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ABSTRACT

Deep-Ultraviolet Optoelectronics Based on GaN Quantum Disks and

Bio-Inspired Nanostructures

Ram Chandra Subedi

Optoelectronics in the deep-ultraviolet (DUV) regime is still a growing research

field that requires significant effort to understand the material properties and optimize

the device structures to realize efficient DUV devices. Aluminum gallium nitride

(AlGaN) is perhaps the most studied semiconductor to replace the environmentally

hazardous mercury lamps; however, the external quantum efficiency of AlGaN based

DUV devices is insufficient to replace the existing old-fashioned mercury UV lamps.

Despite the tunability in the bandgap of AlGaN, the excessive strain accumulation

associated with increased alloying of Al in AlGaN and the poor dopant activation

due to the relatively large ionization energy of the donors and acceptors are not

favorable for realizing efficient DUV emitters. In addition, the crossover among the

light hole, heavy hole and split-off bands in the valance band for Al-rich AlGaN

suppresses the transverse-electric polarization, which further worsens the external

quantum efficiency. Furthermore, for DUV photodetection, commercially available

Si-photodetectors suffer from poor responsivity for wavelengths shorter than 400 nm

in contrast to the visible spectrum. Hence, the-state-of-art photodetectors in the

DUV regime also need a significant upgrade, particularly for high-speed applications.

Firstly, we utilized the high quantum confinement in plasma-assisted MBE grown

ultrathin GaN QDisks to realize DUV (λ ≈ 260 nm) emission using a binary com-

pound (GaN) in contrast to conventionally used ternary compound (AlGaN). More

importantly, we experimentally demonstrated TE-dominant DUV emission, unlike
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Al-rich AlGaN, illustrating a unique pathway for realizing efficient DUV vertical

emitters. Secondly, inspired by the light manipulation technique practiced in nature,

we presented iridocytes on giant clams (Tridacna maxima), known for their symbiotic

relationship with algae as a color downconverting material for DUV photodetection.

Investigating the structural and optical properties of iridocytes found in Tridacna

maxima, we established a robust UV communication allowing the data transfer rate

of 100 Mbit/s within the forward error correction limit for modulated 375 nm-laser

diode. Using a similar matrix implemented to 375 nm-laser, with high-power UV-C

LED (λ ≈ 278 nm), we could establish an optical wireless communication that could

allow a data-transmission rate of tens of Mbit/s within the forward error correction

limit.
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Chapter 1

Introduction

1.1 Motivation

Nanotechnology has led to momentous technological advancements in the 21st cen-

tury [1–4]. At the earlier stages of the technology, the research may have been more

focused on fundamental scientific understanding on an atomic or molecular scale [5];

however, nanotechnology has now connected with so many different aspects of our

lives, such as energy [6], electronics [1], health services [7], drug delivery [8], com-

munication [9], and artificial intelligence (AI) [10]. The energy sector is one of the

most impacted sectors: modern-day highly efficient lighting devices, large displays,

and sophisticated high-speed miniaturized computing devices would not be possible

without nanotechnology [2, 3, 6, 9, 11]. Notably, with the invention of gallium nitride

(GaN)-based blue light-emitting diodes (LEDs) [11–13], the paradigm of lighting (in-

door and outdoor) has shifted towards cleaner, more sustainable, energy-efficient, and

cost-effective light sources considering our dependency on nonrenewable fossil fuels

and environmental degradation due to the usage of fossil fuels. Binary, ternary, and

quaternary combinations of III-nitride material (In-Al-Ga-N) systems cover a wide

range of the electromagnetic spectrum from deep ultraviolet (UV) to infrared (IR),

as shown in Figure 1.1 [14].

Group III-nitride-based devices for the visible spectrum are well studied [15, 16].

In contrast, despite their tremendous impact on society, UV devices mainly in the

DUV regime require significant improvement because of poor external quantum ef-
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ficiency (EQE) [8, 17, 18]. Even though III-V semiconductors significantly dominate

optoelectronics, zinc oxide (ZnO), silicon carbide (SiC), and lately, gallium oxide

(Ga2O3) have attracted considerable attention [19].

Figure 1.1: Bandgap of various semiconducting materials versus their corresponding
lattice constants. Reprinted with permission from Ref. [14].

1.1.1 Outlook on UV Optoelectronics

The UV spectrum can be divided into UVC (100 – 280 nm), UVB (280 nm – 315

nm), and UVA (315 nm – 400 nm) regimes. The wavelength and the power of the UV

light sources determine their applications. UVC, UVB, and UVA are often named

deep-UV (DUV), mid-UV, and near-UV, respectively.

Unlike conventional UV light sources, UV-LEDs are extremely robust, compact,

environmentally friendly, and can have very long lifetimes. In addition, the extremely

fast switching times of UV LEDs, within a few tens of nanoseconds or even faster, out-

smart conventional UV sources for modern technological applications. Applications

that benefit from the UV-A spectral range include UV curing inks, paints, coat-
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ings, resins, polymers, adhesives, 3D printing for rapid prototyping and lightweight

construction, ID cards and banknotes, medical applications. Phototherapy and plant

growth lighting are a few of the many applications of the UV-B spectral range [20,21].

The UVC spectrum has a very wide range of applications, including water purifica-

tion [22,23], recycling as well as disinfection of medical equipment/food [24,25], sens-

ing applications [26, 27], and non-line-of-sight communication [28, 29]. To realize all

these applications, it needs a massive upgrade to the start-of-art UV optoelectronics.

Hence, there is a genuine interest in the development of UV emitters. The size of the

rapidly growing global UV LED market is expected to reach 1.71 billion by 2027 [30].

The application of UV LEDs is summarized in pictorial form in Figure 1.2 [8].

Figure 1.2: Application of UV emitters ranging from DUV-UVA. Reprinted with
permission from Ref. [8].

1.1.2 Alternative materials for UV optoelectronics

Apart from AlGaN, hexagonal boron nitride (hBN) and gallium Oxide (Ga2O3) are

a few ultrawide-bandgap semiconductors with some footings in academic research.
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While there are sporadic reports on hBN [31], gallium oxide (Ga2O3) has attracted

considerable attention over the last decade for deep UV optoelectronics. Recently,

Ga2O3 has been very popular, especially for solar-blind photodetectors [32–35]. β—

phase Ga2O3 is a promising candidate for solar-blind DUV detection. Monoclinic

β–phase Ga2O3 has a bandgap of 4.4—4.8 eV (at the corresponding wavelengths of

258–280 nm) and is expected to possess solar-blind sensitivity over most of the range

of the solar-blind UV region) [36]. Due to the availability of large-sized bulk single

Ga2O3 crystals [37], homoepitaxial growth of high-quality crystalline epitaxial layers

with defined doping and bandgap engineering can be employed to fulfill the optoelec-

tronic potential of Ga2O3 in UV detection [38,39]. Despite such promising preliminary

results, the painstaking effort is still required to understand the optoelectronic mate-

rial properties and optimize the metal oxide material system to make it competitive

with III-nitride-based materials. On the other hand, the long response-time of Ga2O3-

based photodetectors is not as promising for high-speed optoelectronic applications

such as UV optical wireless communication. Hence, despite the excellent responsivity

of Ga2O3 in the deep UV regime, the long relaxation time of Ga2O3 [40–43] indi-

cates that PDs based on Ga2O3 are relatively slow. Therefore, there is a genuine

need to research high-speed DUV photodetection further to advance optical wireless

communication (OWC).

1.2 Novelty and Summary of Contributions

To best describe the novelty of the research in this dissertation, it would only be fair to

divide the dissertation into two distinct sections: (a) GaN QDisks for deep UV emit-

ters and (b) deep UV photodetection by photon downconversion using biophotonic

materials.
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1.2.1 GaN QDisks for Deep UV Vertical Emitters

We conceived the idea of implementing quantum confinement in ultrathin GaN QDisk-

s in the AlN nanowires (NWs) matrix grown using plasma–assisted MBE. We, for the

first time, experimentally performed comprehensive photophysical characterization

of QDisks grown utilizing this approach. Also, we shed light on the origination

of multi-emission peaks and strain evolution in the QDisks. More importantly, we

experimentally quantified the TE and TM emission modes of the highly quantum-

confined GaN QDisks, the first-ever report on the deep UV regime. Using a binary

compound (GaN) to realize deep UV emission eases the painstaking epitaxial growth

of ternary (AlGaN) and quaternary (InAlGaN) combinations that the sophisticated

growth process must incur. In addition, unlike AlGaN, such highly quantum-confined

GaN QDisks emit a TE-dominant emission, which is key to realizing higher light

extraction efficiency and efficient deep-UV vertical light-emitting devices.

1.2.2 UV Photodetection by Nature-Inspired Photon Down-

conversion

As discussed earlier, deep UV light-emitting devices require a significant upgrade to

realize devices for practical applications; the state of deep-UV photodetectors is not

any better. Commercial Si-based photodetectors are widely used for the UV–NIR re-

gion; however, their responsivity drops significantly at wavelengths ¡ 400 nm. Inspired

by light manipulation techniques utilized by living organisms in nature, we perceived

a plan to investigate the manipulation of light by the giant clam Tridacna maxima (T.

maxima, henceforth) and its symbiotic relationship with microalgae. We performed

a thorough optical and structural characterization of iridocytes found on the mantle

of T. maxima to confirm this symbiotic relationship by illustrating the color down-

conversion of UV light to photosynthetically active radiation (PAR). Furthermore,

we investigated the photoluminescence (PL) properties of iridocytes and explored the
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possibility of using iridocytes for optical wireless communications through high-speed

color down-conversion in a deep UV regime. We achieved a short PL decay time (≈

1 ns), which enabled a 3 dB frequency bandwidth modulation of 56 MHz for 375-nm-

laser and 22 MHz for 278-nm-LED, respectively. We achieved the data rate transfer

of 100 Mbit/s using a 375 nm laser with a bit error ratio (BER) within the forward

error correction (FEC). With the use of high-power modulated UV-C emitters and a

similar matrix implemented to 375 nm laser, iridocytes can allow a data-transmission

rate in tens of Mbit/s. The use of iridocytes or artificially synthesized similar ma-

terial can be very promising, particularly given the possibility of optimizing the raw

iridocyte samples taken from nature without any sophisticated material processing.

A thorough investigation of the photophysical properties of the iridocytes in their

purest form would be the next step of our optimization process.

1.3 Overview of the Dissertation

This dissertation investigates the structural, optical, and morphological properties

of GaN-based TE-dominant UV emitters utilizing GaN quantum disks (QDisks) and

explores a novel nature-inspired UV material system found in T. maxima.

Chapter 1 includes the background, novelty, summary of the contribution, and an

outline of the dissertation.

Chapter 2 provides a detailed literature review on state-of-the-art UV optoelec-

tronic devices based on III-nitride semiconductors and alternative material systems.

The challenges and limitations of the AlGaN material system to realize deep UV

emitters are also discussed. This chapter concludes with the motivation to use GaN

QDisks for deep UV emitters and iridocytes as a color-converting material for deep

UV photodetection.

Chapter 3 presents the experimental methods used to characterize the GaN QDisks

and iridocytes. This section includes the tools and setups (standard and home-built)
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used for the optical, structural, morphological characterizations, and optical band-

width modulation pertinent to optical OWC.

Chapter 4 describes the MBE growth of the GaN QDisks in the AlN NWs matrix

on a Si substrate. We carried out structural and morphological characterizations,

steady-state and time-resolved photoluminescence measurements under various ex-

perimental conditions, strain evolution in the QDisks, and polarization-dependent

photoluminescence measurements of the as-grown GaN QDisks. Moreover, we demon-

strated nearly pure TE emission from the ultrathin GaN QDisks, unlike Al-rich Al-

GaN, which illustrates a unique pathway for the realization of efficient deep-UV ver-

tical emitters.

Chapter 5 investigates light manipulation by the giant clam, T. maxima, hence-

forth). In this chapter, we performed a detailed structural and photophysical exam-

ination of the iridocytes found in the mantle tissue of T. maxima. Also, we discuss

the potential of UV photodetection, downconverting the UV photons to visible light

observed in the symbiotic activity of T. maxima and its symbionts.

Chapter 6 consists of a comprehensive optical characterization of iridocyte cells

including, PDPL, TDPL, TRPL using a deep-UV laser source (266 nm) to investigate

the color-downconversion of UV radiation. We then test the stability of the iridocytes

in various experimental conditions, which showed iridocytes are reasonably stable at

atmospheric conditions and relative humidity of ≈ 50–55 %. Finally, the estimation

of remarkably fast carrier recombination time obtained using time-resolved PL sets up

perfectly to establish a robust mid to deep-UV communication link through photon

downconversion.

To conclude, Chapter 7 summarizes the dissertation, highlights the novelty and

summary of the contributions of this dissertation, and provides the future direction

of the research covered in this dissertation.
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Chapter 2

State-of-the-Art UV Optoelectronics

2.1 Overview of AlGaN-based UV optoelectronics

As discussed in Chapter 1, deep ultraviolet (UV) optoelectronics devices are of

great interest because of their wide range of applications, including sterilization,

water/air purification, memory devices, as medical treatments, military/defense pur-

poses, non-line-of-sight optical communication, and fluorescence-based biochemical

sensing [17, 18, 44–54]. AlGaN is perhaps the most-studied III-nitride alloy among

the semiconductor materials that has been proposed to replace the conventional and

environmentally hazardous mercury UV lamps. The high dependence on AlGaN-

based materials is logical because the bandgap of AlGaN can be tuned to cover a

wide range of the UV spectrum (3.4 eV to 6.1 eV), i.e., from UV-A to UV-C [53].

Typically for DUV emitters, Al-rich AlGaN is a preferred choice; however, the severe

strain that accumulates while alloying a high proportion of Al in AlGaN is detri-

mental and results in extreme band bending and dislocation beyond critical thickness

transforming the optical properties shuffling the subbands (light holes (LH), heavy

holes (HH), and crystal-split-off-holes (SH)) of the valance bands [55–57].Subbands

shuffling, high density of defects/dislocations and the poor dopant activation due to

the large ionization energy of the donors and acceptors for Al-rich AlGaN are some of

the major challenges to realizing efficient UV-C emitters [58–61]. Even though GaN,

AlGaN, and AlN are from the III-nitride family, the ordering of the subbands in each

compound’s valence band is strikingly different [55]. The order of these subbands is
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a characteristic feature of these materials. Therefore, it is vital to understand the

modes of carrier recombination and light-polarization behaviors to design efficient

light-emitting devices. Light-polarization and emission modes, i.e., transverse elec-

tric (TE) and transverse magnetic (TM) modes, are defined by the projection of the

angular momentum of the charge carriers of each subband. Based on earlier studies,

the mode of emission changes from TE-dominant to TM-dominant as we move from

GaN to AlN. Hence, realizing efficient TE-dominant UV-C emitters is challenging if

we just adhere to the conventional practice and rely on Al-rich AlGaN [55,57].

Various factors affect the energy bandgap of a semiconductor compound. The

composition of Al in AlGaN is key to tuning the bandgap; however, it is not the

only factor that defines the bandgap, as stain-induced subband shuffling and size-

dependent quantum confinement also vitally determine the bandgap. As mentioned

earlier, the TE-mode of emission in GaN gradually switches to TM-mode as we move

to AlGaN, and TM-mode completely overpowers TE-mode in Al-rich AlGaN. Bulk

AlxGa1−xN exhibits a TE-dominated mode when x > 0.25 (λ < 315 nm) and is

overpowered by TM-mode when x > 0.25 [57]. However, when AlxGa1−xN QWs

are strained to AlN barriers, a higher proportion of ‘Al’ can be incorporated, and

the TE-dominant mode switches to TM for x > 0.57 [56]. Even though there exists

the possibility of preserving TE-dominant mode for increased Al proportion (0.25 to

0.57) in AlGaN, high dislocations and defect densities result in poor internal quantum

efficiency (IQE) [62].

2.2 Basic Technical Terminologies

2.2.1 Crystal Structure of III-Nitride

The crystal structure of GaN and AlN in the wurtzite (WZ) phase is shown in Figure

2.1 [63]. All the alloy compositions of GaN and AlN also stabilize in the WZ phase

under ambient conditions. However, the growth of ternary, quaternary or higher
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order alloy compositions requires a sophisticated growth mechanism for high inter-

nal quantum efficiency. There are some mechanisms to minimize the shortcomings,

but there are other unavoidable cases, and we have to live with them. Defects and

dislocations often degrade the crystal quality and hence the optoelectronic proper-

ties [64]. However, defects are sometimes intentionally introduced to to grow specific

nanostructures and fabricate special devices based on these nanostructures [65,66].

While growing AlGaN compounds, the discrepancy in the lattice constants (a,

c) between GaN and AlN exerts strain and results in dislocations. As the lattice

constants of GaN (AlN) are a = 3.189 Å (3.112 Å) and c = 5.185 Å (4.982 Å),

respectively, it is essential to note that the c/a ratio varies from the initial values,

indicating some degree of distortion induces polarization (see Figure2.1), and the

distortion becomes worse in Al-rich AlGaN materials.

Figure 2.1: Crystal structure of GaN and AlN. Reprinted with permission from Ref.
[63].
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2.2.2 Polarization-Induced Fields

In wurtzite III-nitride materials, such as GaN/AlN shown in Figure 2.1, each Ga

atom is bonded to four N atoms. Due to the large difference in electronegativity

between the two atoms, each Ga-N bond is partly ionic, and the electrons are pulled

more towards the N atom. As a result, a dipole moment is formed at each Ga-

N bond. Since III-nitride material systems are the non-centrosymmetric wurtzite

structures, the dipole moments cannot be canceled out like other symmetric zinc-

blende systems. The residual dipole moment results in net polarization along the <

0001 > orientation (c-axis), known as spontaneous polarization (PSP ). Spontaneous

polarization is often termed intrinsic polarization in the III-nitride material system.

For instance, the GaN grown on AlN are strained because of the lattice mismatch,

which results in an additional polarization field known as piezoelectric polarization

(PPZ). GaN has a larger in-plane lattice constant than AlN, which causes compressive

strain when GaN/AlGaN is grown on an AlN substrate along the c-axis (z-direction).

The induced piezoelectric polarization has the opposite polarity compared to the

built-in spontaneous polarization. The total polarization field is the sum of (PPZ)

and (PSP ) and determines the polarization charge density [67].

The total polarization field is given as:

(P ) = PPZ + PSP (2.1)

where,

PPZ = e33ϵxx + e31 (ϵxx + ϵyy) (2.2)

ϵxx = ϵxx =
a− ao

a
(2.3)
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ϵzz = −2
c13
c33

ϵxx (2.4)

where, ϵxx, ϵyy, and ϵzz are the strain along the x-, y-, and z-axes, c13 and c33 are

the elastic constants, and e33 and e13 are the piezoelectric polarization coefficients,

respectively. Using equations (2.1− 2.4), we get:

PPZ = −2
a− ao

a

(
ϵ31 − e33

c13
c33

)
(2.5)

For all AlGaN compositions,
(
ϵ31 − e33

c13
c33

)
< 0; hence, the piezoelectric polarization

is negative for tensile and positive for compressively strained barriers, respectively.

Therefore, the piezoelectrical and spontaneous polarization alignment is parallel in

tensile strain and antiparallel in compressively trained top layers. The piezoelectric

and spontaneous polarity sign changes when the polarity switches from a Ga-face to

N-face material.

2.2.3 Bandgap and Density of States in III-Nitride Nanos-

tructures

The bandgap of AlGaN covers a wide range of the UV spectrum, i.e., from UVA to

UVC, as shown in Figure 2.2 [68], which is for bulk AlGaN.

Nanostructures can be classified into three different categories, based on the num-

ber of dimensions on the sub-100 nm scale: 2D, such as nanomembranes (NMs) and

quantum wells (QWs); 1D, such as nanowires (NWs); and 0D, such as quantum dots

(QDs). The density of states (DOS) of low-dimensional semiconductors can be mod-

ified by restricting their size to an electron wave function (see Figure 2.3). The

quantized energy levels in such quantum structures are the driving force for next-

generation optoelectronics, as thermal scattering can be mitigated by controlling the

light absorption/emission range. The density of states function estimates the number
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of the states per unit volume per unit energy available in a system, which is essential

Figure 2.2: Bandgap energy of AlGaN versus the Al content in AlGaN. Reprinted
with permission from Ref. [68].

to determine the carrier concentration and energy distributions within a semiconduc-

tor system. The DOS for each of the different quantum structures is given in Figure

2.3 can be summarized as [69]:

Figure 2.3: DOS of nanostructures



32

DOS3D =
1

2π2

(
2m∗

ℏ2

)3/2√
E − Ec (2.6)

DOS2D =

(
m∗

πℏ2

)
(2.7)

DOS1D =

(
m∗

π
ℏ
)√

m∗

2(E − Ec)
(2.8)

DOS0D = 2δ(E − Ec) (2.9)

From the above equations, we know that the bandgap of the semiconductors can

not only be manipulated by changing the proportion of Al in AlGaN but also can be

tuned by using materials of different dimensions. Based on the DOS and widening of

the bandgap in low-dimensional materials shown in Figure 2.3, our obvious choices

are 1D or 0D materials for DUV optoelectronics.

2.2.4 Dopant Ionization Energy

Adding desired impurities (donor/acceptor) into a semiconductor is key to realizing

p-n junctions. In nitrides, Si and Mg are incorporated as n-type and p-type dopants,

respectively. The ionization of the impurities depends on the thermal energy and

position of the impurity level within the energy bandgap. Statistical thermodynamics

can be used to assess the probability that the impurity is ionized. For small bandgap

materials, the free carrier concentration is assumed to be the same as the density

of the incorporated dopant atoms; however, this is not the case for wide bandgap

materials. One factor contributing to poor electrical injection in UV emitters is

the difficulty of preparing a conductive p-type AlGaN material [70]. The very poor

magnesium (Mg) doping efficiency for the Al-rich p-AlGaN-based hole injection layer
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Figure 2.4: Dependence of the activation energy for a Mg acceptor in AlGaN alloys
on Al content. The experimental data are from the literature [54]. Reprinted with
permission from Ref. [54].

leads to poor electrical conductivity because the activation energy for Mg is > 350

meV, which is significantly higher than that of GaN (≈ 170 meV) [54]. As this is an

intrinsic material property, it is incredibly challenging to lower the activation energy

of Mg in p-AlGaN, even with the highest quality material [54](see Figure 2.4).

2.2.5 Defects and Dislocations

While growing heterostructures, the layers are strained because of lattice mismatch.

The greater the degree of lattice mismatch, the more the layers are strained. The

natural relaxation mechanism can relieve this strain but creates defects and disloca-

tions with severe cracks in some cases. III-nitrides are also prone to intrinsic and

extrinsic defects during growth, which affects the optical and electrical properties of
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the material. As shown in Figure 2.5, the IQE of AlGaN-based LEDs plummets log-

arithmically with the increase in the dislocation densities [62]. In comparison, NWs

are free of dislocations on lattice-mismatched substrates due to the small diameter of

NW and the ease of dislocation to bend and terminate at the sidewall, which allows

the NWs to grow without any defects after a few nanometers of axial growth [71].

However, defects cannot be entirely eliminated from NWs.

Figure 2.5: IQE Vs. Dislocation Ref. [62].

2.2.6 Efficiencies in Light Emitters

Several factors determine the efficiency of emitters (LEDs/LDs): the benchmark for

testing the efficiency of the light emitters is wall-plug efficiency (WPE). The WPE

is the ratio between the output optical power of the LED compared to the input

electrical power. To further understand the factors affecting WPE, WPE can be

explained in terms of internal quantum efficiency (ηIQE), injection efficiency (ηINJ),

light extraction efficiency (ηLEE), and electrical efficiency (ηEE) [72].

ηWPE = ηEE × ηINJ × ηIQE × ηLEE (2.10)
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ηING =
# of electrons reached into the active region

# of electrons injected into the device
(2.11)

ηEE =
# mean photon energy

# electron potential energy
(2.12)

ηIQE =
# of photons emitted

# of carrier pairs recombined
(2.13)

2.2.7 Optically Polarized Emission

Even though GaN, AlGaN, and AlN are from the III-nitride material family, the

ordering of the subbands in the valence bands of each compound is strikingly different,

as shown in Figure 2.6 [57]. The composition of Al in AlGaN is key to tuning the

bandgap; however, it is not the only factor that defines the bandgap, as stain-induced

subband shuffling and size-dependent quantum confinement also vitally define the

bandgap [73]. As mentioned earlier, the TE-mode of emission in GaN gradually

switches to TM-mode as we move to AlGaN, and TM-mode completely overpowers

Figure 2.6: Schematic of degenerate valance bands and the TE-TM polarized modes
in the reach of the materials (a) GaN, (b) AlN

TE-mode in Al-rich AlGaN. Bulk AlxGa1−xN exhibits TE-dominated mode when x

> 0.25 (λ < 315 nm) and is overpowered by TM-mode when x > 0.25 [57] . However,

when AlxGa1−xN QWs are strained to AlN barriers, a higher proportion of ‘Al’ can

be incorporated, and the TE-dominant mode switches to TM for x > 0.57. Carriers in



36

HH bands have different angular momentum projections than LH bands in group-III-

N semiconductors, which affects the carrier recombination rate of the respective modes

[56]. Since TM radiation has an in-plane propagation vector, UV-B and -C surface-

emitting LEDs with a high-Al AlGaN composition in the active region have a poor

extraction efficiency. Moreover, the upward bending of the SH and the non-parabolic

nature of the highly Al-alloyed AlGaN band make the ordering of the subbands in the

valance band very complicated. Thus, the commonly used effective mass approach

for assessing the proper valance bands cannot accurately depict the valance band

states and more advanced techniques such as k.p (6×6, 8×8, etc.) must be utilized.

Not only the intrinsic bandgap of a material system, intentionally induced strain by

Figure 2.7: Schematic of degenerate valance bands and the TE-TM polarized modes
in the reach of the materials (a) GaN, (b) AlN. Reprinted with permission from Ref.
[73].

sandwiching an ultrathin layer of a low bandgap material sandwiched between the

layers of wide bandgap material can also manipulate the ordering of the HH and LH

bands, bandgap, and optical polarization. The GaN/AlN SLs structure shown in

Figure 2.7 is one commonly used example in this regard.
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2.3 Challenges in AlGaN-based UV Emitters

Based on the discussion above, we can now summarize the well-known challenges in

AlGaN-based DUV optoelectronics due to excessive Al alloying as follows

• Poor crystal quality

• A high dislocation density increases non-radiative recombination centers, which

in turn decreases IQE

• Strong spontaneous and piezoelectric polarization

• The high activation energy for p-type doping results in poor hole injection

• Absorption of emitted UV light by the p-contact layer

• Poor light extraction efficiency because of internal reflection and successive ab-

sorption

• Suppression of TE-polarized emission by TM-polarized emission that has poor

extraction efficiency

There is no single magic solution to address all the above stated problems. Here,

we focus on resolving the issues related to light extraction for DUV emitters to en-

hance the optical power with improved light extraction. Researchers have been work-

ing on different facets to resolve this challenge, as discussed below.

2.4 UV Emitters Based on Ultrathin Planar GaN and Al-

GaN Structures

We have already established that bulk AlGaN and nanostructures are widely used as

UV-B and UV-C emitters. Lately, the concept of quantum confinement in ultrathin

binary heterostructures has been heavily utilized as a highly thought of nanophotonic
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technique in planar devices to enhance vertical (TE-dominant) emission. A systematic

investigation of the electronic structure of zinc-blende and wurtzite GaN/AlN het-

erostructures was reported by Cui et al. [74]. The bandgap, electric field strength, and

connection with biaxial strain as a function of SL thickness were determined based on

the all-electron DFT calculation. Later, the thickness-dependent bandgap of the GaN

monolayers (MLs) in GaN/AlN SLs was established, with the shortest wavelength ob-

tained being 244 nm (5.5 eV) [75]. Based on previous theoretical findings, Taniyasu

et al. claimed to experimentally demonstrate UV emission as deep as 236.9 nm when

the thickness of the QW in a GaN/AlN heterostructure was decreased to 0.9 ML [76].

The c-plane emission from binary heterostructures (GaN/AlN) is also claimed to be

greater than the c-plane emission from ternary heterostructures (AlGaN/AlN QWs)

for a comparable wavelength range. Later, a thorough theoretical and experimen-

tal investigation of the electrical and optical characteristics of atomically thin (1–2

ML) GaN/AlN heterostructures was reported. Moreover, SLs with extremely short

periods stretch the bandgap and enhance the electron-hole wavefunction overlap by

up to 97% [77]. A numerical analysis claimed that the bandgap of GaN/AlN het-

erostructures could be tuned to obtain a bandgap as wide as 5.24 eV by varying the

thickness of the GaN QWs. The use of SLs with extremely short periods stretches

the bandgap and enhances the electron-hole wavefunction overlap by up to 97 % [78].

The shortest wavelength achieved to date using GaN/AlN quantum heterostructures

is 219 nm [79]. Additionally, tunable (232–267 nm) UV emitters with a record-high

output power of 2.2 W at an emission wavelength of 260 nm were recently realized

using electron-beam (e-beam) pumping technology [80]. Using GaN/AlN-based short

period SLs (SPSLs) integrated into micro-disc photonic resonators, Selles et al. devel-

oped an optically pumped UV microlaser (275 nm) at room temperature (RT), which

was the first report of a room-temperature UV microlaser emitter [81, 82]. Recently,

GaN/AlN Superlattices (SLs) were employed to generate DUV stimulated emission
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to achieve an optically pumped TE-enhanced deep UV (249 nm) laser at room tem-

Table 2.1: Summary of DUV emission using GaN/ AlN SLs structures

(Material), Structure
Peak
(nm)

Ratio,
TE:TM

Method References

(GaN/AlN), SLs 244 NA DFT
Uni. Sydney,
Australia [74]

GaN/AlN), SLs 224 NA ab initio
Uni. Tsukuba,
Japan [75]

(GaN/AlN), SLs 276-237 NA Electrical
NTT,
Japan [76]

(GaN/AlN), SLs 224-255 NA
Theoretical and
Experimental

Uni. Michigan,
USA [77]

(GaN/AlN), SLs 236-312 NA
Numerical
Analysis

Uni. Lehigh,
USA [78]

(AlN/GaN),
microdisk laser

275 NA Optical
Uni. Montpellier,
France [81,82]

(GaN/AlN), QWs 249 NA Optically
Huazhong Uni.,
China [83]

(GaN/AlN), Delta 219 NA Optical
Cornell Uni.,
USA [79]

(GaN/AlN), QWs 230-270 NA E-beam
Peking Uni.,
China [80]

(GaN/AlN), QDisks 250 NA Electrical
Ohio St. Uni.,
USA [84]

(AlGaN/ AlN), SPSL 263 NA Electrical
Uni. Berlin,
Germany [85]

(GaN/AlN), QWs 232-270 NA Electrical
Cornell Uni.,
USA [86]

(GaN/AlN), QWs 225 NA Optical
Kyoto Uni,
Japan [87]

(GaN/AlN), QWs 240 - 270 NA E-beam Ioffe, Russia [88]

(GaN/AlN), Nanorods 220 NA Electrical
Uni. Xiamen,
China [89]

perature (RT); however, a quantitative description of the TE and TM modes was

lacking [83]. A first experimental report of the quantification of TE and TM modes

based on a GaN/AlN binary heterostructure with an emission peak wavelength at

298 nm showed TE-dominant emission, i.e., the intensity of TE to TM mode ratio
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at a polarization angle of 45 degrees was reported as 30:1 [90]. Nevertheless, the

full potential of quantum confinement cannot be achieved using planar binary het-

erostructures. Growing planar epitaxial binary heterostructures on native substrates

is costly, and results in high defects and dislocation when grown on commercially

available, highly mismatched foreign substrates. A high density of dislocation and

defects will generate various non-radiative recombination centers that decrease IQE,

resulting in poor EQE [45,91]. On the other hand, dislocation-free nanowires (NWs)

can be grown on commercial lattice mismatched substrates with reduced defect densi-

ties [92–94]. More importantly, GaN quantum disks (QDisks) embedded in AlN NWs

allow a high degree of quantum confinement with better electron-hole wavefunctions

overlap, which increases the probability of radiative recombination with the domi-

nant radiative transition from the conduction band to HH band transition resulting

in TE-dominant emission [95]. As yet, only a single report on GaN QDisk-based

DUV emitters has been reported, leaving an immense gap for further studies on the

comprehensive optical and morphological features of these QDisks for practical device

applications [84]. Also, this report [84], misses reporting the experimental quantifica-

tion of TE and TM modes of emission, which is vital for the advancement of device

research in the UV-C regime. Table 2.4 summaries some the key reports on DUV

emitters based on ultrathin SLs.

2.5 Deep UV Photodetectors

The previous sections discussed the importance of DUV emitters, current material

growth procedures, and device fabrication challenges. When emitters are embedded

in a system, monitoring the emitters using efficient UV detectors is equally essential.

DUV PDs photodetectors with a fast response time and high responsivity are in

great demand due to their potential applications in a wide range of disciplines. Even

though PD device fabrication may not seem as complicated as the fabrication of LEDs
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and laser diodes, the conventional materials and fabrication methods are complex,

expensive, and have poor responsivities, particularly for the devices that work in

the DUV regime. Although PDs based on Al-rich AlGaN have selective sensitivity

and responsivity than UV-enhanced Si avalanche photodetectors (APDs) in the DUV

Figure 2.8: UV-PDs: (a) Si-APD along with its responsivity [Thorlabs Si-APD
(APD430A2/M)], (b) AlGaN-PD along with the time-response [96], (c) α − Ga2O3

[43] .Reprinted with permission from Refs. [97, 43].

regime, the epitaxial hardness of Al-rich AlGaN means arduous fabrication steps

are required to control cracking due to the high aluminum composition of AlGaN-

based PDs [96, 97]. Some of the PDs dedicated to DUV photodetection are shown

in Figure 2.8. Lately, research on materials and devices for UV-C photodetection

has shifted towards metal oxides, predominantly Ga2O3-based PDs. Ga2O3-based

PDs exhibit extremely high responsivity in the UV-C regime due to internal gain

mechanisms [98, 99] but are not suitable for high-speed optoelectronic applications

due to a long carrier relaxation time that ranges from sub-milliseconds to seconds.

The relaxation time for photodetectors based on β − Ga2O3 (sub-milliseconds: 0.3

ms) [40], ϵ − Ga2O3 (100 ms) [42], and α − Ga2O3 (89 µs) [43] show that PDs
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based on Ga2O3 are slow. Hence, research on high-speed DUV photodetection is

required to advance various optoelectronic applications. Perovskites (PVSKs) are

another highly regarded material system for DUV [100–103] or high-energy radiation

detection [104–107]. One practical, yet relatively straightforward approach, is photon

down-conversion, i.e., down-converting high energy radiation (UV photons) to a lower

energy (visible

Figure 2.9: Lead-halide perovskite-based UV-PDs: (a) Perovskite films [102], (b)
Perovskite nanocrystals [109]. Reprinted with permission from Refs. [102, 109].

light wavelength photons) in the electromagnetic spectrum where silicon photode-

tectors have the best responsivities [108, 109]. Figure 2.9 shows the example of

PVSKs-based DUV PDs.

In this dissertation, reviewing various techniques of DUV photodetection, we turn

to nature for inspiration to explore and identify a suitable optical material for efficient

mid-DUV photodetection. More importantly, we investigate the photon downconver-

sion phenomena in iridocytes and employ it to address the issues prevalent in material
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and device designs for high-speed DUV photodetection.

2.6 Light manipulation in Nature by Living Organisms

The science behind light manipulation in living organisms continues to awe researchers

from diverse science and engineering disciplines. There is a growing interest in bio-

photonics, and this area is constantly evolving. It is well-known that many iridescent

organisms advantageously change color during social interaction, camouflage, woo-

ing mates, courtship, and fending off rivalry from competitors. The coloration of

these organisms is primarily determined by a structural process that arises from the

Figure 2.10: Reversible color change in panther chameleon: (a) transition from re-
laxed (left) to excited state (right); (b) CIE chromaticity chart displaying the color
transition from red to green and blue and vice versa; (c) cross-section image of the
skin shown two layers of iridophores (S-iridophore (top) smaller guanine crystals,
whereas D-iridophores (bottom) larger guanine crystals); (d) simulated photonic re-
sponse and its comparison with the crystal structures with the image obtained using
TEM. Reprinted with permission from Ref. [111].

ability to tune color, mainly via manipulating the periodicity of guanine crystal struc-
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tures [100,110–121]. The eyes and scales of fish [114,116,122], spiders’ eyes [117,123],

and chameleon skin [111, 118, 124] are some examples where light manipulation of

this kind is demonstrated. One common attribute of the structural coloration in liv-

ing organisms is the existence of various shapes of proteinaceous packed structures.

The packed proteinaceous material in most of these organisms is guanine, ranging

from tens of micrometers to hundreds of nanometers in size. Based on the size, pe-

riodicity, orientation, and these organisms’ ability to tune the crystals’ periodicity,

they can manipulate light to their advantage as diffusers, scatterers, reflectors, or

photonic crystals. Light manipulation by chameleons [111], butterflies [125] and gi-

ant clams [126, 127] are well-studied phenomena. Figure 2.10 (a) illustrates the

reversible color change in the appearance of the male chameleon when it transitions

from a relaxed to an excited state and vice versa. Figure 2.10 (b) illustrates the

CIE chromaticity chart, which shows a clear transition in color from red to blue and

vice-versa. The origination of the color is attributed to photonic crystals formed by

an alternating periodic structure of guanine (refractive index ≈ 1.83) and cytoplasm

Figure 2.11: (a) Image of P. palinurus (green wing-scale) butterfly; (b) whole scale
on the wing (scale: 10 µm); (c) a zoomed section of the scale shown in (b) (scale: 5
µm; (d) A zoomed single concavity from (c) (scale: 1 µm); images of (e) P. palinurus
iridescent scale, (f) P. ulysses iridescent scale (scale 10 µm). Reprinted with permis-
sion from Ref. [125].
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(refractive index ≈ 1.33). The reversible color change is associated with the capability

of a chameleon to change the periodicity of the guanine crystals through contraction

and relaxation of S-iridophores. The vibrant wings of butterflies provide another fas-

cinating example of structural coloration that has been well studied. Vukisic et al.

performed an in-depth characterization of the structural coloration of the wing-scale

of two species (green- and blue-colored) of Papilio butterfly [125]. The wing scales

of each sample (P. ulysses : blue; P. palinurus : green) were examined using optical

and electron microscopy, as shown in Figure 2.11. Electron (Figure 2.11 (b–d))

and optical (Figure 2.11 (e, f)) microscopy revealed the wing scales in both species

are roughly similar. However, the multilayer dimensions are larger, with shallower

and less inclined concavities, for the green-wing-scale than the blue-wing-scale. The

pattern formed by the wing scales enables both species of butterfly to camouflage,

which helps them hide from predators by slipping into their surroundings effortlessly.

In addition, the T. maxima species of giant clam, one of the largest mollusks that

inhabit Indo-Pacific coral reefs, are among the largest living bivalve mollusks. T.

maxima species have a unique symbiotic relationship with microalgae of the Symbio-

dinaceae family. The mollusks come in various colors, such as brown, green, blue. In

2016, Ghoshal et al. reported biological analogs of RGB-pixels could yield white light

by studying the reflectivity of the iridocytes found on the mantle of T. maxima [128]

(Figure 2.12 (a–c). This report claimed that iridocytes taken from the white stripe

of T. maxima selectively reflected light, predominately in the 400–600 nm spectral

range. In another report, Holt et al. reported the intricate alternating proteinaceous

nano-pallet observed in iridocytes (shown in Figure 2.12 (d, e)) functions as a

Bragg’s mirror, which reflects unproductive solar flux and forward and laterally scat-

ters PAR inside the tissue that harbors nutrition-providing microalgae [126]. Apart

from the structural coloration mentioned above, the absorption and emission dynam-
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Figure 2.12: Iridocytes in T. maxima giant clam: (a) An image of a 6 cm diameter
juvenile T. maxima with a blue-colored mantle. Zoomed view of an iridocyte-dense
region illustrating multicolor reflection in (b) and (c). (d) TEM of the closely packed
iridocyte layer (scale: 4 µm). (e) A single zoomed-in iridocyte cell zoomed form
(scale: 2 µm ). Reprinted with permission from Refs. [126–128].

ics of the proteinaceous materials found in these organisms have barely been studied.

Chapters 5 and 6 assess the absorption emission dynamics of the proteinaceous mate-

rial found in the iridocytes of T. maxima and explore the potential application of this

material for high-speed UV communication through photon down-conversion. Table

2.2 summarizes some of the prominent reports on light manipulation in nature by

various organisms.
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Table 2.2: Light manipulation in nature by living organisms

Organisms
Color in Relaxed
(Triggered) States

Cause of Change References

Panther
Chameleon

Bluish-green
(Red)

Courtship,
Mating

Uni. Geneva,
(LANE)
Switzerland [111]

Butterflies/
Moths

Green, Blue Camouflage
Exeter Uni.,
(Thin Film Photonics)
United Kingdom [125]

Parotia
Barbubles
(Male Bird)

Yellowish Orange
(Bluish-Green)

Courtship,
Mating

Uni. Gronigen,
Dept. Neurobiophysics
Netherland [129]

Beetles
Red
(Golden)

Stress
FUNDP,
Département de Physique
Belgium [130]

Dragonflies Blue, Red, Green
Camouflage,
Attract Mates,
Warn Predators

Yale Uni.
Dept. Ecology and Evo.
Biology
USA [131]
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Chapter 3

Experimental Methods

This chapter reviews the tools and principal setups used for material growth and

characterization of the materials and devices pertinent to this dissertation.

3.1 Epitaxial Material Growth

Molecular beam epitaxy (MBE) is one of the most sophisticated vacuum evaporation

techniques used in the modern-day study of crystal nanomaterials and enables the

growth of highly pure, highly crystalline materials under ultra-high vacuum conditions

[132]. MBE allows researchers to grow atomically flat and abrupt heterointerfaces,

QWs, NWs, and QDs. Such nanostructures have played an unprecedented role in

expanding our knowledge of physics in optoelectronics. A VEECO GEN 930 plasma-

assisted MBE (PA-MBE) system was used to grow III-nitride-based nanostructures in

our experiments. The HF-cleaned substrates were outgassed in the MBE load lock at

200 °C for one hour, followed by outgassing in the buffer chamber at 600 °C for 2 hours

to eliminate moisture and prevent adsorption of molecules in preparation for further

growth. The material growth rate was controlled by controlling the temperature while

monitoring the beam equivalent pressure (BEP).

The pictures of a Veeco GEN 930 plasma-assisted MBE (PA-MBE) along with its

three constituent (i.e., Load Lock-, Buffer-, Growth-) chambers are shown in Figure

3.1
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Figure 3.1: Images of the Veeco GEN930 MBE Chambers

3.2 Surface Studies and Electron Microscopy

3.2.1 Atomic Force Microscopy (AFM- Agilent 5500 SPM)

Topographical information on thin films, microstructures, nanostructures of samples

can be obtained using atomic force microscopy (AFM). In this imaging method, the

interactions between the atoms of the cantilever tip and the material under study are

used to assess topographic and surface-force dynamics. AFM can be used in three

different modes: (a) contact mode, (b) tapping mode, and (c) non-contact mode.

A schematic diagram presenting the working principle of AFM is shown in Figure

3.2. An AFM microscopy setup consists of a cantilever, laser, photodiode detector,

controller, and data processing software. The cantilever is connected to a piezo-

electric scanner, which is responsible for making smooth movements between the
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Figure 3.2: AFM- Agilent 5500 SPM set up

tip and the sample under investigation. Cantilevers with different tip sizes, shapes,

spring constants, and frequencies act as force sensors. We calibrate the setup starting

with the laser spot hitting the center of the photodetector, which is marked by the

intersection of the four quadrants of the photodiode. While scanning the sample,

the cantilever deflects when the tip senses a different force, as does the laser spot at

the photodiode. Then, the signal received by the photodiode is amplified without

misconstruing the original information, which is later processed by the software to

determine the height profile, phase profile, and current profile [133]

3.2.2 Scanning Electron Microscopy (Nova Nano SEM)

Scanning electron microscopy (SEM) is a tool used to characterize micro- and nanos-

tructures. Unlike optical microscopy, this instrument uses electrons instead of light.

An SEM consists of an electron gun and a series of electromagnetic lenses in a vac-

uum chamber shown in Figure 3.3. The metallic filament inside the electron gun

is heated to high temperatures to induce the thermionic emission of electrons. The

electron beam is accelerated towards the sample by an electric potential ranging from

0.1 to 30 keV. As the e-beam hits the sample, the electrons undergo various elastic
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and inelastic interactions. If the sample is thin, we may even observe transmission of

electrons through the sample. Generally, two detectors are used for SEM imaging: a

backscattered electron detector (BSE) and a secondary electron (SE) detector. The

BSE detector is activated to obtain atomic information on the sample as BSE elec-

trons come from deeper within the sample, whereas the SE detector is activated to

obtain detailed information on the surface. If the sample is an electrically insulating

or a poor conductor, we can coat the sample with 3–5 nm of platinum or iridium to

avoid the charging effect [134].

Figure 3.3: Working principle of Nova Nano SEM

3.2.3 Transmission Electron Microscopy (FEI Titan)

Transmission electron microscopy (TEM) operates on similar fundamental principles

as SEM [135]. However, unlike SEM, TEM imaging is more rigorous, from sample

preparation to imaging. TEM is used to obtain very detailed atomic-level information

on the sample under observation. As suggested in the name, this technique relies on

the transmission of electrons through the sample. Hence, the sample must be suffi-

ciently thin (≈ 100 nm). Samples (TEM lamella) are prepared using a focused ion
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beam technique (FEI Helios NanoLab 400S focused ion beam), as shown in Figure

3.4, where the thickness of the lamella is ≈ 100 nm at the center. The number of

steps on the edges indicates the number of times the lamella was delicately polished.

Each lamella was cleaned using oxygen plasma and mounted onto the TEM (FEI

Titan). Each lamella mounted on the TEM sample holder are kept for about 30 min-

utes to stabilize the vacuum conditions. Soon after the vacuum condition stabilizes,

the e-beam impinges onto the sample, and the sample image is projected onto the

phosphor screen. The e-beam can be easily maneuvered around the sample to image

the desired area. The final images are processed using the TEM data acquisition

software connected to the TEM system.

Figure 3.4: Imaging principle of TEM
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3.3 Optical Characterization Tools

3.3.1 Shimadzu UV-3600 UV-VIS-NIR Spectrophotometer

We used UV-visible spectroscopy (Shimadzu UV-3600) to measure absorbance, trans-

mission, or reflectance in the full range from UV-visible to NIR wavelengths. A spec-

trophotometer works by comparing the ratio of the intensity (I) of light that passes

through the sample under investigation to the intensity of light (Io) passing through

the reference (Io). The technical term coined for the ratio (I/Io) is transmittance

(%T), and the absorbance (A) can be calculated as

A = −log10T (3.1)

The essential components of the Shimadzu UV-3600 UV-VIS-NIR spectrophotometer

include a broadband light source, a sample holder, a monochromator equipped with

diffraction gratings with different blaze values to separate different wavelengths of

light, and a detector [136]. The working principle of the spectrophotometer is shown

in Figure 3.5.

Figure 3.5: Schematic and working principle of a UV-Vis-NIR spectrophotometer



54

3.3.2 Femtosecond Coherent Laser

One widely used gain medium for generating ultrafast laser signals is a Ti:Sa crystal

(titanium doped with Al2O3 as the gain medium). The broad absorption and emission

spectra, excellent thermal properties, and robustness against high-power pump-laser

sources are the main reasons Ti:Sa crystals are widely used in tunable lasers. Figure

3.6 illustrates the absorption and emission spectra of a Ti:Sa crystal [137]. We used

a Mira-HP-Coherent as a Ti:Sa laser source to perform a wide range of PL mea-

surements. This machine consists of a Ti:Sa crystal optically pumped by a Coherent

Verdi V18 frequency-doubled vanadate (Nd: YVO4) solid-state laser (532 nm), the

optimal absorption peak for the Ti:Sa crystal. The auxiliary cavity of the Mira-HP

femtosecond laser consists of seven mirrors (M1-M7), as shown in Figure 3.7. L1

Figure 3.6: Absorption-emission spectra of Ti:Sa crystal

is the focusing lens that focuses the pump (532 nm) beam onto the crystal (Ti:Sa).

BP1 and BP2 are the Brewster prism pair responsible for compensating for the group

velocity dispersion (GVD), i.e., increasing the group velocity of shorter wavelength

(higher energy) radiation. BRF is the birefringent filter (BRF) used to tune the out-

put wavelength of the cavity. The butterfly-shaped crystal (starter) oscillates, making

slight alterations to the cavity length to finetune the mode-locked operation of the
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Ti:Sa laser. The emission range is broad, and the stable mode-locked output can

be tuned from 750–1000 nm, and the optical output (mode-locked power: 3.5 W) is

maximized at 800 nm.

Figure 3.7: Femtosecond coherent MIRA-HP -laser and its working principle

3.3.3 Higher Harmonic Generator

The emission of the Ti:Sa assembled Mira-HP Coherent laser ranges from 720 nm to

1000 nm. Since we are interested in investigating deep UV optoelectronic materials,

we optimized the fundamental beam to 750 nm (mode-locked power of 2.75 W).

This fundamental beam was coupled to a high harmonic generator (TPL Minioptic,

USA) [138] to characterize wide bandgap materials, shown in Figure 3.8. The TPL

Minioptic

high-harmonic generator consists of two nonlinear crystals: (a) a second harmonic

generator (2HG) that doubles the frequency of the fundamental beam (750 nm) and

(b) a third harmonic generator (3HG), which mixes the 2HG generated beam (375

nm) to produce 250 nm. To make the third harmonic generation more efficient, a

combination of a wave plate and time delay plate is used to change the polarization

of the fundamental beam from horizontal to vertical, enabling efficient mixing of the

fundamental beam (750) with the second harmonic beam (375 nm) for generation

of the third harmonic (3HG: 250 nm). Using the mode-locked power of the (3 W)
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Figure 3.8: Minioptic TPL second and third harmonic generator working principle

fundamental beam, the optical output power of the second harmonic generation and

third-harmonic generations are 200 mW and 90 mW, respectively.

3.3.4 Steady-State Photoluminescence Setup

A custom-built helium-cooled cryostat was used to regulate a low-temperature photo-

luminescence setup, as shown in Figure 3.9. The temperature was varied from 10 to

290 K to study the temperature-dependent steady-state, dynamic optical properties

of luminescent materials at various temperatures and laser excitation power densities.

One of the commonly used measurement techniques is power-dependent PL (PDPL).

With the help of PL intensity at a particular excitation density and a temperature

and fitting it using equation 3.2 helps us estimate the value of α, which provides an

important information on what recombination (i.e. trap-assisted, excitonic, auger)

processes are dominant.

The power law:

IPL = Pα (3.2)
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Figure 3.9: Low-temperature photoluminescence setup

3.3.5 Hamamatsu Streak Camera

A schematic of the interior of a C10910 streak camera is shown in Figure 3.9 [139].

This tool is used to investigate the carrier dynamics of fluorescent materials. The PL

signal produced from the sample is focused onto the slit, which enters the photocath-

ode of the streak tube. The photons that enter the photocathode are converted into

electrons; electron generation is directly proportional to the intensity of the incident

light that hits the photocathode. As shown in Figure 3.10, four-light pulses are

converted sequentially from optical to electrical signals and projected on the phos-

phor screen. The light pulses of different colors are triggered at different times. The

electrons generated by these light pulses at the photocathode when they enter the

MCP (micro-channel plate) coupled with the electric field where the electric field is

perpendicular to the direction of the propagation of electrons. The electrons then

bombard the phosphor screen and are converted into fluorescence. The fluorescent

images corresponding to light pulses are positioned so that the light pulse that en-
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ters the photocathode stays at the top of the phosphor screen, followed by the other

pulses entering later. The brightness of these images is proportional to the intensities

of the respective incident light pulses. The Hamamatsu streak camera has two dif-

ferent voltage sweep units (slow sweep unit and synchroscan unit). Hamamatsu slow

single sweep (M10913-11) works in the 5 ns–1 ms time range, whereas a Hamamatsu

synchroscan unit (M10911-01) was used for the samples with a decay time shorter

than 2 ns.

Figure 3.10: Hamamatsu streak camera and its working principle

3.3.6 TRPL Experimental Setup and Signal Detection

Figure 3.11 represents the custom-assembled TRPL experimental setup, which con-

sists of a Verdi V18 (Coherent), Mira Hp 900 (Coherent), harmonic generator (Min-

ioptic), Spectrograph, (Oxford Instruments), cryostat (Janis), and streak camera

(Hamamatsu). Transient carrier recombination dynamics is a fascinating, yet very

complicated phenomenon.

The total density of recombined carriers per unit time (RT ) includes radiative

recombination (Rrad), Shockley Read Hall recombination (RSRH), and Auger recom-

bination (RAug), which can be given as [140] [122]:
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Figure 3.11: Custom assembled TRPL experimental setup

RT = Rrad +RSRH +RAug (3.3)

where,

RRad =
dn

dt
= B(no +∆n(t))(po +∆p(t)) (3.4)

where B, no, and po are the radiative coefficient and the intrinsic and equilibrium

carrier concentrations. ∆n(t) and ∆p(t) are the time-dependent excess generated

carrier. Two regimes of transient carrier recombinations can be defined as follows

Case I: when no, po >> ∆n(t),∆p(t), we obtain:

RRad = B[ni
2] +B∆n][no + po] = Ro +∆R (3.5)

where Ro and ∆R are the equilibrium and the excess carrier recombination rates,

respectively. Considering generation of the carriers stops at t = 0, the rate of change
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of carrier with time can be given as

d∆n(t)

dt
= −∆R = −B∆n(t)[po +∆p(t)] (3.6)

The generic solution to the differential equation 3.6 is given by

∆n(t) = ∆no exp−
(
t

τ

)
(3.7)

τ =
1

no + po
(3.8)

Case II: no, po << ∆n(t),∆p(t), we obtain a non-exponential decay function,

which could be due to the highly disordered material system, presence of multiple

recombination centers, phonon interactions due to a high excitation power density,

etc. Experimentally, obtained decay curves do not always follow the single exponential

decay fit. Instead, the experimental data are analyzed using double exponential

decay or higher-order equations to address the observed carriers decay phenomena

adequately [141].

All the experimentally obtained decay transients are fitted using equation (3.9).

Y = Yo + Afast exp−
(

t

tfast

)
+ Aslow exp−

(
t

tslow

)
(3.9)

With all the fit parameters obtained using equation 3.9, the average PL decay time

τavg is calculated using equation 3.10

τavg =
Afastt

2
fast + Aslowt

2
slow

Afasttfast + Aslowtslow
(3.10)

3.3.7 Polarization-Dependent PL Measurements

A custom-built polarization-dependent PL measurement setup was used to quantify

the TE and TM modes of PL emission. The setup consists of an excitation source
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(266 nm laser), a polarization beam splitter mounted on a rotational mount, and a

spectrometer, as shown in Figure 3.12 [142]. The PL emission enters the GT10-A

Glan-Taylor (G-T) polarizer mounted on a rotating mount and splits into spectra

with two different polarizations, i.e., I∥ (electric field parallel to the c-axis) and I⊥

(electric field perpendicular to the c-axis). The numerical values of the I∥ and I⊥

components represent the integrated PL intensities at the different polarization angles

(θ) rotating the G-T polarizer about the propagation direction of light. The TE-,

TM-components, degree of polarization (P ) are then determined using the I∥ and

I⊥ components and their respective polarization angles using the following equations

3.11–3.15 [90, 142–144]:

I⊥ = ITEx (3.11)

I∥ = ITEycos
2θ + ITMsin2θ (3.12)

TETotal = ITEycos
2θ + ITEx (3.13)

TMTotal = ITMsin2θ (3.14)

P =
TE − TM

TE + TM
(3.15)

3.3.8 Bandwidth and Data Transfer Rate Measurements

A home-built experimental setup was used to carry out the bandwidth and data

transfer rate measurements on various materials and devices. Emitters (LEDs or

LDs) were mounted on a mount (Thorlabs, LDM56F/M) integrated into a thermo-

electric cooler. The emitters were linked to the output channel of an electronically

calibrated (electronic calibration module: Agilent, 85093-60010) vector network ana-

lyzer (VNA; Agilent, E5061B) for small-signal modulation. The direct current (DC)

to the LED/LD was set slightly higher than the turn-on current so that the device
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Figure 3.12: Polarization-dependent PL setup

does not degrade. The input channel of the VNA was then linked to an avalanche pho-

todiode (APD; Thorlabs, APD430A2/M). For the data rate measurement, the same

emitters (LED/ LD) were connected to the bit-error-ratio tester (BERT) transmitter

(Anritsu, ME522A), which superimposes alternating current (AC) with an amplitude

set to 3 V (peak to peak). Moreover, on the receiver side, the signal obtained after

the down-conversion process from the modulated emitters is received by the APD

and linked to the BERT receiver through a linear amplifier (Tektronix, PSPL5865).

Eye diagrams for the various data transfer rate measurements were captured using a

digital communication analyzer (Agilent, 86100C Infinium DCA-J Wideband Oscil-

loscope), as shown in Figure 3.13 [145].
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Figure 3.13: Schematic of the experimental set up for UV communication, which
consists of a laser diode mounted to the laser head connected to the thermoelectric
cooler (TEC), a custom-built collimator that consists of two objectives, a long pass
filter (405 nm cut-off wavelength), digital communication analyzer (DCA), and a bit
error ratio tester (J-BERT).
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Chapter 4

Ultrathin GaN QDisks for Deep UV Emitters

4.1 Introduction

The state-of-the-art UV optoelectronics and the importance of efficient deep UV

emitters and photodetectors for various applications are discussed in Chapter 2.

Suppression of TE-dominant emission is one of the many challenges in deep UV light

emitters. Some efforts have been made to understand and quantify the TE- and TM-

emission modes using short GaN/AlN SLs structures, as tabulated in Table 2.1 in

Section 2.4. However, the following work provides the first comprehensive report on

quantifying the TE and TM modes in GaN QDisks embedded in an AlN NW matrix

pertinent to the UV-C regime. This chapter’s discussion will focus on the growth and

morphological and optical characterization of PA-MBE-grown GaN QDisks to realize

efficient deep UV emitters.

4.2 Growth of GaN QDisks

First, 3-inch n-Si substrates were cleaned by dipping the substrate into 20 % HF

for 30 seconds. The cleaned n-Si substrates were loaded into MBE load lock of a

VEECO GEN 930 plasma-assisted molecular beam epitaxy (PA-MBE) and kept at

200 °C for an hour, followed by the buffer chamber at 600 °C for two hours to get rid of

moisture and molecular adsorption for NW growth. To minimize adatom desorption

and enhance the likelihood of nucleation, the n-GaN seeds were started at a substrate

temperature of 485 °C for 10 minutes after the substrates were transported to the



65

growth chamber. The growth temperature was raised to 850 °C for native oxide

desorption. The temperature was lowered to 680 °C to grow GaN NW. Afterward,

to promote axial growth of the AlN barrier on the GaN NW, the temperature of the

GaN QDisks was raised to 750 °C, after which the AlN barrier was capped with a

thicker AlN layer. The growth rate and the material selection are controlled by beam

equivalent pressure (BEP). The BEP for ‘Ga’ and ‘Al’ were fixed at 5 × 10−8 Torr

and 6 × 10−8 Torr, respectively. At the same time, nitrogen flow was maintained at

1.0 sccm with an RF power of 350 W. Three different samples were grown for this

study: (a) sample-1, bulk GaN sandwiched in between AlN (AlN/GaN/AlN); (b)

sample-2, thin GaN QDisks sandwiched in between AlN (five periods of AlN/ ≈ 3.5

nm GaN/AlN), and (c) sample-3, ultra-thin GaN QDisks sandwiched in between AlN

(ten periods of AlN/GaN (≈ 1.2 nm /AlN). The growth process was optimized based

on published reports [51,70].

4.3 Morphological Characterization of GaN QDisks

As a first step, we checked the quality of growth of the GaN QDisks in the AlN

NWs matrix using SEM (FEI Helios NanoLab 400S) to investigate the orientation

and coverage of the NWs on the substrate. Figure 4.1 (a–c) shows top-view SEM

images illustrating the good area coverage of the NWs on the substrate. The NWs

of all three samples were ≈ 250 nm high, as shown in Figure 4.1 (d—f); however,

greater discrepancies in the height of the NWs were observed in sample-3 relative

to the other samples. Since our area of interest is GaN QDisks embedded in AlN

NWs, these discrepancies in height are not of significant concern. To further investi-

gate the structural and chemical purity and diffusion (if any) of the epitaxial layers,

TEM lamella were prepared using an FEI Helios NanoLab 400S focused ion beam

(FIB)/scanning electron microscopy (SEM) system. Thus-prepared lamella for each

of all 3 samples were mounted onto the FEI Titan TEM sample-holder operating at
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200 kV for high-angle annular dark-field scanning TEM (HAADF-STEM) and EELS.

Figure4.1 (g–i) shows the HAADF-STEM images of. The apparent z-contrast im-

Figure 4.1: Top-view of SEM images of sample-1, sample-2 and sample-3 in (a), (b),
(c); side-view in (d), (e), (f); and HAADF-STEM images in (g), (h), (i). Reprinted
with permission from Refs. [142, 159].

age in Figure4.1 (g–i) indicates the GaN layers are not intermixed or diffused with

the AlN layers, showing the pure and highly crystalline material growth process. The

thin GaN QDisks in Figure 4.1 (h) and Figure 4.1 (i) are not perfectly flat; the

curvature in the latter case is significant. Strain-free GaN QDisks should grow flat on

the c-plane only. Due to in-plane biaxial compressive strain [146–148], the HAADF-

STEM images in Figure 4.1 (i) revealed the QDisks seem to have curvatures at the

edges, which demonstrate the MBE grown GaN QDisks, which are embedded in AlN

NWs, consist of both c-plane and semipolar GaN. The zoomed HAADF-STEM image

shown in Figure 4.2 (a) reveals the height of the QDisks in the c-plane to be ≈ 0.83

nm on average, whereas the thickness on the semipolar plane is approximately ≈ 1.35



67

nm. To understand whether such discrepancies in the thickness in each facet would

impact quantum confinement, we performed EELS measurements. The sample peak

plasmons energy measured probing each facet is shown in Figure 4.2 (b), which

reveals the peak plasmon energy of the c-plane of the QDisk to be higher than the

facet on the semipolar plane.

Figure 4.2: (a) HAADF-STEM of NWs showing the ultrathin GaN QDisks embedded
in the AlN matrix (indicated by a red circle). The area in the red circle is zoomed
in to show the distinct contrast between the GaN QDisks (bright) and AlN (dark),
illustrating the different thicknesses of GaN QDisks grown on different facets, i.e., ≈
0.83 nm on the c-plane and ≈ 1.35 nm on the semipolar plane; (b) Bulk plasmon
energy curve measured using EELS probed on each facet of GaN QDisks; the red
and blue curves represent the bulk plasmon energy peak for semipolar GaN and the
c-plane GaN, respectively. Reprinted with permission from Ref. [142].

To provide a comprehensive and accurate analysis of whether the same is true

for all QDisks, we chose twenty QDisks from two randomly chosen NWs. The peak

plasmon energy and the bandgap estimation for each facet of these QDisks are shown

in Figure 4.3. As shown in Figure 4.3 (a), the average bulk plasmon energy peak

for the c-plane GaN (20.78 ± 0.05 eV) of all twenty QDisks is consistently larger than

that of semipolar GaN (19.9 ± 0.06 eV). The quantum confinement is proportional

to the plasmon energy, signifying that the larger peak-bulk-plasmon-energy values
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correspond to higher quantum confinement and a larger bandgap [149]. The different

Figure 4.3: EELS and GPA for bandgap and strain analysis: (a) Peak bulk plasmon
energy of different facets of GaN QDisks recorded from twenty QDisks on two ran-
domly chosen AlN NWs. The dotted horizontal lines denote the mean value, and the
error bars represent the standard deviation of the plasmon energy peak values. (b)
A representative spectrum of the bulk plasmon energy on each facet of the QDisks
(red: semipolar GaN and blue: c-plane GaN). (c) Low-energy EELS spectra of the
bulk plasmon (red: semipolar and blue: c-plane) used for the bandgap estimation.
(d) Schematic energy band diagram of GaN near the center of the Brillouin zone (Γ),
illustrating the conduction band (CB) and subbands, LH and HH in valence bands
(VB): (i) strain-free III-nitride epitaxial layer and (ii) strained epitaxial layer, com-
pressively strained in the x-y plane and enduring tension along the z-axis (growth
direction). (e) (i) HAADF-STEM image of GaN-QDisks/AlN. (e) (ii) Strain map for
the HAADF-STEM image. (e) (iii) Strain map of GaN-QDisks/AlN using GPA over-
lapped with the HAADF-STEM image. Reprinted with permission from Ref. [142].

bulk plasmon energy values for different facets of the QDisks in the ultrathin GaN

QDisks (sample-3) were consistent for all twenty QDisks, and provide a qualitative

indication that two different energy bandgaps exist. Additionally, low-energy EELS
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was employed to investigate the electronic structure and estimate the bandgaps [150].

The bandgaps for the c-plane GaN and semipolar GaN were estimated to be 4.81

eV and 4.31 eV, respectively, as shown in Figure 4.3 (c). Due to the strong polar-

ization field that exists in c-plane-GaN, semipolar-GaN has a higher bandgap than

c-plane-GaN. However, in our experiment, c-plane GaN (≈ 0.83 nm) was found to

have a wider bandgap than semipolar plane GaN (≈ 1.35 nm). Since the bandgap is

proportional to quantum confinement and inversely proportional to the size of quan-

tum structures, thinner QDisks are expected to have a larger bandgap [84]. Section

(4.4), links the bandgap estimation from EELS to the results obtained via PL mea-

surements. Strain induced in the epitaxial layers creates defects and dislocations,

visibly bends the epitaxial layers, and significantly modifies the energy states. The

strain in the epitaxial layers of direct-bandgap III-N semiconductors plays a vital role

in shuffling the band structures near the center of the Brillouin zone, as shown in

Figure 4.3 (d) [73]. Strain is continuously complied with only by the in-plane lat-

tice spacing in planar counterparts in which the in-plane relaxation of both layers is

not fully achieved, and normal stresses seem insignificant [151]. However, embedded

GaN QDisks exhibit additional non-zero normal stress [146–148]. Hence, examining

stain/stress in such heterostructures can be complicated. We carried out GPA strain

mapping of the HAADF-STEM images to understand strain evolution in the GaN

QDisks in AlN NWs, as shown in Figure 4.3 (e, i–iii); the pure bulk AlN area

in the NW was taken as a strain-free reference. The strain map ezz in the growth

direction of the NWs shows that the tensile strain peaks at ≈ 2.5 % at the center of

each QDisk and then spreads out, whereas the AlN barriers are mostly unstrained,

with minimal compressive stress at best. Theoretical studies suggest that strain is

maximized at the bottom of the AlN barrier and gradually decreases as we map in

the growth direction [84]. In contrast to these theoretical studies [84], we could not

establish any evidence for either strain accumulation (in the GaN QDisks) or strain
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relaxation (in the AlN barriers) or along the growth direction of the NWs. Moreover,

we could not gather sufficient information regarding in-plane strain from our GPA

investigations due to technical complications. Nonetheless, the curvature observed in

the HAADF-STEM images of the GaN QDisks indicates the presence of biaxial com-

pressive strain [146–148]. Figure 4.3 (d) shows the in-plane compressive and tensile

strains in the QDisks in the growth direction favor TE-dominant emission because

such strain conditions lift the HH band to the topmost level of the valance band,

which enables the majority of the electrons from the conduction band to recombine

with holes in the HH band [55,73].

4.4 Optical Characterization

This section discusses the steady-state, time-resolved, polarization-dependent opti-

cal characterization of GaN QDisks under various power density and temperature

regimes.

4.4.1 Quantum Confinement of Charge Carriers

Miniaturization of material systems leads to the various quantum effects that are not

obvious in bulk material systems. Here, we investigated three different samples with

different thicknesses of light-emitting layers, as shown in the schematic in Figure 4.4

(a) and confirmed by the HAADF-STEM images in Figure 4.1 (g–i). We carried

out TDPL, PDPL, and polarization-based measurements using a Lexel SHG 85 laser

(frequency-doubled wavelength of λ = 244 nm) coupled to an Andor Sharmlock 303i

spectrograph attached to a charge-coupled device (CCD). Figure 4.4 (b) displays the

normalized room temperature PL intensity of all three samples. A consistent blueshift

was observed when we compared the emission peak of bulk GaN to thin GaN QDisks

and ultrathin GaN QDisks. This consistent blueshift is a sign of size-dependent

quantum effect. Another exciting feature is the multipeak emission observed in the
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PL spectrum of ultrathin GaN QDisks. Multipeak emission in the PL spectrum can

be linked to estimation of the bandgaps from the EELS data for c-plane GaN (4.81

eV), and semipolar GaN (4.31 eV) to the bandgaps estimated from PL for c-plane

GaN (4.77 eV) and semipolar GaN (4.31 eV), respectively.

Figure 4.4: a) Schematic of the three samples: bulk GaN, thinner GaN QDisks, and
ultrathin GaN QDisks (top to bottom) in AlN NWs; (b) Normalized PL spectra of
bulk GaN (blue), thin GaN QDisks (purple), and ultrathin GaN QDisks (pink) at
room temperature. Reprinted with permission from Ref. [159].

4.4.2 Steady-state PL Measurements

Power-Dependent PL Measurements

Different laser excitation power densities ranging from (70 – 90 W/cm2) were used

to evaluate the PDPL. The 4 K PDPL spectra shown in Figure 4.5 (a) reveal

blueshifts in both peaks ( 260 nm and 286 nm), and the contribution of the high energy

peak increases as the excitation power density rises. The PL spectra produced using

the lowest power density (70 mW/cm2) and maximum power density (90 W/cm2)

were deconvoluted and are displayed in Figure 4.5 (b and c) to assess the power-
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dependent effect on PL emission. The blueshifts of≈ 4 nm and≈ 6 nm observed in the

Figure 4.5: (a) Staking plots of normalized PDPL spectra at low temperature (4 K).
The PL spectra measured at (b) 70 mW/cm2 and (c) 90 W/cm2 were deconvoluted.
Assessment of the individual contribution of each peak indicates the contribution
of the 260 nm peak increases when the excitation power density is increased from
21% at 70 mW/cm2 to 32% at 90 W/cm2, respectively. (d) Comparative IPL plots
as a function of the laser excitation power density for 4 K (blue) and at RT (red),
illustrating the power-law fits for the three different laser excitation power density
regimes. The scatter plots are the experimental data and the lines represent the fit.
Reprinted with permission from Ref. [142].

260 nm peak and the 286 nm peak can be attributed to the band-filling effect, which

is further justified by the increased contribution of the high energy peak from 21 % to

32 % when the laser excitation power density was increased from 70 mW/cm2 to 90

W/cm2, as shown in Figure 4.5 (b, c) [152]. Using the power-law fitting equation

3.2, we determined the nature of the recombination process based on the value of α at

different power densities by fitting the integrated photoluminescence (IPL) against the
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excitation power density (P) in a log-log plot, as shown in Figure 4.5 (d). The value

of α while fitting the IPL at lower power densities (70 - 300 mW/cm2) is approximately

1.37 at RT and 1.0 for the IPL at 4 K, indicating the presence of non-radiative

recombination centers at RT and almost frozen at 4 K [?, 153]. When the excitation

power density was increased to 0.7 — 15 W/ cm2, the values of α become very close

to unity in both instances (RT and 4 K), indicating that a radiative mechanism is the

primary driver of carrier recombination for both temperatures. However, when the

laser excitation power density exceeds 23 W/cm2, the values of α drop to 0.73 and 0.64

at 4 K and room temperature, respectively, above the excitation power density of 23

W/cm2, which may be explained by the phonon- or defect-assisted Auger effect [154].

Temperature-Dependent PL Measurements

TDPL measurements were carried out at a laser excitation power density of 0.7

W/cm2, as the relative IQE from the PDPL (see Figure 4.5 (d)) was predicted

to maximize at this power density. Figure 4.6 (a) shows that the PL spectra at all

temperatures (4 K to RT) are composed of two distinct peaks. The usual TDPL trend

holds for the lower energy peak (286 nm), i.e., PL intensity decreases as temperature

increases. In contrast, the PL intensity increases for the higher energy peak (260

nm) as temperature increases, reaching a maximum at 180 K, and then decreases as

the temperature rises further. Figure 4.6 (b) shows the IPL of each peak shown

as a function of the inverse temperature on one axis (left) and the contribution of

the high energy peak on the other axis (right). The contribution of the high energy

peak (260 nm) to total PL is 23 – 28 %, with this contribution reaching a maximum

at 180 K. This unusual behavior of the high-energy IPL peak (260 nm) may be due

to the separation of holes in the LH and HH bands. Trapped holes are thermally

activated at higher temperatures, allowing the trapped holes to get over the barrier

and contribute to radiative recombination via the GaN QDisks [155]. In Figure 4.6
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(c), it can be seen that the 286 nm peak persistently shifts to the lower energy side

Figure 4.6: a) TDPL spectra of GaN QDisks at various temperatures (4 K to RT),
showing a zoomed section (inset) of the 260 nm peak to illustrate the anomalous
temperature-dependent behavior. (b) For each peak, the 260 nm peak (blue) and
286 nm peak (red) IPL are plotted as a function of the inverse temperature. The
proportion of the high-energy-peak (260 nm) is shown on the right (black-squared
plot); temperature-dependent (c) Peak emission energy, (d) FWHM of both peaks.
Reprinted with permission from Ref.[142]

(redshift) when the temperature is ramped up over the temperature range of 4 K –

290 K. However, a blueshift is observed for the 260 nm peak up to 180 K, followed by

a redshift at higher temperatures. Excitons that have received thermal energy inside

the carrier localization at potential minima may recombine, resulting in the redshift

observed in this experiment. When the temperature is raised from 4 K to 180 K for

the high-energy peak (260 nm), the carriers will reach thermal equilibrium with the

lattice and occupy higher energy states, resulting in a blueshift in the spectrum (4

K- 180 K). Above 180 K, regular thermalization takes place, resulting in the red-
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shift [156]. When the temperature reaches RT, the FWHM for the low-energy peak

almost plateaus, with a change of 1.0 ± 0.5 nm (just above the range of error); how-

ever, when the temperature reaches 150 K, The FWHM remains practically constant

until 150 K, and FWHM slowly increases up to 2.0 ± 0.5 nm as the temperature

reaches RT, as shown in Figure 4.6 (d). The PL peak widening is consistent with

regular thermalization of the carriers, as demonstrated by the broadening of the PL

peak [156].

Polarization-Dependent PL Measurements

III-nitride-based emitters emit two distinctly polarized emissions, i.e., TE-dominant

and TM-dominant. Since UVC (λ ≤ 290nm) emitters suffer suppression of TE-

emission, it was rational to investigate whether this issue affects the emission from

Figure 4.7: (a) An illustration of the setup of the polarization measurements to
quantify TE and TMmodes splitting PL spectrum into I∥ and I⊥ at every polarization
angle. (b) Representative PL spectrum at θ = 5°, showing I∥ and I⊥ for θ = 5°, where
I∥
I⊥

= 1.02 and TE
TM

= 465.17.Reprinted with permission from Ref. [142].

GaN QDisks. As shown in Figure 4.7 (a), We used an optical setup consisting of

a Lexel SHG 85 laser coupled with an Andor Sharmlock 303i spectrograph attached
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to a CCD. A Glan-Taylor (G-T) polarizer GT10-A mounted on a rotating mount

was used to split the PL emission into I∥ (electric field parallel to the c-axis) and

I⊥ (electric field perpendicular to the c-axis). The numerical values of the I∥ and I⊥

components represent the integrated PL intensities at a wide range of polarization

angles (5° ≤ θ ≤ 70°) by rotating the G-T polarizer about the propagation direction

of light. We inserted the values of I∥ and I⊥ into equations 3.11–3.15 to determine

the TE and TM components and the degree of polarization (P ) [90, 143, 144], where

ITM is the intensity of the TM mode and ITEx and ITEy are the intensities of the

TE mode along the x-axis and y-axis, respectively. The values for ITEx and ITEy are

taken to be identical because of the isotropic emission from GaN QDisks in the x− y

plane [157]. From equation equation3.15, it is evident that the value of P ranges

from 1 (for pure TE mode) to −1 (for pure TM mode), which means a positive P value

suggests TE-dominant emission. Figure3.12 (a) depicts a schematic representation

of the experimental setup utilized to investigate the polarization properties of the PL

emission of the GaN QDisks at RT. Figure3.12 (b) shows the sample spectra at

a G-T prism polarization angle of 5. At this polarization angle, TE/TM ≈ 465.17

and the P value is close to 1, indicating nearly purely TE-emission. Since the PL

spectrum consists of two distinct peaks (260 nm and 286 nm), to enable a detailed

evaluation of each peak, we deconvoluted each spectrum at various polarization angles

to understand the polarization characteristics of each individual peak.

The TE and TM components of both peaks as a function of the polarization angle

are summarized in Figure 4.8 (a, b). The TE components drop as the polarization

angle increases, whereas the TM components in each peak gradually increase, as

shown in Figure 4.8 (a, b). Moreover, Figure 4.8 (c, d). illustrates the ratio of

TE-TM components and the degree of polarization as the polarization angle increases.

Apart from the numerical values, both peaks show similar changes in the TE to TM

ratio and degree of polarization. The PL emission data presented above demonstrate
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Figure 4.8: The log-linear plot of TE (blue scatter plots) and TM (red scatter plots)
modes for (a) low-energy (286 nm peak) and (b) high-energy (260 nm peak). The
ratio of TE to TM modes (TE/TM) (left y-axis), denoted by red scatter plots and
degree of polarization (represented on the right y-axis by the blue scatter plot) at a
wide range of polarization angles (5° ≤ θ ≤ 70°) respectively, for the (c) 286 nm peak
and (d) 260 nm peak. Reprinted with permission from Ref. [142].

that ultrathin GaN QDisks emit TE-dominant DUV radiation, in confirmation of

prior theoretical studies.

4.5 Time-Resolved PL Measurements

To further add to the results in the steady-state, we conducted TRPL measurements

using a third-harmonic signal (with a wavelength of 250 nm, a pulse width of 150

fs, and a pulse repetition rate of 2 MHz) generated using a mode-locked Ti:Sa laser

(Coherent Mira 900) with a power output of 1.75 W (at a wavelength of 750 nm).

Using an APE-SHG/THG, the third harmonics were obtained (wavelength of 250 nm,
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pulse width of 150 fs, pulse repetition rate of 76 MHz); the pulse repetition rate of 76

MHz was then gradually decreased to 2 MHz using a pulse selector (APE). The laser

point had a diameter of about 100 microns. Emission from the sample was detected

using a monochromator connected to a Hamamatsu C6860 streak camera with a

temporal resolution of 40 ps, which was used to capture the data. The integration time

was kept constant at 100 milliseconds for a total of 500 integrations. To determine

essential TRPL decay parameters, all the PL decay curves were fitted using the

following second-order exponential decay equation 3.9: The sample time-resolved PL

curves for the 290 nm and 260 nm peaks are shown in Figure 4.9 (a, b).

Figure 4.9: Sample transient PL decay curves in a log-linear (y-x) style fitted with
second-degree exponential decay (expdec2) fit parameters: (a) 290 nm peak and (b)
260 nm peak at RT. The black scatter plots and red lines represent the experimental
data and expdec2 fits, respectively. The blue text/numbers in each plot are the fit
parameters. Reprinted with permission from Ref. [142].

To examine the effect of temperature on the carrier recombination dynamics, we

performed TRPL measurements over the temperature range of 4 K to RT. Nonra-

diative recombination occurs because of the rapid decay time (tfast), as shown in

Figure 4.10 (a), which is linked to fast thermal processes such as cooling hot carri-

ers, photon–phonon interactions, and Coulombic interactions, among others [33]. On

the other hand, the slow decay time (tslow) displayed in Figure 4.10 (b) is regarded
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as the total PL decay time. Additionally, we found the rapid decay time for both

peaks gradually reduced as temperature increased, indicating that the fast thermal

phenomena associated with the high-energy peak (260 nm) are relatively short-lived

compared to those of the low-energy peak (286 nm). Conversely, for both peaks, the

slow decay times reduce similarly to rising temperatures. However, if we delve in

deeper, the slow decay time of the high-energy peak (260 nm) declines steadily up to

75 K, then remains almost constant up to 180 K, and then plummets as temperature

increases further. When it comes to the low-energy peak (286 nm) and decay time

gradually from 5 K to 100 K and then plateaus until 200 K, after which it begins

to decline rapidly. Put simply; the slow and fast decay times may not provide an

informative picture of carrier recombination dynamics; hence, it may be prudent to

examine the weightings of these times to their respective intensities, i.e., Afast and

Aslow. Figure 4.10 (c) displays the ratio of the Afast to Aslow intensities Aslow

Afast
, which

represents the qualitative contribution of radiative recombination to the overall PL

decay process. Doing so allows us to appreciate better the relative contributions of

the slow and fast decays [158]. Due to the steady decrease in Aslow

Afast
, for the 286 nm

peak, the nonradiative recombination rate rises as temperature increases. In contrast,

an anomalous hump occurs in 260-nm-peak nm peak due to thermally assisted radia-

tive recombination caused by the thermally activated carriers up to 180 K, and then

the nonradiative process takes over as the dominant process [155]. The average decay

(τavg time can be calculated using equation 3.10 [159].

The temperature-dependent average decay time (τavg) for both peaks is shown

in Figure 4.10 (d). A more significant variation in(τavg) was observed for the 260

nm peak than the 286 nm peak, which also explains the anomalous PL intensity

increase for the 260 nm peak in contrast to the 290 nm peak. These PL decay times

are relatively fast for next-generation high-speed optoelectronic devices. However, the

time response may not translate in the same manner because the devices’ ”resistance-
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capacitor-time constant” (RC-time constant) of the device plays a critical role in

determining the time-response of such devices.

Figure 4.10: Temperature-dependent (a) slow decay time (tslow), (b) fast decay time
(tfast), (c) ratio of Aslow to Afast, and (d) average decay τavg time calculated using
equation (3.10). Reprinted with permission from Refs. [142, 159].

4.6 Conclusion

In summary, we report the growth of GaN QDisks embedded in the AlN NWs matrix

using PA-MBE and performed comprehensive optical and morphological characteri-

zations of these GaN QDisks. The large blueshift (≈ 100 nm) in emission from the

ultrathin GaN QDisks compared to bulk GaN indicates high size-dependent quan-

tum confinement, which is supported by plasmon peak energy data obtained through
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EELS. Temperature-dependent TRPL revealed that the PL decay time ranges from

1 to 4 ns, which is favorable for high-speed deep UV communication purposes. More

importantly, as foreseen by previous theoretical studies, experimental quantification

of the TE and TM modes based on PL spectra confirmed TE-dominant emission. In

addition, the precise epitaxial growth of ultrathin GaN QDisks in AlN NWs, instead of

ternary or quaternary compounds, abates the complications of epitaxial growth due

to different lattice constants and thermal conductivity induced during the growth

process. Hence, GaN QDisks embedded in AlN NWs can offer a realistic pathway

towards developing highly efficient deep-UV vertical emitters. We demonstrated the

optically pumped DUV emitter; however, there are many challenges in realizing an

electrically pumped DUV emitter. The natural progression of our research will be

to develop electrically pumped DUV emitters using GaN QDisks as active layer ac-

companied by the gradient structure [(p-GaN):AlN/(multiple-QDisks)/AlN:(n-GaN)]

employing the polarization induced hole injection to compensate the poor p-dopant in

AlN. Accompanying polarization induced hole injection with tunnel junctions for bet-

ter hole-transport to enhance the current injection efficiency and hence the external

quantum efficiency.
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Chapter 5

Investigation of the Symbiotic Relationship Between the

Giant Clam T. maxima and Microalgae (Symbiodinium)

5.1 Introduction

Chapter 4 discussed the growth and characterization of ultrathin GaN QDisks as

UV emitters for deep UV device applications. We demonstrated that the GaN QDisks

exhibited significantly enhanced vertical emission, which is suppressed in conventional

AlGaN-based epitaxial device architectures. Photodetection is another area of UV

optoelectronics that needs to be upgraded significantly, particularly for high-speed

UV optoelectronic applications. This chapter reports the structural and photophys-

ical examination of the iridocytes found in the mantle tissue of the giant clam, T.

maxima, and assesses the potential of UV photodetection through downconverting

UV photons to visible light wavelengths by investigating the symbiotic relationship

between the giant clam and its symbionts. The influence of global climate change

and depletion of the ozone layer have altered the solar irradiance spectra and the

intensity of light entering the earth’s atmosphere over time. Hence, organisms that

rely on manipulating light for their survival must adjust to changing environmental

factors. For instance, higher temperatures (global warming) and incremental solar

radiation (due to ozone layer depletion) have increased UV radiation in lakes and

oceans and increased the acidity of the water. Many organisms have evolved and

developed mechanisms to resist UV radiation over time, and some microorganisms

have become extinct because of their inability to adapt to the changing environment.
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This chapter reports the structural analysis of the iridocytes found in the T. maxima

of the Tridacninae family and microalgae of the Symbiodinaceae family, followed by

an optical characterization of how color downconversion of UV radiation could pro-

mote photosynthetic process in the microalgae that colonize the mantle tissue of T.

maxima.

5.2 T. maxima in the Red Sea

Tridacninae clams (T. maxima), giant bivalve mollusks that inhabit Indo-Pacific

coral reefs, have exceptional symbiotic relationships with Symbiodinaceae microal-

gae. Iridocyte cells made up of alternating layers of high-index membrane-bound

proteinaceous platelets and low-index cytoplasm or extracellular space blanket the

mantle tissue of T. maxima [126]. These alternating layers act as a Bragg mirror and

Figure 5.1: Pictures of clams: (a) brown and (b) blue-colored T. maxima. Reprinted
with permission from Ref. [160].

serve as forward and sideways scattering sources for the photosynthetically productive

regime of the electromagnetic spectrum, and thus reflect unproductive wavelengths

(UV light) and protect the microalgae from harmful UV radiation [126–128]. T.

maxima exhibit various colors; however, we focused our investigation on the blue

and brown clams, as shown in Figure 5.1 (a, b). These clams were collected from
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the Abu Shosha reef in the Central Red Sea (22.303833 N, 39.048278 E) at a depth

of approximately 3 m. Despite few available reports on the scattering and reflect-

ing abilities of the iridocytes in T. maxima, the absorption and photoluminescence

(PL) emission dynamics are barely understood. Hence, our first approach was to

investigate the structural attributes of iridocyte cells and Symbiodinium species.

5.3 Characterization of Iridocytes

As shown in Figure 5.2 (a–d), we utilized a Nikon measuring microscope MM-400

to take pictures of the iridocytes on thinly sliced (≈ 1 mm) tissues using objectives

ranging from 5× to 100× magnification (Nikon Japan LU Plan ELWD) in transmis-

sion mode. Figure 5.2 (a) shows a photograph of a blue Tridacna maxima used in

this study; Figure 5.2 (c) shows that the distribution of the iridocytes on the mantle

tissue is not homogeneous. The delicate periodic structures of proteinaceous material

in iridocytes could not be visualized even at a magnification up to 100× using optical

microscopy, as reported in previous investigations [126, 127]. Hence, SEM (Quanta

3D FEG SEM; Leica, Germany) and TEM (Titan CT TEM (Thermo Fisher Scien-

tific, The United States) were utilized to investigate the delicate structural attributes

of the iridocytes. SEM samples were prepared using a standard protocol optimized

by the Imaging and Characterization Core Lab, KAUST [160]. First, we fixed clam

tissues with an area of ≈ 25 mm2 in 2—2.5% glutaraldehyde in 0.1 M cacodylate

buffer, maintaining the temperature of 4 °C overnight. We then gently washed the

tissues in 0.1 M (pH 7.2–7.4) cacodylate buffer. Post-fixation was performed in 1%

osmium tetroxide in 0.1 M cacodylate buffer in the dark for an hour. The clam tis-

sues were washed thoroughly in deionized water three times for least 15 minutes each

and then dehydrated using an ethanol series of increasing concentrations (30, 50, 70,

90, and 100%). Later, we dried the tissues by critical point drying (CPD) for 2

hours, then 4 nm of platinum was coated on the dried tissues using metal sputtering
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Figure 5.2: (a) Picture of the T. maxima sample under investigation; (b) clipped
tissue from which final samples were extracted; (c) 5 × magnification of the tissue
showing the distribution of the iridocytes on the mantle tissue is hardly homogeneous;
(d) 100 × magnification of the area marked in (c).Reprinted with permission from
Ref. [145].

method to avoid charging while taking images using SEM. SEM images were gener-

ated using a quanta 3D FEG SEM. Figure 5.3 (a) shows the top view of the tissue

clipped from the sample; the top 200 µm was sliced off. Vertically arranged, wirelike

structures can be seen underneath the top layer. The microalgae are not apparent

in this figure; however, when we capture the cross-section view, spherical shapes ≈

7.5 microns in diameter were seen between the wirelike matrix, as shown in Fig-

ure 5.3 (b,c). To prepare the samples for transmission electron microscopy (TEM)

analysis, biopsy punches of ≈ 1 mm2 were fixed in 2.5% glutaraldehyde in 0.1 M
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Figure 5.3: (a) Photo-symbiosis mechanism mediated by iridocytes cells of T. maxima
and microalgae of Symbiodinium species.

cacodylate buffer overnight at 4 ℃, rinsed three times in 0.1 M cacodylate buffer (pH

7.2–7.4) for 15 minutes each time, post-fixed in 1% osmium tetroxide solution in 0.1

M cacodylate buffer in the dark for one hour, subsequently dehydrated in increasing

concentrations of ethanol (30, 50, 70, 90, and 100%) in water, with each wash lasting

at least 15 minutes. Then, the sections were infiltrated with three different ratios of

acetone and Durcupan resin (3:1, 1:1, and 1:2) for 2 hours, then infiltrated with pure

Durcupan resin overnight and polymerized in an oven at 65 ℃ for 48 hours. Each

resin-embedded tissue block was sectioned at 140 nm using a Leica Ultramicrotome
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EM UC7 (Leica, Germany) following established protocols [160]. The sections were

mounted on 200-mesh transmission electron microscope grids and stained with uranyl

acetate and lead citrate, then TEM images were obtained at 300 kV using a Titan

CT TEM (Thermo Fisher, USA) [145,161].

Figure 5.4 (a)presents a TEM image of iridocyte cells, and the proteinaceous

nanostructures of the iridocytes can be seen in Figure 5.4 (b). The iridocyte nano-

pallets are 50-nm wide, vary in length, and are separated by a center-to-center spacing

normal to the layers of about 150 nm. The low refractive index material sandwiched

between the high refractive index material is considerably less organized. These layers

Figure 5.4: TEM images iridocytes: (a) Top view of an iridocyte cell showing the
periodic nano-pallets of proteinaceous material; (b) zoomed view of the region marked
in (a). Reprinted with permission from Ref. [145].

with alternating refractive indices make a perfect Bragg’s mirror, which reflects a

particular wavelength of light. Previous studies suggested that a Bragg’s mirror of

this type would reflect harmful UV radiation and forward-scatter PAR deeper into

the tissue so that the symbionts can undergo photosynthesis [126, 128]. Next, we

investigated how iridocytes absorb light or whether they emit fluorescence. This

subject has received little attention in the literature.
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5.3.1 Optical Characterization of Iridocytes

Steady-state PL

We used a 325-nm He-Cd laser and the Labram Aramis µ-PL setup (Horiba Scien-

tific, Japan) to measure the PL of the iridocytes where the laser excitation densities

can be tuned from 0.8 Wcm-2 to 80 Wcm-2. Figure 5.5 (a) illustrates the uneven

distribution of iridocytes throughout the tissue. The areas where the iridocytes are

densely packed are relatively darker, and the places the other areas of the tissues are

lighter. Therefore, we named the areas with densely packed iridocytes “Iridocytes

+ Tissue” and the regions with few or almost no iridocytes “Tissue”. We observed

a distinct, multiple peak spectrum when we probed the “Iridocytes + Tissue” area

marked by the red circle in the inset of Figure 5.5. In contrast, the PL spectrum

for the “Tissue” marked by a purple circle in the inset of Figure 5.5 (a) contains a

single peak at 434 nm, which was relatively weaker in intensity than the PL spectra

of the “Iridocytes + Tissue” region. The integrated PL (IPL) indicated that the PL

signal from the iridocytes ≈ 50 times higher than the PL signal solely from the tissue.

Since we were working with a raw sample, to check how consistent the PL of from

the “Iridocytes + Tissue” were, PL spectra were taken at three different locations of

densely packed iridocytes (shown in Figure 5.5 (b). The PL peaks were consistent

with a slightly fluctuating intensity, alluded to as the varying density of iridocytes.

The bright blue light pictured in the image is the transmitted bluish-white light used

to illuminate the tissue while taking optical pictures of the iridocytes. The power-

dependent PL (PDPL) spectra measured at RT are plotted on a semi-log scale in

Figure 5.5 (c); the spectra consistently showed multiple peaks that extend from

400 to 750 nm, encompassing the whole visible range of the electromagnetic spec-

trum. The sharp peak at 675 nm with weak shoulders at longer wavelengths can be

attributed to algal chlorophyll [162]. The rest of the peaks, except the peak centered
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Figure 5.5: PL measurements of T. maxima iridocyte samples at room temperature:
(a) Comparison of the PL spectra for a densely packed iridocyte region (denoted by
the red circle) and tissue (few or almost no iridocytes; marked by a purple circle).
The inset at the top right corner is the image taken while performing µ-PL. (b)
Comparison of the PL spectra of three different iridocyte regions. (c) Semi-log plot
of power-dependent PL spectra. (d) Double log plot of IPL against laser excitation
power density.

at 675 nm, fall in the PL spectral range for purine and its corresponding nucleosides

and nucleotides [163]. The integrated PL (IPL) power dependence shown in Figure

5.5 (d) is relatively linear under the conditions studied, which is consistent with PL

originating from neutral excitons [164, 165]. We also investigated how the PL signal

changes as we probe deeper into the tissue as shown in Figure 5.6 (c). Remarkably,

we found the PL emission blue-shifted as we probed deeper into the tissue, as docu-

mented in Figure 5.5. The focal depth was fine-tuned using the automated Labram

Aramis µ-PL setup. The PL measurements were carried out on both blue and brown

samples. We did not observe a substantive difference in the PL spectrum when the
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results from both samples were contrasted to each other. In fact, we observed a

similar emission trend when we probed deeper in tissue taken from both samples, as

shown in Figure 5.6 (b, c). First, we focused on the surface of each sample, and

changed the focal plane in steps of 40 µm, moving deeper until the focal plane was

200 µm from the top surface of the tissue. We stopped at 200 µm as the absorption

became too strong; PL signals were barely observed when we probed deeper than 200

µm. The intensity of the PL peak at 675 nm decreased as we probed deeper into the

tissue, indicating the chlorophyll content decreases as the depth increases.

Figure 5.6: (a) Image of a blue T. maxima with a dotted circle marking the area of
interest on the mantle tissue (left) and showing the change in the color of the PL as
we probe at different thicknesses of the mantle moving from the top to deep inside the
tissue (right); Depth-dependent PL for (b) blue and (c) brown T. maxima samples
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Absorbance Measurements of Iridocytes

Measurements were carried out using a UV-Vis-NIR spectrophotometer (Shimadzu

UV-3600). Thin (≈ 0.5 mm) mantle tissue slices were placed on a highly transparent

double-sided polished sapphire surface. The absorption spectra of iridocytes of the

outer (at the surface) and inner (≈ 500 µm) area of the tissue are shown in Figure

5.7. The absorption peak at ≈ 675 nm is attributed to chlorophyll, and it decreases as

we go deeper into the mantle tissue. On the other hand, the absorbance dramatically

increases as it enters the UV regime, indicating nucleic protein attributes [163], which

corroborates the PL spectrum discussed above in section 5.3.1. However, further

explorations are necessary to determine the exact elemental composition of the nucleic

proteins found in iridocytes.

Figure 5.7: Absorption spectra of the outermost surface of the tissue (red) and inner
tissue approximately 500 µm below the surface (black).

5.3.2 Symbiotic Relationship Between Iridocytes and Mi-

croalgae (Symbiodinium)

Giant clams of the Tridacninae family are the only photosymbiotic organism among

other organisms containing iridocytes. Symbionts of the Symbiodiniaceae family ben-

efit from the iridocytes that cover the mantle of their host Tridacninae. Previous
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studies merely described the symbiosis of iridocytes and symbionts of the Symbiodini-

aceae family based on iridocytes acting as a filter reflecting high-energy UV radiation

and enable PAR to reach the symbionts and facilitate photosynthesis. To extend

this work, we experimentally confirmed that the proteinaceous material found in iri-

docytes also absorbs UV radiation and emits light in the longer wavelength regime

(near UV to infrared). Upon absorption of UV light, emission from iridocytes falls in

the PAR (400–700 nm) regime, facilitating forward and sideways scattering of light

and creates favorable conditions for photosynthetic activity for the symbionts that

colonize the mantle tissue of the host [126]. This is analogous to other species where

the efficiency of the photosynthetic process is enhanced as a result of light-harvesting

processes assisted by biological micro- and nanostructures in Begonia leaves [166] and

Coscinodiscus granii [167, 168]. In contrast to the theoretical assumptions made in

prior studies [126,127,169], we experimentally found that the proteinaceous material

in the iridocyte cells absorbs UV radiation and emits a broad range of colors rang-

ing from near UV to near-IR, which is independent of the color of the giant clams.

Despite the color variation in clams of the Tridacninae family, we could not establish

whether their color is the result of their size, or the density of iridocytes or symbionts.

5.3.3 Conclusion

In summary, we carried out a comprehensive structural and optical characterization

of the iridocytes found in two different colored giant clams of the Tridacninae family

collected from the Red Sea. In addition to acting as a filter for high-energy UV

radiation, iridocytes also absorb UV radiation and exhibit a broad PL emission that

falls in the PAR (400 – 700 nm) regime. Analogous to prior studies on Begonia leaves,

Coscinodiscus granii, we suggest that the iridocytes in T. maxima not only reflect the

photosynthetically inactive UV radiation but they absorb these UV radiations and

downconvert the UV light to visible light that eventually enhances the efficiency of the
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photosynthesis for the symbionts that colonize the host. The improved understanding

of the fundamental optical properties of iridocytes may open a new pathway of bio-

inspired photonics for next-generation photonic devices.
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Chapter 6

High-Speed Color Conversion Inspired by Iridocytes in T.

Maxima

6.1 Introduction

Chapter 5 explored the role of iridocytes, which not only backscatter unwanted

harmful UV radiation and allow the photosynthetically helpful radiation into the

tissue of T. maxima, but also absorb UV light and produce broad emission in the

near-UV to the near-IR range, which falls in the PAR regime and facilities efficient

photosynthesis within the symbionts. Inspired by this photon down-conversion of UV

radiation, in this chapter, we report a comprehensive photophysical characterization

of the iridocytes found on the mantle tissue of the T. maxima and their usage as a

color converter to detect mid- to deep-UV for optical wireless communication (OWC).

With the boom in consumer optoelectronics and the Internet of Things (IoT), 75.4

billion smart devices are expected to be connected to the internet by 2025 [170]. This

increasing number of smart devices adds a tremendous load to internet traffic. For

instance, due to COVID-19, many activities conventionally conducted in-person have

been moved to virtual platforms over the last two years, which adds an extra burden

to the already heavily trafficked internet. Also, it has introduced a new paradigm to

our lives and makes us more reliant on the internet. In addition, the utilization of

virtual reality (VR) for entertainment, remote medical services, and military training

has gathered significant ground, and requires ultrahigh-speed internet connections

to minimize latency and make the virtual world more realistic. Hence, conventional
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methods of accessing the internet may not satiate the enormous internet demand of

next-generation smart devices; the newly introduced 5G communication technology

maybe even inadequate in this regard. Therefore, new research is required to ad-

vance the next-generation communication technology. OWC contributes significantly

to this connectivity expansion leveraging license-free operation at high bandwidth

and data-transmission rates throughout the near-infrared to ultraviolet (UV) spec-

trum in both terrestrial [171–174] and underwater domains [175–178]. The mid-deep

UV spectra range, in particular, shows substantially better Rayleigh scattering in the

UV-VIS regime, which alleviates the need for strict pointing, acquisition, and track-

ing (PAT) requirements to establish a robust communication link [179–181], which

is particularly important for improving non-line-of-sight photodetection. High scat-

tering is advantageous in short-distance optical signal broadcasting since it eases the

stringent PAT requirement for robust communication links, which is very important

in applications like an airplane landing and secure communication [29,181].

Lately, research on materials and devices for UV-C photodetection has shifted

towards metal oxides, predominantly Ga2O3-based PDs. Ga2O3-based PDs exhibit

extremely high responsivity in the UV-C regime due to internal gain mechanisms

[98, 99], but are not suitable for high-speed optoelectronic applications because of

their long carrier relaxation time that ranges from sub-milliseconds to seconds. The

relaxation time of Ga2O3 depends on the phase, i.e., the α−, β−, γ− phases, and the

growth conditions of the materials. The relaxation time for photodetectors based on

β −Ga2O3 (sub-milliseconds: 0.3 ms) [40], ϵ−Ga2O3 (100 ms) [42], and α−Ga2O3

(89 µs) [43] show that PDs based on Ga2O3 are slow. Hence, research of high-speed

DUV photodetection is required to advance various optoelectronic applications. One

practical yet relatively straightforward strategy for efficient UV photodetection is

photon down-conversion, which down-converts high-energy radiation (UV photons)

to lower energy (visible light wavelengths photons) in the electromagnetic spectrum
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where silicon photodetectors have the best responsivities [108,109]. After establishing

the color converting ability of iridocytes while maintaining a symbiotic relationship

with microalgae in Chapter 5, this chapter examines the viability of using these

iridocytes as a color converting material for high-speed UV photodetection through

photon downconversion.

6.2 Optical Characterization

After performing the detailed structural characterization of iridocytes documented

in Chapter 5, we were keen to investigate the optical response of iridocytes to mid-

UV and DUV radiation. The third harmonic line (266 nm) of an 800-nm ultrafast

(150 fs) Ti:Sa laser (Coherent, Germany) converted using a HarmoniXX THG unit

(APE, Germany) was used as the laser excitation source. A pulse picker unit (APE,

Germany) was used to achieve a pulse repetition rate of 2 MHz while keeping the

laser spot width roughly below 100 microns. We used a closed-cycle cryostat to carry

out the TDPL experiments at a temperature range of 10–290 K. A SpectraPro 2300

spectrograph (using a grating with a groove density of 150-gr/mm) attached to a

Hamamatsu C6860 streak camera with a temporal resolution of ≈20 ps was used to

perform time-resolved PL measurements, and the integration time was kept to 100

ms for 500 integrations. We used a double exponential decay, i.e., equation 3.9, to

fit the PL decay transients

6.2.1 Steady-state PL Absorbance and Stability Tests

Like the PL measurements in Chapter 5, the tissues containing iridocytes were not

subjected to chemical treatments or fixation. We chose two temperatures, RT (≈ 290

K) and low temperatures (LT, ≈10 K) for the power-dependent PL measurements.

A 266-nm pulsed laser was used as the excitation source at power densities ranging

from 0.01 Wcm-2 to 38 Wcm-2.
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Figure 6.1: Room temperature PL measurement of T. maxima iridocyte: (a) compar-
ative study of PL spectra of densely packed iridocytes region (marked by a red circle)
and tissue (few or almost no iridocytes marked by purple circle). The inset at the top
right corner is the image taken while performing µ-PL (b) PL spectra comparison of
three different densely packed iridocyte regions. Reprinted with permission from Ref.
[145].

Figure 6.1 (a) illustrates the uneven distribution of iridocytes throughout the

tissue. It is evident that the areas where the iridocytes are densely packed are rel-

atively darker, and the places where there is the bare tissue are lighter. Therefore,

we named these two distinct areas to be (a) “Iridocytes + Tissue” (densely packed

iridocytes region) and (b) “Tissue” (few or almost no iridocytes). We observed dis-

tinct multiple peak spectra when probed at the “Iridocytes + Tissue” area marked

by a purple circle in the inset of Figure 6.1 ., whereas the PL spectrum from the

“Tissue” marked by a red circle in the inset of Figure 6.1 (a) shows a single peak at

444 nm relatively weaker in terms of intensity in contrast to the PL from “Iridocytes

+ Tissue” region. The integrated PL (IPL) indicates that the PL signal from the

iridocytes is ≈50 times higher than the PL signal solely from the tissue. Since we are

working with a raw sample and checking how consistent PL is from the “Iridocytes

+ Tissue” are, the PL spectra taken at three different locations of densely packed

iridocytes (shown in Figure 6.1 (b)). It indicates that the PL peaks are consistent
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with a slightly fluctuating intensity, alluded to as the varying density of iridocytes.

The bright blue light seen image (in the inset of Figure 6.1 (a, b) is the bluish-white

light used for optical imaging transmitted through the tissue.

Previously, in Chapter 5 (Figure 5.6) we investigated the photoluminescence

properties of two blue and two brown T. maxima samples. We observed very similar

depth-dependent PL spectra for these two differently colored T. maxima samples,

which indicated that the iridocytes in each sample are composed of similar proteina-

ceous material [160]. There has been significant research on the structural colorations

achieved in various organisms by manipulating guanine crystals, as discussed in de-

tail in Chapter 2. However, the emission and absorption and emission character-

istics of such crystals (nucleic proteins) in the living organisms are poorly studied.

The emission and absorption spectra of iridocytes we observed during various optical

measurements suggest the proteinaceous material in iridocytes is based on guanine

or a guanine-like-material. However, further work is required to confirm the exact

chemical composition of the proteinaceous material.

Figure 6.2: Power-dependent PL characterization of T. maxima iridocyte samples:
(a) Semi-log plot of PDPL spectra at 10 K; (b) double log plot of the power-law
fits of IPL at RT (red dots) and 10 K (blue dots); the error bars represent the errors
estimated while calculating the IPL using the multipeak Gaussian fit. Reprinted with
permission from Ref. [145].
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Figure 6.2 (a) demonstrates the PDPL spectra taken at 10 K plotted on a semi-

log scale; the spectra consistently contained multiple peaks extending from ≈280

to ≈750 nm, covering the whole UV-visible spectrum. The first peaks feature at

≈321 nm for the lowest excitation power density (0.01 Wcm-2), with a second peak

emerging at 345 nm as the power increases. The next feature is a broad (full width at

half maximum [FWHM], ≈ 195 nm) emission band spanning most of the visible range

and peaking at ≈ 470 nm. These emission peaks fall in the PL emission regime of

guanine aqueous solutions and frozen glasses and were assigned accordingly [163]. The

second feature dominates the PL spectrum at all powers and its relative contribution

increases with the excitation power. The third feature is a sharp peak at 675 nm

with weak shoulders at longer wavelengths. This emission matches that previously

reported for algal chlorophyll [162]. The IPL power dependence shown in Figure

6.2 (b) is relatively linear under the conditions studied, consistent with the PL

attributed to the neutral excitons [164,165]. In addition, TDPL was carried over the

Figure 6.3: TDPL measurements of iridocytes: (a) PL spectra at temperatures rang-
ing from 10 K to 290 K; (b) normalized IPL plotted versus inverse temperature.
Reprinted with permission from Ref. [145].

temperature range from 10 K to 295 K (RT) at an excitation power density of ≈ 1
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Wcm-2. Selected TDPL spectra for a range of temperatures are shown in Figure

6.3 (a), with normalized IPL plotted against inverse temperature in Figure 6.3 (b).

Over this range, the IPL has a maximum value at LT (10 K), then decreases with

increasing temperature up to ≈ 100 K, flattens off, and then rises again at higher

temperatures (> 200 K), reaching a normalized IPL of ≈ 77% at RT. The critical

feature to note here is that these iridocyte samples are stable over a wide temperature

range. A detailed interpretation of these behaviors will be the subject of a further

study in future.

Figure 6.4: Depth-dependent PL and absorption spectra: (a) PL and (b) normalized
absorbance obtained from the outermost surface tissue (brown) and at a depth of
about 500 µm from the surface (purple). Reprinted with permission from Ref. [145].

Furthermore, a comparison of the PL and absorption spectra (Figure 6.4 (a,

b)) showed that, as expected, the ≈ 675-nm contribution from the symbiont algae

decreases significantly when probing deeper into the mantle tissue. The iridocytes

in natural T. maxima tissue are stable without any processing when stored under

ambient conditions (air, 290 K) and are not affected by the relative humidity of

45–50% in the laboratory. To further explore the stability of iridocytes under optical

pumping, we exposed samples mounted on sapphire substrates in ambient air to a 266-

nm laser (38 Wcm-2) while monitoring the IPL. Remarkably, the iridocytes showed

only a modest 17% drop in PL intensity after 30 hours of continuous exposure, and the
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PL spectra did not change (Figure 6.5), indicating catastrophic material damage did

not occur. The quantum yield (QY) of the proteinaceous material found in iridocytes

at 10 K is reported to be 39. 20 ± 4.16% [144]. However, we can improve the quantum

yield of the proteinaceous nanostructures if we can extract the proteinaceous material

from the tissue in its purest form.

Figure 6.5: Iridocyte sample photostability test when subjected to 38 Wcm-2 laser
excitation power density at 266 nm. The data points are the IPL values recorded
at 30-minute intervals over 30-hours. The red error bars represent the unavoidable
laser fluctuations during the prolonged measurement. The inset presents selected PL
spectra at t = 0, 15, and 30 hours using the violet, green, and red lines, respectively.
Reprinted with permission from Ref. [145].

6.2.2 Time-Resolved PL Measurements

In addition to the steady-state PL, carrier dynamics are vital to understanding the

photophysics of iridocyte cells. Luminescent nanoparticles and dyes with longer

lifetimes have been extensively used with biomaterials for imaging and diagnostic

purposes [182]. A long lifetime in biological imaging eliminates short-lived auto-

fluorescent background originating from tissue components (nucleobases). The life-

time of auto-fluorescent emission covers a wide range, from picoseconds (i.e. 0.8-100

ps) [183], sub-nanoseconds (0.7–0.9 ns) [184], to nanoseconds (1–4 ns) [185]. The
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ultrashort lifetime of nucleobases appears to be an intrinsic molecular property; how-

ever, the lifetime can be affected by their chemical environment to a certain ex-

tent [186].

Figure 6.6: (a) Normalized absorption spectra of iridocytes; (b) CCD camera image
for the TRPL signal; (c) transient PL decays for the spectral range 400–560 nm
(black scatter plot) and 320–400 nm (red scatter plot); the solid lines represent the
respective second-degree exponential fit; (d) PL decay transient comparison of the
whole spectral range, i.e., 320–560 nm (green scattering plot) with the segmented
spectral range illustrated as in (c).

In our case, the proteinaceous material is packed in iridocyte cells. Thus, we aimed

to investigate the recombination process in the context of employing the proteinaceous

material found in iridocyte cells as a high-speed color converting material for optical

modulation. The absorption spectrum shown in 6.6 (a) further confirms the broad

PL emission spectra is complemented by the sharp rise in the absorption curve below
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400 nm is an encouraging sign for using iridocyte as a color-converting material for

deep UV photodetection. The time-resolved PL decay (shown in 6.6 (b–d) integrated

over the 320–560 nm range) was fitted using a double exponential decay equation.

The emission spectrum is divided into two spectral regimes: 320–400 nm and 400–

560 nm. We found that the PL decay dynamics are slightly faster in the 320 – 400

nm than the 400–560 nm spectral range (see 6.6). The average PL decay time is

calculated using equation equations 3.9 and 3.10. The detailed fit parameters for

each PL decay pattern are summarized below in Table 6.1

Table 6.1: TRPL fit parameters concluded from the PL decay transients shown in
Figure 6.6 (b–d)

Spectral Range
(nm)

tfast
(ns)

Proportion
tslow
(ns)

Proportion
tavg
(ns)

320 – 400 0.25 70 % 1.07 30 % 0.77
400 – 560 0.31 55 % 1.37 45 % 1.15
Full spectrum 0.27 58 % 1.21 42 % 1.00

The PL decay dynamics of the entire spectrum were determined to be a weighted

average of the decay time of those two spectral regimes. Although the average PL

decay time (0.77 ns) is faster for a shorter wavelength than for the whole spectrum ( ≈

1.00 ns), a 1-ns decay time can still be considered fast and would positively contribute

to the realization of high-speed photodetection; in contrast to Ga2O3 materials that

have decay times ranging from tens of microseconds to seconds. Promisingly, the PL

decay time (≈ 1 ns) of the iridocyte cells is shorter than the ≈ 4–5 ns decay time

of all-inorganic lead halide perovskite nanocrystals that have previously been studied

for high-speed DUV photodetection [109,186].

After investigating the static and time-resolved PL, we examined whether irido-

cytes would be used as phosphors for white light generation based on the broad PL

spectra observed when excited by mid-UV (375 nm) and deep UV (278 nm) radiation.

The CRI and CCT of the light that passes through the tissue when excited at 375
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nm (278 nm) were 85 (78) and 4113 K (6462 K), respectively, as shown in 6.7 (a–d).

Typically, light with a CCT below 5000 K is considered warm and comfortable to

the human eye [187]. The CCT values for both UV sources are encouraging, particu-

larly for the 375 nm laser, given there is a significant area for improvement as we are

dealing with very raw, unprocessed material.

Figure 6.7: a) Schematic of the experimental set up of the laser diode and LED illu-
minating the Tridacna maxima tissue; spectra transmitted through the tissues when
illuminated with (a) 375-nm laser and (c) 278-nm LED; (d) CIE diagram showing
the CIE coordinates of the measurements taken in case each light source used.

6.2.3 UV Communication-Based Measurements

As the differential PL decay time is inversely proportional to the frequency modula-

tion bandwidth [188], the short decay time (≈1 ns) set the stage for optical band-
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width modulation tests (see Figure 6.8). A Nichia NDU4116 375-nm laser diode

(LD) mounted onto a thermoelectric cooler integrated with a laser mount (Thorlabs,

LDM56F/M) was used as a bandwidth modulation transmitter. The LD was con-

nected to the output channel of an electronically calibrated (electronic calibration

module: Agilent, 85093-60010) vector network analyzer (VNA; Agilent, E5061B) for

small signal modulation. The direct current (DC) to the LD was set to 70 mA, and

Figure 6.8: Schematic of the experimental set up for UV communication consisting
of a laser diode mounted to the laser head, which is connected with the temperature
(TEC), custom-built collimator that consists of two objectives and a long pass filter
(405 nm cut-off wavelength), digital communication analyzer (DCA), and bit error
ratio tester (J-BERT).

the input channel of the VNA was connected to an avalanche photodiode (APD;

Thorlabs, APD430A2/M). For the data rate measurements, the same 375-nm Nichia

NDU4116 LD setup was connected to the bit-error-ratio tester (BERT) transmit-

ter (Anritsu, ME522A), with the superimposed alternating current (AC) amplitude

set to 3 V (peak to peak). On the receiver side, the modulated signal after the

down-conversion process is received by the APD and connected to the BERT receiver
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through a linear amplifier (Tektronix, PSPL5865). The eye diagrams were captured

using a digital communication analyzer (Agilent, 86100C Infinium DCA-J Wideband

Oscilloscope). The frequency response of iridocyte samples to a modulated UV laser

diode (LD; 375 nm) is shown in Figure 6.9 (a).

Figure 6.9: Modulation bandwidth and data rate measurements: (a) -3 dB and -10 dB
frequency bandwidth modulation of iridocytes using a 375-nm laser. The inset shows
the signal that comes from the tissue with (red) and without filter (red). (b) Bit error
ratio (BER) as a function of the data rate for the 375 nm-laser source over the range
from 20 Mbit/s to 100 Mbit/s. Eye diagrams are shown (inset) for a return-to-zero on-
off-keying (RZ-OOK) modulation scheme. The dotted horizontal line represents the
standard forward error correction (FEC) limit (3.8×10 -3). Reprinted with permission
from Ref. [145].

The frequency bandwidths of the iridocytes obtained for modulated UV LD (375

nm) are 56 MHz (–3 dB) and 220 MHz (–10 dB), respectively. These results support

100-Mbit/s data-transmission rates using a return-to-zero on-off keying (RZ-OOK)

communication scheme (Figure 6.9 (a)). The resulting BER of 1.6×10-3 lies below

the standard 7%-overhead forward error correction (FEC) limit of 3.8×10-3; the cor-

responding eye diagrams at 25 Mbit/s and 100 Mbit/s are shown as insets in Figure

6.9 (b).

For frequency response measurements using a 278-nm UVC LED (from LG In-
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notek), the APD and peripheral components were replaced by a photomultiplier tube

(PMT) (Thorlabs, PMTSS) and connected peripherals (see Figure 6.10. We ex-

Figure 6.10: Frequency bandwidth modulation of iridocytes using a 278 nm LED with
the setup illustrated in Figure 6.8, except the 375-nm laser and APD430A2/M, are
replaced by (a) a 278-nm LG Innotek LED and (b) PMTSS PMT, respectively; (c)
illustrating -3 dB (-10 dB) bandwidth measurement of 22 MHz (56 MHz), respectively.
Reprinted with permission from Ref. [145].

amined the frequency response of the iridocytes in free space using the modulated

UVC LED (278 nm) and achieved frequency bandwidths of 22 MHz at –3 dB and

56 MHz at –10 dB, respectively. The obtained –3 dB modulation bandwidth (22

MHz) is adequate to establish a high-speed OWC link based on UVC light. This

value is higher than the reported 11 MHz frequency response for all-inorganic halide

perovskite nanocrystals [94]. However, our initial attempt to directly determine the

data transmission rate for this 278-nm LED was limited by the source power that can

be modulated. Nevertheless, based on the data transmission rate (100 Mbit/s) and
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–3 dB bandwidth (56 MHz) measured for iridocytes modulated by 375-nm laser light,

a data transmission rate in the tens of Mbit/s is expected for a higher power UVC

LED, which is potentially comparable to or exceeds the recent development of halide

perovskite-based photodetectors [109]. It is also likely that the data transmission

rates obtained using color downconversion by iridocytes with each modulated UV

emitters could be improved further by employing more sophisticated communication

schemes.

6.3 Conclusion

In summary, we investigated the photoluminescence properties of iridocytes from

the Red Sea giant clam T. maxima and demonstrated the feasibility of using this

material for deep ultraviolet, optical wireless communications via high-speed color

down-conversion. We observed a fast PL decay time (≈1 ns) that allowed a –3-dB

modulation frequency bandwidth modulation of 56 MHz for a 375 nm laser and 22

MHz for 278 nm LED, respectively. The data rate transfer for a 375 nm laser with

BER within the FEC limit is 100 Mbit/s. Using a similar matrix implemented with a

375 nm laser, the 278 nm LED with iridocytes could support a data-transmission rate

of tens of Mbit/s using a higher-power modulated UVC source. This development is

promising, especially given the potential for optimization following a more detailed

study of iridocyte photophysics. Another encouraging finding was the photostability

of the iridocytes, which sustained high-power density UVC laser (266 nm) irradiation

for 30 hours without significant material degradation, in contrast with the rapid

degradation typical of many other materials. Extracting pure iridocytes from T.

maxima tissues or artificially synthesizing such material will be the first step of our

optimization strategy to enhance the PL intensity, frequency response, and OWC

data-transmission rate. If successful, this work would establish iridocytes from the

mantle tissues of T. maxima as a novel material for a range of potential photonic
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applications.
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Chapter 7

Concluding Remarks

7.1 Summary

In summary, we presented an outlook and a detailed literature review on state-of-

the-art UV optoelectronics, its challenges and prospects in the first two chapters.

Chapter 3 covered the tools and experimental setups used for structural and photo-

physical characterization, optical modulation, and data transfer rate measurements.

Chapters 4, 5,and 6. The research contribution of this dissertation can be divided

into two aspects of UV optoelectronics. First, we demonstrated the growth of ultra-

thin GaN QDisks on the AlN NWs matrix and performed a comprehensive optical and

morphological characterization. The large blueshift (≈ 100 nm) in the emission of ul-

trathin GaN QDisks (≈ 260 nm) compared to bulk GaN (≈ 365 nm) illustrates high

size-dependent quantum confinement, supported by the plasmon peak energy data

obtained through EELS. The temperature-dependent TRPL showed that the carrier

recombination time falls by ≈ 1—4 ns, which is favorable for high-speed deep UV

communication purposes. More importantly, as foreseen by prior theoretical studies,

experimental quantification of the TE and TM modes based on photoluminescence

spectra revealed that the emission from GaN QDisks is predominately TE-dominant.

The other original contribution of this thesis is the use of a nature-inspired photon-

downconversion for UV photodetection using iridocytes found in T. maxima. This

work started with a structural and optical characterization of iridocytes found in T.

maxima. For the first time, we established photonic cooperation between T. maxima
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iridocytes and its symbionts (Symbiodinaceae microalgae), as iridocytes convert UV

radiation to the PAR spectrum. After examining the absorption and emission prop-

erties of iridocytes, we investigated the interaction of mid- to deep-UV radiation with

iridocytes using UV emitters. We performed wide-ranging steady-state PL studies

of iridocytes under various experimental conditions, complemented by time-resolved

PL. The photon decay time is remarkably fast (≈ 1 ns), which motivated us to test

the efficacy iridocytes as a color-converting material for mid- to DUV optical wireless

communication. Despite the very raw nature of the samples without any artificial

processing, we established a robust communication link for mid UV (≈ 375 nm) and

DUV (≈ 278 nm). In addition, unlike other organic materials, iridocytes do not

suffer significant material degradation under atmospheric conditions and humidity

or when exposed to a high-power density laser. The research work in this disserta-

tion provides a good foundation for electrically pumped deep UV vertical emitters

demonstrating optically pumped TE-dominant UV emitters. Since the technology is

geared towards the miniaturization of devices for next-generation consumer electron-

ics, i.e., mirco- and nano-LEDs, QDisks based optoelectronics may facilitate these

endeavors. Moreover, our introduction of a reasonably efficient nature-inspired color

converting material for deep UV photodetection opens an entirely new avenue for

future optoelectronics.

7.2 Future Work

Demonstrating the growth of GaN QDisks in AlN NWs that emit nearly pure TE PL

(as covered in Chapter 4) solves one major issue: the suppression of TE emission for

deep UV emitters. Not only GaN QDisks emits the TE dominant deep-UV light, em-

ploying GaN QDisks, in AlN NWs can be grown almost dislocations- and defects-free,

unlike conventional Al-rich AlGaN. However, to realize electrically pumped devices,

the poor hole-injection and highly UV absorbing p-GaN layers still need to be ad-
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dressed to demonstrate efficient deep UV LEDs and LDs. GaN QDisks in AlN NWs

can be incorporated with polarization-induced carrier injection and tunnel junctions

to address the poor hole injection. However, identification of a deep UV transpar-

ent conductive p-layer requires rigorous material development and characterization.

Recently, there has been an increasing research trend in doping wide-bandgap metal

oxides and incorporating p-Ga2O3 in deep UV LEDs as a viable option for a p-

contact layer should the electrical conductivity of p-Ga2O3 improve. On the other

hand (as covered in Chapters 2, 5, and 6), high-speed photodetection in the deep

UV regime has become an immense challenge. We initiated the exploration of a bio-

photonic material to mimic the efficient light manipulation techniques employed by

living organisms. We performed comprehensive structural and optical characteriza-

tion of iridocytes found in T. maxima; however, the precise chemical composition

of the proteinaceous material in iridocytes is yet to be studied. Knowledge of the

chemical composition of iridocytes will help to determine whether the material can

be synthesized at high quality, to provide good material stability and a fast response

time for next-generation high-speed optoelectronics. As discussed in Chapter 2,

guanine has been widely studied as a scatterer, diffuser, and material for photonic

crystals in living organisms; however, there are hardly any detailed studies of the op-

toelectronic properties of guanine, nor are there any reports on high-quality guanine

crystal growth. A detailed photophysical characterization on guanine and a deeper

understanding of how light manipulation technique in organisms and comprehensive

material development may provide a novel paradigm for developing optoelectronic

material and devices.



113

LIST OF REFERENCES

[1] Hyungsub Choi and Cyrus C.M. Mody. The Long History of Molecular Elec-

tronics. Social Studies of Science, 39(1):11–50, feb 2009.

[2] Fern Wickson. Narratives of nature and nanotechnology, 2008.

[3] Jabez J. McClelland, Shannon B. Hill, Marin Pichler, and Robert J. Celotta.

Nanotechnology with atom optics. In Science and Technology of Advanced Ma-

terials, volume 5, pages 575–580. IOP Publishing, sep 2004.

[4] Dwaine F. Emerich and Christopher G. Thanos. Nanotechnology and medicine,

jul 2003.

[5] M C Roco. Nanoparticles and nanotechnology research. Technical report, 1999.

[6] Zhong Lin Wang and Wenzhuo Wu. Nanotechnology-enabled energy harvesting

for self-powered micro-/nanosystems, nov 2012.

[7] Michael Fischman, Vladimir Murashov, Jonathan Borak, and James Seward.

Nanotechnology and Health. Journal of Occupational and Environmental

Medicine, 61(3):e95–e98, mar 2019.

[8] Michael Kneissl. A brief review of iii-nitride uv emitter technologies and their

applications. In Springer Series in Materials Science, volume 227, pages 1–25.

Springer Verlag, jan 2016.

[9] Shehzaad Kaka, Matthew R. Pufall, William H. Rippard, Thomas J. Silva,

Stephen E. Russek, and Jordan A. Katine. Mutual phase-locking of microwave

spin torque nano-oscillators. Nature, 437(7057):389–392, sep 2005.

[10] Gabriel A. Silva. What impact will nanotechnology have on neurology?, apr

2007.

[11] Shuji Nakamura. Current status of GaN-based solid-state lighting. MRS Bul-

letin, 34(2):101–107, 2009.



114

[12] Shuji Nakamura, Masayuki Senoh, and Takashi Mukai. High-power InGaN/GaN

double-heterostructure violet light emitting diodes. Applied Physics Letters,

62(19):2390–2392, may 1993.

[13] Shuji Nakamura, Masayuki Senoh, and Takashi Mukai. P-gan/n-ingan/n-gan

double-heterostructure blue-light-emitting diodes. Japanese Journal of Applied

Physics, 32(1 A):L8–L11, 1993.

[14] Yu Chi Hsu, Ikai Lo, Cheng Hung Shih, Wen Yuan Pang, Chia Hsuan Hu,

Ying Chieh Wang, and Mitch M.C. Chou. InGaN/GaN single-quantum-well

microdisks. Applied Physics Letters, 100(24):242101, jun 2012.

[15] Daniel F. Feezell, Mathew C. Schmidt, Steven P. DenBaars, and Shuji Naka-

mura. Development of nonpolar and semipolar InGaN/GaN visible light-

emitting diodes. MRS Bulletin, 34(5):318–323, 2009.

[16] Michael R. Krames and Russell D. Dupuis. History, Development, and Applica-

tions of High-Brightness Visible Light-Emitting Diodes. Journal of Lightwave

Technology, Vol. 26, Issue 9, pp. 1154-1171, 26(9):1154–1171, may 2008.

[17] Michael Kneissl, Tae-Yeon Seong, Jung Han, and Hiroshi Amano. The emer-

gence and prospects of deep-ultraviolet light-emitting diode technologies. Na-

ture Photonics, 13(4):233–244, apr 2019.

[18] M Kneissl, T Kolbe, C Chua, V Kueller, N Lobo, J Stellmach, A Knauer, H Ro-

driguez, S Einfeldt, Z Yang, N M Johnson, and M Weyers. Advances in group

III-nitride-based deep UV light-emitting diode technology. Semiconductor Sci-

ence and Technology, 26(1):014036, jan 2011.

[19] Nasir Alfaraj, Jung Wook Min, Chun Hong Kang, Abdullah A. Alatawi, Da-

vide Priante, Ram Chandra Subedi, Malleswararao Tangi, Tien Khee Ng, and

Boon S. Ooi. Deep-ultraviolet integrated photonic and optoelectronic devices:

A prospect of the hybridization of group III-nitrides, III-oxides, and two-

dimensional materials, dec 2019.

[20] Herbert Hönigsmann and Jean Krutmann. Practical Guidelines for Broadband

UVB, Narrowband UVB, UVA-1 Phototherapy, and PUVA Photochemotherapy

— A Proposal. In Dermatological Phototherapy and Photodiagnostic Methods,

pages 371–380. Springer Berlin Heidelberg, 2001.



115

[21] Philip E. Hockberger. A History of Ultraviolet Photobiology for Humans, An-

imals and Microorganisms. Photochemistry and Photobiology, 76(6):561, dec

2002.
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