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ABSTRACT

Large-scale optoelectronic integration is limited by the lack of efficient light sources and
broadband photodetectors, which could be integrated with the silicon complementary metal-oxide-
semiconductor (CMQOS) technology. Persistent efforts continue to achieve efficient light emission
as well as broadband photodetection from silicon in extending the silicon technology into fully
integrated optoelectronic circuits. Recent breakthroughs, including the demonstration of high-
speed optical modulators, photodetectors, and waveguides in silicon, have brought the concept of
transition from electrical to optical interconnects closer to realization. The on-chip light sources
based on silicon are still a key challenge due to the indirect bandgap of silicon that impedes
coherent light sources. To overcome this issue, we have studied, fabricated, and characterized
nanostructures including single semiconductor epilayers, multiple quantum wells, and graphene-

semiconductor heterostructures to develop coherent light sources and photodetectors in silicon.

To develop coherent light sources, we reported the demonstration of room-temperature lasing
at the technologically crucial 1.5 um wavelength range from Er-doped GaN epilayers and Er-
doped GaN multiple-quantum wells grown on silicon and sapphire. The realization of room-
temperature lasing at the minimum loss window of optical fiber and in the eye-safe wavelength
region of 1.5 um is highly sought-after for use in many applications in various fields including

defense, industrial processing, communication, medicine, spectroscopy and imaging. The results



laid the foundation for achieving hybrid GaN-Si lasers providing a new pathway towards full

photonic integration for silicon optoelectronics.

Silicon photodiodes contribute a large portion in the photodetector market. However, silicon
photodetectors are sensitive in the UV to near infrared region. Photodetection in the mid-infrared
is based on thermal radiation detectors, narrow bandgap materials (InGaAs, HgCdTe)
semiconductors, photo-ionization of shallow impurities in semiconductors (Si:As, Ge:Ga), and
quantum well structures. Such technology requires complicated fabrication processes or cryogenic
operation, resulting in manufacturing costs and severe integration issues. To develop broadband
photodetectors, we focus on graphene photodetectors on silicon. Graphene generates photocarriers
by absorbing photons in a broadband spectrum from the deep-ultraviolet to the terahertz region.
Graphene can be realized as the next generation broadband photodetection material, especially in
the infrared to terahertz region. Here, we have demonstrated high-performance hybrid
photodetectors operating from the deep-ultraviolet to the mid-infrared region with high sensitivity
and ultrafast response by coupling graphene with a p-type semiconductor photosensitizer,
nitrogen-doped Ta20s thin film.
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GENERAL AUDIENCE ABSTRACT

According to Moor’s law, the number of transistors per die area doubles every 18 months with
no increase in power consumption, which means that digital devices including smart phones and
computers will become significantly faster and more energy-efficient than those of the previous
generation. Photons (light) travel with the highest speed permitted by the known law of physics.
The idea of optical interconnects, using photons instead of electrons, enables faster data transfer.
Two important elements of the integrated circuits (ICs) based on photons are the coherent light
source (laser) and the photodetector. We investigated the optical properties of erbium doped
gallium nitride epilayers and multiple quantum wells grown on silicon and sapphire and
demonstrated lasing from these materials at 1.5 pm. We also fabricated and characterized graphene
photodetectors that can detect the light from the deep ultraviolet to the mid-infrared region. The
results provided a new pathway towards full photonic integration for silicon optoelectronics.
Besides, they are the heart of many important applications ranging from gas sensing, aerospace
sensors and systems, thermal imaging, biomedical imaging, infrared spectroscopy, and lidar-to-

optical telecommunications.
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WI/L = 2 with different gaps, L, between source and drain as a function of illumination power. The
solid curves are the best fit to the data using the function in Eq. 1. Inset: the dark current at the
charge neutrality point as a function of gap, L, between source and drain. The dark current
increases significantly when the gap becomes narrower. (b) The measured photo-responsivity for
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Chapter 1

Introduction

In this chapter we present the motivation and the basic concepts concerning optical properties
of erbium-doped gallium nitride toward a coherent light source as well as graphene optoelectronic
properties for photodetection.

1.1 Erbium-doped gallium nitride
1.1.1 Motivation

The development of complementary metal oxide semiconductor (CMOS) based on silicon has
achieved breakthroughs in electronic applications from computers, smartphones to automation
today. Currently, by downscaling the size of devices and wires to the nanometer scale, silicon
technology has offered the 7-nm technology node. The 5-nm and 3-nm nodes are expected in the
foreseeable future, that requires revolutionary new process methodologies as well as innovative,
new equipment.! However, the high integration of components (for instance transistors) can lead
to the problems of thermal dissipation, bandwidth and crosstalk, which has the potential to break
abruptly Moore's law. The optical interconnects between logic devices as well as data
transportation can maintain the progress on the speed, computational power, and enhance
functionality of integrated circuits (ICs), and so Moore’s law will be kept on track. Obviously,
photons are much faster and more efficient than electrons. The silicon photodetectors,
waveguides,?> modulators,® optical switches and optical couplers have been well developed on
silicon wafer for the optical interconnects. A coherent light-source is the important part that we
are still missing. Toward fully integrated optoelectronics circuits based on Si-CMQOS technology,
persistent efforts have been devoted to realizing efficient light sources from silicon. However, on-
chip coherent light sources based on silicon are still a challenge due to the indirect bandgap of

silicon.*56.7



Recent advances in growing GaN:Er film on Si and observation of strong luminescence at the
wavelength of 1.5 um that matches the minimum loss window of optical fibers will open
opportunities to develop the coherent light sources on Si. Thanks to an interesting feature of rare
earth (RE) elements that the 4f-shell is partially filled while the outer shells are fully filled, the
Er3* ion can emit sharp, atomic-like spectra, and its optical and magnetic properties do not depend
on the host materials. ° In the past, the goal of obtaining 1.5 um Er-doped semiconductor lasers
was unsuccessfully attempted using crystalline Si,* 5 & 7 latter of SiO2:Er sensitized with Si
nanocrystals,'® 1 12 13 or GaAs and AlGaAs because of the strong thermal quenching effect
occurring in narrow and/or indirect bandgap materials.** ** Er-doped SiO2 and Nd-doped YAG
based materials are attractive for telecom application and high-power lasers. In these materials,
resonant excitation is required for rare-earth elements. Excitation cross-section of the resonant
excitation is several orders of magnitude lower than that of the band-to-band excitation.'® This
limitation is a big obstruction to further progress towards room-temperature 1.5-um lasers based

on Er in micro-optoelectronic applications.

Er-doped GaN film has been successfully grown on Si by the MOCVD method with good
crystallinity and a high percentage of Er®* optically active centers, resulting in predominant
photoluminescence (PL) at room temperature.l” 8 1 GaN semiconductor has been an attractive
host material for RE because of its direct and wide (~3.3 eV) bandgap properties. Er-doped GaN
material exhibits a significant low degree of thermal luminescent quenching, and strong emission
at room temperature under either electrical or optical excitation.** 2% GaN possesses a high
thermal conductivity (kx ~ 253 W/m.K)?*, and a low thermal expansion coefficient (o ~ 3.2 x 10
K1)%2 23,24 compared with other semiconductors and ceramics including silicon (k = 130 W/m.K,
o~ 2.6 x 10% K1),24 % GaAs (k ~ 50 W/m.K, o = 6.5 x 10°% K1)?° and YAG (k =~ 12 W/m.K, o
~ 6.4 x 10° K™)%:27 Thus, we can obtain high energy and high-power lasers in the Er-doped GaN

material.

Silicon photonics combined the two most important inventions related to semiconductors: the
silicon integrated circuit and semiconductor laser/photodetection. Silicon photodiodes are used for
photodetection in the ultra-violet, visible and near infrared regions, because Si is transparent at
wavelengths above 1.1 um. Therefore, to obtain optoelectronic integrated circuits on a silicon chip,

we need suitable photodetectors besides the light source. Photodetection at a wavelength of 1.5



pm and beyond are available with many options. However, such technology requires complicated
fabrication process or cryogenic operation, resulting in manufacturing costs and severe integration
issues. To overcome this issue, we have focused on the study of graphene-photodetectors on silicon
that is compatible with CMOS technology. We will discuss the graphene-photodetector on silicon

in Section 1.2.
1.1.2 Energy transfer processes

Under the photo-excitation process, photons excited electrons in matter from the ground state
to the excited states. Both electron and hole are bound to each other forming either a free exciton
or a bound exciton (BE). Free excitons are neutral; thus, they can move easily in the crystal. BEs
typically are localized at specific positions. These excitons can transfer their energy to nearby RE

ions.
1.1.2.1 RE ion excited by free excitons

Under over-bandgap excitation, electrons and holes are produced in the conduction and valence
bands. These electrons and holes can create free excitons that interact with a RE ion via non-
radiative energy transfer. The electron and hole are separated over several lattice constants, the

exciton wavefunction is strongly delocalized and the exciton can move freely inside the crystal.
1.1.2.2 RE ion excited by bound excitons

The interaction between BEs and RE ions is the most dominant excitation mechanism in the
RE-doped semiconductors. BEs can be formed through an over- or below-bandgap excitation. The
electrons or holes can be captured by the RE ions or an impurity/local defect nearby the RE ions.
If an electron in the conduction band can be taken by an acceptor-like trap in the bandgap, it will
then attract a free hole in valance band by Coulomb attraction. A BE is formed. The BEs can also
be created from donor-like trap capturing a hole, then hole attracts an electron. The spatial
extension of the BEs can be approximately restricted to a single unit cell.

a) Over-bandgap (band-to-band) excitation

In Fig. 1.1, a free electron is created under band-to-band excitation (step 1). It is captured by
an acceptor-like trap in the bandgap (step 2). This electron will attract a hole in valance band (step

3). In a final step, the non-radiative recombination of electron and hole in BE happens, then



transfers energy to the RE ion (step 4). In the excited RE ion, the electron will relax to the lower
excited states, resulting in the emission of photon (step 5).
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Figure 1.1: Illustration of the band-to-band excitation process
b) Below-bandgap excitation
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Figure 1.2: Illustration of the below-gap excitation process

BEs can also formed through below-bandgap excitation as Fig. 1.2. In this process, an electron
is directly excited from the valance band to an acceptor-like trap (step 1). This electron will attract
a free hole in valance band to create a BE (step 2). Next, energy is transferred to the RE ion from

the non-radiative recombination of electron and hole in BE (step 4). The relaxation of excited RE
ion results in light emission (step 5).

1.1.3 Energy “back-transfer” process

The reverse of the transfer energy process in the RE ion is an energy “back transfer”. It involves
the de-excitation of excited RE ion by transferring their energy to the deep defect level. It is

believed to be responsible for the decrease of photoluminescence intensity in these systems.



1.1.4 Two kinds of optical centers in rare earths doped semiconductors

There are two important types of RE-related BEs. The first is the RE ion acting as an acceptor-
like trap by capturing first an electron, and next attracting a hole as Fig. 1.3. (a). The second is the
electrically active local defects nearby RE ion (for example a vacancy) acting as acceptor-like trap
catching an electron, then a hole as shown in Fig. 1.3. (b).

a) b)
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Figure 1.3: Illustration of two kinds of RE-related BEs: (a) RE ion as an acceptor-like electron
trap catching an electron, and then a hole (RE3*, e) h. (b) Acceptor-like trap (local defect such
as a vacancy) binding an exciton near a RE ion.

Typically, in the first type of RE-related BEs, the RE ion is the isolated optical center that
occupies substitutional site, and so it is considered as an isoelectronic impurity center. We call it
an isolated RE optical center. This center can be excited by either resonant or band-to-band
excitation. Under the excitation, an electron can be trapped at the isolated optical center by a local
core potential. Next, a hole can be attracted by the Coulomb field of the electron. The electron and

the hole will recombine non-radiatively to transfer energy to the RE ion.

In the other type of RE-related BES, the RE ion can be excited by an electrically active defect
nearby. This defect captures the exciton, and subsequently transfers energy to the nearby RE ion.
It can only be observed through the over-bandgap excitation of the host, which involves a BE. This

RE optical center is called a defect related RE optical center.



1.2 Graphene-based Photodetectors
1.2.1 Motivation

The ability to convert light into electrical signals is the heart of many important applications
ranging from gas sensing, aerospace sensors and systems, thermal imaging, biomedical imaging,
infrared spectroscopy, and lidar-to-optical telecommunications. The larger scale and diversity of
application areas in the infrared are growing. The photodetection platform with high speed,
efficient performance, complementary metal-oxide-semiconductor (CMQS) integrability, low

costs and ultra-broadband wavelength range demands more urgent attention.

In the past, scientists knew one-atomic-layer crystal graphene existed, and even the pioneering
work of Frindt and Yoffe produced 2D layers of MoS; in 1963,28 then the optical properties of
single layers of MoS; has been reported since the 1980s.2° However, no one had worked out how
to obtain single-layer graphene from graphite, until Geim and Novoselov frequently held “Friday
night project” — This did not relate to the duty of their day job. The two scientists successfully
obtained single-layer graphene on one Friday in 2004.%° This is the interesting story about how
graphene was discovered. Their experiment had led to graphene being isolated for the first time.
Graphene has been paid extensive attention for research on its unique optoelectronic properties for
both fundamental and experimental studies.>® 3! It can generate photocarriers by absorbing very
broadband spectra from deep-ultraviolet, visible, near-infrared, mid-infrared up to the terahertz
region.3? Moreover, graphene possesses the ultra-high carrier mobility enabling it to convert
photons or plasmons to electrical signal quickly.®® Graphene enables tuning the absorption via
chemical doping and wavelength-independent absorption.3* 3 The ability to integrate into highly
mature silicon-based platform for optoelectronics is compatible. Therefore, extensive effort has
been devoted to developing graphene-based photodetectors to realize the next generation
broadband photodetectors, especially in the infrared and terahertz regions. Several applications
have been addressed and results of research were already competitive with existing technology.
However, more intensive studies are necessary to obtain the high-performance graphene-based

photodetectors comparable to commercial ones.

In the rest of this section, we review the basic optoelectronic properties of graphene including
its band structure, transport properties and optical properties. Next, we discuss the advantages and

disadvantages of graphene to realize its application in photodetection. After that, several strategies
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emerge to improve the performance of graphene-based photodetectors. Finally, the key figures-of-

merit for photodetectors needed to understand experimental results in Chapter 6 are discussed.
1.2.2 Relevant graphene properties

1.2.2.1 What is graphene?

a)

b)

e D

Energy (eV)
N

Figure 1.4: (a) Graphene and its reciprocal lattice. (b) the band structure of graphene and the
energy band close to one of Dirac points (c) o- and w-orbitals of one carbon atom in graphene
36, 37, 38
Graphene is a single layer of carbon atoms arranging hexagonal lattice with the lattice constant
a = 1.42 A as Fig. 1.4a. The reciprocal lattice is shown in Fig. 1.4a. The full band structure of
graphene is presented in Fig. 1.4b. *¢ 37 This is first calculated by using the tight binding model by
P. R. Wallace.*® The valance band and conduction band touch only at the Brillouin zone corners.
These points are known as Dirac points.® The Fermi level for undoped graphene is at the Dirac
point. The Fermi level can be shifted by doping with impurities. Thus, graphene is called a zero-
bandgap semiconductor, or a semi-metal with no band overlap. Carbon has four valance electrons

in the outer shell. In graphene, each carbon atom uses three electrons for chemical bonding with
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three neighbor atoms in the 2D plane. This bonding is referred as o-bonding that extremely
localized and does not contribute to the electronic conduction. The fourth electron which is called
the m-electron is non-localized. These m-electrons of carbon atoms contribute to the electronic
conduction properties and weak Van-der-Waals force between two layers of the graphene.

1.2.2.2 Electrical transport property: mobility

The electron dispersion near the Dirac points is linear rather than parabolic. The carriers act as
relativistic massless particles with effective velocity of 10° m/s. Graphene possesses a mobility
much higher than that of traditional semiconductors at room temperature because of high
crystallinity and low scattering rate between electrons and intrinsic phonons. In theory, this value

can reach 250,000 cm?vs™ at room-temperature.®® 3

However, the carrier mobility depends on the surface that graphene is transferred on to, and
the fabrication process on graphene. Graphene capsulated by two layers of h-BN has the carrier
mobility of about 140,000 cm?vist®® The carrier mobility of exfoliated graphene on SiO;
substrate in ultra-high vacuum reduces to between 40,000 to 60,000 cm?v-1s?,4% 41 which compares
favorably with the best InAs and InSb field-effect transistors.*? The epitaxial graphene (or
chemical vapor deposited (CVD) graphene) on SiC substrate is below 10,000 cm?v-s™t. However,
air exposure and processing contaminations degrade the mobility of graphene. The carrier mobility
of graphene on Si/SiO, under fabrication conditions was around few thousand cm?vs.* Those

values are still larger in comparison with electron mobility in Si (usi e = 1500 cm?vis?).
1.2.2.3 Optical properties

Monolayer graphene absorbs 2.3% of incident light in the visible and near infrared region. This
value is significant for one layer of atoms.3* The absorption of graphene is independent on any
material parameters, depending only on the universal constants.®> 3 For monolayer graphene, this
value is ma, where a is the fine structure constant, h is Planck constant.

_me? 1
*T%n T 137
The absorption of a few graphene layers increases linearly by adding a 2.3 % absorption for

each monolayer. The resonance absorption peaks appear in a few layers of graphene instead of
featureless spectrum of monolayer graphene. This originates from the change of 2D band structure
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of few-layer graphene. Electrons in few-layer graphene have finite masses and are described by

pairs of hyperbolic bands.**
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Figure 1.5: (a) Absorption of n-type graphene, (b) optical transition of graphene from visible to
Terahertz region. Reprinted with permission from T. Low and P. Avouris, ACS Nano 8 (2), 1086
(2014). Copyright (2014) American Chemical Society.

The absorption of graphene with finite doping is presented in Fig. 1.5. There are two optical
transition processes: inter-band and intra-band. The photons with energy smaller than 2Er (Fermi
energy) cannot be absorbed. Free carriers in such finite doped graphene is around 0.001 to 0.01
per atom, or doping concentration of 10* to 10%3 cm™. It can obtain 0.1 per atom for solid
electrolyte gating. However, these values are smaller than that of 1 per atom for noble metal. The
chemical potential of Er smaller than 1 eV (or 1.238 um) are calculated based on doping
concentration.*® Therefore, Pauli-blocking will occur at mid-infrared (Mid-IR) region, and so the
absorption is minimal. This is the challenge in utilizing graphene for Mid-IR application.

Absorption in the visible to near-infrared (near-IR) comes from inter-band process, about 2.3%,3*



while the intra-band process is responsible for absorption in the Mid-IR and Terahertz (THz)

frequency.*®
1.2.3 Graphene-based Photodetectors

In this section, we will discuss the advantages and the disadvantages of graphene for broadband
photodetection. We also give the overview of graphene-based photodetector research.

1.2.3.1 Graphene as a prospective candidate for broadband photodetection
a) Advantages

First, graphene with linear dispersion at near Dirac point and zero bandgap allows tuning of
the photodetection range from the visible to the terahertz.

Second, the extremely high carrier mobility of graphene provides high level of speed response
for detectors.3® 47 So far, the highest reported speed operation for a graphene photodetector is 100
Gbit/s that corresponds to a bandwidth of 76 GHz.*®

Third, graphene photodetectors can work at room temperature as well as being compatible
with CMOS photonics technology.*® The commercial photodetector in mid-infrared based on I11-
V InGaAs or HgCdTe can cover a detection range of up to 10 um, but they require complicated
integration and severe manufacturing costs. Graphene, however, is ultra-low-weight and flexible.>*
%1 1t is suitable for seamless integration in various substrates via a transferring graphene process.
Besides, graphene is now successfully grown on large sheet of copper foil using the physical vapor
deposition (PVD) method, which enables fabricating devices of the industrial scale with lost

costs.
b) Disadvantages

First, the absorption of monolayer graphene is about 2.3% of the incident light. Although
high for only one layer of atoms for any materials, it is still very low for photodetection
applications. 34

Second, the short lifetime of photocarriers, about few picoseconds, allows ultra-fast response
in light detection. However it leads to the rapid recombination of photocarriers.>? The photoactive
area of the detector will be small, typically about 2 um from the metal contacts.

10



Third, high dark current of graphene photodetectors is due to the gapless nature of graphene,
which leads directly to high shot noise and therefore produces high noise floor. In the other words,

all of them result in low sensitivity of the graphene detector.
1.2.3.2 Progress on graphene photodetector research

Metal-graphene-metal photodetectors in which photocurrent is generated at the interface of
metal and graphene were the first class of photodetectors. Their responsivity was below 1 mA/W.53
There are significant efforts on developing graphene-based photodetectors to overcome the

extremely low responsivity. Here, we discuss several prospective strategies.
1.2.3.2.1 Graphene detectors based on plasmons or field concentration

The integration of graphene and plasmonic nanostructures or micro cavities can enhance the
absorption to more than 60% of incident light, thereby increasing the responsivity by up to tens of
mA/W.>* There are several approaches such as integration into optical microcavity, optical
waveguide® and field enhancement by plasmonics. Here, field enhancement can come from metal
nanostructures on graphene® or from graphene nanoribbons* where the intrinsic collective charge
oscillations of electrons occur. The enhancement of responsivity has been achieved. By designing
the geometry of nanostructures to resonate at certain wavelengths, the plasmonic enhanced
graphene photodetectors are utilized for selective wavelength amplification that allows light

filtering and detection. However, this also limits broadband detection range.
1.2.3.2.2 Hybrid graphene — semiconductor nanomaterials photodetectors

In this platform, photoconductive gain has been employed to enhance the responsivity through
constructing hybrid graphene-colloidal quantum dots (CQD). Typically, the colloidal quantum
dots (Si, PbS, PbSe, ...) are integrated with a graphene phototransistor. The quantum dots (QDs)
are light absorbers while graphene serves as a high-speed carrier transport channel. Under
illumination, electron-hole pairs are generated at the interface of graphene and the QDs. One type
of carrier, for example electrons, is trapped at interface of the graphene-QD with long lifetime
ranging from the millisecond to the second scale. Under the applied bias between source and drain,
holes are recirculated because of the fast transit time in the graphene channel. Thus, a single
electron-hole pair generated in the QDs will create multiple holes in the graphene channel. This
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phenomenon called photoconductive gain enhances the responsivity up to 10° A/W for Si-CQDs,*’
and 108 A/W for PbS QDs.*®

However, this technique is characterized by three problems. First, the long lifetime of electrons
in the trap centers causes a slow response time on the second scale. Second, the absorption happens
in the quantum dots. This relates to the large bandgap of quantum dots, and results in a reduction
of photodetection range. Third, the dark current is still high.

Therefore, the hybrid graphene-QDs holds potential for visible and short-wavelength infrared
applications. It allows detection at very low illumination intensity. It also can be applied for single-
photon detection that requires an ultra-high gain.

1.2.3.2.3 Integration of graphene and transitional metal dichalcogenides photodetectors

Transition metal dichalcogenides (TMDs) are mechanically flexible and permit easy
processing. The optoelectronic properties of TMDs depend on the thickness, or the number of
layers. The bandgap of TMDs can be tuned by changing the number of layers, which allows
detection in different wavelength regions. The integration of TMDs and graphene in heterogeneous
stacks and hybrid devices is a promising approach.

In the hybrid devices, the combination of TMDs, such as MoS, and graphene, was
demonstrated in which TMDs provide visible light absorption and charge trapping.>® % The
detector response was up to 1 Hz, owing to the trap lifetime of 1 s. The responsivity in the visible

region at room temperature is 108 A/W.%°

In the heterogeneous-structure devices, the TMDs serve as photoactive materials, which are
capsulated by two layers of graphene. Graphene is utilized as work-function tunable electrodes.
Electron-hole pairs are generated in TMDs, and separated between two graphene layers, thus
photocurrent is produced. TMDs are h-BN, MoS, and WS,. The photo-responsivity increased to
around 0.1 A/W.®1 52 This heterogeneous structure also addressed the small photoactive area issue.

1.2.4 Key figures-of-merits for photodetectors

Various figures-of-merits used to characterize the performance of infrared detectors were
written in numerous texts and journals such as The Infrared Handbook® by Wolfe and Zissis,

Fundamentals of Infrared Detector Operation and Testing® by Vincent, and Fundamentals of
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Photonics® by Saleh. We focus on these figures-of-merits used for testing our graphene-based

photodetectors as follow.
1.2.4.1 Quantum efficiency

The quantum efficiency n of a photodetector is the probability that a single photon incident
onto the detector will generate an electron-hole pair contributing to the photocurrent of detector.
Not all incident photons produce photocarrier pairs to contribute to the photocurrent. This is

because

- Some electron-hole pairs created near the surface of photodetectors recombine due to
numerous recombination centers at the surface.
- Some photons are reflected at the surface of detectors

- Some fail to be absorbed in the active area due to depth of materials on the photodetector.

The quantum efficiency can be expressed as:
n==56(1- r)(l — e‘“d)

where the first factor 6 is the fraction of electron-hole pairs that avoid the recombination at the
surface and contribute to the detector current. The second factor is the effect of reflection at the
surface with r is the optical power reflectance. The third factor is the fraction of the photon flux
absorbed in the materials of detector. The coefficient a is absorption coefficient of materials and
the photodetector depth is d. The quantum efficiency defined above is called the external quantum
efficiency (EQE).

Typically, there are two types of quantum efficiency. The second is internal quantum efficiency
(IQE). IQE is the ratio of the number of charge carriers generated by the photodetector to the
number of photons of a given energy that illuminate the photodetector from outside and are

absorbed by the photodetector. Thus, IQE is equal to EQE divided by the absorption coefficient a.
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Figure 1.6: Quantum efficiency of different detectors.®®
1.2.4.2 Responsivity

Responsivity R, one of most important parameters for photo-detecting devices, is defined as
the ratio of generated photocurrent to the optical power incident to the detectors. Responsivity can
be expressed by

Iph _ light = ldark

R =
P P

Where, liight and ldark is the current from photodetectors with and without illumination. P, =

% ¢ is the irradiation optical power at the wavelength A with ¢ photon flux (photons per second).

lon is the photocurrent. If each photon can generate one electron-hole pair in photodetector, the
photocurrent is lph = q¢ with charge g. However, the external quantum efficiency of the detector
is 1, so the photocurrent is Ipn = nqé. The relation between responsivity and external quantum

efficiency is

I A
R=th_M_ 9
P, hf 'hc
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1.2.4.3 Response time

The response time exhibits the response speed of the photodetector to the incident radiation
signal. It includes the rise-time and the recovery time. The former is the time required to from 10%
to 90% of the net photocurrent, and the latter is the time required to fall from 90% to 10% of the
net photocurrent.

1.2.4.4 Photoconductive Gain

Photoconductive gain is the generation of multiple charge carriers per one incident photon,
which is important to obtain a high responsivity photodetector. For graphene photodetectors, one
photogenerated electron or hole can circulate many times in the graphene channel because of the
long carrier lifetime (Tiire) at the interface of graphene and absorber material, and the short drift
transit time (Twansit) Of carrier through the graphene channel. Transit time depends on applied bias
voltage (Vbias), carrier mobility p in the graphene channel of length L. Photoconductive gain can
be expressed as

G = Tite ~— Tire  MTire

= = = Vi
Ttransit L LZ s
2 Vbias

The gain can also define the average number of electrons or holes in a circuit per electron-hole
pair. The photocurrent lpn = nqdpG. The relation between responsivity and gain is thus

b _ 196 _ )
P, hf hc

1.2.4.5 Noise equivalent power
Noise equivalent power (NEP) is defined as the signal power that gives a signal-to-noise ratio
of one in a one hertz output electrical bandwidth. The unit of NEP is given in watts per square root

of hertz (W/\Hz). The NEP expresses the sensitivity of the photodetector; in the other words, the
weakest optical signal can be detected by photodetectors. NEP is given by

Pin _ Inoise

" R

NEP =

=l



where Pi, is the incident power when signal-to-noise ratio is 1, B is the electrical bandwidth of 1
Hz, and inoise IS the device noise current. NEP have been examined by considering the 1/f noise,

shot noise and thermal noise.

The noise current density of 1/f noise is calculated by analyzing the noise in the dark current
waveform for the photodetector. The dark current waveform was acquired by a current

preamplifier with a sampling rate of 1 Hz. The noise current S;(1/f) of 1/f noise is given by

VAIO?)

1
JEN

where I(f) denotes the discrete Fourier transform of the dark current waveform I(t), Fs is the

S(1/) =

sampling rate, and N is the number of data points.®’

The shot noise is estimated as
SI(ShOt) =W 29l gark
where q is the elemental charge, and lgar is the dark current of the device.®’
The thermal noise is calculated by using Nyquist’s equation,

Si(thermal) = /4kgT/R

where kg is Boltzmann’s constant, T is the temperature, and R is the differential resistance of

the device in the dark. The units of S are A Hz /2,

Therefore, the NEP value is achieved by formula

NEP — P lnoise \/ Si(shot)2 + S;(thermal)2 + S;(1/f)2
VB R R

1.2.4.6 Specific detectivity

Specific detectivity (D*) is equal to the reciprocal of noise-equivalent power (NEP),

representing the sensitivity of capturing weak signal.

D* = VA
" NEP
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where, A is the effective area of the photodetector. D* is commonly expressed in Jones units (cm
\VHz / W). It is used to compare the same type photodetector having different effective areas. The
specific detectivity curves for commercial photodetectors in the near IR up to THz regime are

presented in Fig. 1.7.
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Figure 1.7: Specific detectivity, D*, of commercial photodetectors in the near-IR to THz regio
Reprinted from Prog. Quantum Electron. 36, Rogalski, “Progress in focal plane array technology
pp. 342-473, Copyright 2012, with permission from Elsevier.

1.2.4.7 Linear dynamic range

. . . . I .
The linear dynamics range is defined as LDR = 20 log (1 ph ) , Where I3, is the photocurrent
dark

under illumination intensity of 1 mW cm and lgar is the dark current. In practice, it is desirable

to have a large LDR for a photodetector capable of detecting both weak and strong light.
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Chapter 2

Fabrication and Experiments

This chapter describes the sample preparation, the experimental methods and setups applied
to realize the coherent light sources from Er-doped GaN epilayer and multiple quantum well
structures. There are two main measurement techniques including photoluminescence and optical
gain. This chapter also provides the main fabrication processes in the Virginia Tech cleanroom,

and characterization tools for graphene-based photodetectors.

2.1 Sample preparation:

Our Er doped GaN epilayer and multiple quantum well samples were prepared by the group of
professors H. X. Jiang and J. Y. Lin in the Texas Tech University. The fabrication process is
described in detail as below.

2.1.1 MOCVD Growth of Er doped multiple GaN quantum wells

For the growth of Er doped GaN/AIN multiple quantum wells (MQWs:Er), the aluminum
source was trimethylaluminum (TMA), the gallium source was trimethylgallium (TMGa), and the
nitrogen source was ammonia (NHs). Tris(isopropylcyclopentadienyl)erbium (TRIPEr) was used
for the in-situ Er doping. The precursors for Ga and Er were held in stainless steel bubblers at 3
°C and 60 °C, respectively, and were carried into the reactor by H: gas. The growth started with a
thin (30 nm) AIN buffer layer (buffer 1) grown at 950 °C and 30 mbar, followed by a second 100
nm AIN buffer layer (buffer 2) at 1100 °C grown at 30 mbar, and a 1.0 um AIN template grown at
1325 °C and 30 mbar. It was then followed by the growth of the MQWs:Er structure of Er doped
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GaN quantum wells and undoped AIN barrier layers. The growth temperature and pressure were

1000 °C and 30 mbar. Figure 2.1 shows the temperature profile of the complete growth process.

In order to evaluate the structural characteristics of the MQWSs:Er, we have performed X-ray
020 diffraction measurements for these samples. The measurements provide information about
the interfaces between the wells and barriers. The measurements have been done for a set of
MQWs:Er samples with a fixed barrier thickness, Ls = 10 nm, and varying quantum well width,
Low, (0.6, 1.0, 1.5, 2.8, 4.0, 5.3, 6.6 nm).® Here we present the data with the same quantum well
thickness of 1.5 nm, and different AIN barrier widths (1, 3, 6, 8 nm).

The peaks at 26 = 36.02° in Fig. 2.2 come from the (0002) plane of the underlying undoped
AIN and the satellite peaks originate from the Er doped GaN/AIN MQWs. The diffraction peaks
having many well-defined satellite peaks in the X-ray diffraction spectra of MQW:s indicate that
the interfaces between wells and barriers are abrupt.® As seen in Fig. 2.2, Er doped GaN/AIN
MQWs with different barrier thicknesses exhibited several intense satellite peaks, confirming that
the interfaces between quantum wells and barriers are smooth. The MQWs:Er samples with barrier
widths thicker than 1 nm show large numbers of intense satellite peaks, indicating that these

samples possess high interfacial qualities.58 69 7

12004 1

800 A
1/ Anealing (1150 °C)

2/ Growing AIN bufer 1 (950 °C)

3/ Growing AIN bufer 2 (1100 °C)
4001 4/ Growing AIN template (1325 °C)
5/ Growing MQWs (1000 °C)

Temperature (°C)

0 2500 5000 7500 10000
Time (S)

Figure 2.1: The growth temperature sequence of MQWs:Er samples.?
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Figure 2.2: X-ray 6-20 diffraction measurement of Er doped GaN/AIN MQWs with different AIN
barrier thicknesses (1, 3, 6 and 8 nm) and fixed GaN well width of 1.5 nm.%

2.1.2 MOCVD Growth of Er doped GaN epilayer

The Er-doped GaN materials were grown on a (0001) c-plane sapphire substrate in a horizontal
reactor MOCVD system.!® ™ 72 Prior to the growth of the GaN:Er epilayer, a 20-nm low-
temperature GaN layer as a buffer, and a 1.2-um undoped GaN epilayer were first grown on the
sapphire substrate. This was then followed by the growth of the GaN:Er epilayer of 0.5 um
thickness. The temperature for the growth process of Er-doped GaN epilayers was set at 1040 °C.
An optimum Er concentration was about ~2 x 10 cm™ to ~ 10%* cm™ to obtain the strongest
photoluminescence (PL) intensity. A high degree of crystallinity without a second phase formation
in the GaN:Er layers has been confirmed by X-ray diffraction measurements.”® The band gap
energy of GaN:Er epilayers is about 3.4 eV at room temperature. A detailed description of the
growth process and epilayer structure has been reported previously®® 1. 72 74,75,
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2.2 Photoluminescence

Photoluminescence, referred to as PL, is the spontaneous emission of light from matter after
the absorption of photons with sufficient energy. When such photons come onto the samples, the
photo-excitation process can occur. In this process, photons excite the electrons from the ground
state to the excited states. After that, these electrons will release energy or radiate photons to return
to the lower energy levels. It is a non-contact, nondestructive method. The PL spectrum, the
dependence of PL intensity as a function of excited power of light and of temperature on the
samples, give important information to investigate impurity levels, transition energy, and radiative

and non-radiative recombination mechanisms.

The PL spectra were conducted using a high-resolution Horiba iHR550 spectroscopy with a
900 grooves/mm grating blazed at 1500 nm and detected by the high sensitivity liquid nitrogen
InGaAs DSS-IGA detector. The resolution of the PL spectrum is 0.1 nm. Power-dependent and
temperature-dependent PL measurements were carried out in a closed-cycle optical Janis cryostat
providing a temperature from 10 K to 300 K. The excitation modulation was achieved by a pinhole
and chopping the laser beam at 41 Hz. The resonant excitation PL spectra were obtained using a
tunable wavelength Ti:sapphire laser at 836 nm (1.483 eV) with a repetition rate of 80 MHz to
excite the electrons from ground state “lg/» to the excited state *Fs. The band-to-band excitation
PL spectra used an Argon laser operating at 351.1 nm (3.531 eV) for GaN:Er samples. The lifetime
measurements were conducted using a Tektronix MD04104C mixed domain oscilloscope in

combination with InGaAs detector.
2.3 Optical gain determination

A variable stripe length (VSL) technique was proposed by Kerry L. Shaklee and coworkers
from Bell Telephone Laboratories in 1971. A specimen of semiconductor was excited by a laser
beam focused, using a cylindrical lens, into a narrow stripe. The length of this pumped “line” is
varied. Light-out is measured as a function of the stripe length |. This experimental technique,
called the “variable stripe length (VSL) method”, rapidly became popular and contributed
significantly to the development of a family of semiconductor lasing compounds. Shaklee et al.
demonstrated high optical gain in GaN. The VSL method is a very popular tool to determine the
optical gain in thin film active devices. The advantage of this method is that samples suitable for

measurements can be transparent, opaque, solid or even liquid and need not have been prepared in
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special shapes. There are two experiments including edge-emission measurement and gain

measurement.
2.3.1 Edge-emission measurements

The pump laser was magnified and then focused onto the top surface of samples using a
cylindrical lens with f = 7.5 cm. Only the central part of the laterally unfocused laser spot was used
to excite the sample so that the pump fluence was uniform across the entire excited area, as shown
Fig. 2.3. The excitation area was measured to be a long stripe of 8.0 £ 0.3 um width exciting the
entire sample length of 1000 = 0.5 um. We used a two-dimensional linear stage to scan our UV
photodetector at the focal position of the laser to verify that within experimental conditions the
laser pump fluence on the sample surface was constant and independent of the length. No influence
of diffraction effects on the uniformity of the pump laser was detected. An aperture was used to
ensure that none of the light which may have passed out of the excited volume before reaching the
edge of the sample, was detected. The edge-emission was collected using a set of two lenses f =
10 cm and f = 24 cm with a diameter of 5 cm and focused onto the entrance slit of the high
resolution spectrometer through a long-pass filter blocking all background light with wavelength
shorter than 950 nm. All the edge-emission measurements were done at room-temperature. The

photon fluence on the sample was varied from 0.05 to 500 mJ cm.

2.3.2 Gain measurements

Adjustable shield

Pump beam

Figure 2.3: Experiment set-up of a variable stripe length (VSL) technique.

Net optical gain of the sample was measured using the variable excitation length method. In
the same edge-emission measurement configuration, a mobile blade was mounted on an ultra-
precise linear translation stage (relative accuracy of 80 nm). The edge-emission was collected and

focused onto the entrance slit of the spectrometer as described. The measured gain coefficients
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show a fluctuation of within 5% for different distances between the sample’s top surface and the

mobile blade, suggesting that diffraction effects can be safely disregarded.
2.4 Fabrication of the graphene photodetectors

The graphene-based photodetectors were fabricated in the Virginia Tech cleanroom.
Fabrication processes are discussed below.

2.4.1 Making metal contacts

Metal contacts have been fabricated using the photolithography process. The negative
photoresist, AZ nLOF 2020, was spin-coated on the Si/SiO, wafer at 500 rpm in 10 s, and then
3000 rpm in 30 s. The thickness of photoresist was 2 um. The wafer was soft-baked on a hot-plate
at 110 °C for 1.5 min. The wafer was exposed by using a Suss Mask Aligner MA6 combined with
a photomask. Some photomasks are shown in Fig. 2.4. The parameters for photolithography were
used for this step including mode of hard-contact, gap of 110 um, wait time of 4 s, exposed time
of 4 s, and g-line of 435 nm (CH2). The exposed does of 75 mJ/cm?was employed. Next, the wafer
was hard-baked on the hot-plate at 110 °C for 2 min. The development process requires 1.5 min,
after which the wafer was cleaned in deionized (DI) water immediately. The AZ 300 MIF
developer is recommended for the AZ nLOF 2020 photoresist.
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Figure 2.4: Example of the photomasks of metal contacts for fabricating the graphene-based
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The metal contacts were deposited on the wafer after the development process. We used e-
beam evaporation (Kurt J. Lesker PRO Line PVD 250). In comparison to the sputtering method,
the side walls of the undercut resist profile are not coated during depositing the metal film, thereby
facilitating lift-off. Metal films of 10-nm Cr and 80-nm Au were deposited. The deposition rate of
the film was controlled to make sure that the temperature on the substrate was below 35 °C.
Typically, the deposition speed of the Cr layer and the Au layer is 0.5 A /s and 1 A /s, respectively.
The wafer was then dipped in acetone after 12 hours to lift-off the photoresist. The wafer was
cleaned before transferring graphene as described in the next section. The steps of making metal

contacts are presented in Fig. 2.5.

300 nm SiO,

p-type Si
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Spin-coating ¥

Negative Photoresist . —\
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Exposing UV light 4 e i
(MAG6 mask aligner) I i i i l l v i i Nl
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—
$
$

Developing Photoresist

Depositing Cr/Au
$ Source or Drain

Lifting off Photoresist
o | p-type Si Cr/Au contacts

Figure 2.5: Hlustration of the steps of making metal contacts using negative photoresist.

2.4.2 Cleaning the wafer

After fabricating the metal contacts on the 6-inch Si/SiO, wafer, the wafer was cut into chips

with the size of 1x1 cm? with metal contacts. These chips needed to be cleaned. This is an important
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step to eliminate the residual of photoresist on Si/SiO> chips. First, the chips were sonicated in
acetone for 20 min, then in isopropyl alcohol (IPA) for 20 min. They were then immersed in
deionized water for 5 min before drying with nitrogen gas. Finally, oxygen-plasma treatment was
employed to etch the rest of photoresist residual using a Samco RIE-10 NR system, under the

power of 30 W, a gas flow rate of 10 sccm oxygen, and a pressure of 30 mTorr.
2.4.3 Transferring graphene

Monolayer graphene on copper foil from Graphenea Inc. was transferred onto Si/SiO> chips
with metal contacts. In order to transfer graphene, the Poly(methyl methacrylate) (PMMA,
MicroChem 450 A4 — (4.5% in anisole) - 450,000 molecular weight) solution was used. PMMA
was spin-coated on the graphene film at 500 rpm for 5 s, then at 2500 rpm for 45 s.
PMMA/Graphene/Cu film was dried in the air for 30 min, and then in a vacuum chamber for 1
hour at the pressure of 30 mTorr. The sample was then annealed at 50 °C for 2 min. The graphene
on the other side of Cu foil without PMMA covering was etched by oxygen plasma under the

power of 30 W, a gas flow rate of 10 sccm oxygen gas follow and a pressure of 30 mTorr for 1

min.
CVD graphene on Cu foil Step 1: spin-coating PMMA Step 2: etching Cu foil
PMMA PMMA
Graphene ‘ Graphene Graphene
Step 3: transferring graphene Step 4: removing PMMA

PMMA
Graphene PMMA

. . ==) Graphene =) Graphene
Si0,/Si v Si0,/Si Si0,/Si

Figure 2.6: Illustration of steps of transferring graphene on Si/SiO- chip.

To remove the Cu foil, the sample was put in 0.1 M ammonium persulfate [(NH4)2S20s,
Sigma—Aldrich, >98%] aqueous solution for 1.5 h at 30 °C. The graphene/PMMA was rinsed two



times in DI water for 5 min. The cleaned Si/SiO2 chip was scooped out of the graphene film. This
sample was dried in air for about 4 h, then placed in vacuum for 12 h. Figure 2.6 presents the

transferring of graphene from copper foil to Si/SiO; chip.
2.4.4 Removing PMMA

The PMMA/Graphene on the Si/SiO2 chip was baked on a hot plate at 85 °C for 5 min, then
140 °C for 15 min to promote a good adhesion. Then, it was placed in warm acetone at 55 °C for

1 h, followed by cleaning with IPA for 30 min and drying.

2.4.5 Patterning the graphene

n-type Si

i

Spin-coating _
Positive Photoresist Photoresist

Photomask
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Developing Photoresist

Plasma etching graphene -
-0
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by acetone/IPA

Figure 2.7: Illustration of the steps of patterning graphene on the Si/SiO2 chip using positive
photoresist and oxygen plasma etching.

Positive photoresist Shipley 1813 was spin-coated on the chip with graphene at 500 rpm for 5
seconds, then 3000 rpm for 30 s. It was then baked on a hotplate at 100 °C for 60 s. Graphene
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patterns were fabricated by using the Suss Mask Aligner MA6. The parameters for this
photolithography step were soft contact, gap of 30 um, waiting time of 4 s for UV lamp to stablize,
exposed time of 8 s and g-line of 435 nm (CH2). The exposure time is the important parameter.
Shipley needs an exposure dose of 115 mJ/cm? for the photoresist film of 2-um thickness. The
exposed time can be calculated by dividing the exposed dose to power density of the Suss Mask
Aligner MAG6 lamp. Chips were developed in the MIF 319 developer to produce patterns of
graphene on photoresist layer for 60 s, then immediately cleaned in DI water before drying by
nitrogen gas. Oxygen plasma was employed to etch graphene by using the Samco RIE-10 NR
system under the power of 30 W, the oxygen gas flow rate of 10 sccm and pressure of 30 mTorr.
The etching time depends on the detail of each process. Typically, it could vary from 7 to 45 s.
The graphene patterns will be obtained after cleaning in acetone for less than 10 minutes and IPA
for 5 min, and then drying under nitrogen gas. The patterning process is demonstrated in Fig. 2.7.

2.4.6 Growing the absorber layers

To evaporate light absorbing layers on graphene, The PVD 250 has been used for several
materials including Si, Ge, Ta20s, Ti2Os and Al.Os. The deposition rate is 0.1 A s under the

pressure of 4 x 10 Torr. The thickness of absorber layer is typically 5 nm.
2.4.7 Characterization of graphene photodetectors

The electrical characteristics were examined by two Keithley 2400 source-meter units. The
first unit, a Keithley 2400, is used to control the back-gate voltage, Vec. The second unit, a
Keithley 2450, is used to set a constant voltage between the source and the drain, Vsp, and to
measure the drain current, Ips. A schematic diagram is shown in Figure 2.8. Several light sources
have been employed in the experiments. In the UV-to-NIR region, a diode-pumped laser operating
at 532 nm (Coherent Verdi-V2), a UV-VIS broadband light source (Edmund, #87-300), and a fiber
laser lasing at 1.53 um have been used. For MIR experiments, a CO> laser operating at 10.6 um
and quantum cascade lasers at 4.55 um have been used. A half-wave plate and a polarizing beam-
splitter are used to control laser beam power. To control the power of incoherent light sources
neutral density filters are employed. A diaphragm with a 5-mm diameter was used to form the light
source, with a uniform intensity distribution. The light sources covered the entire graphene FET

photodetector. By knowing the active size as well as illumination power, the power of the light
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incident upon the photodetectors could be estimated. The optical set-up is presented as the figure

2.9.

Source

300 nm SiO,
Back-gate p-type Si

Amplifier

Figure 2.8: A schematic for electrical measurements. A voltage of 0.5 V was applied between
Source and Drain contacts (VSD). The back-gate voltage (VBG) was varied from -30 to 30 V. The

photocurrent can be collected with a lock-in amplifier, an oscilloscope, or Keithley 2450.
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Figure 2.9: Optical setup for ultra-fast photo-response measurements. The system consists of an
Acousto-optic modulator (AOM), a half-wave plate, a polarizer beam splitter, and lenses. The

sample is put in a black box to prevent random light from ambient.
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Chapter 3

Photoluminescence quantum efficiency of Er optical

centers in GaN epilayers

This chapter was adapted with only minor changes from the manuscript:
V. X. Ho, et al. Photoluminescence quantum efficiency of Er optical centers in GaN epilayers.
Scientific Reports, 7, 39997 (2017).

We report the quantum efficiency of photoluminescence processes of Er optical centers as well
as the thermal quenching mechanism in GaN epilayers prepared by metal-organic chemical vapor
deposition. High resolution infrared spectroscopy and temperature dependence measurements of
photoluminescence intensity from Er ions in GaN under resonant excitation excitations were
performed. Data provide a picture of the thermal quenching processes and activation energy levels.
By comparing the photoluminescence from Er ions in the epilayer with a reference sample of Er-
doped SiO», we find that the fraction of Er ions that emit photons at 1.54 um upon a resonant
optical excitation is approximately 68%. This result presents a significant step in the realization

of GaN:Er epilayers as an optical gain medium at 1.54 pm.
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3.1 Introduction

The incorporation of rare earth elements into wide bandgap semiconductors is of significant
interest for optoelectronic device applications, because of their temperature independent, atomic-
like and stable emission together with the possibility of optical or electrical excitation’® . Much
of the research has focused on the element Er with the emission from the first excited state (*l13s)
to the ground state (*l1s2) at 1.54 pm, the minimum loss window of silica fibers for optical
communications and lying in the eye-safe wavelength region.> 16 78 7%.80 GaN with the direct
bandgap semiconductor appears to be an excellent host material for Er ions, not only due to their
structural and thermal stability’> 882 put also to the recent advancements in growth techniques of
high-quality crystals of both n- and p-type.”” While light emitting diodes based on GaN:Er have
been demonstrated’, the realization of GaN:Er materials for optical amplification is still under
investigation. For this reason, it is necessary to determine important factors which influence the
optical performance of Er embedded in GaN. The information would provide us with the direction
to optimize the optical properties of GaN:Er material.

Several important factors that determine the optical gain in GaN:Er need to be unraveled
including the fraction of Er ions that contribute to light emission, and the number of optical centers
as well as the energy transfer between the GaN host and Er ions. Previous work has revealed that
a number of Er optical centers as well as a variety of energy transfer routes take place in GaN.%
8 The existence of various Er optical centers depends on preparation methods, such as ion
implantation,®> 8 metal-organic chemical vapor deposition (MOCVD)*® and molecular beam
epitaxy (MBE),®” as well as growth and annealing conditions.® A single type of Er optical center
was reported in GaN epilayers grown by MOCVD method.®8 8 The absorption and emission
studies together with the crystal field calculation provided an understanding of energy transfer
mechanism to Er ions and the Er related luminescence process.®® Non-radiative recombination
channels were also investigated to understand photoluminescence (PL) quenching.®* The Er-
related trap centers with energy levels in the GaN bandgap act not only as active centers for bound
excitons transferring their energy to 4f electrons of Er®* ions, but also as PL quenching centers.’?
92,93 These previous studies provided important insights for the improvement of Er emission in
material engineering towards optimizing the energy transfer between the GaN host and Er ions. In
our previous report, isolated Er and defect-related Er optical centers have been identified through
high-resolution infrared PL spectroscopy.” Understanding the optical excitation mechanisms,
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optical activity of Er®* infrared luminescence and quenching channels is essential to enhance the
emission efficiency of GaN:Er.

We present in this work a careful analysis of Er luminescence in GaN epilayers by comparing
the PL intensity from our GaN:Er epilayers to a well-characterized standard reference sample of
SiO:Er. The SiO2:Er system has been used as an optical gain medium for solid-state lasers at 1.54
um.*® % The Er ions embedded in the defect free, insulating host matrix, SiO> reference sample,
has an internal quantum efficiency (IQE) over 98%. Since basically all the Er ions in the SiO>
matrix participate in photon emission, the reference sample can be employed as a benchmark to
determine the optical activity of Er in other matrices. A low thermal quenching of 20% from 10 K
to room temperature from the isolated Er optical centers in GaN epilayer at the 1.54 pum emission
has been demonstrated. Employing a high-resolution spectroscopy and temperature dependent
measurements of PL intensity under resonant excitation provides an estimate of the quantum
efficiency of PL process of Er optical centers as well as the thermal quenching mechanisms in

GaN epilayers grown using the MOCVD technique.
3.2 Experimental details

The high-resolution PL spectra were conducted using a Horiba iHR550 spectrometer equipped
with a 900 grooves/mm grating blazed at 1500 nm and detected by a high sensitivity liquid nitrogen
InGaAs DSS-IGA detector. The resolution of PL spectrum is 0.05 nm. The PL experiments were
carried out in a variable temperature closed-cycle optical cryostat (Janis) providing a temperature
range from 10 K to 300 K. Both resonant excitation and the non-resonant excitation were employed
to investigate the optical properties of Er in GaN epilayers.” The resonant excitation PL spectra
from *l1s, — *lo Of Er¥* in GaN were obtained using a tunable wavelength Ti:Sapphire laser
around 809 nm (1.533 eV) with a repetition rate of 80 MHz.” A detail description of the growth
process and Er-doped GaN epilayer structure has been reported previously®® ™% 727475 a5 well as
in Chapter 2.

3.3 Results and discussion

We will discuss the emission mechanism of epilayer GaN:Er sample as well as estimate the
qguantum efficiency of PL process of Er-related optically active centers by using a high-resolution

spectroscopy and temperature dependent measurements of PL intensity under resonant excitation .
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3.3.1 Resonant and non-resonant excitation methods

The influence of Er®* site on the PL emission can be determined from optical excitation
mechanisms. We have reported direct evidence of two mechanisms responsible for the excitation
of optically active Er** ions in GaN epilayers grown by MOCVD in our previous work.”* Under
resonance excitation via the higher-lying inner 4f shell transitions and non-resonant (band-to-band)
excitation of the GaN host, the high resolution PL spectra at 10 K reveal an existence of two types
of Er optical centers including the isolated and the defect-related Er optical centers in GaN
epilayers.” For the first case, the isolated Er optical centers occupying Ga substitutional sites were
observed under both the resonant (*l1s;2 — *lo12) excitation and the band-to-band excitation. Er ions
in substitutional sites are considered as an isoelectronic impurity center.®® The center, with no net
charge in the local bonding region, can be excited by resonant and band-to-band excitation. Under
the band-to-band excitation, a hole or an electron can be localized at the isolated center by a local
core potential; subsequently, the secondary particle can be captured by the Coulomb field of the
first particle. The recombination of the two particles will transfer their energy to the Er ion. For
the second case, the defect-related Er optical center can only be observed through the band-to-
band excitation of the host involving a trapped (bound) exciton. The observation has been
confirmed with a photoluminescence excitation measurement.”* The excitation mechanism for the
defect-related Er centers is believed to be related to intrinsic defects, impurities or defect-impurity
complexes near the Er optical center. These defects capture excitons and subsequently transfer
non-radiatively their energy to nearby Er ions. The efficiency of this process is high, but the
requirement of bound excitons for excitation opens up non-radiative recombination channels for
the luminescence process. At room temperature, we do not observe PL emission from the defect-
related Er optical centers. For optoelectronic applications of the GaN:Er epilayers, this work
focuses on the optical characterization of the isolated Er optical centers under the resonant

excitation.
3.3.2 Photoluminescence spectra

To determine the crystal field splitting of the first excited state (*11312) of the isolated Er optical
centers, the high-resolution spectra as well as the temperature dependence of the PL spectra, have
been investigated under resonant excitation (Fig. 1). At low temperatures, the spectrum of the

isolated Er optical center consists of a set of narrow and intense PL lines (L center): L1, Lo, L3, L4,
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Ls, Le and L7 at energies of 809.88, 809.28, 807.80, 806.85, 806.32, 803.62, 802.91 meV,
respectively. At higher temperatures, other PL lines, labeled hotlines Lﬁ‘,z, L LY L appear at ~
821.5, 819.6, 819.2 and 816.5 meV, respectively (Fig. 1). The PL intensity of PL lines L3, L7, are
weak at low temperature and we cannot resolve the PL of hotlines LY, LY at higher temperature.
These hotlines are displaced by about 12.6 meV. At high temperature, the intensities of the hotlines
rapidly increase with increasing temperature while the intensities of the main PL lines decrease.

We note that due to the temperature broadening at high temperature the PL from Ly, L2 lines merge

into one PL line, thus we cannot resolve the PL hotlines L}, L.
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Figure 3.1: The PL spectra at 10 K and 100 K of the GaN:Er epilayer at 1.54 um within the *l13
— 411512 transition under the resonant excitation (*lis2 — *lar2) excitation using a Ti:sapphire

laser (Aexc = 809 Nm). At low temperature, the spectrum of the isolated Er optical center consists
of a set of narrow and intense PL lines (L to L7). At higher temperatures, hotlines, L% ,, L, L%,

L" appear and are displaced by about 12.6 meV. The intensities of hotlines rapidly increase with

increasing temperature while the intensities of the main PL lines decrease.

3.3.3 Non-radiative transfer energy process

In order to determine the non-radiative transfer energy between Er®* ions and GaN host, we
have measured the integrated PL intensity at the 1.54 pum emission as a function of temperature
(Fig. 3.2). The integrated PL intensity measurements for the whole 1.54 pm band under the
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resonant excitation (A = 809 nm) indicate a low thermal quenching of 20% from 10 K to room

temperature from Er3* ions in our GaN:Er epilayer (Fig. 3.2, inset).
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Figure 3.2: The temperature dependence of PL intensity measured under the resonant excitation
(Jexc = 809 nm) indicates a low thermal quenching from Er3* ions in our GaN:Er epilayer. The
plot illustrates the (lo/I-1) vs. T behavior that was used to guide the Arrhenius fitting in which |
is the integrated PL intensity at the temperature of T, lo is the integrated PL intensity at 10 K.
Activation energies of 13 and 118 meV have been determined. (inset) The integrated PL intensity
measurements at 1.54 um band show a thermal quenching of 20% from 10 K to room temperature
from isolated Er optical centers.

These measurements determine the non-radiative recombination channels causing the thermal
quenching of PL emission from isolated Er optical centers. In this model, the observed PL intensity
for main PL lines of isolated centers should follow the Arrhenius equation:

1(T) = o ] (1)

E E
1+C1exp<—$)+czexp<—ﬁ

where I(T) is the integrated PL intensity at the temperature of T, lo is the integrated PL intensity
at 10 K, Eaz1 and Eaz are the activation energies of the thermal quenching processes, C: and C; are
fitting constants related to the density of non-radiative recombination centers in the sample, and

ks is Boltzmann’s constant.
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As shown in the Fig. 3.2, the solid line presents the best fit to the integrated PL intensity using
Eqg.1. The activation energy values derived from the fitting are Ea1 = 13 and Ea> = 118 meV.
Obviously, the replications of PL lines at higher temperature originate from the transition of the
second-lying crystal field split level of the first (*l132) excited state to the sublevels of (*lisp)
ground state. When temperature increases, electrons from the lowest level of the first excited state
gain energy and populate at the second-lying crystal field split level. Thus, the intensity of the
main PL lines decreases, and the intensity of hotlines increases with temperature. These hot lines

are displaced by 12.6 meV, which is nearly equal to the activation energy of 13 meV.

3.3.4 Physical mechanism of non-radiative transfer energy process
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Figure 3.3: The Stark sub-energy level diagram of the excited and ground states of the isolated
Er optical center and a deep defect level which are responsible for the luminescence thermal

quenching process of Er®* ions.

An energy level diagram for the luminescence of isolated Er optical centers is illustrated in Fig.
3.3. A local density functional study®® of the Er doped GaN system showed that Er-related defect
complexes with different local environments have different electronic properties for Er optical
centers. For the 1.54 um emission, deep defect levels associated with Er optical centers are

expected to act as carrier traps. A hole or an electron can be localized at the deep level by a local
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core potential; subsequently, the secondary particle can be captured by the Coulomb field of the
first particle. The recombination of the two particles will transfer their energy to the Er ion. The
reverse of this process, an energy ‘‘back transfer,’’ is believed to be responsible for the decrease
of PL intensity in these systems at elevated temperatures. Following the proposed excitation model,
the energy back-transfer process in the isolated Er optical centers involves the de-excitation of
excited Er** by transferring their energy to the deep defect level of ~ 0.93 eV (Fig. 3.3). At the
deep level, the energy deficit, in this particular case ~120 meV, is compensated by the annihilation
of lattice phonons.® %9798 Sych a deep defect level has recently been predicted using the first-
principles hybrid density functional study for Er-related defect complexes in GaN%. By optimizing
the synthesis conditions including Er concentration, growth temperature, Er precursor vapor
pressure, /111 flux ratio, we have significantly reduced the concentration of defect centers during
the MOCVD growth to obtain strong PL intensity at room temperature.

3.3.5 Determination of Er®* optical active centers in GaN:Er epilayer
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Figure 3.4: Comparison of the integrated PL intensity of Er** ions in GaN epilayer with the

reference SiO2:Er sample under the resonant (*l1s;2 — *lgr2) excitation indicates that a fraction of

~ 68% of Er®* ions in GaN sample are optically active.

The percentage of Er dopants that emit photons upon excitation is a crucially important
parameter for the potential application of Er-doped semiconductors. In particular, it determines the

PL emission efficiency at 1.54 um of GaN:Er materials as well as the population inversion. An
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estimate of the number of emitting Er optical centers can be made by comparing the PL intensity
of the GaN:Er epilayer grown by MOCVD technique with that of the SiO2:Er reference sample
with a similar shape and under the same experimental conditions. The experiment at room
temperature has been performed under the resonant excitation *lis; — *lgy2 transition using the
Ti:sapphire laser at 809 nm. The time-integrated PL intensity of these samples has been collected
as a function of applied photon fluxes (Fig. 3.4).

The instantaneous PL intensities of both samples were proportional to Ng,/T,.4, Where N, and
T,,4 are the density of excited Er®* ions and their radiative lifetimes, respectively. Since the PL
signal is integrated over time, the result of the experiment will be proportional to Ng, X T/T4,
where T is the effective PL lifetime. The ratio of effective and radiative lifetime is the internal
quantum efficiency (IQE), IQE = t/t,,4, Of the optical center. To obtain the number of photons
coming out of the sample, the external quantum efficiency (EQE) is determined by the refractive
index of the material for a specific wavelength, i.e., EQE = 1 X IQE, where n is the extraction
efficiency. In this calculation we ignore the photon reabsorption; therefore, the ratio of the number

of photons emitted from the two investigated samples is given by

* Er(GaN) ,_Er(GaN)
[GaN:Er _ NGaN NEr(GaN) (Teff /Trad ) (2)
- * Er(SiO Er(SiO
Isioy:er  Msio; NExsion) (refrf( ' 2)/rraré ' 2))

The ratio of the extraction efficiencies can be calculated from the refractive indexes of GaN

and SiO2 materials.

2 2
NGaN _ Ng;/(4nGaN) = 0.389 (3)

2 2
Tsio, nair/(4nSi02)

where ngan and nsio2 are the refractive indexes of 2.318 and 1.445 at 1.54 um for GaN and
SiOy, respectively.

Under the resonant excitation, the decay dynamics of all PL lines of the isolated Er optical
centers appear as a single exponential with a decay time constant of 3.3 + 0.3 ms.”* The value is
similar to those of previous reports on the Er in GaN.8% 1% 101 The decay dynamics is effectively
independent of temperature over the entire range from 10 K to room temperature. Thus, the
radiative lifetime is 3.3 ms, and the internal quantum efficiency of the isolated Er optical center in

by = Tetr /T = 1. For the SiO:Er standard sample, the Er

GaN equals to 1, IQE
embedded in the defect free, insulating host matrix, SiOz, has an internal quantum efficiency (IQE)

over 98%. Thus, we obtain IQE, . = Toit /Ty > = 1.
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The well-characterized SiO2:Er sample can be used to attribute the measured PL intensity to a
particular density of excited Er** ions. The number of excited Er®* ions in the SiO; reference
sample can be calculated through excitation photon flux when we assume that all Er3* ions are
equivalent, and they all contribute to the PL process. As has been discussed previously,’ 7 102

under steady-state conditions, the photon flux dependence of Er** PL intensity is well given by

N co | Cabs(SiOyE )_[ET(Sioz)q)
* _ Er(SiO2)®abs(SiO7:Er) *rad

IpL & NEysio,) = 100% X E510) (4)
1+0,b5(Si0y:EN Ty~ @

where 6,ugsio,:Er) = 4.17 X 10722 cm? is the absorption cross-section of Er®* for the #1152 — *lgr2

transition,’® T-1%%2) = 14.5 ms is the radiative lifetime in the excited state, *l:32,1® @ is the

excitation photon flux, and Ngj;0,) = 9.9 x 10 cm2 is the concentration of Er ions in the SiO>

reference sample. As shown in Fig. 3.4, the photon flux dependence of PL intensity from SiO2:Er

sample shows a linear behavior for low excitation density. Under this condition, i.e. 0, Tq® <

Er(SiOy)
rad ©.

1, this formula gives a linear dependence on the flux: N, si0,) = NEfsio,)Oabs(sio:EnT
Finally, since multiple reflections at the interfaces (air-GaN, GaN-air, air-SiO; and SiO»-air) also
might play a role, we have employed Fresnel’s equations for calculations of the photon flux from
the Ti:sapphire laser entering the active layer. By substituting this into Eq. 2, we can estimate the
number of excited Er** ions in GaN sample (Fig. 3.4). We rescaled the right-hand side scale of Fig.
3.4 until the solid red line, the calculated density of excited Er®* ions, overlaps with the PL intensity
of GaN sample.

The PL from the GaN:Er sample also shows a linear dependence on the photon flux. As
mentioned above, only the isolated Er optical centers are excited under resonant excitation at 809
nm. Thus, the excitation of the isolated Er optical centers in GaN can be calculated from the photon

flux and the absorption coefficient under low excitation density,

* Er(GaN
NErGany = A% X (NE);(GaN)Uabs(GaN:Er)Tr;(E No) )
where A is the percentage of Er ions that are isolated Er optical centers in GaN epilayer,

e = 3.3 ms,™ NEvGany = 1 x 102! cm'®, and the thickness of

Oabs(GaN:En) = 3 X 10720 cm?, 1
GaN:Er epilayer is 500 nm.1% The dash line represents the case that if all Er ions in the epilayer
were optically active, A = 100%. From this calculation we determine the percentage of the isolated
Er optical centers in epilayer, which is ~ 68 £ 5 %. The uncertainty of the value is determined by

the fluctuation in the photon flux and the measurement temperatures. The percentage of isolated
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Er optical centers is high enough that we can expect optical amplification in these materials. This
value is higher than that of Eu optically active centers in GaN materials emitting at about 620 nm

that had been determined by a similar approach.®
3.4 Conclusions

In summary, we have investigated the optical activity, the PL quantum efficiency and non-
radiative transfer energy pathways between Er ions and GaN host from GaN:Er epilayers prepared
by MOCVD. The PL intensity measurements under the resonant excitation (A = 809 nm) indicate
a low thermal quenching of 20% from 10 K to room temperature from Er®* ions in our GaN:Er
epilayer. By comparing the PL intensity from the GaN epilayer with that of the SiO2:Er reference
sample under the same conditions, we estimate the percentage of isolated Er optical centers in the
GaN epilayer is approximately of 68%. The high percentage of optically active centers in GaN
epilayers indicates the high potential for realizing optical amplification in GaN:Er materials grown
by MOCVD. Employing the temperature dependence measurements of the PL intensity, we also
have identified non-radiative channels in this material. The findings provide useful insights for
further improvement of the 1.54 um emission in material engineering towards optimizing the

energy transfer between GaN host and Er ions.
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Chapter 4

Observation of Optical Gain in Er-Doped GaN
Epilayers

This chapter was adapted with only minor changes from the manuscript:
V. X. Ho, et al., Observation of Optical Gain in Er-Doped GaN Epilayers, Journal of
Luminescence 221, 117090 (2020).

Rare-earth based lasing action in GaN semiconductor at the telecommunication wavelength
of 1.5 um has been demonstrated at room temperature. We have reported the stimulated emission
under the band-to-band excitation from Er doped GaN epilayers prepared by metal-organic
chemical vapor deposition. Using the variable stripe technique, the observation of the stimulated
emission has been demonstrated through characteristic features of threshold behavior of emission
intensity as functions of pump intensity, excitation length, and spectral linewidth narrowing. Using
the variable stripe setup, the optical gain up to 75 cm™ has been obtained in the GaN:Er epilayers.
The near infrared lasing from GaN semiconductor opens up new possibilities for extended

functionalities and integration capabilities for optoelectronic devices.
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4.1 Introduction

Near infrared semiconductor lasers are essential for optical telecommunication, industrial
processing, military defense, medical applications, and spectroscopy and imaging.® 76 104195 These
semiconductor light sources can be readily integrated with the silicon microelectronics technology
and/or optical fiber-based devices. In this context rare-earth (RE) doping of semiconductors is of
particular importance for applications in optoelectronics.> % ® Among various RE doped
semiconductors for near-infrared lasers, erbium (Er) providing light emission at the 1.5 pm
window via the *l13, — “l15» radiative transition becomes a prominent candidate for near infrared
applications.> 1% This technologically important wavelength coincides with the minimum
absorption band of optical fibers currently used in telecommunication, and in the eye-safe
wavelength region.> 1 In the past, the goal of obtaining 1.5 um Er-doped semiconductor lasers
was unsuccessfully attempted using crystalline Si,* > ® 7 latter of SiO:Er sensitized with Si
nanocrystals,*® 11 1213 or GaAs and AlGaAs because of the strong thermal quenching effect

occurring in narrow and/or indirect bandgap materials.'* *°

Solid-state lasers based on RE ions doped transparent solid materials including oxide, fluorides,
ceramic, and glasses provide high power light sources, sharp, atomic-like, and temperature
independent luminescence bands at room temperature (RT).® ® With a large bandgap, a common
way to excite Er ions in such host materials used optical pumping sources in which photon energies
match higher-lying intra-4f transitions. This resonant pump method provides an excitation cross-
section of about three to five orders of magnitude lower compared to those of the above bandgap
excitation.*® This limitation is a big obstruction to further progress towards RT 1.5-pum lasers based

on Er in micro-optoelectronic applications.

GaN semiconductor is an attractive host material for RE doping because of the direct and wide
(~3.3 eV) bandgap properties. Er-doped GaN material exhibits a significant low degree of thermal
luminescent quenching, and strong emission at RT under either electrical or optical excitation.'*
16,20 \We have successfully prepared Er-doped GaN epilayer on Si (001) and sapphire substrates by
metal organic chemical vapor deposition (MOCVD) with good crystallinity and high percentage
of Er®* optical centers, resulting in predominant photoluminescence (PL) at RT.Y" 1819 These prior
works have provided the necessary base to achieve near-infrared RT lasers based on Er-doped
GaN (GaN:Er) semiconductor material. Recently, we have reported a lasing action in GaN/AIN
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multiple quantum wells in the infrared 1.5 um region.?® The lasing in this structure is only obtained

in a small volume.

In this chapter, we describe techniques and methods to obtain lasing from GaN:Er epilayers
which can be grown in a large volume (bulk GaN material). GaN has a high thermal conductivity
(i = 253 W/m.K)?, and a low thermal expansion coefficient (o ~ 3.2 x 108 K1)?223.24 compared
with other semiconductors and ceramics including silicon (i = 130 W/m.K, o ~ 2.6 x 10 K1),24
25 GaAs (k ~ 50 W/m.K, a. 6.5 x 10° K1)®, and YAG (x ~ 12 W/m.K, o = 6.4 x 10 K1)26:27,
Thus, we can obtain high energy and high power lasers in the GaN material. Here, we report the
RT lasing in GaN:Er epilayers at 1.5 um by the variable stripe length technique, and an optical

gain up to 75 cm* under the above bandgap excitation.
4.2 Results and discussion

In this section, we used the variable stripe length techniquie to demonstrate the RT lasing in
the GaN:Er epilayers at 1.5 pm and to estimate the optical gain up to 75 cm™ under the band-to-
band excitation. Two kinds of measurements in the variable stripe length techniquie are edge-

emission measurements and gain measurements.
4.2.1 Edge-emission measurements

Details of growth conditions and epilayer structure were described in Chapter 2.1® ™ The
percentage of Er optical centers has been estimated by comparing the PL intensity at RT between
the GaN:Er material and a SiO2:Er reference sample under the resonant excitation, *l1s2 — *lor2
transition, providing by a tunable Ti:sapphire laser at 809 nm. The estimated percentage of Er*
ions emitting 1.5 um photons is about 68% of the total Er ions that presented in Chapter 3.° The
achievement of the high percentage of active Er ions indicates a high potential for realizing optical
amplification in GaN:Er epilayers.

To determine the threshold and the net optical gain in the Er-doped GaN epilayer under the
above bandgap excitation, we have performed edge-emission measurements using the well-
established variable stripe length (VSL) technique.’®® The GaN:Er sample was optically excited
by a UV Argon laser providing photons at 351 nm (or 3.531 eV) at RT. The laser beam was
expanded by a beam expander and a center part selected with a 4x4-mm square slit in order to

achieve a square homogeneous excitation. After that, the laser beam was focused onto the top
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surface of the sample using a cylindrical lens with the focal length of 75 mm to obtain a stripe-
shaped excitation beam of 8-um width. The homogeneous stripe-laser beam was verified by
scanning the beam profile using a UV photodetector mounted on a two-dimensional linear stage.
An adjustable shield was placed on the top of the sample to control the excitation length up to 1000
um.?° To achieve lasing operation, an optical cavity has been created from both polished edges of
the sample. Two converging lenses with focal lengths of 10 and 24 cm were used to collect the
edge-emission. The emission was focused onto an entrance slit of a high-resolution spectrometer
(Horiba iHR550). We obtain the resolution of PL spectra of 0.05 nm. The signal was detected by
a sensitivity photodetector (InGaAs DSS-IGA)."

Light emitted from the sample surface has spontaneous emission features, whereas light
collected from the edge of the sample contains both spontaneous and stimulated emission
characteristics. In contrast to the spontaneous emission on the surface, spectral peaks of the PL
intensity of the GaN:Er epilayer from the edge of the sample become narrower, and their intensity
grows exponentially when pump fluence or excitation length increases (Fig. 4.1). As previously
reported,'® 72 ™ the surface emission exhibited a broad peak round 1.5 um with the full-width at
half maximum (FWHM) of ~45 nm (~22 meV) under the above bandgap excitation, and the PL
intensity as a function of pump power at 1.5 um showed a linear and saturated behavior. This is
typical for spontaneous emission of GaN:Er epilayers at RT. The broadening of the PL spectrum
at RT is due to the thermal population of higher-lying sublevels of the *l13;> manifold and multiple
optical centers in the GaN:Er material. However, the PL spectra of the edge-emission at high
excitation pump fluence show several narrow PL lines (Fig. 4.1). Typically, the optical gain
obtains a maximum around the peaks of the spontaneous emission spectrum, thus, the “gain
narrowing” of PL lines appears in the spectra at high pump power.?” 1% A deconvolution into
several Gaussian components of the PL spectrum has been shown in the Fig. 4.1. The intensity of
narrow PL lines at 797.71 and 806.89 meV exhibits an increasing from linear to exponential

behavior.

We have investigated the PL intensity of the edge-emission from Er optical centers by varying
the pump intensity of the UV laser from 0.5 to 500 mJ.cm? under a fixed excitation length of 0.2
mm. Fig. 4.2a shows PL intensity at 806.89 meV as a function of pump fluence. In the linear plot
(Fig. 4.2, inset) the PL intensity shows a linear dependence at low pump fluence and a super-linear
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Figure 4.1: The edge PL spectra from a GaN:Er epilayer using a UV Ar laser, Aexc = 351 nm, for
the above bandgap excitation. The excitation length was 0.2 mm and the pump fluence is varied
from 0.5 to 500 mJ.cm. The PL signal at low pump intensity shows a broad spectrum with a
typical FWHM of ~22 meV. When the pump intensity from the UV laser is high enough to have a
net gain in the optical layer, the spontaneous photons are exponentially amplified. Under this
condition, spectral linewidths become narrower. The spectrum at high pump intensity was
deconvolved into several Gaussian peaks. The most prominent PL lines at 797.71 and 806.89 meV
show a FWHM of 1.60 £ 0.35 meV.
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behavior at high pump fluence, indicating a transition from the spontaneous emission to the
amplified stimulated emission. Above a certain value of pump fluence, the PL lines become
narrower. The observed spontaneous-to-simulated emission transition is a clear evidence of

optical amplified spontaneous emission (ASE) in GaN:Er epilayers.
4.2.2 Rate equation

To estimate the gain threshold value, we have employed the coupled rate-equation analysis to
explore the experimental results of the light-in-light-out (L-L) curve of Er-doped GaN epilayers
with a simple cavity. Fig. 4.2a represents the logarithmic plot of the PL intensity at 806.89 meV
as a function of the pump fluence with a fixed excitation length of 0.2 mm. Specifically, the rate-
equations describe the evolution of the carrier density, N, in the active region, and the photon

density, P, in the cavity mode under optical pumping:1%®

AN _maRy N N _

dt  hwV Ty Tar Ve8P 1)

dp N

5 = [Ve(g—gm)P +TB— )
sp

where Ry is the optical pumping rate; n, is the fraction of the pump fluence absorbed by the active
medium in a volume, V, of the GaN:Er epilayer; fw is the photon energy of the pump beam; 1/7,

is the spontaneous emission rate with the decay time constant, t,,, of 3.3 + 0.3 ms;’* 1/t,, is the

sp!
non-radiative recombination rate; v, = c/n is the group velocity; n = 2.6 is the refractive index of
the material; T" is the optical confinement factor of the lasing mode; 3 describes the amount of
spontaneous emission that couples into the laser cavity mode; g is the material gain; and gy, is the
threshold gain. A linear relation between the material gain, g, and carrier density, N, is assumed in
the active region, g = a(N — N,,), where a is a material constant, and Ny is the transparency carrier
density. The transparency carrier number does not affect the fitting result, so we set this value to
be zero. Non-radiative decay processes produce additional losses, which result in a large 3 factor,

however the non-radiative recombination rate has no considerable impact on the fit.11°
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Figure 4.2: Output intensity of the edge-emission for the PL line at 806.89 meV as a function of
pump fluence with the excitation length of 0.2 mm. (a) The light-in-light-out data on the log-log
scale shows a lasing threshold of 110 mJ.cm™. The result was fitted to the S-curve model. The best
fitting curve has been obtained for the coupling factor, = 0.3, for the experimental data. Inset:
The edge-emission PL intensity showing a threshold for a transition from the spontaneous emission
to the amplified stimulated emission. (b) The FWHM of the PL intensity from the edge of the sample

becomes narrower.

For the steady-state solution of the above rate equations, we set dN/dt = 0 and dP/dt =0

to obtain.109

Vg8thP 1
R, = —8&1 (aP + ) 3
P (aP+B L ) TspVg @)
TspVg

We have fitted the experimental L-L curve to Equation 3 by first finding the material constant,
a, that matches the measured threshold pump fluence at which a nonlinear jump of the output
intensity was observed. Then the spontaneous emission factor, 3, was varied until the best fit to
the experimental data points was obtained. The lasing threshold for the excitation length of 0.20

mm was ~110 mJ.cm? of the pump fluence, which corresponds to the spontaneous emission
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coupling factor, g = 0.3 (Fig. 4.2a). For comparison, L-L curves for several  values are included,
clearly showing the condition of the lasing threshold. When the pump intensity is higher than the
threshold for ASE, most of Er ions in the excited state are stimulated to generate photons into
waveguide modes, resulting in a large amount of photons emitted from the edge of the
waveguide.107 111 112,113 A net gptical amplification has been achieved. Correspondingly, for the
fixed optical excitation length of 0.20 mm, the FWHM of the peak at 806.89 meV becomes narrow
and is about 1.65 + 0.35 meV when the fluence of the optical pump is above 110 mJ.cm™ (Fig.
4.2b). Note that the lasing threshold in the GaN:Er epilayer is a few times higher than those from
Er-doped GaN nanolayers in multiple quantum well GaN/AIN structures.?% % In these structures,
the multiple quantum wells provide an enhancement of the quantum efficiency for the infrared
(1.5-um) emission band through strain engineering, and carrier/exciton quantum confinement

effect.20- %8
4.2.3 Gain measurements

To explore the gain coefficient from the peaks of PL emission, we have used the well-known
VSL method. The active GaN:Er epilayer was excited optically in a stripe geometry by the UV
laser providing the above bandgap excitation. In the VSL method, the spontaneous emission,
IsponT, increase significantly when it passes the excitation volume of the sample within the
waveguide. As a result of the increasing, the ASE signal, 1ase, becomes visible and depends on the
excitation length from the edge of the sample. Fig. 4.3 presents the ASE intensity as a function of
the excitation length. Using a one-dimensional model for the amplification, the modal gain, g, can

be obtained from the excitation length, I, and the intensity, lasg:'%

Iase(LA) = % (e8! —1) (4)

where A is a constant related to the cross-section for the spontaneous emission, and the modal gain,
g, is the net optical gain coefficient defined by the gain minus losses of the material.

The increase of the excitation length obviously corresponds to the increase of optical pump
excitation. When the optical pump excitation is high enough to achieve an optical amplification,
the spontaneous emission is amplified exponentially by stimulated emission as they travel through
the active medium of the waveguide, resulting in an exponential increase in emission.

Consequently, with the increase of the excitation length, we have observed an appearance of the
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Figure 4.3: Optical amplification observation through the variable stripe length setup. (a) Edge
emission PL spectra from a GaN epilayer under the above bandgap excitation, Aexc = 351 nm, with
different excitation lengths, and the pump intensity of 240 mJ.cm™. (b) PL intensity of the edge-
emission for the PL line at 806.89 meV as a function of excitation length. The open circles are
experimental data, and the solid line is the fitted curve using the one-dimensional amplification
model. Inset provides the spectral dependence of the modal gain for output intensity around 806.89

meV.
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dominant sharp peaks at 797.71 and 806.89 meV over the spontaneous emission, and the emission
intensity behavior changes from linear to exponential at the sharp peaks (Fig. 4.3a). This is a direct
signature of optical gain from Er optical centers in GaN epilayer around 1.5 pm at RT. We focus
on analyzing the strongest PL line at 806.89 meV. Under the pump fluence of 240 mJ.cm, the
emission intensity as a function of the excitation length for the sharp spectral peak exhibits a clear
super-linear behavior. The red solid curve in Fig. 4.3b represents the best fitting curve based on
Eq. 4 with the net optical gain of ~75 + 5 cm™. At a long excitation length (> 0.28 mm), the
amplifier spontaneous emission shows a saturation behavior caused by the depletion of excited
Er®* centers as the intense light travels through the waveguide. We also have performed the spectral
dependence of modal gain in this narrow-simulated emission bandwidth (Fig. 3b, inset), from
which we have obtained the model gain at the PL line of 75 + 10 cm™. The high modal gain
provides us a possibility of the near infrared lasing under electrical pumping by incorporating GaN

epilayers into GaN light emitting structures.
4.3 Conclusion

In summary, we have investigated the light amplification and stimulated emission of Er optical
centers in GaN epilayers (bulk GaN crystal) prepared by MOCVD under the above bandgap
excitation. Lasing action has been observed at 1.5 um at RT. The observation is accompanied by
the stimulated threshold, spectral linewidth narrowing, and strong modal gain in this material. The
high modal gain indicates that it is feasible to realize electrically pumped lasing in the GaN:Er

epilayers grown by the

2MOCVD technique for high energy and high power semiconductor laser. The realization of
near infrared lasers based on GaN epilayers would provide new opportunities in optoelectronics

integration with high power electronics, photonics applications

49



Chapter 5

Room-temperature lasing action in GaN quantum wells

In the infrared 1.5 um region

This chapter was adapted with only minor changes from the manuscript:

“Reprinted with permission from V. X. Ho, et al., Room-Temperature Lasing Action in GaN
Quantum Wells in the Infrared 1.5 um Region. ACS Photonics 2018 5 (4), 1303-1309. Copyright
2018 American Chemical Society.”

Large-scale optoelectronics integration is strongly limited by the lack of efficient light sources,
which could be integrated with the silicon complementary metal-oxide-semiconductor (CMOS)
technology. Persistent efforts continue to achieve efficient light emission from silicon in extending
the silicon technology into fully integrated optoelectronic circuits. Here, we report the realization
of room-temperature stimulated emission in the technologically crucial 1.5 zm wavelength range
from Er-doped GaN multiple-quantum wells on silicon and sapphire. Employing the widely
acknowledged variable stripe technique, we have demonstrated an optical gain up to 170 cm™ in
the multiple-quantum well structures. The observation of the stimulated emission is accompanied
by the characteristic threshold behavior of emission intensity as a function of pump fluence,
spectral linewidth narrowing and excitation length. The demonstration of room-temperature
lasing at the minimum loss window of optical fibers and in the eye-safe wavelength region of 1.5
um is highly sought-after for use in many applications including defense, industrial processing,
communication, medicine, spectroscopy and imaging. As the synthesis of Er-doped GaN epitaxial
layers on silicon and sapphire has been successfully demonstrated, the results laid the foundation
for achieving hybrid GaN-Si lasers providing a new pathway towards full photonic integration for

silicon optoelectronics.
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5.1 Introduction

Driven by the strong need for cheap and integrable Si-based optoelectronic devices for a wide
range of applications, continuing endeavors have been made to develop structures for light
emission, modulation, and detection in this material system. Recent breakthroughs including the
demonstration of a high-speed optical modulator in Si,!'* %> photodetectors!®, and waveguides!!’
have brought the concept of transition from electrical to optical interconnects closer to realization.
However, the base for silicon photonics, namely, a group IV laser source, still has to be developed.
Due to the relatively small and indirect band gap, silicon is a poor light emitter. Nevertheless,
lasing devices based on Si have been demonstrated including Si-based impurity lasers,!'® a Raman
laser,!'® Si nanocrystals,?° nanopatterned crystalline Si,*?* GeSn alloy on Si,*?? Ge dots in Si,'?*
124 and InGaAs/GaAs nano-lasers grown on Si.1?® However, these prototype devices essentially
lack the advantages associated with the silicon system by requiring an external pump laser source
or function only at low temperatures. While room-temperature luminescence has been realized,?*
126 nopulation inversion and optical gain have been under discussion and fundamental problems
remain.

The incorporation of rare earth elements into semiconductor host gives rise to sharp, atomic-
like and temperature independent emission lines under either optical or electrical excitation.” "
104,127,128 Er jons with intra-4f shell transitions from its first excited state (*l132) to the ground state
(*l1512) produce 1.5 um emission which falls within the minimum loss window of optical fibers for
optical communications and in the eye-safe wavelength region. Lasers operating around 1.5 pm
are highly sought-after for use in defense, industrial processing, medicine, spectroscopy, imaging
and various other applications where the laser beam is expected to travel long distances in free
space. With a tremendous effort, 1.5 um emission from Er doped narrow-bandgap semiconductors
including Si and GaAs has a low efficiency at room-temperature due to the strong thermal

quenching effect.14 104
5.2 Results and discussion

In this section, we will discuss the enhancement of the 1.5-pum emission of the GaN:Er multiple
quantum wells by using the quantum confinement effect under band-to-band excitation. We also
estimated percentage of the Er optically active centers under resonant excitation. Then, we used
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the variable stripe length techniquie to demonstrate the RT lasing in GaN:Er multiple quantums

wells at 1.5 um and to estimate the optical gain up to 170 cm™ under the band to band excitation.
5.2.1 Photoluminescence of GaN:Er multiple quantum wells

Recently, we have successfully synthesized GaN:Er epilayers on Si (001)!" 12° and c-plane
sapphire®® substrates by metal organic chemical vapor deposition (MOCVD) with excellent

130 excitation of Er

material qualities. The above host bandgap®” & 2% and electroluminescence
optical centers produced predominant light emission at 1.5 um range. In order to overcome the
challenges of growth of I1I-nitrides on Si (100) substrate due to the different crystalline structures
between GaN and Si, we have employed selective area growth and epitaxial lateral overgrowth
techniques to prepare GaN/AIN/Si (100) templates.t” The X-ray diffraction and
photoluminescence (PL) measurements indicated that GaN:Er epilayers grown on Si and sapphire
have high crystallinity, without second phase formation,!” & 12 and exhibit a strong room-
temperature emission at 1.5 um with a low degree of thermal quenching.!® 7* In this work, a set of
200-period Er-doped GaN/AIN multiple quantum wells (MQWs:Er) produced a significant
improvement of the quantum efficiency of the 1.5 um emission via carrier quantum confinement
and strain engineering®® (see schematic in Fig. 5.1a). The growth process was started with AIN
buffer and template layers and then followed by the growth of the MQWSs:Er. The structure consists
of alternating layers of Er doped GaN quantum wells and undoped AIN barriers (see in Chapter 2).
A detail description of the growth process and epilayer structure has been reported previously.®
Typical room-temperature PL spectra from the MQWs:Er samples and a single GaN:Er
epilayer show a broad spectral feature®® around 1.5 um under the band-to-band excitation using an
Ar laser at 351 nm (Fig. 5.1b, inset). The PL spectrum was collected from the surface of the sample,
which is the spontaneous emission of light from Er optical centers in MQWSs. As previously
reported, the full-width at half-maximum (FWHM) of the 1.5 um emission at room temperature is
50 nm for a single GaN:Er epilayer® ™ and 60 nm for MQWs:Er materials.®® The broadening of
the emission in MQWs is due to the fluctuation of the GaN quantum well width and the local
atomic structures around Er optical centers. This is especially a factor for Er optical centers located
close to the quantum well/barrier interfaces. The emission intensity from the MQWSs:Er structure
is an order of magnitude higher than that of a single GaN:Er epilayer with the same Er doping

active layer thickness and concentration under the over bandgap excitation, Aexc = 351 nm.
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Figure 5.1: Schematic of Er doped GaN/AIN MQWs and PL intensity data at 1.5 xm. a, A 200-
period MQWs:Er sample with the GaN quantum well width, Low, of 2 nm and the AIN barrier
thickness, Lg, of 10 nm. b, The temperature dependence of PL intensity for two samples with the
same the barrier thickness, Lg = 10 nm, but two different quantum well widths, Low = 2 nm and
10 nm, under the band-to-band excitation, Aexc = 351 nm. Inset: a typical PL spectrum from
MQWs:Er materials and a single GaN:Er epilayer collected from the surface showing the
spontaneous emission process. ¢, Integrated PL intensity ratio of MQWs:Er samples to a single
GaN:Er epilayer at 1.5 um as a function of the quantum well width, Low (left) and the barrier
thickness, Lg (right), measured at different temperatures from 10 K to room-temperature under the
over bandgap excitation. The maximum PL intensity was obtained with a MQWSs:Er sample having
Low = 2 nm and Lg = 10 nm. d, Comparison of the integrated PL intensity of Er** ions in MQWs
with the reference SiO2:Er sample under the resonant (*lisz — *lor2) excitation, Aexc = 809 nm.
Measurements indicated that ~ 65% of Er®* ions are optically active centers in the MQWs:Er

sample with Low =2 nm and Lg = 10 nm.
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The strong quantum confinement effects on the Er emission have been studied for different values
of quantum wells and barriers. In Fig. 5.1c, the integrated PL intensity ratio of MQWSs:Er samples,
Imow, to asingle GaN:Er epilayer, Isingle_layer, at 1.5 um is shown as a function of the GaN quantum
well width, Low, (left) and the AIN barrier thickness, Lg, (right), measured at temperatures from
10 K to room-temperature. As shown in Fig. 5.1c (left) for MQWs:Er samples with Lg = 10 mm
the integrated PL intensity, Imow, increases significantly when Low was reduced from 10 nm to 2
nmin these measurements, Imow is normalized to the integrated PL intensity of the single GaN:Er
epilayer, lsingle_1ayer, With the same total Er doping active layer thickness and concentration. When
the quantum well width, Low, is larger than 10 nm, Imow is approximately equal to Isingie_layer (the
horizontal dashed lines in Fig. 5.1c). A decreasing of the quantum well width provides a strong
guantum confinement effect of carriers around Er ions, thus improving the quantum efficiency of
the 1.5-um emission from Er ions in GaN. When the quantum well width is smaller than the free
exciton Bohr radius of 2.8 nm in GaN,*3! the built-in electrical fields due to the lattice mismatch
between GaN/AIN produce further the strong quantum confinement effect for excitons, resulting
in an efficient energy transfer from excitons to Er optical centers. The highest integrated PL
intensity has been obtained for Low = 2 nm (Fig. 5.1c, left). For MQWSs:Er samples with Low = 2
nm, the integrated PL intensity, Imow, is enhanced by more than one order of magnitude over that
of the single GaN:Er epilayer via the variation of the AIN barrier thickness, Lg, (Fig. 5.1c, right).
When the Lg is larger than the exciton Bohr radius in GaN, electron wavefunctions are localized
at the quantum well. A large AIN barrier thickness provides an increased probability of capturing
excitons by Er optical centers, leading to a higher excitation efficiency of Er* ions. We have
obtained the maximum Imow at 1.5 pm when the AIN Lg is above 10 nm.

In order to evaluate the thermal quenching effect of the 1.5 um emission, we have performed
the temperature dependence of the integrated PL intensity of MQWs:Er samples under the band-
to-band excitation, Aexc = 351 nm. The PL experiments were carried out in a variable temperature
closed-cycle optical cryostat (Janis) providing a temperature range from 10 K to 300 K. The
integrated PL intensity of Er in the single GaN:Er epilayer, lsingie 1ayer, iS reduced by about 20%
from 10 K to room-temperature (Fig. 5.2a).”* The integrated PL intensity of Er in MQWSs:Er
samples, Imow, with quantum well width larger than the exciton Bohr radius in GaN and the AIN
barrier thickness thinner than 10 nm follow the same temperature dependence behaviors as the

single GaN:Er epilayer, lsingle_1ayer, (Fig. 5.1b). However, when the thicknesses of the quantum
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wells and barriers are close to the optimal parameters (Low = 2 nm, Lg = 10 nm), the temperature
dependence of PL intensity is quite different. The highest value of Imow occurs at 150 K and the
values of Imow at 10 K and room-temperature are comparable (Fig. 5.1b). When the temperature
increases, the mobility of carriers in GaN increases significantly and reaches a maximum around
130 K.132 133 The increasing of the carrier mobility provides higher efficiency for the energy
transfer from GaN quantum wells to Er ions, resulting in the stronger PL emission intensity. The
contamination of Al in MQW structures can also provide a factor that affects the thermal property

of the PL intensity of Er ions.
5.2.2 Temperature dependence of Er-doped GaN epilayer and MQWSs samples

In order to investigate the thermal quenching effect of the 1.5 um emission, we have measured
the integrated photoluminescence (PL) intensity of our Er-doped GaN single layer and multiple

guantum wells samples as a function of temperature.
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Figure 5.2: The temperature dependence of normalized integrated PL intensity for two MQWSs:Er
samples with the same quantum well width of Low = 2 nm, but different barrier thicknesses of 3.5
nm (green color) and 10 nm (orange color), and a GaN single epilayer (red color). The

measurements provide optimum parameters for the PL from MQWs:Er materials.

The PL intensity reaches the maximum at 150 K for the optimum sample with the quantum
well thickness of 2 nm and the barrier width of 10 nm. For MQWs with the optimal parameters
with the quantum well thickness, Low = 2 nm and barrier width, Lg = 10 nm, we have obtained the
highest PL intensity at 150 K, whereas the PL intensity at low and room-temperature are similar

(Fig. 5.2a). Here we present the temperature dependence of the integrated PL intensity for two
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MQWs:Er samples with the same the GaN quantum well thickness, Low = 2 nm, but different AIN
barrier widths of 3.5 nm (Fig. 5.2a, green curve) and 10 nm (Fig. 5.2a, orange curve), and a GaN:Er
single epilayer (Fig. 5.2a, red curve). In addition, we have plotted the integrated PL intensity from
these samples as a function of 1000/T (Fig. 5.2b). As we mentioned, when the AIN barrier
thickness is larger than the exciton Bohr radius in GaN, electron wavefunctions are localized at
the quantum well, leading to a high excitation quantum efficiency of Er®* ions. Specifically, when
the width of AIN barriers is larger than 10 nm, the probability of capturing excitons by Er optical
centers is maximum. We have obtained an order of magnitude higher in the 1.5 pm emission
intensity when compared with that from the GaN:Er single epilayer® 134 with a comparable Er
doped active layer thickness. In MQW samples with AIN barrier width of 3.5 nm, carriers are not
strongly delocalized in the GaN quantum well. At elevated temperature, the mobility of carriers in
GaN increases, carriers can easily escape from the GaN quantum wells, resulting in the lower
intensity at high temperature. The behavior for this sample is similar with the GaN:Er single

epilayer.
5.2.3 Optical activity determination

The percentage of Er dopants that emit photons upon excitation is a crucially important
parameter for the potential application of Er-doped semiconductors. In particular, for emission at
1.5 um from GaN:Er materials, it determines the PL efficiency as well as population inversion. An
estimate of the number of emitting Er optical centers can be made by comparing the PL intensity
of the 200-period MQWs:Er grown by the MOCVD technique with that of the SiO,:Er reference
sample under the same excitation conditions. Typically, to excite Er ions in SiO2 we use resonant
excitation. Thus, we should use the same excitation mechanism to compare the optical activity
between two samples. In order to avoid the quantum confinement effect for excitons and carriers,
the energy back-transfer and cascade transitions from higher energy levels of Er ion to the *l13s,
the experiment was performed at room-temperature under the resonant excitation for the #1152 —
*1g12 transition using the Ti:sapphire laser at 809 nm.

The time-integrated PL intensity of these samples was collected as a function of applied photon
fluxes (Fig. 5.1d). The instantaneous PL intensities of both samples were proportional to Ng,/T;aq,
where N;, and t,,4 are the density of excited Er®* ions and their radiative lifetimes, respectively.

Since the PL signal is integrated over time, the result of the experiment will be proportional to
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Ng, X T/T.aq, Where T is the effective PL lifetime. To obtain the number of photons coming out of
the sample, the quantum efficiency can be determined by the refractive index of the material for a
specific wavelength. We ignore in this calculation photon reabsorption, therefore, the ratio of the

number of photons emitted from the two investigated samples is given by:

N* ( Er(GaN)/ Er(GaN))
[GaN:Er __ MGaN NEx(GaN) Tetf Trad (l)
- * Ex(SiO Er(SiO
Isi0y:Er Tsio, NEr(SiOZ)( e;f( ' 2)/‘rmré ' 2))

Where, 1 is the extraction efficiency. The ratio of the extraction efficiencies can be calculated from

the refractive indexes of GaN and SiO, materials:

NGaN — alr/(4nGaN) — 0 389 (2)

Nsio, na,r/(‘l' sloz)

where ngcan and nsioz are the refractive indexes of 2.318 and 1.445 at 1.5 um for GaN and SiO,
respectively.

Under resonant excitation, the decay dynamics of PL from Er optical centers appears as a single
exponential with a decay time constant of 3.3 + 0.3 ms.”* The value is similar to previous reports
on Er in GaN.® 100101 The decay dynamics is effectively independent of temperature over the

entire range from 10 K to room-temperature.”* Thus, the decay time constant of 3.3 ms is the

Er(GaN) / Er(GaN)

radiative lifetime, and the T md = 1. For the SiO2:Er standard sample, Er embedded

Er(SlOz) /T Er(SiOz) _ =1
rad '

in the insulating host matrix and defect free material, we obtain T

The well-characterized SiO2:Er sample is used to relate the measured PL intensity to a
particular density of excited Er** ions. The number of excited Er®* ions in the SiO reference
sample can be calculated through excitation photon flux when we assume that all Er®* ions are
equivalent, and they all contribute to the PL process. As has been discussed previously, ' 79 102,128
under steady state conditions, the photon flux dependence of Er PL intensity is well described with
the formula:

Er(SiOp)
NEr(Si02)0abs(Si0y: BN Trag P

Ipr, ¢ NEysio,) = 100% X Er(Si0g) 3)

1+0ab5(8102 En) Crad o

where O,pssio e = 4.17 X 10722 cm? is the absorption cross-section of Er®* for the *lis;2 — “lgr2

transition,’® t>%? = 14.5 ms is the radiative lifetime in the excited state, *l132,'® ®@ is the

excitation photon flux, and Ng,si0,) = 9.9 X 10 cm is the area concentration of Er ions in the

SiO; reference sample. As shown in the Fig. 5.1d, the photon flux dependence of PL intensity from
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SiO2:Er sample shows a linear behavior for low excitation density. Under this condition, i.e.

OabsTrad® <1, this formula gives a linear dependence on flux: Nggsio,) =

NEr(SiOZ)oabS(SiozzEr)r%SiOZ)db. Finally, multiple reflections at the interfaces of air-GaN, GaN-air,

air-SiOz and SiOz-air might play a role, we have employed Fresnel’s equations for our calculations
of photon flux from the Ti:sapphire laser entering the active layer. By substituting this into Eq. 2,
we can estimate the number of excited Er®* ions in GaN sample (Fig. 5.1d). In this way we rescale
the right-hand side scale of Fig. 5.1d until the solid red line, the calculated density of excited Er**
ions, overlaps with the PL intensity of MQWSs:Er sample.

The PL from the MQWs:Er sample also shows a linear dependence with photon flux. As we
mentioned before, under resonant excitation at 809 nm, only the Er optical centers are excited.
Thus, the excitation of the Er optical centers in GaN can be calculated from the photon flux and
the absorption coefficient under low excitation density

* — Er(GaN
NEr(GaN) = A% % (NEr(GaN)Gabs(GaN:Er)Trard ! )q)) (4)

where A is the percentage of Er ions that are Er optical centers in MQWS, 0,psGan:Er) = 3 X 10720

rE;cﬁGaN) = 3.3 ms,"* Ngygany = 1 X 102* cm™®, and the total thickness of GaN:Er in the

cm?, T
MQW structure of 500 nm. The dash line in Fig. 5.1d represents all Er ions in the MQWs being
optically active, i.e., or A = 100. From this calculation we have determined the percentage of Er
optical centers in MQWs to be 65 + 5 %, which is high enough to expect optical amplification in
these materials. Using the same method, we found that a fraction of ~ 68% of Er ions in the single
GaN:Er layer are optically active.*® This value is higher than that of Eu optically active centers,

emitting at 621 nm, in GaN:Eu material that had been determined by a similar approach.®
5.2.4 Optical gain measurements

In this section, we demonstrated the lasing in GaN:Er multiple quantum wells at 1.5 um and
estimated the optical gain up to 170 cm™ under the above-bandgap excitation by using the variable
stripe length techniquie. This tecnique includes two kinds of measurements: edge-emission

measurements and gain measurements.
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5.2.4.1 Edge-emission measurements
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Figure 5.3: Amplified spontaneous emission, at room-temperature, from the MQWs:Er sample with
Low =2 nm and Lg = 10 nm using an Ar laser, dexc = 351 nm, for the band-to-band excitation. a,
Pump-fluence dependent PL spectra obtained with a 8 zm wide and 0.2 mm long pump excitation.
At low excitation pump fluence, the emission is broad with the FWHM of 30 meV. When the pump
fluence is high enough for the optical layer to have net gain, the spontaneously emitted photons
are exponentially amplified by stimulated emission and the spectral peaks become narrower. Inset:
Schematic of experimental configuration for edge-emission and variable excitation length
measurements. b, PL spectrum at room-temperature with a pump fluence of 116 mJ cm and an
excitation length of 0.2 mm. The spectrum was deconvolved into 6 Gaussian peaks. The most
prominent modes show a FWHM of 1.60 + 0.25 meV. Inset: The FWHM of the Gaussian peaks
decreases with increasing the pump fluence. c, L-L data on a log-log scale showing the dependence
of the edge-emission intensity for PL peak at 805.3 meV on the pump fluence. The excitation length
was 0.2 mm and the data were fitted using the S-curve model. Inset: The edge-emission intensity

showing linear behavior below threshold and superlinear increase at higher pump fluence.
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The edge-emission from optically pumped MQWSs:Er sample under the band-to-band
excitation provides evidence of room-temperature lasing from Er optical centers in the MQW
structure (Fig. 5.3a, inset). In order to achieve lasing from the MQWSs:Er sample, both edges of
the sample were polished to obtain a resonant cavity. The edge-emission spectra from Er optical
centers are different at different pump fluence near threshold (Fig. 5.3a). In the measurements we
have employed a long excitation area with 8.0 £ 0.3 um width and 200 + 0.5 um length (Fig. 5.3a,
inset and Methods). The photon fluence of the Ar laser was varied from 0.05 to 120 mJ cm™. At
low excitation pump fluence (P < 15 mJ cm™), the emission at 1.5 um shows a broad spectrum
with the FWHM of 60 nm (~30 meV) which corresponds to the spontaneous emission®. The broad
PL spectrum is similar to those of Er ions incorporated in insulators including SiO, at room-
temperature. When the pump fluence is high enough (P > 15 mJ cm?) for the MQWSs:Er sample
to obtain a net optical gain, the spontaneously emitted photons are exponentially amplified by
stimulated emission as they travel through the waveguide in the active medium, leading to a
superlinear increase in emission. Since the gain is maximum near the peak of the spontaneous
emission spectrum, the spectrum exhibits “gain narrowing”.1%" 135 Consequently, an intense beam
with spectral narrowing is emitted from the edge of the sample. The amplified spontaneous
emission occurs at the wavelength where the spontaneous emission spectrum is strongest. The PL
spectra at high excitation pump fluence indicate a number of strong and narrow PL lines. This is
the signature of optical amplification of the spontaneous emission from Er optical centers around
1.5 um in the MQW structure (Fig. 5.3b). We focus to analyze the strongest PL lines at 797.31,
805.30 and 807.55 meV. A deconvolution of the PL spectrum into different Gaussian components
is also shown. When the pump fluencies were above 15 mJ cm, the FWHM of the spectrum
dropped to 1.60 £ 0.25 meV (Fig. 5.3b, inset). The PL intensity evolution of narrow peaks indicates
a clear threshold transition from sub-threshold to linear evolution and ultimately reaches saturation
at high pump-fluence (Fig. 5.3b).

A closer examination of this threshold behavior of the PL intensity emitted from the edge of
the sample shows the typical superlinear (exponential) to linear transition, indicating the classical
spontaneous-to-stimulated emission transition widely observed in semiconductor lasers.**? Figure
5.3c shows the light-in-light-out (L-L) data which is the dependence of the amplified spontaneous
emission on the pump fluence for the PL peak at 805.3 meV (1539.61 nm) with the excitation
length of 0.2 mm. Below the threshold, the PL dependence is linear and a superlinear increase in
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emission intensity with pump fluence has been observed. Subsequently, stimulated emission
dominates, and the PL intensity evolution becomes linear (Fig. 5.3c, inset). Fitting the L-L data in
the log-log plot to the S-curve model,'*? 3¢ a lasing threshold of Py ~ 15 mJ cm™ has been
determined (Fig. 5.3c), with the spontaneous emission coupling factor, 3, of 0.1. The L-L curves
for different 3 values are also plotted for comparison, clearly showing the distinct position of the
lasing threshold. Additional representative L-L plots of MQWs:Er lasing under optical pumping
with different excitation lengths can be found in Fig. 5.4. Above the threshold for amplified
spontaneous emission, most of the excitation were stimulated to emit light into waveguide modes,

leading to a large fraction of the light emerged from the edge.” 11

5.2.4.2 Rate equation analysis
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Figure 5.4: L-L data on a log-log scale showing the dependence of the amplified spontaneous
emission, lasg, on the pump fluence for the PL peak at 805.2 meV with the excitation length of 0.1
mm. The data were fitted using the S-curve model. Upper inset: Decay dynamics of PL intensity
with fluence below (P ~ 0.8Pt, red) and above (P ~ 1.5P, blue) the threshold. Lower inset:
Linear plot of the amplified spontaneous emission showing linear behavior below threshold and

superlinear increase at higher pump fluence.

We have employed rate equation analysis to fit the experimental light-in-light-out (L-L) curves,

in order to estimate the threshold gain of the MQWs:Er sample with a simple cavity. Figure 5.4
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shows the amplified spontaneous emission, lasg, as a function of the pump fluence for the PL peak
at 805.2 meV (1539.80 nm) with the excitation length of 0.1 mm. The linear plot of the amplified
spontaneous emission shows linear behavior below threshold and superlinear increase at higher
pump fluence (Fig. 5.4, inset).107: 135137

The rate equations describe the evolution of the carrier density, N, in the active region and the

photon density, P, in the cavity mode under optical pumping:!? 113 136,138

dN N N

EZRP—E—T—M—VggP (5)
dp N

5 = IVe(8—8m)P + e, (6)

where R, is the optical pumping rate; T" is the confinement factor of the lasing mode; B is the
spontaneous emission coupling factor; 1/1sp is the total spontaneous emission rate; 1/tqr is the non-
radiative recombination rate; v, = c/n is the group velocity; n is the refractive index of the
material; g is the material gain; and gt is the threshold gain. A linear relation between the material
gain, g, and carrier density, N, is assumed in the active region, g = a(N — N,), where a is a
material constant, and N is the transparency carrier density. The transparent carrier number can
be set to be zero, since it does not affect the fitting result significantly. The rate of non-radiative
recombination in the MQWs is currently not known. Any non-radiative decay process would
induce additional loss, which would result in a large B factor.!1® Our measurements are taken under
optical pumping by a 351 nm CW Argon laser at room-temperature. For the steady state solution

of the above rate equations, we set dN/dt = 0 and dP/dt = 0 to obtain.? 136138

szLh‘f)(aPJr ! ) @)

We have fitted the experimental L-L curves with Eq. 7 by first finding the material constants
that match the measured threshold pump intensity where a nonlinear jump of the output intensity
was observed. Then, the spontaneous emission factor, B, was varied until the best fit with the
experimental data points was obtained. The lasing threshold for the excitation length of 0.1 mm
was 55 mJ cm2 of the pump fluence, which corresponds to the best fit for spontaneous emission
coupling factor, § = 0.1 (Fig. 5.4). L-L curves for different  values are also plotted for comparison,

clearly showing the distinct position of the lasing threshold.
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5.2.4.3 Lifetime of photocarriers

Together with the threshold behavior, we have observed the shortening of the lifetime of Er
emission in the MQW structure. A typical lifetime of Er spontaneous emission in the MQW
structures with the pump fluence below the threshold is around 2.5 ms (red curve, Figure 5.4).
Under a high pump fluence (above the threshold), the lifetime of Er emission shows a shortening
with a dynamics < 10 us (blue curve, Figure 5.4). The value is limited by the time-constant of our
time-resolved photoluminescence setup. We have integrated the PL intensity for the fast and slow
components. The PL spectrum for the fast component shows narrowing features as indicated in
the Figure 5.3a at high pump fluence. The PL spectrum for the slow component is similar with the
spectrum at low pump fluence. The PL intensity of the slow component can be originated from

surface emission of the sample.
5.2.4.4 Gain measurements

We have employed the well-known variable excitation length method to determine the gain
coefficient from the evolution of the peak-emission intensity (Chapter 2).2% The sample was
optically excited by the Argon laser providing the band-to-band excitation in a stripe geometry.
The amplified spontaneous emission signal, lase, was collected as a function of the illuminated
length or the excitation length, I, from the edge of the sample. As a result of stimulated emission,
the spontaneous emitted light is amplified as it passes through the excited volume to the edge of
the sample. Assuming a one-dimensional amplification model, the modal gain, gmod, can be
extracted from the amplified spontaneous emission intensity and the excitation length:1%

AXI
Iasg(D) = % (e8modl — 1) (1)

mod

where IsponT iS the spontaneous emission intensity per unit length and A is the cross-section area

of the excited volume, and the modal gain is the gain minus the loss of the material.

When the excitation length was varied, the emission spectral peaks became narrower as the
excitation length was increased, and the output intensity grew exponentially. Figure 5.5a presents
the PL spectra with an optical excitation of 109 mJ cm for different excitation lengths. The
observation of an exponential increase in the intensity and a substantial decrease in spectral

linewidth (Fig. 5.53, inset) of light emitted as the excitation length is varied is a direct indication
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Figure 5.5: Optical gain determination via the variable stripe length method. a, Edge-emission PL
spectra from the MQWs:Er sample with Low = 2 nm and Lg = 10 nm as a function of the excitation
length at a pump fluence of 109 mJ cm™. The PL spectra become sharper at higher pump fluence
due to the amplified spontaneous emission. The narrowing of the edge-emission spectral peaks
provides evidence of lasing in the MQWs:Er sample at room-temperature. Inset: The reduction of
the FWHM of the deconvoluted Gaussian peaks with increasing the excitation lengths. b,
Dependence of the amplified spontaneous emission intensity, for the PL peak at 805.3 meV, on
excitation length. The modal gain of the MQWs:Er sample was determined by using Eq. 1 to the

data. ¢, The net gain of the sample at 805.3 meV as a function of the pump fluence.

of the optical gain. Fig. 5.5b shows the output intensity at the observation peak at 805.3 meV as a
function of excitation length at three different pump fluence. In each case, the data can be fitted to
Eqg. 1. The net gain of the waveguide was measured as a function of the pump intensity (Fig. 5.5¢).
At higher pump fluence, the output intensity increased exponentially with excitation lengths less
than 0.42 mm, and then leveled off at longer excitation lengths. This behavior can be attributed to
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gain saturation, which occurs when the light traveling in the waveguide becomes so intense that it
depletes a substantial fraction of the excited centers and reduces the gain coefficient. We limited

the gain analysis to pump fluence <150 mJ cm and excitation lengths <0.42 mm.
5.3 Conclusions

In conclusion, our investigations provide conclusive evidence of light amplification and
stimulated emission in MQWSs:Er samples. In the past, this formidable goal was unsuccessfully
attempted by Er doping of crystalline Si, and later of SiO> sensitized with Si nanocrystals. Here
we have demonstrated the realization of this long-sought goal of Si photonics in state-of-the-art
GaN MQW structures grown on-Si and GaN, demonstrating for the first time the added value
provided by merging of these two most important semiconductor materials — Si for standard
electronics and photovoltaics and GaN for power electronics, photonics and automotive

applications.
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Chapter 6

Graphene-TazOs heterostructure enabled
high performance, deep-ultraviolet to mid-infrared

photodetection

This chapter contains original results submitted for publication:

“Vinh X. Ho, Yifei Wang, Michael P. Cooney, and N. Q. Vinh. Graphene-Ta;Os heterostructure
enabled high performance, deep-ultraviolet to mid-infrared photodetection, Nature Communications
(2020)”

Ultrafast, highly sensitive, low cost photodetectors operating at room temperature sensitive
from deep-ultraviolet to the mid-infrared region remain a significant challenge in optoelectronics.
Achievements in traditional semiconductors using cryogenic operation and complicated growth
processes prevent the cost effective and practical application of broadband detectors. Alternative
methods towards high-performance photodetectors, hybrid graphene-semiconductor colloidal
quantum dots have been intensively explored. However, the operation of these photodetectors has
been limited by the bandwidth and response time. Here, we have demonstrated hybrid
photodetectors operating from the deep-ultraviolet to the mid-infrared region with high sensitivity
and ultrafast response by coupling graphene with a p-type semiconductor photosensitizer,
nitrogen-doped Ta20s thin film (5 nm) grown by e-beam evaporation. The photodetectors achieve
a high photo-responsivity (up to 3.0 x 10° A/W), ultrafast response time (faster than 20 ns), and a
specific detectivity (up to ~ 6.5 x 10 Jones). The work provides a method for achieving high-

performance optoelectronics operating in the deep-ultraviolet to mid-infrared region.
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6.1 Introduction

The capability to convert light into electrical signals over a broad spectral range with high
sensitivity and low cost is central to many technological applications including video imaging,
night-vision, security, optical communication, sensing, and spectroscopy*. Graphene has been
exhibited as a potential optoelectronic material for broadband photodetectors from the deep-
ultraviolet (UV) to the terahertz (THz) region3® 140 141 Unfortunately, due to the fast carrier
recombination rate on the picosecond timescale*?, as well as the intrinsic low absorption43 144 of
graphene, photodetectors based on graphene suffer from poor detectivity as well as low
responsivity, preventing use in broadband applications. To enhance the light absorption, graphene
is usually hybridized with other nanostructures for graphene-based photodetectors**® 146, Among
these nanostructures, the ultrahigh photoconductive gain was obtained in hybrid colloidal quantum
dots (CQDs) on graphene, where graphene acts as an ultrafast carrier transport channel and CQDs
are used as an ultrahigh photon absorbing material. In these hybrid nanoscale structures, charge
carriers are generated from light-absorbing CQDs. Electrons or holes are trapped in the CQDs,
while the oppositely charged carriers transfer to graphene and rapidly recirculate in the graphene
channel controlled by a source-drain bias voltage, leading to a photogating effect'4” 148, Depending
on CQDs, graphene hybrid photodetectors have shown a high sensitivity photodetection from the
UV to near-infrared (NIR) region. However, graphene-CQD photodetectors face a limited spectral
bandwidth due to the large energy of exciton peaks'*® 48 and a long response time in the
millisecond to second time-scale?#®.

The ultrahigh photoconductive gain of graphene-CQD photodetectors originates from the long
lifetime of trapped-charge carriers that remain in CQDs and the high carrier mobility (u = 60,000
cm?stv1)4 of graphene at room temperature on a substrate. The gain can be determined based on
a simple approximation of the trapped-charge carrier lifetime, Ty,pped carrier» fOr €lectron or hole,
and the transit time, Ty, for the opposite type carrier given by G = Tyapped carsier/ Trransic . FOr
graphene-CQD photodetectors, the responsivity is up to ~1 x 10° A/W in the visible region4® 4%
150 \while the response time is very slow (in the order of ~10 ms or longer) due to the long lifetime
of carriers trapped in the CQDs. The ultrahigh gain has been observed in many types of hybrid
structures including graphene-PbS4® 148 151 graphene-TiO2!*°, graphene-Zn0O*®?, graphene-Si*>*
153 “and graphene-chlorophyll (biological material)*>*. The long lifetime of trapped-charge carriers
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provides an ultrahigh gain, but leading to a slow response time of the photodetector. Thus, to
increase the operation speed in the graphene-CQD photodetectors, a reset voltage pulse applied to
the back-gate has been used to purge charge carriers from CQDs46: 148,

To obtain an ultrahigh photoconductive gain as well as a fast operation time, including
response and recovery time of graphene based-photodetectors, we have employed a two-
dimensional (2D) light-absorbing layer, a p-type semiconductor photosensitizer, nitrogen-doped
tantalum oxide (N-Ta20s). The N-Ta20s layer has a thickness of 5 nm grown by electron beam
evaporation containing electron acceptor impurities atop graphene. Recently, this material has
been used in a wide range of applications in solar energy conversion and microelectronics
including photocatalytic materials'®, charge-trapping for nonvolatile resistive random access
memories™®® 17 atomic switches'®®, capacitors, insulators!® 1% thin-film electroluminescent
devices®®!, and high-speed elements due to their high dielectric constant (x = 25 — 40), good
thermal and chemical stability, and high electrical strength. The N-Ta.Os light-absorbing thin film
contains defects, including acceptor impurities and trapped-charge centers at the interface, acting
like negative charge centers. The long lifetime of charge centers provides an ultrahigh gain for the
photodetectors, similar to the graphene-CQD photodetectors. Due to the nature of the quantum
well (instead of quantum dots), ionized charges in defects of the 2D light-absorbing layer will be
neutralized quickly when the light source is turned off. The devices exhibit a significantly high
photo-responsivity of ~3.0 x 108 A/W in the UV-to-NIR region, and ~7.2 A/W in the mid-infrared
(MIR) region. A fast response time of 20 ns or a high electrical bandwidth of ~50 MHz has been

observed.
6.2 Fabrication and Characterization

In this section, we will briefly describe the fabrication process of the graphene-based
photodetectors. We also characterize the morphology of N-Ta;Os absorber using atomic force

microscopy (AFM) and quality of graphene using Raman spectroscopy.
6.2.1 Photodetector fabrication process

The chemical vapor deposition (CVD) monolayer graphene on a copper foil from Graphenea
Inc. was transferred onto a Si/SiO2 substrate'*!. A p-doped (1 — 10 Q.cm) Si wafer under a 300-

nm-thick SiO> layer was used as the back gate. Metal source and drain contacts (Cr/Au with
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10/100-nm thickness) for transport measurements were deposited directly onto the wafer by optical
lithography to form field effect transistors (FET). The CVD graphene film on top of the wafer was
transferred using the poly-(methyl-methacrylate) (PMMA) wet transfer method. The single-layer
of graphene film was confirmed by the Raman spectroscopy. Using photolithography and oxygen
plasma etching processes, graphene films were patterned into different shapes (L x W) on the
silicon wafer. L is the gap between source and drain contacts, and W is the width of the graphene

photodetector device (Fig. 6.1).
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Figure 6.1: Images of photodetectors: (left) a picture of photodetector devices including IC

package, and (right) a SEM image of an individual photodetector showing the gap, L, between
source and drain contacts, and the width, W, of the graphene.

A 5-nm N-Ta;Os layer was deposited on the CVD graphene by electron-beam thermal
evaporation with a slow rate of 0.1 A.s™. This layer acts as a photon absorption material and
contains electron acceptor centers. Then the device was covered with a 30-nm Al2Os dielectric
layer using the thermal atomic layer deposition method (ALD) at 250 °C to protect the N-Ta2Os
layer from the ambient environment. Figure 6.1 shows an image of the graphene-Ta>Os
photodetector devices (left) and a scanning electron microscope (SEM) image (right) of an

individual photodetector in the main chip.

To verify the quality of the graphene as well as the N-Ta>Os films, atomic force microscope
(AFM) experiments have been performed. Figure 6.2a shows an AFM image of the graphene
surface with the size of 10 x 10 pm? after the PMMA cleaning process. The graphene surface is

homogenous, and there are only a few white dots on the graphene surface in the AFM image. These
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white dots were originated from PMMA residues, thus almost all PMMA residuals were removed
in our photodetector devices. An AFM image in Fig. 6.2b in a short scanning range illustrates the

homogeneity of the N-Ta20s layer with the thickness of 5 nm.
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Figure 6.2: AFM images of the graphene surface (left), and the N-Ta2Os layer (right) on graphene
of photodetector devices.

6.2.2 Raman spectrum

To evaluate the quality of graphene after several fabrication steps, including the graphene
transferring, the e-beam evaporation process of the N-Ta>Os layer, and ALD method of the Al>O3
dielectric layer, the Raman spectroscopy has been employed. A Raman spectrum (Fig. 6.3) was
obtained by using a WITec UHTS 300 micro-Raman spectrometer equipped with a CCD detector
and a 100x objective lens (NA 0.90). The graphene sample was excited by a laser operating at
663.1-nm wavelength. Figure 6.3 shows the Raman spectrum of a CVD monolayer graphene on
Si/SiO2 covered by a 5-nm N-Ta2Os film, and a 30-nm ALD Al>Os dielectric layer. The Raman
spectrum shows two main peaks at ~1592 cm™ (G line) and ~2669 cm™ (2D line). A lower peak
(D line) can be observed at 1345 cmt, which indicates graphene defects. The intensity ratio of the
2D and G lines, I2p/lg, is 5.3. The high value confirms a high quality of graphene layer in the

photodetector'®2, The intensity ratio of D to G lines, Ip/lg, is correlated to the deposition process
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and the oxidation of the ALD dielectric layer. This ratio value of 0.3 indicates a normal density of

lattice defects in an oxide layer covered graphene®?,

2D
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Figure 6.3: Raman spectrum of the graphene-Ta>Os photodetector device with a CVD monolayer

graphene on Si/SiO2 covered by a 5-nm N-Ta>Os film, and a 30-nm ALD Al>Os dielectric layer.

6.3 Results and discussion

In this section, we characterized the figures-of-merit of the graphene-Ta>Os photodetectors
such as responsivity, response-time, noise equivalent power (NEP) and specific detectivity. We

also proposed the model to explain the broadband detection of graphene-Ta>Os photodetectors.
6.3.1 Physical mechanism: Photoconductive gain

The active area of the graphene-Ta>Os photodetectors consists of a graphene sheet and a 5-nm
N-Ta2Os layer. Graphene acts as a carrier transport channel with the N-Ta>Os thin film used as a
strong photon absorbing material containing ionized acceptors. The active area is placed on top of
a Si/SiO, wafer as illustrated in Fig. 6.4a. In contrast to earlier findings for graphene-based
photodetectors, where the photocurrent occurs with the presence of charges in CQDs changing the
graphene sheet resistance!#® 4% 150 in the vicinity of a p-n junction®* 16° at the interface of

graphene and metal contacts**, a thin tunnel barrier'*®, our structure shows the photo-response
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over a large volume of the Ta2Os thin film. The Ta2Os layer is doped with nitrogen to form acceptor
centers'6 167, 168,169,170 4, ring e-beam evaporation deposition, with an addition during the first few
cycles of the atomic layer deposition Ta>Os on top. The N-Ta>Os layer contains acceptor centers
with energy levels in the band gap of the material. Photons with energy higher than the energy of
the acceptor centers release holes from neutral acceptors. The holes are transferred into the
graphene channel, leaving behind ionized acceptors (negative charges). Due to the high mobility
of graphene sheet, holes are circulated during the long lifetime of ionized acceptors. The graphene-
Ta>Os heterostructure offers a large spectral sensitivity from deep-UV to MIR region with very
fast operation time.

The effect of light illumination on the graphene-Ta>Os heterostructure photodetector with the
gap between source and drain contacts, L, of 30 um, and the width of the active area, W, of 30 um
(W/L = 1) is shown in the Fig. 6.4. Specifically, we have observed the source-drain current, Ips,
with and without illumination of a diode-pumped laser operating at 532 nm as a function of the
back-gate voltage, Vec. The power of the pump laser was varied from 300 fW to 7.5 nW. Figure
6.4b shows transfer characteristic (I-V) curves of our device for the source-drain bias voltage, Vsp,
of 0.5 V. A shift of ~11 V of the charge neutrality point (CNP) voltage (Vpirac) Of the transfer
characteristic curves toward positive of the back-gate voltage, Vec, has been observed with
increasing illumination power. The photocurrent increases for Veec < Vpirac Where the carrier
transport is hole-dominated. In this case, photo-generated holes were transferred from the N-Ta20s
thin film to graphene, leaving behind ionized acceptors. Thus, a high photocurrent has been
observed. For Vec > Vpirac, Where the carrier transport is electron-dominated, the illumination leads
to a decrease in photocurrent due to the recombination taking place between holes transferred from
the N-Ta20s layer to graphene and electrons induced by the back gate. As long as acceptors in the
5-nm N-Ta20s layer remain ionized (negative charge), holes in the graphene layer are recirculated,
resulting in a photoconductive gain in the graphene-Ta>Os heterostructure device.

By subtracting the dark-current from the illumination-current, we can determine the net
photocurrent (Iph = liumination — ldark) Of the device. The photocurrent curves under different
illumination powers are plotted in Fig. 6.4c. A net photocurrent of ~100 uA has been observed at
Vee = 7 V and Vsp = 0.5 V. The photocurrent curves demonstrate that the magnitude of the

photocurrent increases with illumination power.
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Figure 6.4: Graphene— Ta>Os hybrid thin film photodetector. (a) Schematic of the phototransistor
showing source, drain, back gate contacts together with graphene, 5-nm N-Ta>Os, and 30-nm
AlLO3 layers. (b) I-Vsc characteristics of the graphene — Ta>Os photodetector under different
illumination powers, and 0.5 V source—drain bias voltage. The wavelength is 532 nm with a spot
size of 10 mm, covering the entire photodetector. Inset: the photocurrent increases linearly with
the source—drain bias voltage. (c) Photocurrent curves under different illumination powers as a
function of back gate voltage. The magnitude of photocurrent increases with illumination power.
(d) Power dependence of photocurrent under different source—drain bias voltage using the lock-
in technique at Vec = 7.0 V for three values of the source-drain voltage, Vsp, of 0.1, 0.5V, and 1
V. The photocurrent increases linearly with light intensity and grows slowly at high illumination
power. (e) The photo-responsivity shows a constant value at low illumination power and reduces
at high excitation power. (f) Power dependence of photocurrent using a CO> laser (4 = 10.6 um)
for excitation at Ves = 7.0 V. A linear increase of photocurrent with illumination power has been

observed.
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To gain insight into the characteristics of the graphene-Ta>Os heterostructure, we carried out
the power dependence of the photocurrent (Fig. 6.4d) as well as determined the photo-responsivity,
Rpn = Ipn/P, of the photodetector for the 532-nm illumination, at Ves = 7.0 V for three values of the
source-drain voltage, Vsp, of 0.1, 0.5, and 1 V (Fig. 6.4e). Under low illumination power of 300
fW, the device shows a responsivity of 1.25 x 10° A/W, suggesting that the graphene as well as
the Ta.Os layers efficiently convert the photon energy into a large electrical current. The
photocurrent increases linearly with illumination power from 300 fW to ~ 2 nW (almost four
ordersof magnitude) and grows slowly at high illumination power. In an equivalent way, the
responsivity shows a constant value at low illumination power and reduces after that (Fig. 6.4e).
The photo-responsivity reduces from 1.25 x 10° to 5.85 x 10* A/W when the excitation power is
higher than 2 nW. At low illumination power, ionized acceptors in the N-Ta.Os layer are well
separated from photon-generated electron-hole pairs, thus a high gain from the photogating effect
has been obtained. As we increase the illumination power, a higher concentration of electron-hole
pairs is introduced. When all acceptor centers are ionized, electrons and holes can recombine in
the picosecond time-scale'#2. These holes will not take part in the charge transfer process, and thus,
the photo-responsivity reduces as well as the average carrier lifetime is shortened at high
illumination power.

To examine the MIR response, experiments were conducted with a CO> laser (A = 10.6 um,
Vsp = 0.5V, Ve = 7 V). The photocurrent as a function of illumination power is shown in Fig. 1f.
A linear behavior of the photocurrent with the illumination power has been observed. From the
results, the photo-responsivity in the MIR region of 7.2 A/W has been obtained.

In addition, the photocurrent shows a linear dependence on the source-drain bias voltage,
Vsp,1™t (Fig. 6.4b, inset) suggesting that higher photo-responsivity can be readily obtained by
applying a higher bias voltage. As can be seen from Figs 6.4d and 6.4e, with Vgg = 7.0 V, the
photo-responsivity of the device at Vsp = 1.0 V is higher than those from a lower voltage between

source and drain.
6.3.2 Optimum size of photodetector

The photo-responsivity depends strongly on physical parameters of the devices. Specifically,
the photo-responsivity depends on the geometrical parameters, L, the distance between source and
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drain contacts, and the width, W, of the active area. A simple electrical circuit has been developed

for the graphene photodetectors!’?:

Vsp Vsp (1)
Ro+Rjy  Ro+Rp

Iph = Iillumination - Idark =
where R, R, and Rp are the contact resistance of the graphene-Ta>Os heterostructure with

electrodes, the total resistance of the active area with and without light illumination, respectively.

The sheet resistance of the active area under the dark condition can be calculated as:
Rp = ~—, (2)

where n is the carrier concentration in the graphene-Ta>Os area. Figure 6.5a inset shows the dark
current at the CNP (the minimum current of the transfer characteristic curves) as a function of the
gap, L, for W/L = 2. With Vsp = 0.5 V, the total resistance under dark conditions, Ry, is ~2.7 kQ.
The dark resistance value is close with other reports'#® 148152 \When the device is illuminated, a
number of carriers are generated from the N-Ta>Os light-absorbing layer and transferred to the
electrodes. An is the carrier concentration variation in the active area of the device. The

photocurrent for low illumination power is solved as'’?:

Vsp Vsp VspAneu
I = — =~ 3
ph Ro+ W/L o W/L (Roneu(W/L)+1)2 ( / ) ( )
(n+An)ep neu

Fixing the ratio of the width and the gap (WI/L), the photocurrent, lon, is proportional to the
carrier concentration variation, An. Thus, to increase the photo-responsivity of the detector,
reducing the active area will enhance the carrier concentration variation, An. Figure 6.5a shows
that for a fixed W/L ratio, the photo-responsivity increases several orders of magnitude from W/L
=400 um/ 200 um to the W/L = 20 um/ 10 um. When the active area was reduced with a fixed
WI/L ratio, the length, L, also was reduced. With a shorter gap between source and drain, the dark
current increases significantly (Fig. 6.5a, inset), reducing the performance of the device. The
smaller active area provides a high photo-responsivity, however, the dark-current, Ip, as well as
the photo-current, I, vary with the width, W, of the active area®’. For a fixed gap between source
and drain, L, the dark current (inset of Fig. 6.5b) as well as the photocurrent increase when the
width, W, increases. To optimize the performance, characterization of the photo-responsivity was
performed with different W/L ratio for L = 10 um, i.e., W/L = 10 um/ 10 pm, W/L = 20 um/ 10
um, W/L =30 um/ 10 um, W/L =40 um/ 10 um (Fig. 6.5b).
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Figure 6.5: The measured photo-responsivity for graphene-Ta>Os photodetectors with different
graphene sheet dimensions. (a) The measured photo-responsivity of photodetectors for the ratio
W/L = 2 with different gaps, L, between source and drain as a function of illumination power. The
solid curves are the best fit to the data using the function in Eq. 1. Inset: the dark current at the
charge neutrality point as a function of gap, L, between source and drain. The dark current
increases significantly when the gap becomes narrower. (b) The measured photo-responsivity for
L = 10 xm with different ratios W/L as a function of illumination power. Inset: the dark current

at the charge neutrality point as a function of the ratio of W/L.

The highest photo-responsivity was obtained for the W/L = 20 um/ 10 um device. With
increasing the width, a higher photo-responsivity is obtained. However, increasing the width
beyond 20 um decreases the photo-responsivity. The decreasing photo-responsivity with a width
larger than 20 um is a result of the recombination of carriers at defects on the monolayer graphene.
The monolayer graphene was grown on copper foil by the CVD method and the monolayer
graphene consists of single-crystalline grains with sizes from 10 to 20 um*”. Carriers produced
by photon absorption strongly recombine at defects or grain boundaries. Thus, when the width
increases, the photocurrent and the photo-responsivity were slowly increased. For the best
performance, the optimal parameters are L = 10 um and W = 20 um. With this structure, the
photodetector can detect the light intensity as low as 27 fwW (0.135 mW/m?) in the visible region.
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6.3.3 Ultra-fast response time

To define the impact of a photodetector on the performance and speed, the response time has
been characterized. Response time was measured using a low noise current amplifier (DLPCA-
200, FEMTO) and an oscilloscope to monitor the temporal dynamics of the photocurrent under
different illumination power. To obtain the ultra-fast response, an Acousto-Optic Modulators
(AOM) using a TeO. crystal produced ultrafast laser pulses from a continuous-wave laser. Using

this system, laser pulses were generated with the rise time of 20 ns.
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Figure 6.6: Photocurrent response of a graphene-Ta>Os photodetector to on/off illumination. (a)
The transient photo-response of the device for an illumination at wavelength of 532 nm with Vsp
= 0.5 V; Vs = -7 V. The photocurrent response shows fast response and recovery time. The red
curves are the best fitting for the data with a bi-exponential function (left panel), and bi-
exponential decay function (right panel). (b) The photocurrent response of the device for different

illumination at wavelength of 1.53 uzm (top panel), and at wavelength of 10.6 #m (bottom panel).

The photocurrent appears periodically (Fig. 6.6a, inset) with the pulse duration of 6.3 us under
the 532-nm laser illumination, Vsp = 0.5 V, and Vse = -7 V at room temperature. For the device
with an active area of 20 x 10 um, the response time is estimated to be ~125 ns (from 10 to 90%
of the peak photocurrent), while the recovery time is 41 us (from 90 to 10% of the peak
photocurrent). The signal in Fig. 6.6b shows an ultrafast response time. The increasing of
photocurrent with the illumination time can be fitted to an exponential function with two time

constants: I,, = I; (1 — exp(—t/1;)) + I,(1 — exp(—t/73)), in which 7, is ~20 ns (the rise time
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of the AOM system), and t, is 325 ns. The short rise time, 7,, represents the hole transfer time to
electrodes, whereas the longer time constant, t,, corresponds to the hole transfer time from an
accepter center to graphene. Similarly, the decreasing of photocurrent with time when the light is

turned off can be fitted to an exponential function: I,,, = I, (exp(—t/73)) + I;(exp(—t/74)) with

two decay time constants, 73 = 500 ns, and 7, = 45 us. The short decay time constant, 7, can be
attributed to the charge transfer between accepter centers in the N-Ta2Os layer because it is similar
to t,. The slowest time 7, may represent the lifetime of ionized acceptor centers. Using the e-beam
evaporation to make the nanometer N-Ta»Os light-absorbing layer, fast dynamics, including the
response and the recovery time of the photocurrent has been obtained. These values are orders of
magnitude faster than those from previous reports!4®: 148 150, 151, 152,154,172 ' Thys extra reset gate-

voltage pulses are not required for fast switching performance of these devices.
6.3.4 Ultra-broadband Photodetection from deep-UV upto Mid-IR region

To characterize the broadband photo-response of the devices, photo-responsivity as a function
of illuminated photon energy was measured. The photo-responsivity shows a broadband spectrum
from the MIR to deep-UV region (Fig. 6.7a). Specifically, the photo-responsivity at the MIR
region (10.6 um or 0.12 eV) is 7.2 A/W, and is significantly sensitive in the range from the near
infrared (1.53 um or 0.81 eV) to the deep-UV (200 nm or 6.2 eV) region on the order of 10° A/W.
The light sources used include a CO- laser operating at 10.6 um, a quantum cascade laser lasing
at 4.55 um, a fiber laser lasing at 1.53 um, a diode-pumped laser operating at 532 nm, and
monochromatic light extracted from a broadband light source. The light source is expanded to a
large beam and a pinhole has been used to calibrate the photon flux. The spectral photo-
responsivity of the device containing 5-nm N-Ta2Os layer shows an onset at ~ 1 eV.
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Figure 6.7: Spectral sensitivity and detectivity of the graphene-Ta>Os heterostructure device (W xL
= 20x10 um). (a) Photo-responsivity of the device as a function of excitation photo-wavelength
from 200 nm to 10.6 xm (or from 0.12 to 6.2 eV). The blue diamonds are experimental data, and
the orange line is a guide to eyes. Inset: Spectral dependence of the NEP and specific detectivity
(D*) of the photodetector device at room temperature, Vec =0V, and Vsp = 0.5 V. (b) Schematic
diagram of energy band structures of graphene and the 5-nm N-Ta.Os layers together with the
tendency of charge transfer between layers. The blue dots present for the ionized acceptor centers,

while hollow dots stand for holes.

6.3.5 Photoconductive gain induced by N-doped Ta20s

Nitrogen incorporation into oxides is widely reported in the literature, and N-doped Ta2Os
exhibited a dual functional modulation including band gap narrowing and p-type conduction*®7: 168
169, 170 A number of studies including absorption experiments and X-ray photoelectron
spectroscopy®” 17017 "yltraviolet photoelectron spectroscopy and electrochemical techniques®’®,
time-resolved spectroscopic studies®®®, and density-functional theory calculations®® have shown
that Ta>Os phase changes to p-type in the nitrogen doped Ta,Os material. Nitrogen doping in Ta20s
increases the number of defect states and produces multiple levels above the valence band (VB)
of ~1.25 eV from the N 2p orbital, and the oxygen sites were substituted by nitrogent®® 1’6, The N
2p states form a band above the VB, resulting in band gap narrowing and p-type conduction.

Photons with energy higher than the acceptor energy ionize the accepter centers, resulting in hole
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generation. Holes transfer from the N-Ta.Os to graphene, leaving behind negative charges (ionized
acceptor centers). In addition, the N-Ta2Os thin layer has the amorphous phase, the N 2p states
create a broad band with the maximum of photon-ionization cross section at ~1 eV above the VB.
The spectral photo-responsivity from the graphene-Ta>Os heterostructure showed a maximum at
~1 eV and a long tail extending to the MIR (Fig. 6.7a). Figure 6.7b demonstrates a schematic
diagram of the energy band structures of graphene and N-Ta2Os layers and the tendency of charge

transfer between layers. The blue dots present for the ionized acceptor centers, while hollow dots
stand for holes.

The response time of the devices in the MIR is slower compared with those from the VIS to
NIR region. The response time at 10.6 um shows two components. The fast component is faster
than 1 ms (limitation of the test system), and the longer component is 300 ms. The fast component

originates from the transit time of holes in the graphene channel, while the longer comes from the
lifetime of surface trapping center.

6.3.6 Detector figures-of-merit

6.3.6.1 Noise characterization

2] -
0%y, Ve =7V

10° — .

Current density of 1/f noise (pA Hz™"?)

Frequency, f (Hz)

Figure 6.8: The current density of 1/f noise for the graphene-Ta>Os photodetector with W/L = 20
um /10 ym at Vees = 0 V and Vps = 0.5 V, at a modulation frequency of 1 Hz.
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For practical applications, the noise-equivalent-power (NEP) as well as the specific detectivity

(D*) are important parameters of a photodetector, which are expressed as

D* = VAXAf (1)

NEP

where Af is the bandwidth in hertz, and A is the area of the device in cm? The NEP can be
evaluated by considering the spectral density of 1/f noise, shot noise, and thermal noise of

graphene-Ta,Os photodetectors.

The noise current density of 1/f noise is calculated by analyzing the noise in the dark current
waveform for the graphene-Ta>Os photodetector with W/L = 20 um / 10 um. The dark current
waveform was acquired by a current preamplifier with a sampling rate of 1 Hz at Ve =7 V and

Vps = 0.5 V. The noise current density is given by
$i1(1/6) = 7= /(IOP) @)

where I(f) denotes the discrete Fourier transform of the dark current waveform I(t), Fs is the
sampling rate of 10,000 Hz, N is the number of data points of 10,000 points.®” The spectral density

of 1/f noise calculated from dark current waveform is plotted in Figure 6.8. The NEP value of the

spectral density of 1/f noise is ~ 0.0063 pA/v/Hz with Vsp = 0.5 V and Ves = 7 V, at a modulation
frequency of 1 Hz.

The shot noise is estimated by using:

SI(ShOt) =W qudark (3)

where g is the elemental charge, and lqar is the dark current of the device.®’ Figure 6.9 shows the
dark current, lqark, at the charge neutrality point as a function of back gate voltage. The calculated

spectral density of shot noise is ~ 7.64 (pA/~Hz).

The thermal noise is calculated by using Nyquist’s equation:

Si(thermal) = ,/4kgT/R 4)
where kg is the Boltzmann’s constant, T is the temperature, and R is the differential resistance of

the device in the dark. The thermal noise at room temperature is estimated ~ 0.17 (pA/VHz). The
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spectral density of 1/f noise, shot noise and thermal noise limit of the graphene-Ta2Os

photodetector as a function of source-drain voltage have been presented in Figure 6.10.
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Figure 6.9: Dark current, lqark, at the charge neutrality point as a function of back gate voltage.
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Figure 6.10: Noise current densities of 1/f noise, shot noise, and thermal noise of graphene-Ta>Os

photodetectors as a function of source-drain voltage, Vsp.
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6.3.6.2 Detector figures-of-merit: NEP and Specific Detectivity

To evaluate the capability of weak light detection of a photodetector, two key metrics including
the specific detectivity (D*) and the noise equivalent power (NEP) have been examined by

considering the shot noise, thermal noise and 1/f noise.
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Figure 6.11: Comparison photodetectors operated at different wavelength based on 2D materials
including graphene, PtSe,, black phosphorous. Comparison the current results with those reported

in literature for the (a) photo-responsivity (b) response time.

A detail of the calculations for these noises is presented in the Supporting Information. The
frequency-dependence of the noise current for the photodetector at room temperature was

measured under Vsp = 0.5 V and Vec = 7 V at the modulation frequency of 1 Hz. The NEP values

(NEP =,/ S;(shot)? + S;(thermal)2 + S;(1/f)%/R) are achieved as low as 2.7 x 108 and 1.1 x
10712 (W/Hz2) in the UV-to-NIR region and the MIR region, respectively (Fig. 6.7a, inset). This
yields specific detectivity values, D* = vVA/NEP, (A is the area of the detector) in the order of 6.5
x 10 and 1.7 x 10° (Jones) for the UV-to-NIR and MIR regions, respectively (Fig. 6.7a, inset).

The small values of NEP, or large values of D* indicate that graphene-Ta,Os heterostructure
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photodetectors can be well used for weak light detection from deep-UV to MIR region. Photo-
conductivity and response time for photodetectors based on 2D materials including graphene,
graphene quantum dots”’, graphene nanoribbons!’®, PtSe,!’®, black phosphorous!®, black arsenic
phosphorus!® are shown in Fig. 6.11. The photo-responsivity of the graphene-Ta;Os
heterostructure is similar with the graphene-CQD photodetectors, but the response time is orders
of magnitude faster than other photodetectors based on 2D-materials. Thus, the graphene-TazOs
heterostructure photodetector can operate without any extra reset voltage pulse applied to the back-

gate.
6.4 Conclusions

In summary, we have fabricated and demonstrated graphene-Ta;Os heterostructure
photodetectors with improved responsivity and ultrafast response speed. The structure extends the
photo-detection of graphene hybrid phototransistors from UV-VIS region into the MIR region.
The current work has established the development of high-performance optoelectronic devices
based 2D materials, demonstrating for the first time the added value provided by merging of these
two important materials — graphene for optoelectronic and Ta,Os for microelectronics, photonics

and solar energy applications.
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Summary

To realize the coherent light sources integrable on the Si-CMOS technology, we investigated
the optical properties and the amplified spontaneous emission of the Er-doped GaN epilayers and
the Er-doped GaN multiple quantum wells (MQWSs).

First, we have investigated the optical activity, the PL quantum efficiency and the non-radiative
transfer energy pathways between the Er ions and the GaN host from the GaN:Er epilayers
prepared by using the MOCVD method. The PL intensity measurements under the resonant
excitation (A =809 nm) indicate the low thermal quenching of 20% from 10 K to room temperature
from the Er®* ions in our GaN:Er epilayer. We also have identified the non-radiative channels in
this material using the temperature dependence measurements of the PL intensity. The findings
provide useful insights for further improvement of the 1.54 pm emission in material engineering
towards optimizing the energy transfer between the GaN host and the Er ions. By comparing the
PL intensity from the GaN epilayers with that of the SiO2:Er reference sample under the resonant
excitation (A = 809 nm), we estimated that the percentage of the isolated Er optical centers in the
GaN epilayers is about 68%. The high percentage of the optically active centers in GaN epilayers
indicates the high potential for realizing optical amplification.

Next, we have investigated the amplified spontaneous emission of the Er optical centers in the
GaN epilayers prepared by the MOCVD method under the resonant excitation (A =809 nm). Using
the variable stripe technique, the observation of the stimulated emission at 1.5 um at room
temperature is accompanied by characteristic features of threshold behavior of emission intensity
as functions of pump intensity, excitation length, and spectral linewidth narrowing. The optical

gain has been obtained in the GaN:Er epilayers, up to 75 cm™.

Furthermore, to enhance the simulated emission from Er®*, we employed the quantum
confinement effect in the Er-doped GaN MQWSs. The emission intensity from the MQWSs:Er
structure with the optimum GaN well thickness of 2 nm and the barrier thickness of 10 nm is higher

than that of the GaN:Er epilayer under the over-bandgap excitation, Aexc = 351 nm, about an order
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of magnitude. Besides, we estimated the percentage of the isolated Er®* optically active centers in
the GaN MQWs is approximately 65%. This is a crucially important parameter for realizing the
stimulated emission in the GaN:Er MQWs samples.

We reported the realization of room-temperature stimulated emission in the technologically
crucial 1.5 um wavelength range from Er-doped GaN MQWs on silicon and sapphire. Employing
the well-acknowledged variable stripe technique, we have demonstrated the optical gain up to 170
cmt in the multiple-quantum well structures. In the past, this formidable goal was unsuccessfully
attempted by Er doping of crystalline Si, and later of SiO2 sensitized with Si nanocrystals. The
realization of this long-sought goal of Si photonics in state-of-the-art GaN multiple-quantum well
structures grown on-Si and GaN is demonstrated for the first time the added value provided by
merging of these two most important semiconductor materials — Si for standard electronics and
photovoltaics and GaN for power electronics, photonics and automotive applications.

Finally, to address the infrared photodetection, we have fabricated and characterized the
graphene-Ta2Os heterostructure photodetectors with improved responsivity and ultrafast response
speed. The structure extends the photo-detection of the graphene hybrid phototransistors from the
UV-VIS region into the MIR region. Our hybrid photodetectors operated from the deep-ultraviolet
to the mid-infrared region with high sensitivity and ultrafast response by coupling graphene with
a p-type semiconductor photosensitizer, nitrogen-doped Ta2Os thin film (5 nm) grown by e-beam
evaporation. The high photo-responsivity (up to 3.0 x 108 A/W), the ultrafast response time (faster
than 20 ns) and the specific detectivity (up to ~ 6.5 x 10'* Jones) were achieved at room
temperature. The current work has established the development of high-performance
optoelectronic devices based 2D materials, demonstrating for the first time the added value
provided by merging of these two important materials — graphene for optoelectronic and Ta>Os for
microelectronics, photonics and solar energy applications.
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Appendix A

Monte Carlo Ray-Trace Diffraction Based on the

Huygens-Fresnel Principle

This chapter was adapted with only minor changes from the manuscript:

"Reprinted with permission from J. R. Mahan, N. Q. Vinh, V. X. Ho, and N. B. Munir, "Monte Carlo
ray-trace diffraction based on the Huygens—Fresnel principle,” Appl. Opt. 57, D56-D62 (2018).
© The Optical Society”

The goal of this effort is to establish the conditions and limits under which the Huygens-Fresnel
principle accurately describes diffraction in the Monte Carlo ray-trace environment. This goal is
achieved by systematic intercomparing of dedicated experimental, theoretical, and numerical
results. We evaluate the success of the Huygens-Fresnel principle by predicting and carefully
measuring the diffraction fringes produced by both single slit and circular apertures. We then
compare the results from the analytical and numerical approaches with each other and with
dedicated experimental results. We conclude that use of the MCRT method to accurately describe
diffraction requires that careful attention be paid to the interplay among the number of aperture
points, the number of rays traced per aperture point, and the number of bins on the screen. This
conclusion is supported by standard statistical analysis, including the adjusted coefficient of

determination, Rjdj, the root-mean-square deviation, RMSD, and the reduced chi-square

statistics, y2.
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A.1 Introduction

The Monte Carlo ray-trace (MCRT) method has long been utilized to model the performance
of optical systems in the absence of diffraction and polarization effects.82 183 184,185, 186, 187, 188, 189,
190,191 Heinisch and Chou,*®? and later Likeness,**® were among the early proponents of treating
diffraction in the MCRT environment. However, their approach, which is based on a geometrical
interpretation of the Heisenberg uncertainty principle, relies on empiricism to obtain adequate
agreement with theory.!% % More recently the Huygens-Fresnel principle!®® has been
implemented to describe diffraction and refraction effects in the MCRT 1% 197.198. 199 gnd wave-

front tracing 1°*

environments. The goal of the current effort is to establish the conditions and limits
under which the Huygens-Fresnel principle accurately describes diffraction in the MCRT
environment. The method can be applied in the whole range of electromagnetic wave including
the infrared region. This goal is achieved by systematic inter-comparison of dedicated

experimental, theoretical, and numerical results supported by statistical analysis.
A.2 Approach

We evaluate the success of the Huygens-Fresnel principle in describing diffraction in the
MCRT environment by comparing predicted diffraction fringes with experimentally observed
fringes produced for various aperture-to-screen distances, for both single slits and circular
apertures. Predictions are based on an analytical approach widely available in the literature, and
on the MCRT method described here. We compare the results from the analytical and numerical
approaches with each other and with the dedicated experimental results. Standard statistical
analysis is used to characterize differences observed among the theoretical, numerical, and the

experimental results.
A.3 Experimental apparatus and procedure

Figure A.1 is a schematic diagram of the apparatus used to obtain the experimental results
reported here. A 351-nm laser beam produced by a Coherent Enterprise 11 653 Argon Laser System
is steered through mirrors to a chopper. The chopper is used to modulate the intensity of the laser
beam. After that it passes through a beam expander and a 4-by-4 mm beam former before falling
on the aperture. The beam expander consists of two convex lenses whose focal lengths are 3.5 and

15 cm. The relatively large dimensions of the beam former ensure that the center of the beam does
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not contain a significant amount of diffracted light. The aperture consists of either a precision slit
or a circular hole. The diffracted beam is incident to a 2.0-um pinhole mounted on the entrance
aperture of a Newport 918-UV photodetector. This pinhole determines the spatial resolution of the
fringe measurements. Low-noise operation is assured by passing the detector output successively
through a preamplifier and a lock-in amplifier. The lock-in amplifier is used to improve the signal-
to-noise ratio of the setup. The shape and size of apertures and the aperture-to-pinhole spacing, z,

are parameters of the study.
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i
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Beam
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Figure A.1 Schematic diagram of the experimental apparatus.
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Figure A.2: Scan across the expanded and formed laser beam cross-section between the beam

former and the aperture.
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Figure A.2 shows an intensity profile, in arbitrary units, across the center of the expanded and
formed laser beam cross-section immediately in front of the aperture. The vertical dashed lines
indicate the maximum width of slits and apertures used. The intensity of the laser beam shows an
accuracy of better than 2.5%. This image shows that the beam profile incident to the aperture is
essentially flat to within the inherent noise level. The diffraction effects clearly visible at the edges

of the beam former do not persist to the center of the beam.
A.4 Analytical description of diffraction

The diffraction irradiation pattern depends on the distance from an aperture to the observation
screen. When the distance between the aperture and the observation is smaller than a wavelength,
which is the near-field sub-wavelength region, the irradiation pattern has a shape similar to that of
the aperture. When the irradiance pattern observed at a very great distance from the aperture (z >
a2/\ where a is the size of the aperture and A is the wavelength), we obtain the far-field pattern
typical of Fraunhofer diffraction. The region in between the near-field sub-wavelength region and
the far-field region is the Fresnel regime, or the near-field Fresnel region. We employ here an
analytical description of diffraction for near-field Fresnel and the Fraunhofer diffraction.

Diffraction is considered to be in the Fresnel regime when either the light source or the
observing screen, or both, are sufficiently near the aperture that the curvature of the wavefront
becomes significant. Thus, we are not dealing with plane waves. Consider an aperture at z =0 in
the x’, y’-plane illuminated with a monochromatic light of wavelength A and producing a field
distribution, Eo(x’, y’), within the aperture, as illustrated in Fig. A.3. The field for the point P in
the plane of observation (x, y), parallel to the x’, y’-plane but at a distance z to the right, is given

by adding together spherical waves emitted from each point in the aperture,% 200, 201
E(P) = ff Eo(x/, eXp(lkr) cosd dx'dy’ (1)

In EqQ. (1), 9 is an angle between a vector perpendlcular to the x,y-plane and the vector 7 joining

P and P’; thus cos 9 = z/r. The distance between the points P and P’ is given by

r=y22 + x=x)2+(y-y)>

~2(1+5() +5(2)) @

Thus, we obtain the Fresnel approximation (near field),
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E(xy) = el G20 +y?) o [, EoX.y Nelza(:r ) g0V qurger (3
When both the source and the observation point are situated sufficiently far from the aperture

(i.e., z> k(x'? +y'%)/2), the factor e 22"+ can be dropped from Eq. (3), yielding the

Fraunhofer approximation (far field),
.k
E(xy) =— elhreiz; (< ) x I, Bo(x,y) e dxdy’. (4)

We employ the Fourier transform to find the solution for both approximations.
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Figure A.3: Transmission through an aperture!®

A.5 MCRT diffraction model

According to the Huygens-Fresnel principle, light propagates as a succession of self-
replicating wavefronts. At its origin the wavefront for a plane wave is considered to consist of an
array of equally spaced point disturbances, represented by the solid dots in Fig. A.4a. Each point
disturbance produces an outward-propagating pattern of concentric spherical waves. Then, for a
given order of each spherical wavefront (t + At), a tangent plane is passed parallel to the original
plane wavefront, with each point of tangency now considered to be a new point disturbance. As
pointed out by Volpe, Létourneau, and Zhao,'®!, “the construction should be regarded as a
mathematical abstraction that correctly reproduces the physics without necessarily being

physically rigorous.”
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It is convenient to recognize the duality between rays and waves in which the former are
defined such that they are mutually orthogonal with the latter at points of intersection. The ray
view of the Huygens-Fresnel principle is illustrated in Fig. A.4b. In this view, each ray is
considered to be an entity such as the one illustrated in Fig. A.5; that is, it originates at a specified
point, travels in a specified direction, and carries an electric field whose value varies periodically

with position along its length as determined by the wavelength of the light.
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Figure A.4(a) Wave and (b) ray views of the Huygens-Fresnel principle for a right-running

wavel®®

It is natural to identify the slit or circular aperture considered in this contribution as a plane
source of rays of the type illustrated in Figs. A.4b and A.5. According to the Huygens-Fresnel
principle, these rays will propagate from each source point in the slit or circular aperture with a
directional distribution influenced by an obliquity factor. In the Monte Carlo ray-trace view of
optics, source points randomly distributed in the plane of the slit or circular aperture emit rays with
a directional distribution determined by an appropriate obliquity rule. Consistent with the
assumption of a monochromatic plane wave incident on axis to the slit or aperture, all diffracted
rays will be in phase.

Figure A.6 illustrates equally well the geometry for both the infinite slit and the circular
aperture diffraction problems. We consider a source point P’ in the plane of the slit or circular
aperture and a field point P lying on the screen. Then, referring to Fig. A.6, the phase ,¢, of the ray
when it arrives at screen point P will depend only on the wavelength A of the light and the length

of the line connecting source point P’ with field point P; that is,
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zZ/A

¢ = 2n_= (5)

cosd

where z is the horizontal distance between the slit or aperture and the screen, and 9 is the angle

between the ray and the z-axis. The electric field strength of the ray at field point S’ is then
E = Eoe® (6)
Within an arbitrary constant the intensity distribution on the screen is given by
I(y") < E(y) X E*(y) (7
where E(y’) is the local electric field due to all of the rays incident to a given field point, and
* denotes its complex conjugate. This calculation requires that the screen surface be divided into
bins since it is unlikely that two rays will be incident at exactly the same point. Then the electric

field strength in bin n is the algebraic sum of the contributions by the individual rays that are

incident within the bin.
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Point of origin Direction
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Figure A.5: Anatomy of an individual ray
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Figure A.6: The MCRT diffraction model.1%
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The validity of the Huygens principle illustrated in Fig. A.4 may be questioned because of the
presumed monopole nature of the disturbances forming the wavefront at each time step. At any
instant, every point on the primary wavefront is envisioned as a continuous emitter of spherical
secondary wavelets. Each wavelet radiated uniformly in all directions, in addition to generating an
ongoing wave, thus, there would be also a reverse wave traveling back toward the source. No such
a wave is found experimentally. Attempts to address this inconsistency when using the Huygens
principle as the basis for formulating diffraction by apertures have led to the concept of the
obliquity factor. The obliquity factor attributed to Kirchhoff has the form K(8) = (1 + cos9)/2 at a
given angle 9 with respect to the aperture normal n. Spherical secondary wavelets with weighted
direction have been shown in the Figure A.6. 1% This has its maximum value, K(0) = 1, in the
forward direction and disperses with the back wave, K(=) = 0. Obliquity factors have been used
with varying degrees of success in analytical treatments of diffraction; however, their possible role
in MCRT maodels has been largely ignored. The traditional role of the obliquity factor is to properly
model the variation of amplitude with angle 9 for each refracted wavelet.’®* Taking into account
the Huygens-Fresnel principle and the obliquity factor contribution, the optical rays are randomly
generated and uniformly distributed in the single slit or the circular apertures. An equivalent
approach, arguably more convenient to use in the MCRT environment, is to assign the same power
to all refracted wavelets but to adjust their angular density distribution to account for obliquity.
The random points are uniformly distributed in the single slit. For circular apertures, random points

are homogeneously distributed over a unit disk in the form

9 = sin™[/Ry] (8)
and
¢ = 2mR,, 9

where § is the zenith angle measured from the aperture surface normal, n, ¢ is the azimuth angle
measured in the plane of the aperture from an arbitrary reference, and lies in the plane of the
aperture surface (Fig. A.6), and Ry and R, are random numbers whose values are uniformly
distributed between zero and unity. In the MCRT view of refraction, illustrated in Figure A.6, the
refraction event occurs when the rules of random points for single slit and circular apertures are
applied, where the rays abruptly change directions. Following the Huygens-Fresnel principle, each

ray is divided into a number of rays, called refractions per ray. The complex amplitude at the point
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P in Figure A.6 is found by the superposition of waves or summing contributions from each point

on the sphere of the primary wavelets.
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Figure A.7: (Color online) Sensitivity of the MCRT-predicted fringe pattern to the number of rays
traced.

A.6 Results and discussion

We define the Fresnel number

F=a/2/\z (10)

where a is the slit width or aperture diameter and z is the distance from the aperture to the screen
upon which fringes are formed. Two fringe patterns produced by an aperture at the same value of
Fresnel number are known to be formally similar, regardless of the values of a, A, and z. By
convention, if F > 1.0, diffraction is considered to be in the Fresnel regime, and if F < 1.0
diffraction is considered to be in the Fraunhofer regime.

Figure A.7 illustrates the fringe pattern predicted using the MCRT method for the case of a 60-
um slit at a wavelength of 2.4462 um and a screen distance of 100 um, corresponding to a Fresnel
number of 5.4253. Results are shown for three values of the number of rays traced from randomly
located positions y in the slit: one thousand, ten thousand, and one hundred thousand. The results
for this case, which can be considered typical, verify that convergence is assured when 100,000
refractions per ray are launched from 100,000 randomly located points in the slit. A measure of
the accuracy of the results obtained can be assessed by observing the departure from symmetry of

the results about the center plane located at bin number 50.
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Figure A.8: (Color online) Comparison of MCRT, theoretical, and measured diffraction fringes
produced by a 200-um slit illuminated by a 351-nm laser for a range of aperture-to-fringe

distances.

Experience has shown that the MCRT results are also sensitive to the number of bins into
which the wavelets are bundled on the screen. The pinhole aperture of the detector in Fig. A.1 has
a diameter of 2 um, and the experimental results reported here are for slit widths and aperture
diameters of 100 and 200 um. Therefore, the MCRT bin size roughly corresponds to the
measurement spatial resolution.

The diffraction fringe patterns vary strongly by varying the aperture-to-screen distance, z, from
the near-field Fresnel region to the Fraunhofer regime. Figures A.8a through A.8f compare the
diffraction fringe pattern profiles produced by a slit-type aperture for six values of Fresnel number
ranging from 10.18 to 0.80. In this series of images, we vary the Fresnel number by varying the
aperture-to-screen distance z for a value of slit width a = 200 pm and a fixed wavelength of A =

351 nm. The profiles are taken at the half-length of a slit whose length is long compared to the slit
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width. The blue curves (bottom) are experimental results collected from our optical setup. The red
curves (middle) are calculation using the Fresnel approach for the near-field Fresnel regime and
the Fraunhofer approximation for the far-field region. The green curves (top) are the MCRT results
described in the previous section. For this simulation, we have used 20,000 refractions per ray that
are launched from 20,000 randomly located points in the 200-um single slit. The theoretically
calculated curves from the Fresnel approach as well as the Fraunhofer approximation are
remarkably similar to the observed diffraction patterns. The computation time for the MCRT
method for the setup is about 3 minutes. The time for Fresnel calculation using Fourier transform
is significant shorter around one minute with the same computer hardware.

The MCRT method is a numerical analysis. The advantage of the numerical method is that
there is virtually no limit to solve complex problems including geometrical symmetry, but this
method produces numerical errors. In the following part, we provide a comparison between the
MCRT method and the analytical analysis based on Fresnel/Fraunhofer approach with
experimental results. The phase, ¢ , electric field, E, as well as the intensity, I, of an optical ray at
screen point P will depend on the wavelength, A, of the light, and the length of the line connecting
source point P’ with field point P. Thus, we extract the phase information, electrical field and
intensity of refracted optical rays that launched from randomly located points in the aperture slits
using the MCRT method.

We have obtained the diffraction fringe patterns by changing the size of the single-slit aperture.
Figures A.9a, A.9b, and A.9c compare the diffraction fringe pattern profiles produced by a slit-
type aperture for three values of the Fresnel number ranging from 6.01 to 4.03. In this series of
images, the slit width a =100 um and the wavelength A = 351 nm. Comparison of Figs. A.8b with
Fig. A.9a and Fig. A.8c with Fig. A.9b verifies the formal similarity of fringes corresponding to
the same (approximately in these cases) value of Fresnel number. These experimental results (blue
curves) are compared with MCRT (green curves) and analytical (red curves) simulations.

We have measured diffraction fringes produced by circular apertures, and these results are
compared with MCRT and analytical results (Figs A.10 to A.12). The fringes in all three figures
correspond to normal illumination of the aperture by an expanded 351-nm laser beam. In Fig. A.10,
the aperture diameter is 100 um with a screen distance of 1.9 mm, in Fig. A.11 the diameter is 200
um with a screen distance of 7.6 mm, and in Fig. A.12 the diameter is 400 um with a screen

distance of 30.4 mm. The Fresnel number in all three figures is the same, F = 5.48; therefore, we
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expect fringe patterns to have identical shapes even though they cover different surface areas on

the screen.
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Figure A.9: (Color online) Comparison of MCRT, theoretical, and measured diffraction fringes
produced by a 100-um slit illuminated by a 351-nm laser for a range of aperture-to-fringe

distances.

Figure A.10: (Color online) Diffraction fringes computed (a) using the MCRT method, (b) using
Fresnel theory, and (c) measured corresponding to normal illumination of a 100-um diameter
circular aperture by a 351-nm laser with a screen distance of z = 1.9 mm (F = 5.48).
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Intercomparing of the three figures reveals that the diffraction fringes are indeed formally
similar even though the surface area they cover on the screen increases with increasing screen
distance z, as expected. As a consequence of increasing surface area with increasing screen
distance, the spatial resolution of the measured fringes increases going from Fig. A.10 to Fig. A.12.
However, the sampling of the MCRT-based images decreases as a fixed number of rays traced is
spread over a larger screen area. This leads to an increasing “fuzziness” of the MCRT-based
images moving from Fig. A.10 to Fig. A.12. All three figures exhibit excellent agreement among
the MCRT-based, analytical, and measured images.

Table A.1l: Summary of a comparison between MCRT simulation and Fresnel/Fraunhofer

approach with experimental results.

Model RZ%; |RMSD X
Single slit (200 um)
F=0.80 | MCRT 0.99820 |4.09 x10* |1.28
Fraunhofer approximation | 0.99756 | 4.79 x 10* | 1.54
F=375 MCRT 0.99611 |2.51x10* |0.48
Fresnel theory 0.98654 | 4.39x10* |0.36
F=495 | MCRT 0.99531 |3.01x10* [0.46
Fresnel theory 0.99439 |3.29x10* [0.43
F=548 | MCRT 0.99278 | 3.66 x 10* | 1.88
Fresnel theory 0.99017 | 4.24x10* | 0.68
F=6.11 | MCRT 0.99019 |4.29x10* [1.91
Fresnel theory 0.98680 |4.97 x10* [0.91
F=10.18 | MCRT 0.97186 | 7.72x10* | 1.96
Fresnel theory 0.98230 |6.15x10* | 1.34
Single slit (100 pm)
F=4.03 | MCRT 0.98549 |4.28 x10* |0.62
Fresnel theory 0.99224 |3.13x10* [0.43
F=5.37 MCRT 0.99472 |2.56x10* | 1.05
Fresnel theory 0.99517 |2.45x10* |0.81
F=6.01 | MCRT 0.98708 |4.09 x10* |1.62
Fresnel theory 0.98703 | 4.09 x 10* |0.89
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Figure A.11: (Color online) Diffraction fringes computed (a) using the MCRT method, (b) using
Fresnel theory, and (c) measured corresponding to normal illumination of a 200-um diameter

circular aperture by a 351-nm laser with a screen distance of z = 7.6 mm (F = 5.48).

A comparison between the experimental data and the theoretical models has been performed
by a careful application of standard statistical analysis including the adjusted coefficient of
determination, Rfdj , the root-mean-square deviation, RMSD, and the reduced chi-square
statistics, x2. In statistics, the most common measure is the coefficient of determination, R?, that
gives information about the goodness of fit of a model. The R? coefficient of determination
provides an estimation of how well observed results are replicated by the model, based on the

proportion of total variation of theoretical values.?%2

N exp__ ymod 2
RSS —1— Zi:o(li —I; )

TSS N 2
Zi=0(lfxp_1)

where RSS is the residual sum-of-squares, TSS is the total sum-of-squares, I

(11)

P is the i observed
value of N observations, I is the corresponding theoretical value and I is mean of the observed
data. In general, the larger value of R?, the better the agreement between experimental results and
theoretical model. In the linear context, this measure is very intuitive as values between 0 and 1

provide a ready interpretation of the degree to which the variance in the data is explained by the
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theoretical model. The value of R? will always increase when a new independent value is added.
This is counter to the intuitive expectation that a theoretical model with more independent
variables should provide a better fit. To compensate for the possible bias due to different number

of parameters, we employ the adjusted coefficient of determination, Rfdj:

Ry =1————x(1—R?) (12)

N-p-—
where p is independent variables. Rfdj is always smaller than R?. The independent variables are

unknown parameters of our calculations, p = 6, including the slit width, the distance from the
aperture to the screen,

the wavelength, the number aperture points, the number of rays traced per aperture point, and
the number of bins on the screen. The value of p is much smaller than the number of observations
with N = 401.

Using R? or adjusted Rfdj alone is not sufficient; it is also necessary to diagnose regression

results by a residual analysis. We employ here the root-mean-square deviation (RMSD) or the
root-mean square error (RMSE), to assess the quality of a regression. The RMSD is a frequently
used measure of differences between values predicted by a model and observed data. The RMSD
provides an aggregation of magnitudes of errors between predictions and observed values. Thus,
the RMSD,

N 2
2, 7Y
RMSD = |=i=0 (13)

N

is a measure of accuracy to compare forecasting errors of different models for a particular data set
and not between data sets.
The variance of a least-squares regression analysis is also characterized by the chi-square

statistics, x? [36]:
' (9P -1rod)”
PR
X* = E 2 (14)
i=0 '

where of is the uncertainty in individual measurements, I;"*. We further define the reduced chi-

square, x3, as a useful measure by:
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N 2
2 1 (IEXp—I{nOd)

Xv == —— (15)

- N-p oj
i=0

where, v = N — p is the degrees of freedom. As a general rule, a value of reduced chi-square,
x2 > 1, indicates a poor agreement between experimental results and the theoretical model. If the
theoretical model is a good approximation, then the variances of both should be in good agreement,
and the reduced chi-square should be approximately unity, x2~1. If the reduced chi-square is too

small, x2 « 1, it may indicate that one has been too pessimistic about measurement errors.

Figure A.12: (Color online) Diffraction fringes computed (a) using the MCRT method, (b) using
Fresnel theory, and (c) measured corresponding to normal illumination of a 400-um diameter

circular aperture by a 351-nm laser with a screen distance of z = 30.4 mm (F = 5.48).

We have performed least-squares regression analyses including the adjusted coefficient of
determination, Rfdj, the root-mean-square deviation, RMSD, and the reduced chi-square statistics,
x2, for the MCRT method and the analytical approach to model diffraction irradiation patterns
with different distances from apertures to the observation. Table | provides calculation of these
parameters for different values of Fresnel numbers and different sizes of single slits. The values of

the adjusted coefficient of determination, Rfdj, are near unity. This indicates an excellent
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agreement between observation and both the MCRT and Fresnel/Fraunhofer models for the
diffraction patterns.

The RMSD is very small for both models. These values also indicate that the MCRT as well
as analytical methods are excellent models for the diffraction patterns. The values of the reduced
chi-square, x2, are approximately unity. Therefore, statistical analysis confirms the qualitative
observation that measured fringe data can be explained very well using both the MCRT method
and the Fresnel/Fraunhofer approach. All three statistical methods confirm excellent agreement

among the MCRT method, the standard analytical approach, and measured diffraction patterns.
A.7 Conclusions

The obliquity rule based on dipole radiation from each diffraction site produces excellent
agreement between the MCRT diffraction model and corresponding experimental results when
care is taken to assure that the screen binning precision in the MCRT model matches the

experimental measurement precision.
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