, respectively.

Until now, all the reported devices discussed above require an external applied
bias for achieving significant photodetection. In recent times, a lot of efforts are
being made towards energy storage and energy producing devices due to the current
situation of energy crisis [56-61]. Therefore, PDs that do not consume any external
power are gaining a lot of attention. These self-powered devices depend upon the
built-in potential at the interface, which enables the effective separation of the
photogenerated charge carriers. Additionally, the built-in electric potential lowers
the dark current, which is another advantage of such PDs. Thus, these self-powered
nanodevices have a great outlook for the next-generation optoelectronic devices.

4.3 I1I-Nitrides and their heterostructures for self-driven photodetection

Off late, as mentioned above, there has been a tremendous focus on the self-
powered PDs. In this section, we emphasize on the various methods unveiled to
achieve self-driven photodetection with III-Nitrides-based PDs.

Prakash et al. [62] in 2016 have demonstrated a simple approach to fabricate a
self-powered PD utilizing reduced graphene oxide (rGO) asymmetrical electrodes
on MBE-grown GaN thin film as shown in Figure 9(a). This integration of the
transparent rGO contact electrodes on GaN has been realized through a simple
drop-casting method, leading to a simple fabrication process as well as reduced
processing time and cost. The hybrid shows a low photoresponsivity of 1.5 pAW ™
towards UV light at zero bias (Figure 9(b)), with fast response and recovery times
of ~60 and ~267 ms, respectively. The difference in the work functions of rGO and
GaN leads to formation of depletion regions at the two rGO/GaN interfaces. The
drop casted contact electrodes are inhomogeneous in nature, which results into two
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(a) GaN-based device with rGO electrodes, (b) 1-V characteristics of the PD, (c) energy band diagram and
(d) mechanism for self-powered photodetection. Figure has been veproduced with permission from Ref. [62].

unlike built-in fields at these interfaces. Therefore, a net internal electric field is
developed, leading to the self-powered detection (Figure 9(c, d)).

Using the same approach as described above, Pant et al. [63] have reported
a self-driven a-GaN-based UV-A PDs showing a responsivity and detectivity of
~4.67 mAW " and 3.0 x 10" Jones, respectively at a wavelength of 364 nm. In
another work, Aggarwal et al. [64] have shown a UV PD based on GaN nanoflow-
ers grown via MBE on Si(111) substrate. Under self-biased condition, the PD
exhibits a very low dark current in the range of ~nA, with a high responsivity of
132 mAW " and fast rise/fall times of 63/27 ms. In another report, Chowdhury et
al. [25] have reported self-powered photodetection of an InN/AIN/Si semiconduc-
tor-insulator-semiconductor-based PD (A = 1550 nm), where a photoresponsivity
of ~3.36 pAW " has been observed with response/recovery times in milliseconds.

The major shortcoming of such devices lies with the obtained responsivities,
which is entirely reliant on the degree of inhomogeneity or asymmetry between the
electrodes, hence, limiting the PD’s performance. One of the most effective ways
for realizing self-driven PDs is by fabricating heterojunctions and utilizing the
built-in potential at the heterointerface. Heterojunctions of III-Nitrides with several
semiconductors such as Si, ZnO, Ga,0s, and so on have been explored and promis-
ing results have been achieved. In 2015, the advances in the high growth quality of
epitaxial InGaN films on Si substrates synthesized via MBE along with the maturity
in the Si-based technology have resulted in the demonstration of highly efficient
PDs, as shown by Chandan et al. [65]. A self-powered n-InGaN/n-Si isotype hetero-
junction-based PD has been reported. The device shows a non-linear behavior and a
responsivity of 0.094 AW, with rise/fall times less than 100 ms. The mechanism of
self-powered photodetection has been explained based on the presence of interfacial
internal electric field.
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Recently, a high-performance PD based on the p-GaN/n-ZnMgO heterojunction
has been demonstrated [24]. The PD shows a clear rectifying -V behavior charac-
terized with a turn-on voltage of ~2.5 V. At zero-bias condition, the device exhibits a
responsivity of 196 mAW ' at a wavelength of 362 nm. The rise and the decay times
of the PD are as short as 1.7 and 3.3 ms, respectively. This high performance of the
device has been attributed to the excellent crystalline quality and electrical proper-
ties of p-GaN epilayer.

In another work, a simple approach has been reported [66] to fabricate a GaN/
rGO: Ag nanoparticles (NPs) p—n heterojunction-based PD, integrated with a
network of transparent Au nanowires (NWs) as the top contact electrode. The
device demonstrates an excellent rectification ratio of ~105 with a broad-band
photoresponse due to the presence of both the GaN layer (UV region) and the
silver-loaded reduced graphene oxide (visible to infrared region). Furthermore, the
reducing effect of the Ag NPs to graphene oxide in addition to the localized surface
plasmon resonance has been utilized to improve the photoresponse in the NIR and
the visible regions. The transparent Au NWs network efficiently collects the charge,
ensuing high photoresponsivity and fast switching behavior. The heterojunction
exhibits a responsivity of ~266 mAW ' and detectivity of ~2.62 x 10" Jones, under
illumination of 360 nm light. Owing to the high built-in electric potential at the het-
erointerface, the self-powered operation is demonstrated under the entire excitation
wavelength range (360-980 nm).

Exploiting the criterion of the difference between the electron affinities of the
constituent semiconductors to create an internal field, an improvisation in the
InGaN/Si-based structure has been demonstrated by Chowdhury et al. [15], where
introduction of an AIN layer in between InGaN and Si leads to the formation of a
semiconductor—insulator-semiconductor type structure, resulting in the multi-
fold enhancement in the device performance. The #*-InGaN/AIN/»-Si(111) hybrid
structure has been realized by growing an z»*-InGaN thin film on a commercially
obtained AIN/z-Si template using MBE. The device exhibits an exceptional self-
powered and broad-band photorespnse under the illumination of UV-visible light
(300-800 nm). The self-powered PD exhibits a high responsivity of 9.64 AW at
light illumination of 580 nm, with an ultrafast response/recovery time of ~20/21 ps,
respectively. The maximum response at 580 nm is believed to be because of the deep
donor defect states present in the InGaN epilayer.
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(a) Spectral vesponse of the MoS,/AIN/Si-based PD. (b) Schematic of the deep defect states-modulated carrier
transport in MoS,/AIN/Si-based device. Figures have been veproduced with permission from Ref. [4].
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In a recent work, Singh et al. [4] have fabricated an MoS,/AIN/Si-based PD,
combining the mature technologies of III-Nitride and Si with the unique properties
of MoS,. Additionally, due to the large difference between the work functions of
these semiconducting materials, the band bending at the heterointerfaces resulted
into the self-driven behavior. The vertical transport behavior of the device shows
a broad-band photoresponse (300-1100 nm) with maximum responsivity of ~10
AW under self-biased condition as shown in Figure10(a). The device also shows
an ultrafast detection speeds (response/recovery times: ~13/15 ps). The importance
of sandwiching the AIN layer has been shown as the MoS,/Si-based PD shows
aresponsivity ~5 times less in the zero-bias mode. The authors have confirmed
through transmission electron microscopy and X-ray photoelectron spectroscopy
that oxygen defects exist throughout the AIN layer. These impurities form deep
donor levels in AIN and moderate the charge transport, which leads to the enhanced
device performance (Figure 10(b)).

5. Summary

The last two decades have indisputably witnessed incredible advances in the
MBE growth of III-Nitrides and their applications in the area of photodetection.
In this chapter, the important concepts about PDs, including the fundamental
evaluation parameters and the various sensing mechanisms have been discussed.
These mechanisms usually depend on the type of the photoactive material used
to fabricate the device. Next, the basic properties of III-Nitrides and the common
synthesis techniques used for their production have been reviewed briefly. Finally,
a progressive discussion about the PDs based on the III-Nitrides fabricated through
MBE has been given and summarized in Table 1. These extensive achievements
have indisputably established MBE as one of the most reliable methods for fabricat-
ing high-quality III-Nitrides and these devices certainly have a lot of potential for
the development of the advanced III-Nitrides-based PDs in future.

PD Bias (V) Responsivity Detectivity Rise/Fall Times
(mAW) (Jones) (ms)
Ag-GaN-Pt [47] 5 633 @ 325 nm — —
(4 mW)
GaN NS/Si [48] 1 57 @ 325 nm - -
(13 mW)
InN QDs [49] 3 — ~ 1.43x10°/
1.22x10°
a-GaN [50] 2 155 @ 360 nm — 6x10%/
(0.3 mW/cm?) 15x10°
a-GaN [18] 1 1.9x10° @ 360 nm — 210/
(0.3 mW/cm?) 1.2x10°
a-GaN [51] 1 2.5x10* @ 360 nm — 222/
(0.3 mW/cm?) 2.1x10°
GaN [52] 1 4.6x10° @ 366 nm — —
GaN [53] 15 183 @ 362 nm — —
(0.8 W/m?)
GaN/AIN QDs [54] -1 2x10° @ 300 nm — -
BTO/GaN [21] 5 4.5x10* @ 350 nm 2.57x10" 320/220
(413K)
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PD Bias (V) Responsivity Detectivity Rise/Fall Times
(mAW) (Jones) (ms)
ZnO/AIN/Si [13] —4 1.45x10* @ 365 nm — 1.12x10%/
(0.3 mW/cm?) 765x10*
MoS,/GaN [20] 1 3x10° @ 365 nm ~10" 5.3/5.6
(12 mW/cm?)
rGO/GaN [62] 0 1.54 @ 350 nm 1.45x10% 60/267
(18 pW/cm?)
a-GaN [63] 0 467 @ 364 nm 3x10" 50/120
(0.06 mW/cm?)
GaN Nanoflowers [64] 0 132 @ 325 nm 2.4x10" 63/27
(13 mW)
InN/AIN/Si [25] 0 3.36x107° — 10/18
@ 1550 nm
(106.2 mW/cm?)
n-InGaN/n-Si [65] 0 94.2 @ 310-380 nm — 20/33
(0.3 mW/cm?)
p-GaN/n-ZnMgO [24] 0 196 @ 362 nm — 1.7/3.3
GaN/rGO: Ag NP [66] 0 266 @ 360 nm 2.62x10M 680/700
(0.14 mW/cm?)
InGaN/AIN/Si [15] 0 9.64x10° @ 580 nm 1.93x10" 19.9x107%/
(01 mW/cm?) 21.4x1073
MoS,/AIN/Si [4] 0 10x10° @ 900 nm 9.39x10™ 12.5x107%/
(0.05 mW/cm?) 14.9x1073

Table 1.
Comparison of the device performance parameters of various PDs discussed.

6.
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Outlook

Based upon the analysis of the reported devices in this field, a perspective
regarding the future of III-Nitrides-based devices and the related follow-up work
have been summarized below:

* The use of transition metal dichalcogenides (TMDCs) as substrates for epi-
taxial growth of III-Nitrides has been unexplored. TMDCs have a very small
lattice mismatch with the III-Nitrides [67], and therefore, high-quality growth
can be expected which would result into better device performance.

* The use of 2D transparent materials like graphene, graphene derivatives and
1T phase of TMDCs (semi-metallic), can be used as contact electrodes instead
of the conventional metals, as the area for the light absorption gets maximized
along with the outstanding electronic properties of these 2D semiconductors.

* Another interesting possibility would be combining non-polar nitrides with
layered materials. The absence of the internal polarization field would provide
a band to band transition, which is usually absent in the polar devices because
of the quantum confined Stark effect at the interfaces. This property is very
important for effective photodetection and has been evident from some of the
very early works reported on the nonpolar 2-GaN. Additionally, the presence
of anisotropy in electrical conductivity as well as mobility can be helpful in

tuning the optoelectronic and electronic properties of the PD.
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* Till now, scientists across the world have generally exploited heterojunctions of
I1I-Nitrides with 2D materials in the form of thin films. Heterojunctions based
upon the one-dimensional (1D) nanostructures can provide new ways for the
development of high-performance optoelectronic devices. The nanorods-based
heterointerfaces of the III-Nitrides with 2D materials (growth along these
nanorods or a core-shell structure) would enable a much higher aspect ratio
and therefore, a much larger area for light absorption as well as a larger active
interface, therefore, an enhancement in the optoelectronic performance.

Overall, the excellent properties of the III-Nitride semiconductors make them
promising candidates for the applications in photodetection, and these PDs have
exhibited outstanding device performance that competes with those available com-
mercially. Thus, III-Nitrides and their heterojunctions-based PDs can be used for
the development of futuristic self-biased and ultrafast PDs.
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