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Abstract

This thesis describes the effects of a post-growth hydrogenation on as-grown
samples and device structures based on IlI-N-V and IlI-V semiconductor
compounds. The spectral response of quantum wells (QWSs) or superlattices (SLs) are
tuned by the control dissociation of N-H complexes using a focused laser beam
(photon assisted dissociation) or by thermal annealing. These approaches could be
implemented in other materials and heterostructure devices, and offer the advantage
of enabling an accurate control of the spectral response of a device using a layer
compound with a single N-concentration. A focused laser beam is also used to
diffuse hydrogen from the p-type contact layer towards the 111-N-V superlattice in
the intrinsic region of a p-i-n diode, thus creating preferential injection paths for the
carriers and creating nanoscale light emitting diodes. Opportunities for realizing a
movable micron size-light emitting diode (u-LED) are also demonstrated.

Moreover, room temperature electroluminescence from semiconductor
junctions formed from combinations of n-InSe, p-InSe, p-GaSe and n-In,O3 is
demonstrated. These p-n junctions are fabricated using mechanical exfoliation of
Bridgman-grown crystals and a simple mechanical contact method or thermal
annealing. These results demonstrate the technological potential of mechanically
formed heterojunctions and homojunctions of direct band gap layered GaSe and InSe
compounds with an optical response over an extended wavelength range, from the
near-infrared to the visible spectrum. These layered crystals could be combined in
different sequences of layer stacking, thus offering exciting opportunities for new

structures and devices.
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Chapter 1

Introduction

The nitrogen-induced reduction of the band gap energy of I11-V semiconductor
compounds is a unique phenomenon in condensed matter physics relevant for several
applications, including laser diodes and solar cells." Even more remarkable is the
combined effect of N and H atoms. The incorporation of hydrogen in I11-N-Vs tends
to passivate the electronic activity of nitrogen through the formation of N-H
complexes.>* Recently, thermal annealing and masking techniques were used to
dissociate these N-H complexes,”” thus enabling the control of the band gap energy
of Ga(AsN) with sub-micron spatial resolution.

This thesis presents a novel technique that enables a similar control. We
control the electronic activity of N- and H-atoms in I1I-N-V quantum wells (QWSs)
using a focussed laser beam. We investigate the laser-induced modification of the N-
H bonds by micro-photoluminescence (uPL) spectroscopy and mapping, and
Scanning Electron Microscopy (SEM). We show that the laser-assisted dissociation
of the N-H complexes is a local process that can be activated at temperatures that are
significantly smaller than those (> 200 °C) required for thermal dissociation. This
provides a means of patterning with submicron spatial resolution in-plane band gap
profiles of different shapes. Since this direct laser writing technique does not require
lithography and etching, it offers a promising route to cost-effective, large-volume
and fast nanofabrication methods.

We tune the spectral response of Ga(AsN) superlattice p-i-n diodes by
controlled thermal dissociation of N-H complexes. This approach offers the

advantage of enabling an accurate control of the spectral response of a diode using a
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single wafer, thus providing an alternative to re-growth techniques. Opportunities for
realizing a movable micro-LED are also demonstrated in a GaAs/AlAs resonant
tunnelling diode.

This thesis also presents preliminary results on the development of a new class
of semiconductor structures based on van der Waals I1I-VI (InSe and GaSe)
homojunctions and heterojunctions. Flakes with thickness between 1 nm and 10 um
can be prepared from the Bridgman-grown crystals by mechanical exfoliation and
then laid one onto another. The adhesive van der Waals forces between the layers
enable to form a homojunction (n-InSe on p-InSe) or a heterojunction (p-GaSe on n-
InSe). Heterojunctions based on n-In,O3 on p-InSe, can be also fabricated by
annealing the freshly cleaved p-InSe flake at temperature T = 450 °C for 96 hours.?
All these p-n junctions show rectification behaviour in the I-V characteristics and

electroluminescence at room temperature.

1.1 Motivation

Research in Nanoscience and Nanotechnology will drive the scientific and
technological development of future years with revolutionary perspectives in many
different aspects of our society, from materials to telecommunications and energy,
from medicine to the environment. Future large-volume applications will require fast
and flexible methods to fabricate and miniaturize electronic and photonic
components. One of the objectives of my PhD project is to develop novel approaches
to the fabrication of nanoscale current channels and nano-LEDs that exploits the
controlled diffusion or removal, by laser writing, of hydrogen atoms in different p-i-n
LED structures and dilute nitride 111-V alloys. Laser writing is a fast, flexible and

low-cost approach that has the potential for large-volume applications and for
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making miniaturized components of photonic devices. Nano-LEDs are of potential
use for inter- and intra-chip optical communication, ultrahigh-density optical
information storage, high resolution micro-displays, Lab-on-a-Chip experiments,
bio-imaging, etc.

This project is motivated by the recent fabrication of nano-LEDs by diffusing
Mn®* in p-i-n structures based on a p-type GaMnAs layer and a GaAs/AlAs QW at
the University of Nottingham [O. Makarovsky et al., Adv. Mater. 22, 3176 (2010)].
These nano-LEDs are stable, reproducible, and can work at high current densities (>
108 A/m?) over the temperature range 4 - 325 K for a long time (> 100 hours). Also,
when a forward bias is applied to the p-i-n junction, a small region of the device
emits light at a bias well below the threshold voltage for emission from the non-
annealed regions, thus indicating the creation of a preferential tunneling path for the
injected carriers. The use of hydrogen rather than manganese as mobile atom in the
new nano-LEDs presents several and important advantages: hydrogen is highly
mobile; it can be incorporated after the material growth and fabrication; it can be
incorporated using low energy implantation techniques.

My PhD project also aimed to fabricate semiconductor junction devices using
mechanical exfoliation of Bridgman-grown I11-VI van der Waals crystals and a
simple mechanical contact method or thermal annealing. The study of layer materials
lies in the extreme anisotropy in their physical properties and in the ability of the
crystals to cleave down to thicknesses of the order of a unit cell. This makes it
possible to study solids as nearly two-dimensional arrays. The possibility of making
multilayer van der Waals heterostructures has been demonstrated experimentally
only recently [K. Geim and 1. V. Grigorieva, Nature 499, 420 (2013)]. These van der

Waals heterostructures are made from more than two atomically thin crystals, and
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only graphene and few-layer hBN, MoS, and WS, have been used. The IlI-VI
layered semiconductors (InSe and GaSe) provide an important class of direct-band
gap semiconductors, whose band gap can be tuned in the near infrared spectral range
when the crystals are exfoliated into nanometer-thick flakes, and are promising

candidates for nanoscale optoelectronics and LEDs.

1.2 Thesis overview

This thesis is structured as follows.

Chapter 2 discusses the effect of N- and H-atoms on the electronic properties
of GaAs and an introduction to 111-V1 layered van der Waals crystals.

Chapter 3 introduces the basic principles of semiconductor devices studied in
this research, such as p-n junctions, p-i-n diodes based on superlattices and resonant
tunnelling diodes.

Chapter 4 provides a brief overview of the sample growth, the hydrogenation
technique, and the experimental techniques used during my PhD.

Chapter 5 introduces the photon-assisted N-H complex dissociation and in-
plane band gap profiling using a focussed laser beam. Light emitting sub-micron
spots are produced by laser writing with different exposure conditions (laser
wavelength and power) and the resonant photo-dissociation condition is discussed.

Chapter 6 presents the tunable spectral response of a hydrogenated
Ga(AsN)/AlAs superlattice p-i-n diode by the controlled thermal dissociation of N-H
complexes. A focused laser beam is also used to diffuse hydrogen from the p-type
GaAs contact layer towards the superlattice, thus creating a preferential path for the

injection of carriers and activating a nanoscale light emitting region. The thermal
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activation energy of these hydrogen related states is determined from the temperature
dependent electroluminescence studies.

Chapter 7 describes the realization of a bias controlled, micrometer-size
movable light emitting area in an inorganic resonant tunnelling light emitting diode
containing a GaAs/AlAs quantum well (QW). Post-growth hydrogenation passivates
the C-dopants on the p-type contact layer of the diode resulting into an increase of
the resistivity of the p-type contact layer. This causes a lateral voltage drop from the
metal contact edge towards the center of the diode. Thus the resonant injection of
electrons and holes into the QW sub-bands occurs at different positions for each
applied bias, enabling the realization of a movable-LED.

Chapter 8 demonstrates a novel approach to the fabrication of p-n junctions
based on I11-VI van der Waals crystals by exfoliation and mechanical contact method
or thermal annealing. These p-n junctions show room temperature
electroluminescence, thus demonstrating the technological potential of mechanically
formed p-n junctions of layered Il1-VI crystals with an optical response over an
extended wavelength range, from the near-infrared to the visible spectrum.

Chapter 9 concludes this thesis by providing a summary of the main findings
and a proposal for future studies.

This Thesis contains three appendixes. Appendix A describes the derivation of
the dependence of the electron effective mass in dilute nitride 111-V alloys on the N-
content. Appendix B describes the electronic bound states of a Ga(AsN)/GaAs QW
using the band anticrossing (BAC) model and a QW square potential model.

Appendix C describes the laser induced lattice heating in GaAs.



Chapter 2

Dilute nitride 111-V:H alloys and I11-VI1 van der Waals crystals

This chapter discusses the effects of hydrogen on the electronic properties of
dilute nitride 111-V alloys. The effects of hydrogen in crystalline semiconductors
have attracted considerable interest during several decades. It is well known that
hydrogen can passivate non-radiative centers, point and extended defects,
neutralizing the effect of dopants, and traps in semiconductors.>*! It can also modify
pure InN to a p-type semiconductor by increasing the band gap,™ turns the metallic
ferromagnetic state of GaMnAs to a semiconducting paramagnetic state by
passivating the electric activity of the Mn acceptors,™ and transforms graphene from
a highly conductive semimetal into an insulator.* In particular, hydrogen leads to
tunable and reversible changes in the electronic, optical, and structural properties of
dilute nitride 111-Vs.® Also, hydrogenation and masking techniques provide a novel
approach for the fabrication of nanostructures, such as quantum wires* and quantum
dots™*® in the growth plane.

This chapter also discusses the electronic properties of I11-VI van der Waals
layered crystals such as InSe and GaSe. The remarkable properties of graphene, such
as its high carrier mobility (z ~ 10° cm®v?*s? at n ~ 10" cm™ and T = 300 K),*
superior thermal and electric conductivity,*® and semi-metallic properties'® promoted
the research on graphene-like layered materials, including dichalcogenides (MoS,
MoSe,, WS,, WSe, etc.) and I1I-VI layered semiconductors (InSe and GaSe). The
weak interlayer interaction in these materials enable one to mechanically exfoliate
bulk crystals into atomically thin layers.?>** These layered crystals have a thickness

dependent electronic band structure.?*?" The realization of field-effect transistors
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(FETs)??* 2 and photodetectors®**° based on layered dichalcogenides promoted the
research on I11-V1 layered semiconductors. FETs based on ultrathin layered GaSe (u
~ 0.6 cm?V's? and Ion/loer ratio ~ 10° at T = 300 K)* and UV-visible range
photodetectors with outstanding responsivity (2.8 — 12.3 AW™) and quantum

32-33

efficiency (~1367 %) based on few-layer GaSe? and InSe can be all fabricated

by mechanical exfoliation.

2.1 Effect of N- and H-atoms on the electronic properties of 111-Vs

The controlled incorporation of impurities in a semiconductor crystal during or
after the synthesis is routinely used to tailor electronic properties and has played a
key role in the discovery of physical phenomena and their exploitation in device
applications. Among various elements, nitrogen and hydrogen in 111-V compounds
have revealed intriguing effects of fundamental interest and technological
importance. In this section we discuss the unique effect of nitrogen (N) and hydrogen

(H) atoms on the electronic properties of 111-VV compounds.

2.1.1 Nitrogen incorporation in 111-V compounds

During the last decade, I11-V-N alloys such as Ga(AsN), Ga(PN), (InGa)(AsN),
In(NAsP), and (InGa)(PN) have received considerable attention due to their unique
electronic properties and useful applications in optoelectronic devices. 3¢ In these
alloys, the group V anions are partially substituted by a low concentration of highly
electronegative N atoms (see Figure 2.1a).%" In general, a smaller lattice constant
increases the band gap; however, nitrogen with a smaller size causes a giant band gap
bowing by stretching and compressing the neighbouring bonds,*® see Figure 2.1b.

Moreover, a small amount (~ 1%) of N in 111-Vs produces a considerable decrease in
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the electron mobility,* an increase of the electron effective mass*® and an unusual
response to external perturbations, such as hydrostatic pressure.** All these effects
are due to the formation of N-related localized states that are resonant with (or close
to) the extended states of the conduction band (CB) of the host lattice, see Figure
2.1c.*? Many of these effects can be explained by a two-level band anticrossing
(BAC) model in which the extended conduction band (CB) states of I11-V admix and
hybridize with the localized N-level above the CB edge.** This model is described in

the following section.

Bandgap (eV)
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Figure 2.1: (a) Unit cell of GaAs (zincblende structure) in which an As atom is
replaced by a N atom to form Ga(AsN). (b) Dependence of the band gap energy on
the lattice constant for I111-V semiconductors. The solid and dashed lines are,
respectively, the ternary compounds’ direct and indirect band gaps. The horizontal
lines represent fiber-optical communication wavelengths (1.55 and 1.3 pum). (c) Band
lineups and positions of the N level (horizontal red lines) for a range of IlI-V
compounds. For each material, the upper and lower lines indicate the position of the
conduction band minima and the valence band maxima, respectively. Pictures
reproduced from Ref [37, 38, and 42].
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2.1.1.1 Band anticrossing model of the dilute nitride 111-V alloys

The unexpected red shift of the photoluminescence (PL) and absorption edge
of the dilute Ga(AsN) alloy, instead of a blue shift, was firstly reported by Weyers et
al.*® This discovery has opened an important question about the physical mechanism
responsible for this unusual behavior. Wei and Zunger** have explained the origin of
this red shift and corresponding band gap reduction in terms of an optical bowing
parameter, which is largely dependent on the N-content. On the other hand, the two-
level BAC model has explained the behavior of many highly mismatched alloys
(HMAs) and was originally developed by W. Shan et al.*! to describe the dependence
of the band gap on composition and pressure for the (InGa)(AsN) alloy. The BAC
model has predicted many interesting effects, such as an enhancement of the electron
effective mass*® and donor binding energy*® due to N-incorporation, which have
been experimentally proved.

The two-level BAC model is the solution of the degenerate perturbation theory
applied to a system of localized and extended states. Following W. Walukiewicz et
al.*® the interaction between these two types of states leads to the following

eigenvalue problem

EQK) — Ey(k) -V, ~
p EG—Ey| =0 21)

where Ey (K) and Ey are, respectively, the energies of the CB minima of the host
material and the N level measured with respect to the top of the valence band (VB),
Vnm = (k|V|N) is the matrix element describing the interaction between the localized
N states and extended CB state, and V is the potential generated by a single N-atom

on a substitutional site. The two possible solutions of this problem can be written as

Ey(k) = %{(EN + Ey(K) £ J[(EN - EM(k))Z + 4VNM2]}- (2.2)
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If we assume that Vyw is independent of k near the CB edge, then Vv can be written

as Vyy = CNMxl/Z, where Cyy is a constant dependent on the host matrix and x is

the mole fraction of substitutional N. Therefore Eq. 2.1 can be also rewritten as

Ei(k) = %{(EN + EM(k)) * \/[(EN - EM(k))Z + 4CNMZX]}- (2.3)

In the BAC model, the interaction between the localized N states and extended
states of the host material has been treated in the simplest possible manner. A many-
impurity Anderson model has been developed to evaluate the interaction between the
randomly distributed localized states and the extended states of the host material.*’
The calculations reproduced the BAC model and the imaginary part of the Green’s
function yields information on the CB broadening,*® see Figure 2.2(a). The energy
broadening can explain the wavelength dependence absorption coefficient and the
effects of the hybridization on the transport properties of the HMAs.*’
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Figure 2.2: (a) (solid lines) Calculated dispersion relationships for E. subbands of
GaAsp.g995 Nooos using the BAC model, Eq. 2.3. The broadening of the dispersion
curves of the newly formed subbands illustrates the energy uncertainties introduced
by the many-impurity Anderson model. The dashed lines show the unperturbed
energies of the N level (En) and the GaAs conduction band. (b) Dependence of the
band gap energy of GaAs;.xNx on x reported by different groups. The solid line is the
best fit to the data with Cyw = 2.7 eV and a N-level Ey = 1.65 eV. Pictures
reproduced from Ref. [47].
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2.1.1.2 Electron effective mass in dilute nitride 111-V alloys
The incorporation of N in I11-Vs not only changes the band gap energy, but
also it modifies the curvature of the energy-wave vector E(k) dispersion of the
conduction band, thus changing the electron effective mass m*. The second
derivative effective mass, m*, can be written as
hZ

d?E(k)’
dk?

m* (k) = (2.4)

Using Eq. 2.4 and the 4~dependence of the E_(k) subband in Eq. 2.3, we find that
the effective mass at &= 0 can be expressed as

- 2my (2.5)
= 7 :

L BB |
i &~ )+ 400 |

where my is the electron effective mass in the I111-V. The detailed derivation of Eq.

2.5 is given in Appendix A.
The x dependence of m* in Ga(AsN) is shown in Figure 2.3. In this Figure the
value of m*is normalized to the value of the electron mass in vacuum (my).

0.10

T=300K
GaAs, N,

0.09+

m*/m,

0.07+

00 02 04 06 08 10

X (%)
Figure 2.3: Dependence of the electron effective mass on x in GaAs;.xNy calculated
using the BAC model at T =300 K (En = 1.65 eV, Epm(k =0) =1.424 eV, Cyn = 2.7

eV and mg = 0.067 my).
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2.1.2 Hydrogen in 111-V compounds

The unavoidable presence of hydrogen during the sample growth and/or device
processing steps, has stimulated a great interest in the effects of H in semiconductor
compounds.’® The properties of hydrogen interstitial in Si are well understood
experimentally and theoretically.”*** The H impurity can exist in three different
charge states H*, H°, and H™ depending on the occupied site of the crystal lattice.>*
In 111-V semiconductor compounds such as GaAs, the general behavior of isolated H
is excepted to be similar to that in Si.° This section reviews the recent literature on
isolated hydrogen in 111-Vs.

Theoretical studies show that in GaAs the body centred (BC) site is a stable
configuration for both H® and H* states, but H" is stable at the antibonding site of the
Ga atom (ABga), see Figure 2.4.°2 On the other hand, in p-GaAs the H* state is stable
at the bond center site. In n-type GaAs, H is ascribed to the interstitial tetrahedral
sitt as a result of hopping mechanisms between antibonding sites.®
Photoluminescence (PL) studies on unintentionally lightly doped p-GaAs show that
the Fermi level raises in the band gap following the hydrogen incorporation.> The
hydrogen irradiation activates the donor-acceptor (D-A)-like PL bands. This is
confirmed by theory.> Near band-edge states induced by hydrogen were predicted by
A. Amore Bonapasta and co-authors.” In the case of Hj:, a donor level and an
acceptor level can arise, 34 meV below the CB edge and 30 meV above the VB edge
respectively.”® Finally, the formation of dihydrogen complexes and molecules in
GaAs was also predicted.® Positive and negative hydrogen ions easily diffuse in I11-
Vs and form complexes with dopants and other impurities, which turn out to be

passivated.® The following section discusses hydrogen-impurity complexes.
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@ A (b) s

Ga a
| |

H .
As > Ga
Ga _

Figure 2.4: The relaxed structures for a single interstitial hydrogen atom as referred
to in the text. The hydrogen atom is located at (a) the Ga-As bond-centred site, (b)
the antibonding site of Ga atom. Picture reproduced from Ref. [52].

2.1.2.1 Hydrogen-impurity complexes in 111-Vs

Direct observation of PL emission from H-related complexes in post-growth
hydrogenated GaAs and (AlGa)As epilayers, and In(GaAs) multiquantum wells
have been reported by M. Capizzi and co-authors.®® They observed free electron —
acceptor (e-A) transitions from three different impurities such as Zi, Si, and C.
Carbon is the favored p-type dopant in 111-Vs due to its low diffusivity compared to
that of other p-type dopants such as Be and Zn. Also, high concentrations (10— 10*
cm®) of C can be incorporated into the material during the growth.®? In As-
containing 1ll1-Vs, C atoms tend to sit on the As-lattice sites, thus acting as
acceptors.®® "8 Hydrogen incorporation passivates the electronic activity of Cas
acceptors through the formation of H-Cas complexes.”® The H-Cas complex more
willingly dissociates under minority carrier injection. There are no defect levels in
the band gap associated with the neutral H-Cas complex. Thus the charge state of the
complex is independent of the Fermi level.®> Figure 2.5 shows the modelled
configurations of the H-Cas complex in GaAs.>? As shown in Figure 2.5a, the H atom
lies on the body centered (BC) site between the C and Ga atoms. This is a stable

configuration for the neutral H-Cas complex. Figure 2.5b shows the most stable
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configuration of the H-Cas complex where the H atom is strongly bonded to the As
atom in the neutral charge state and to the Ga atom in the negative charge state.*?
Finally, Figure 2.5c shows a H atom strongly bonded to a C atom on the anti-bonding
site.

(@) (b) A ©)  as

A
C
Ga Ga [E, a
H H ‘
C As G a
Ga
H

Figure 2.5: The relaxed structures of H-Cas pairs in GaAs. The H atom is located at
(@) a C-Ga body centered site, (b) a Ga-As body centered site with C as a nearest
neighbor of the Ga, and (c) the anti-bonding of the C site. Picture reproduced from
Ref [52].

2.1.3 Hydrogen in dilute nitride I11-V alloys

Hydrogen is an impurity of fundamental importance in semiconductor
materials due to its high diffusion rate and ability to react with a wide variety of
crystal defects.**! In particular, the incorporation of H in I11-N-Vs acts to neutralize
the electronic activity of N through the formation of N-H complexes, thus reversing

1.>* Moreover, H

the effect of the N-atoms on the band structure of the host crysta
turns the tensile strain of Ga(AsN) into compressive and induces an expansion of the
lattice constant, which can become larger than that of GaAs.®*®* This section reviews
the recent literature on N-H complexes.

Several theoretical calculations initially proposed nitrogen-stabilized H,*(N)
structures with one H-atom at a BC site and a second H-atom at an AB site of the N-

atom along the same Ga-N <111> axis to explain the band gap red-shift caused by

H.52%" However, these H,*(N) complexes were inconsistent with the vibrational
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properties of hydrogenated Ga(AsN) studied by infrared (IR) absorption

spectroscopy.®®

These results showed that N has two in-equivalent, weakly
coupled N-H stretching modes.®®®° Therefore, alternative N-2H complexes with Cay
symmetry or with a canted C1, geometry have been proposed.? ®" The observed
vibrational properties are more consistent with the canted N-2H complexes with Cyj,
symmetry,® ® see Figure 2.6. Additionally, x-ray absorption spectroscopy and theory
provided evidence for N-2H complex with canted or asymmetric C,, Structure,
described by the Ci, symmetry, consistent with the IR experiment.”® " These N-2H

complexes with symmetry Cy, or asymmetric C,y configurations are responsible for

nitrogen passivation.> "2

<110>
As

Figure 2.6: The relaxed Cy, complex in Ga(AsN). The angle 6 is the canting angle of
the N-passivating Cy, center. Two H* ions break two Ga-N bonds and form N-2Hgc?*
complex. Then this complex transforms to canted N-2H complex by passing the
positive charges to Ga atoms, thus forming the weak Ga-Ga bond.®® Picture

reproduced from Ref [73].

The x-ray diffraction measurement shows the evidence for a third H-atom more
weakly trapped near passivated N atoms. This causes a compressive strain in the
Ga(AsN) layer.”® Combined thermal annealing and x-ray diffraction studies show
that this third H-atom can be removed from its site at a temperature T, = 250 °C with
an activation energy of 1.77 eV.” At the same time, the compressive strain disappears

while N atoms are still electronically passivated. Annealing at higher temperatures
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(Ta > 250 °C) dissociates the N-2H complexes with an activation energy of 1.89 eV

and recovers the electronic properties and the tensile strain of the as-grown Ga(AsN)

lattice.”

2.1.3.1 Hydrogen diffusion in dilute nitride 111-V alloys

R. Trotta et al. probed the hydrogen (deuterium) diffusion profile in different
GaAs;Ny samples by secondary ion mass spectroscopy (SIMS),”® see Figure 2.7a.
All samples were deuterated (deuterium, rather than hydrogen, was used in order to
increase sizably the SIMS sensitivity) at a temperature Tp = 300 °C. They observed
that the deuterium forefront becomes sharper with increasing N concentration.
Particularly, the D concentration falls by a factor of 10 within 10 nm for x = 1.5 %.
Remarkably, this quantity decreases with decreasing deuteration temperature, shown
in Figure 2.7b for x = 0.7 % along with a model developed to take into account the
particular formation and dissociation kinetics of the (N-2D)-D complex. Details of

this study are described in the literature.”

GaAs. N

1-x x

T,=300°C

=0.22%

x=0.09%

o X=0.7%
1074 1.=300 °C

A R W e
0 50 100 150 200 250 300 350 400 20 80 150 70 80 150
Depth (nm) Depth (nm) Depth (nm)

Figure 2.7: SIMS depth profile of deuterium concentration for GaAs;«Nx samples
(a) with different N concentration, x, and deuterium radiation temperature of Tp =
300 °C, and (b) for x = 0.7 % and different irradiation temperatures. The origin is set

at the sample surface. Picture reproduced from Ref [73].
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2.2 van der Waals layered crystals

The relentless miniaturization of Si based electronics and the discovery of
graphene have stimulated the research on atomically thin two-dimensional (2D)
semiconductors.” In particular, since graphene is gapless, it is unsuitable for digital

electronics,’*""

thus promoting the research on identifying alternative 2D
semiconductors. Recently, a vast number of non-graphene layered compounds have
received attention including hexagonal boron nitride (hBN), metallic
dichalcogenides, layered semiconductors and oxides, see Figure 2.8.”° However,

only some of these crystals are classified as semiconductors and even few are stable

under ambient conditions.”

Graphene hBN
iy Graphene ‘white graphene’ BCN Fluorographene Graphene oxide
s t:emlconductmeslng NbSe,, NbS,, TaS,, TiS,, NiSe, and so on
chalcogenides MoS,, WS,, MoSe,, WSe, MoTe,, WTe,, . :
2rS,, ZrSe, and so on Layered semiconductors:
GaSe, GaTe, InSe, Bi,Se, and so on
Micas, MoO.. WO Hydroxides:
BSCCO ¥ 3 Perovskite-type: Ni(OH),, Eu(OH), and so on
LaNDb,0,, (Ca,Sr),Nb;0,,,
2D oxides Bi 4‘|'|301 o cazTa21101o and so on
Layered Tio,, MnO,, V.O,, Others
Cuoxides | TaO,, RuO, and so on

Figure 2.8: Current 2D library. Monolayers proved to be stable under ambient
conditions (at room temperature in air) are shaded blue; those probably stable in air
are shaded green; and those unstable in air but that may be stable in inert atmosphere
are shaded pink. Gray shading indicates 3D compounds that have been successfully
exfoliated down to monolayers, as is clear from atomic force microscopy. After
intercalation and exfoliation, the oxides and hydroxides may exhibit stoichiometry
different from their 3D parents. ‘Others’ indicates that many other 2D crystals
(including borides, carbides, nitrides etc.) have been or can be isolated. Picture

reproduced from Ref [78].

In parallel with the research on graphene-like materials, the research on
multilayer heterostructures and devices by stacking different 2D crystals on top of
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each other has gained strength over the last three years.”*®? In the artificial multilayer
stacks, strong covalent bonds provide in-plane stability and relatively weak van der
Waal forces are sufficient to keep them stacked together.”” The possibility of
fabricating such multilayer van der Waals heterostructures has been experimentally
demonstrated.”® Also, research on 2D chalcogenides has recently emerged due to
its tunable electronic properties with layer thickness.?*?" The successful fabrication
of FETs and photodetectors based on these materials have been reported.?23 283

This session describes the electronic properties of 111-VI layered semiconductors,

such as InSe and GaSe.

2.2.1 111-V1 layered semiconductors

InSe and GaSe crystals are the most popular 111-V1 semiconductors. They have
been widely investigated because of their potential applications in nonlinear optics,®
terahertz generation® and solar energy conversion.®> Each layer consists of four
closely-packed, covalently bonded, monoatomic sheets in the sequence Se-X-X-Se
(X = In, Ga). The layers are bounded together by week van der Waals forces. This
crystal structure is responsible for the anisotropy of many physical properties.®®*" In
semiconductor technology, these layers serve as buffers for epitaxial growth of
mismatched lattice structures.®® Moreover, these layered crystals can form
nanotubes.®® The presence of an exciton peak near the fundamental absorption edge,
the band gaps consistent with the lasing range of modern lasers, and the nonlinear
properties make these crystals in demand for optoelectronics.*

InSe and GaSe single crystals have four polytypes B, &, y, and & varying
between each other in the sequence of crystalline layer stacking, respectively, 2, 2, 3,

01
l.

and 4 layers in the unit cel We have used Bridgman-grown crystals of
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rhombohedral y-InSe and hexagonal -GaSe for our experimental studies described
in chapter 8. The structural and electronic properties of y-InSe and ¢-GaSe are

described below.

2.2.1.1 Rhombohedral y-InSe

The primitive unit cell of y-InSe contains three layers, each consisting of four
closely-packed, covalently bonded monoatomic sheets in the sequence Se-In-In-Se
(Figure 2.9). Along the c-axis, the primitive unit cell of y-InSe has a lattice parameter
of ¢ = 24.961 A and the distance between two neighboring layers is 8.4 A. Within
each a-b plane, atoms form hexagons with lattice parameter a = 4.002 A. The bulk
InSe is usually an n-type semiconductor® with a direct band gap of Eg=126eVatT

= 300 K* and anisotropic electronic properties,” see Table 2.1.

@ (b) (©)

-
=0
<)
A

Figure 2.9: Crystal structure of rhombohedral y-InSe (a) in three dimensions, (b)
along the b-c plane, and (c) along the a-b plane. The blue spheres refer to In- and red

sphere refer to Se-atoms. The unit cell has three monolayers.
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Table 2.1: Electron (mj}), hole (m},) and exciton () effective masses, and static and
dynamic dielectric permittivities along the c-axis and in the layer plane of y-InSe.
Table reproduced from Ref [94].

mz m;l H &0 €0
lc 0.081 mo 0.17mg 0.055 my 7.0 7.6
ic 0.138 mo 0.73mg 0.116 mo 7.34 10.3

Recently, G. W. Mudd et al.* reported the successful exfoliation of thin layers
of rhombohedral y-InSe. It was shown that the near-band edge photoluminescence
(PL) peak and absorption-induced photoconductivity undergo a strong blue-shift to
higher photon energies with decreasing layer thickness, L, consistent with 2D
qguantum confinement of photo-excited carriers by atomically flat interfaces (Figure
2.10). They also observed a direct-to-indirect band gap crossover, which contrasts
with the indirect-to-direct band gap transition previously reported for transition metal
dichalcogenides as the film thickness is decreased.”>? Consistent with this, recent
theoretical studies show that a single layer of InSe has an indirect band gap with a

sombrero-shaped dispersion of holes near the valence-band edge.*®

1.55F
| T =300 K _ 242 2
-*2 L = 19.5 nm @ (b) E,n=E,—E, +7°n" 2%,
5
g 7.5 nm g 1.45¢ °
~ ()
%‘ 13.5 nm Lue
S 1.35- O
3
= 10. 7 nm ®
— 8.8 nm (x5)
o
5 nm (x10) 1.25- 1 =300K
1.2 1.3 1.4 1.5 1.6 1 10 100
Energy (eV) L (nm)

Figure 2.10: (a) Typical pPL spectra of InSe layers at T = 300 K with peak energy
strongly dependent on the layer thickness L (P = 0.1 mW and A = 633 nm). (b)
Measured dependence of the peak energy of the uPL emission, E2p, on the thickness
L of the InSe layer at T = 300 K. The continuous line shows the calculated
dependence of the exciton recombination energy for a quantum well of width L.

Picture reproduced from Ref [24].
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A layer thickness dependence of the resonance Raman peaks was reported by
S. Lei and coworkers for y-InSe.** In y-InSe, each unit cell has 12 atoms and,
consequently, 36 vibrational modes. The resonant Raman spectra measured with
laser excitation wavelength of Ae = 514 nm show Raman peaks at 117 cm™, 179
cm?, 201 cm™, and 227 cm™, see Figure 2.11a. The main Raman peak at 117cm™
corresponds to a non-polar phonon mode (Figure 2.11b) of energy hv = 0.014 eV.
The Raman peaks tends to disappear when the number of layer is decreased to 5
layers. The exiton absorption band also shows a strong blue shift of ~ 180 meV with
decreasing number of layers that is consistent with the disappearance of the Raman
modes. The photocurrent signal was also shown to decay gradually with increasing
wavelength, suggesting that a few layers InSe has an indirect band gap. Furthermore,
the realization of ultrathin (< 10 layers) photodetectors with a relatively high
photoresponsivity (12.3 AW™ at A = 450 nm and T = 300 K)* and fast response (488

us) has been reported.*

(a) (b)
5
£
<
é 7-8L
& 351

9

100 i 155 ) 150 ) 1;5 ) 2(')0 ) 2&5 ) 2!1')0 j 275
Wavenumber (cm™)

Figure 2.11: Raman studies of mechanically exfoliated y-InSe flakes. (a) Thickness

dependent resonant Raman spectra of InSe flakes with a 514 nm argon laser. (b) The

sketch of non-polar phonon mode corresponds to the main Raman peak at 117 cm™.

Picture reproduced from Ref [32].
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High performance (lon/loer ratio ~ 10%) multilayer InSe transistors on poly-
methyl methacrylate (PMMA)/AI,O3 dielectric were fabricated and demonstrated by
W. Feng et al.,”” see Figure 2.12a. (PMMA)/Al,O5 dielectric was used to increase the
mobility of InSe through the suppression of Coulomb impurity scattering or surface
polar phonon scattering. Figures 2.12b and 2.12c show the output and transfer
characteristics of multilayer InSe FETs at room temperature. A typical n-type
conductance and a saturation regime at high Vg4 were observed. The lgs-Vgs
characteristics showed a linear regime at low Vg and a saturation current regime at
high V. At high Vg the conducting channel is under the pinch-off condition, thus
causing a saturation in the drain current.®’

(a) ,
e BB L LS

Multilayer InSe
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(b) (c) s
go{ - 2r > IL SR i BT
v 4V-e2V s ’ /""—_——_
r 10-~1 06V
260. K —~ 11 s 0.2V
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Figure 2.12: (a) Schematic of back-gate multilayer InSe FETs consisting of PMMA/
Al,O3 back-gate insulator and Au/Cr electrodes. (b) Output characteristics of FETs at
various gate voltages, V. (c) Transfer characteristics of FETs at various Vgs. Picture

reproduced from Ref [97].
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2.2.1.2 Hexagonal e-GaSe

The primitive unit cells of e-GaSe contain two layers, each consisting of four
closely-packed, covalently bonded monoatomic sheets in the sequence Se-Ga-Ga-Se.
Along the c-axis, the primitive unit cell of e-GaSe has a lattice parameter of ¢ =
15.949 A% and the distance between two neighboring layers is 8 A.*® Within each
a-b plane, atoms form hexagons with lattice parameter a = 3.755 A. The bulk GaSe
has a direct band gap of E; = 2.02 eV at T = 300 K.** * It is usually a p-type
semiconductor.? Its anisotropic electronic properties are reported in Table 2.2.

SaaRs P D 2 ad B n

® B &P, -‘.?‘af’ \‘3" *
7 NS EN

SHSHEEE,

Figure 2.12: Schematic diagram of the crystal structure of layered GaSe. Two layers
of GaSe are displayed where the Se and Ga atoms are represented by orange and
green spheres, respectively. The distance between two layers along the c-axis is 8 A.
Picture reproduced from Ref [99].

Table 2.2: Electron (mj}), hole (m},) and exciton () effective masses, and static and
dynamic dielectric permittivities along the c-axis and in the layer plane of e-GaSe.
Table produced from Ref [93, 100].

m; m;l H &0 €0
[IC 1.6 mg 0.2 mg 0.178 mg 5.76 5.76
1C 0.5mg 0.8 mg 0.308 mg 7.44 10.6
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The layer thickness dependent PL studies show a blue shift of 20 meV
between bulk and bilayer GaSe,? which is smaller than for InSe. The Raman study
reveals the relationship between the number of GaSe layers and the Raman spectra
(Figure 2.13).% Three Raman peaks were observed in all samples at 59 cm™, 132 cm®
! and 305 cm™. The relative intensity of the peaks at 59 cm™ and 132 cm™ (E';4 and
Aig modes, respectively) decreases with the number of layers. The Raman peak at
305 cm™ shows a red shift with decreasing layer number, which corresponds to a

reduction of the force constant in the atomic layers as the sample becomes thinner.*

f ]:L 2
e lod' o 9 l
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Figure 2.13: Raman spectra of layered GaSe with various thickness. (a) Schematics
of the Raman modes of GaSe. The colored arrows indicate the vibrational directions
of Se (orange) and Ga (green) atoms. (b) Thickness dependence normalized Raman
spectra. With decreasing number of layers, the intensities of Ellg mode at 59 cm™
and A;q mode at 132 cm™ decrease, the E,y mode at 208 cm™ diminishes, and a weak
peak at 230 cm™ appears. (c) The A4 peak at 305.2 cm™ shifts to 303.4 cm™ with

reducing layer thickness. Picture reproduced from Ref [99].

Ultrathin GaSe based photodetectors were fabricated by P. Hu et al., see

Figure 2.14a. The influence of wavelength on the photoresponse was investigated

24



Chapter 2: Dilute nitride 111-V:H alloys and 111-V1 van der Waals crystals

(Figure 2.14b-c). Figure 2.14b shows the I-V curves of a GaSe photodetector under
dark and illumination with different photon wavelengths. Figure 2.14c shows the
wavelength dependent photocurrent (PC) at V¢ = 5 V, which is calculated from
Figure 2.14b. The PC increases with decreasing wavelength from A = 610 nm to 254
nm. This indicates that 2D GaSe based photodetectors are highly sensitive to UV —
visible light. On and off light irradiation at A = 254 nm gives an on/off switching

current ratio of ~ 8 (Figure 2.14d).
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Figure 2.14: Characterization of a few-layer GaSe photodetector: (a) schematic
drawing of the GaSe photodetector; (b) I-V curves of the photodetector for different
photon wavelengths; (c) wavelength dependent photocurrent; (d) photocurrent as a
function of time at a bias voltage of 1 V. Picture reproduced from Ref [23].

Recently, 2D single-sheet GaSe based FETs have been fabricated and

demonstrated.®* Figure 2.15a shows an optical image of a single sheet of GaSe
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deposited on a SiO,/Si substrate using mechanical exfoliation. An optical image of
electron-beam patterned electrodes on a GaSe single-sheet is shown in Figure 2.15b.
The room temperature FET output characteristic (lgs—Vgs) and transfer characteristics

(lss—Vgs) are shown in Figure 2.15c¢-d.
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Figure 2.15: Single-sheet GaSe: (a) Typical optical image before patterning
electrode and (b) optical image after patterning electrode. (c) Room-temperature FET
output characteristics of single-sheet of GaSe in dark at constant humidity (22 %)
and (d) transfer characteristics of a GaSe single sheet FET. Picture reproduced from
Ref [31].
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Chapter 3

Semiconductor devices

This chapter describes the basic principles of semiconductor devices studied
during my PhD. This project explores numerous new concepts in semiconductor
physics, which are underpinned by physical effects described in this chapter and that
include tunneling, and carrier recombination in p-n junctions based on 2D van der
Waals crystals, p-i-n diodes based on Ga(AsN)/AlAs superlattice, and GaAs/AlAs

resonant tunneling diodes.

3.1 p-n junction

The p-n junction is a key building block for most semiconductor devices. This
is formed between a p-type (with positively charged carriers) and an n-type (with
negatively charged carriers) semiconductor. It is used widely in rectification,
switching, amplification, etc. There are two types of p-n junctions: (i) the
homojunction, made of one semiconductor and (ii) the heterojunction, made of
different semiconductors.

Figure 3.1a shows two semiconductors with uniformly p- and n-type doping.
The p-type material contains a concentration Na™ of negatively charged acceptors and
density of free holes p = Na". The n-type material contains a concentration Np* of
positively charged donors and density of free electron n = Np*. Therefore, the Fermi
level Er is near the valence band edge in the p-type material and near the conduction
band in the n-type material. When these two semiconductors come close together, the
carrier concentration gradient at the junction causes carrier diffusion.'®* As the free

carriers move through the junction, they leave behind ionized acceptors (Na’) and
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donors (Np") on each side of the junction. This space charge creates an electric field,
&, and induces a drift current opposite to the diffusion current (see Figure 3.1b).
Therefore a state of equilibrium occurs leading to a potential difference, Vy;, across
the junction as the negatively charged acceptors repel the electrons and the positively
charged donors repel the holes. At equilibrium the net current is zero and the Fermi
level is constant across the sample. The regions on either sides of the junction
become completely depleted of free carriers in comparison to the p- and n-type
materials further away from the junction. This area around the p-n junction is called

the “depletion region”.
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Figure 3.1: (a) Uniformly doped p- and n-type semiconductors before the junction is
formed. (b) The electric field in the region and the energy band diagram of a p-n

junction in thermal equilibrium.

When we apply a positive voltage on the p-side, the junction becomes forward
biased. Majority carriers, electrons and holes, are attracted towards the junction and
the depletion region becomes narrower. Electrons are injected into the p-side and
holes are injected into the n-side, thus resulting into a large forward current (see

Figure 3.2). When we apply a negative voltage on the p-side, the junction becomes
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reverse biased. Majority carriers move far away from the junction thus broadening
the depletion region. Fewer electrons are injected into the p-side and fewer holes are
injected into the n-side thus resulting into a small reverse current.

The rectifying behavior of a p-n junction is the most important characteristic,
i.e. the current easily flows only in one direction. The current-voltage (I-V)
characteristic of a typical p-n junction is shown in Figure 3.2. At the forward bias
condition, the current increases rapidly with increasing applied bias and at the
reverse bias, virtually no current flows till a critical voltage is reached, at which point
the current suddenly increases. This sudden increase in current is referred to as the
junction breakdown. The breakdown mechanisms are the tunneling effect and
avalanche multiplication, both occurring under a large applied electric field. A
valence electron can make a transition from the valence band to the conduction band
by penetrating through the energy gap. This effect is referred as tunneling. Also an
electron can gain sufficient kinetic energy to break a bond thus creating an electron-
hole pair. The newly created electron-hole pairs both acquire kinetic energy from the
electric field and create additional pairs. This process is therefore called avalanche

multiplication.'®
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Figure 3.2: Current-voltage characteristics of a typical p-n junction. Picture
reproduced from Ref [101].
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A voltage applied to a p-n junction disturbs the precise balance between the
diffusion current and drift current of electrons and holes. Following S. Sze et al.,%*
the current-voltage characteristics of an ideal diode can be derived based on the
following assumptions: (i) the depletion region has abrupt boundaries and the
semiconductor is assumed to be neutral outside the boundaries; (ii) the carrier
densities at the boundaries are related by the electrostatic potential difference across
the junction; (iii) the low injection condition, i.e. the injected minority carrier
densities are small compared to the majority carrier densities; (iv) neither generation
nor recombination current exists in the depletion region and the electron and hole
currents are constant throughout the depletion region.

At thermal equilibrium, the majority carrier density in the neutral region is
equal to the doping concentration. Let’s take Ny and nyo as the equilibrium electron
densities in the n- and p-type regions, respectively. The built in potential Vy; can be
written as

kT pponno _ kT Nno

Vpi= —In—75—=—In—, (3.1

q ni q npO

where q = -e is the electron charge, n; is the intrinsic carrier density, and p,on,, =

n? is the mass action law. Rearranging Eq. 3.1 gives

qVp;
Npo = Npo €XP (k_Tl) (3.2)
Similarly, we have

qVpi
Ppo = Pno exr>< le)- (33)

One can note that the electron and hole densities at the boundaries of the depletion
region are related by the electrostatic potential difference Vy; at thermal equilibrium.

Under an applied forward bias, V = Vg > 0, the electrostatic potential difference is
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reduced to Vpi - Vg. Under a reverse bias, V = -Vg < 0, the electrostatic potential

difference is increased to Vy; + Vg (see Figure 3.3). Therefore, Eq. 3.2 is modified to

n, = n, exp l%l, (3.4)

where n, and n, are the non-equilibrium electron densities at the boundaries of the
depletion region in the n- and p-sides, respectively, with V positive for forward bias

and negative for reverse bias.

(@) (b)
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9.65 x 10°
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Figure 3.3: Depletion region, energy band diagram and carrier distribution for a p-n
junction under (a) a forward bias and (b) a reverse bias. Under forward bias, the
minority carrier densities at the boundaries (-x, and x,) increase significantly above
their equilibrium values, and under the reverse bias they decrease below their
equilibrium. Equations 3.5 and 3.6 define the minority carrier densities at the
depletion layer boundaries. The slopes of the carrier distributions decrease with the
forward bias within the depletion region. This comes from the fast sweep of the

carriers across the narrower depletion region. Picture reproduced from Ref [101].
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According to assumption (iii), the injected minority carrier density is much
smaller than the majority carrier density. Thus we can write n, = ny. Substituting this
condition and Eq. 3.2 into Eq. 3.4 yields the electron density at the boundary of the

depletion region on the p-side (x = -Xp):

N, — Npo = Ny [exp( ) — 1] (3.5

Similarly, at x = x, for the n-type boundary we have

qV
Pn = Pno = Pno [eXp (ﬁ) - 1]- (3.6)
According to the assumption (iv), all current comes from the neutral regions.
There is no electric field in the neutral n-region, thus reducing the steady state
continuity equation (Jn = Jn (rifty + Jn (diffusion) = 0) t0

d? —
Pn_ Pn=Pno_ . 37)

dx? D,t,

where D, is the hole diffusion constant and 7, is the hole lifetime. When we apply
the boundary conditions of Eq. 3.6 and p, (X = «) = pno to the solution of Eq. 3.7, we
obtain

q —(x — xn)
Pn = Pno = Pno [exp (kT) - 1] exp L—n’ (3.8)
p

where L, = /D, T, is the diffusion length of holes in the n-region. At x = x,,

_ 4DpPno [ (qV> ]
——1]. .
L, exp (5= (3.9

dp
]p(xn) = q p dn

Similarly, for the neutral p-region

V x+x
Ny — Npog = Npo [exp (ZT) ] ex (L—n)' (3.10)
n
and
dn qD Nyo qV
Jn(=x,) = qDn dxp T [eXp (ﬁ) - 1], (3.11)
n
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where L,, = /D, T, is the diffusion length of electrons. The total current is constant

across the device and is the sum of Egs. 3.9 and 3.11:

V
] = JpGon) + Jn(=xp) = Js [exp [ o] - 1], (3.12)
where
_ qupnO annpO
Js = L, + L (3.13)

is the saturation current density. Equation 3.12 is the ideal diode equation. Figure 3.4

shows the ideal current-voltage characteristic.

{ IS RS PO SO (V) S WS [N [ (N (') I ) of
Sq

Figure 3.4: ldeal current-voltage characteristics. In forward bias, the current
increases with applied voltage. In reverse bias, the current density saturates at —Js.

Picture reproduced from Ref [101].

The homojunction and heterojunction devices formed from combinations of n-
InSe, p-InSe, p-GaSe, and n-In,O3 semiconductors using mechanical exfoliation of
Bridgman-grown crystals and a simple mechanical contact method or thermal
annealing show rectification behavior with low leakage current densities in reverse
bias. The I-V curves differ from the ideal diode equation because of the generation-

recombination of carriers in the depletion region.
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The concentrations of both electrons and holes in the depletion region exceed
their equilibrium values under forward bias, see Figure 3.3a. The carriers tend to
return to their equilibrium values by recombination. However, under reverse bias
carrier concentrations in the depletion region fall far below their equilibrium value
(see Figure 3.3b). Therefore, electrons and holes tend to emit through band gap
generation-recombination centers. The experimental results can be represented
empirically by

|4

q
x ) 3.14
J = exp (nkT)

where the factor 7 is called the ideality factor. When the ideal diffusion current
dominates 7 = 1. When the recombination current dominates n = 2. 7 takes a value
between 1 and 2 when the diffusion and generation-recombination currents are
comparable. In general, at low forward voltage the recombination current dominates
and 7 = 2. At high applied voltage, the diffusion current tends to dominate and 7
approaches 1. At even higher voltages, the current departs from the ideal situation (7
= 1) and increases more gradually with forward voltage due to high injection and
series resistance effects.

The diffusion and the generation-recombination currents are strongly depenent
on temperature. At a given forward bias the diffusion current increases more rapidly
than the recombination current with increasing temperature. Therefore, the diode
follows the ideal equation over a wide range of forward bias at high temperatures (T
> 300 K). Under reverse bias, the diffusion current eventually dominates with

increasing temperature.
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3.2 p-i-n diode

The p-i-n diode has an intrinsic (i) region sandwiched between heavily doped
p- and n-type semiconductors. In practice, the idealized i-region is approximated by
either a high-resistivity p-layer or a high-resistivity n-layer.!%> The p-i-n diode has
two characteristics: (i) the device resistance varies approximately linearly with
increasing forward bias; (ii) the diode capacitance is constant under reverse bias.*® It
has wide applications: in attenuator applications where resistance is required to be
controlled by the current; as dc controlled microwave switch; as a modulating device
due to its variable forward resistance characteristics; as photodetectors in fiber optic
systems; as light emitting diodes (LEDs).*®

Under forward bias, holes from the p-type region and electrons from the n-type
region are injected into the i-region. If we assume that the carrier concentration
across the i-region is approximately constant, the diffusion current can be neglected.
As the injected carrier density is much higher than the doping concentration of i-
region, the p-i-n diode is generally operated in the high-injected condition, n, = p, >>
n;. When the period of the varying applied signal is longer than the carrier lifetime in
i-region, the diode follows the ideal p-n diode equation.

In a p-i-n diode, the depletion region exists almost completely within the i-
region. This depletion region is much larger than in a p-n diode, and almost constant-
size, independent of the reverse bias voltage. This increases the volume where
electron-hole pairs can be generated by an incident photon. In my PhD project, |
have studied the transport properties of p-i-n diodes based on GaAs/AlAs double
barrier quantum wells (resonant tunneling diodes) and Ga(AsN)/AlAs superlattices.
The properties of these structures are described in section 3.2.1 and 3.2.2,

respectively.
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3.2.1 Resonant tunneling diode

The resonant tunnelling diode (RTD) is a heterostructure device with potential
applications in high speed electronics.’®* Typically, a RTD consists of an undoped
quantum well (QW) layer sandwiched between undoped barrier layers and heavily
doped emitter and collector contact regions. Classically, a particle encountering a
potential barrier requires an energy greater than the height of the potential barrier,
E >V, in order to be transmitted. For an object behaving quantum mechanically, with
E <V, there is a finite probability that it may tunnel through the barrier. The
tunnelling probability decreases exponentially with increasing barrier height and

thickness, and with decreasing the incident energy.

(a) u u (b)
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Figure 3.5: Conduction band profiles of a n-i-n RTD at four different applied biases:
(@) zero bias, (b) threshold bias, (c) resonance, and (d) off-resonance. Hatched
regions represent the Fermi sea in the n- type regions. EE and E¢ are the local Fermi
energies in the emitter and the collector regions and eV is the difference between
them. E£ and E¢ are the energies of the conduction band edges in the emitter and

collector. Figure reproduced from Ref [104].
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Figure 3.5 shows the conduction band diagram for a n-i-n RTD based on an
(AlGa)As/GaAs/(AlGa)As double barrier QW under an applied bias. The resonant
tunneling of electrons occurs when the Fermi energy of the electrons in the emitter
aligns with the quasi-bound states of electrons in the QW (Ey is the lowest state, see
Figure 3.5a). Figure 3.5b-d shows the effect of the external bias, V, on the alignment
of the emitter and the quasi-bound state. A resonant current starts to flow when Eg
reaches the quasi-Fermi level, EE, (Figure 3.5b) and reaches its maximum when Ey
passes through the Fermi sea in the emitter (Figure 3.5c). Figure 3.5d shows the off-
resonance state when E, falls below the conduction band edge in the emitter.

We first consider tunneling from a 3D emitter layer into the band state of a
QW. As shown in Figure 3.6a, the electrons have a plane-wave like motion only in
the QW plane (i.e. along y and z). Because of energy and momentum conservation,
the electronic states involved in the tunneling can be represented by the intersection
of the plane k; = gr with the Fermi sphere, where gr is the wavenumber associated

with the energy of the resonant state with respect to the conduction band edge, i.e.

qr = ‘/zm*(io O, (3.15)

The tunneling current density J is proportional to the density of states indicated by
the 2D grey disk in Figure 3.6a and can be written as

J o« (ki — qg) « (EF — Eq). (3.16)
As EE — E, is proportional to the applied bias, J increases linearly until Eq falls
below the conduction band edge in the emitter. A triangular shaped /-V characteristic

is obtained as shown in Figure 3.6 (c).
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Figure 3.6: (a) A Fermi sphere of electrons in the emitter. The grey disk represents
those states which meet the selection criterion to enter the QW. (b) Energy band
diagram and (c) sketch of the J-V characteristics. Figure reproduced from Ref [104].
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Figure 3.7: (a) Sketch of a p-i-n RTD with an AlAs/GaAs/AlAs QW double barrier.

(b) Shematic band diagram of our device in forward bias (above the flat band

n-type N

Conduction Band

condition). Quasi-two dimensional electron and hole accumulation layers form in the
GaAs spacer layers on the n- and p-type sides of the two AlAs barriers with bound
states energies E4 and Egn. As the voltage is increased, both electrons and holes can
resonantly tunnel from the accumulation layers into the bound states of the QW (E,,

HH,, and LH,, where n = 1, 2).

Our RTD device is based on a p-i-n diode with an undoped AlAs/GaAs/AlAs

double barrier QW (see Figure 3.7a). The undoped GaAs spacer layer between the
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barrier and the n-doped (p-doped) GaAs layer allows a 2D electron (hole) gas to
accumulate against the barriers in a triangular potential well formed under the
applied bias (see Figure 3.7b). The tunneling of electrons (holes) now takes place
from the accumulation layers into the QW quasi-bound states for electrons, E,, and

holes (light holes, LH,, and heavy holes, HH,), where n = 1, 2.1%®

3.2.2 Superlattice

A superlattice (SL) consists of alternating thin (1 — 10 nm) layers of two or
more different semiconductor materials.'® The size of the SL unit cell is generally
greater than the lattice constant of the host crystal thus reducing the boundary of the
Brillouin zone and resulting in the formation of minizones and a series of energy
minibands and minigaps. The band structure of the SL is dictated by the design of the
SL unit cell. The extent of the Brillouin zone is given by 2n/(a+b), where a and b are
the well width and barrier thickness, respectively (see Figure 3.8). The position and
thickness of the energy band is influenced by the well width, barrier thickness, and
the height of the barrier potential, U,. The width and height of the barriers affects the

coupling between states in adjacent wells.
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Figure 3.8: (a) Superlattice layer structure. (b) Sketch of the potential profile and

energy minibands of a semiconductor superlattice.
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107
l,

The SL dispersion can be calculated using the Kronig-Penney model,™" which

is described in the following section.

3.2.2.1 Kroning-Penney model

Here we describe the electronic bound states of a Ga(AsN)/AlAs SL using the
Kroning-Penney model. This model considers an electron in a periodic rectangular
potential and an infinite periodic potential such that U(z) = U(z + a + b), where a

+ b is the SL period, see Figure 3.9.
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Figure 3.9: Schematic of the potential profile and energy minibands of a

GaAsN/AIAs superlattice, where AE¢ = [ E,(AlAs) — E;(GaAs;_,N,)] x 0.6 and
AEy = [E,(AlAs) — E,(GaAs;_,N,)] x 0.4.*%

The barrier height of the CB is U,=[ E;(AlAs) — E,(GaAs,_,N,)| x 0.6,
where E, is the band gap energy. Note that the barrier height U, depends on the

nitrogen content, X. The time-independent Schrédinger equation can be written as

h? d?
B 2m* E

Y(2) + U2y (2) = EY(2), (3.17)

where E'is the energy eigenvalue and m* is the electron effective mass.
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In the region 0 <z < a, where U = 0, the electron eigenfunction is a linear
combination of plane waves travelling to the right and to the left

Y(z) = Ae’k? + Be K7 (3.18)
where A and B are constants. The corresponding energy is

h2K?
E=——r0 (3.19)
w

where m, is the electron effective mass inside the well.

In the region -b < z < 0, within the barrier, we can write

Y(z) = Ce% + De 9, (B. 20)
with
hZQZ
U, — E = , for E < Uy, B.21
b o or b ( )

where mj, is the electron effective mass inside the barrier, and C and D are constants.

Using the boundary conditions at z = 0, we obtain

A+B=C+D (3.22)
iK Q
~(A—-B)=—(C—-D). (3.23)
w b

The Bloch theorem gives
Y(z = a) = P(z = —b)et*@+h), (3.24)

Using the boundary conditions at z = a and the Bloch theorem, we obtain

AeiKa + Be—iKa — (C e_Qb + D eQb)elk(a"'b) (3.25)
iK . . .

T (aeike - pe-ika) = 2 (¢ o0 — p o) iktar) (326)
my, my

We can write the four equations (Egs. 3.22, 3.23, 3.25, and 3.26) in matrix format as
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1 1 -1 -1 1rA7 07
iK iK Q Q
m;, m;, my, my, B B 0
eika e—iKa —e—Qbpik(a+h) —eQPbpik(a+b) - (3.27)
C 0
K pika  _ ie—u{a _ Q* ~Qb ik(a+b) i*eQbeik(a+b)
m;, m;, m, m, lipl - Lol
For a nontrivial solution, the determinant of the matrix must be zero, i.e.,
1 1 -1 -1
iK iK Q Q
m;, m;, my, my,
iKa —iKa —Qb ik(a+b b ik@+by | =0 (3.28)
e e —e—Qbpik(a+b) —eQbpik(a+h)
i eiKa _ i e—iKa _ i e—Qbeik(a+b) i eQbeik(a+b)
m;, m;, my, my,

2 2
Expanding Eq. 3.28 and collecting the terms with (L) ( Q*> ,and fQ -, we find

my, my, my,mp

sinh(Qb) sin(Ka) + cosh(Qb) cos(Ka) = cosk(a + b). (3.29)
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Figure 3.10: Solution of the Kronig-Penney model for a GaAs;.xNy/AlAs SL with x
=0.6 % at T =300 K (mj, =0.15 mg, m;, = 0.0908 mo, a = 10 nm, b = 1 nm, Egaias)
= 3.03 eV, Egycaasny = 1.2993 eV, and U, = 1.0883 eV). Propagating solutions are

permitted only in the shaded regions of E, where |cos k(a + b)| < 1.
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Figure 3.10 shows the dependence of the left-hand side (LHS) of Eq. 3.29 on
energy, E, for a GaAs;xN,/AlAs SL with x = 0.6%. Since the Bloch wave number k
is real for propagating states, we consider |cos k(a + b)| < 1. The permitted solutions
of Eq. 3.29 are shown by the shaded area, where the values of E are allowed for the
LHS of Eq. 3.25 falling between +1 and -1.

Similarly, we can solve the Kronig-Penney model for the valence band to find
the allowed hole energy bands. The valence band is not affected by the N. Therefore
the barrier height AEy, does not depend on the N concentration, x. If E; and HH; are
respectively, the minima of the 1% electron and heavy hole minibands, then the
energy of the optical transition between these two states can be written as
Ex, = E,+ E, + HH,, (3.30)
where E, is the band gap of GaAs;xNy, which depends on the N content, X, as
described by the BAC model (see section 2.1.1.1). Here we consider a N-level
located at 0.23 eV above the conduction band minimum of GaAs at T = 300K and an
interaction parameter Cyy = 2.7 eV. We have instead neglected the exciton binding
energy, which represents a small correction to Ex . Figure 3.10 shows the

dependence of E, and Ex_ on X.
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Figure 3.10: x-dependence of the energy band gap, E,, and optical transition energy

between the E; and HH; states, Ex , for a GaAsy «N,/AIAs SL at T = 300 K.
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Our p-i-n diode has a Ga(AsN)/AlAs SL in its i-region. Under an applied
forward bias, quasi-two dimensional electron and hole accumulation layers form in
the undoped GaAs spacer layers on the n- and p-type sides of the barriers with bound
states at energies Ez and Eg,. Electrons can tunnel from the electron accumulation
layer into the electron miniband states of the SL, E,. Similarly, holes can tunnel from
the hole accumulation layer into the hole miniband states HH, and LH, (where n =1,

2), of the SL.

GaAs

-AlAS
Ga(AsN)
AlAs

n-type \ E, N
Valence Band \ E,

@duction Band

Figure 3.11: Shematic band diagram of our device in forward bias. Tunneling of
electrons (holes) takes place from 2D quasi-bound states (Eae and Egp, respectively)
into the miniband states of the SL (E,, HH,,, and LH,, where n =1, 2).
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Samples and experimental setup

This chapter describes the samples, experimental equipment and techniques
used to obtain the results presented in this thesis. A range of optical and electrical
techniques were used in the study of III-N-V QWSs, p-i-n diodes based on
Ga(AsN)/AlAs superlattices and GaAs/AlAs QW resonant tunneling diodes, and p-n
junctions based on 2D van der Waals crystals. The experimental setup used for

topographical and compositional studies are also presented.

4.1 Sample growth and hydrogenation
4.1.1 111-N-V epilayer and QW structures

In this study, we investigate a Ga(AsN)/GaAs QW, a Ga(AsN) epilayer, an
(InGa)(AsN)/GaAs QW, a Ga(PN) alloy, and a Ga(PN)/GaP multi-QW (MQW). The
structural layer layout and post-growth hydrogenation conditions of each sample are
described below. The as-grown samples were hydrogenated by ion beam irradiation

109

using a Kaufman source™ at the University of Rome by Prof. M. Capizzi and his

group.

4.1.1.1 Ga(AsN)/GaAs QW

The Ga(AsN)/GaAs QW sample was grown by Dr. S. Rubini and Dr. F.
Martelli (TASC-IOM-CNR, Area Science Park, Italy) by Molecular Beam Epitaxy
(MBE) on a (001)-oriented GaAs substrate and has the following layer composition,

in order of growth: an undoped GaAs buffer layer grown at 600 °C, a 6 nm Ga(AsN)

QW with [N] = 0.9% and a 30 nm undoped GaAs cap layer both grown at 500 °C,
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see Figure 4.1. The N-content was determined by high resolution x-ray diffraction
(HRXRD) measurements and further supported by photoluminescence (PL) studies
showing that the Ga(AsN) QW PL emission is red-shifted by 0.13 eV relative to the

GaAs PL emission at T = 300 K.

30 nm GaAs /

GaAs buffer layer

Figure 4.1: Schematic diagram of the layer structure of our Ga(AsN)/GaAs QW.

Table 4.1: H dose in Ga(AsN) QW samples V, H1, H2, H3, and HO.

Sample H dose (ions/cm?)
Y, 0
H1 4x10"
H2 6x10'
H3 8x10'®
HO 2x10™°

The as-grown sample was hydrogenated at Ty = 200 °C with an ion-beam
energy of 100 eV and nominal H-doses of dy = 4x10%®, 6x10'® and 8x10'® ions/cm?.
We refer to these hydrogenated samples as H1, H2 and H3, respectively, and the non-
hydrogenated sample as V (Virgin). The areal density of H-atoms in the samples
amounts to about 1% of the nominal doses quoted above, as derived from secondary

119 and nuclear reaction analysis® on Ga(AsN) samples similar

ion mass spectrometry
to those studied in this work. Also, an additional sample (HO) was considered. This
was grown by MBE and has the same structure as sample V except for an additional

Al 7Gap3As layer grown above the GaAs buffer layer and for the N content (1%) in
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the QW. This sample was hydrogenated with dy = 2x10* ions/cm?. The nominal H
dose for each sample is indicated in Table 4.1.

Figure 4.2 shows the detailed schematic diagram of a Kaufman source.'®
Molecular hydrogen is pumped into the ionization chamber, where it is ionized
and/or dissociated into protons by the electrons emitted from a hot tungsten filament
(cathode) towards the walls of the chamber (anode). A magnet spirals the electrons’
trajectories, enhancing the cross-section for the hydrogen ionization process.
Hydrogen ions (H") are then accelerated by a set of grids held at high-voltage, so that
an ion beam with a Gaussian profile (o ~ 25 mm) is generated.’®® The ion beam
enters the main chamber and impinges on the sample, which is electrically grounded.
A very low pressure (~5x10” mbar) is achieved by a turbo-molecular pump before
opening the H flux, and a vacuum of ~3x10™ mbar is maintained in the main
chamber during the H irradiation of the sample. The heating lamp behind the sample
holder provides a constant temperature to the sample. This allows us to control the
hydrogen diffusion depth profile."® The H tends to accumulate on the surface, but

for sufficiently high temperatures, it can also diffuse into the bulk.**°

Main chamber
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To vacuum @ i )
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Figure 4.2: Schematic of a Kaufman source. Picture reproduced from Ref [109].
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4.1.1.2 Ga(AsN) epilayer

The Ga(AsN) epilayer was grown by Dr. S. Rubini and Dr. F. Martelli (TASC-
IOM-CNR, Area Science Park, Italy) by MBE on a (001)-oriented GaAs substrate
and has the following layer composition, in order of growth: an undoped 500 nm
thick GaAs buffer layer grown at 600 °C, a 200 nm Ga(AsN) with [N] = 0.92% and a
20 nm undoped GaAs cap layer both grown at 500 °C, see Figure 4.3. The as-grown
sample was hydrogenated at Ty =300 °C with an ion-beam energy of 100 eV and

impinging H-dose of dy = 2x10'® ions/cm?.

20 nm GaAs

GaAs buffer layer

Figure 4.3: Schematic diagram of the layer structure of our Ga(AsN) epilayer.

4.1.1.3 (InGa)(AsN)/GaAs QW

The (InGa)(AsN)/GaAs QW was grown by Prof. A. Forchel (University of
Wuerzburg, Germany) by MBE on a (001)-oriented GaAs substrate. It has the
following layer composition, in order of growth: an undoped 500 nm thick GaAs
buffer layer, a 6.8 nm (InGa)(AsN) QW with [In] = 32% and [N] = 2.7% grown at
450 °C and a 100 nm undoped GaAs cap layer (see Figure 4.4). This sample was
hydrogenated at Ty = 300 °C with an ion-beam energy of 100 eV and impinging H-

dose of dyy = 510 ions/cm?.

100nm GaAs o o im (InGa)(AsNV

GaAs buffer layer

Figure 4.4: Schematic diagram of the layer structure of our (InGa)(AsN)/GaAs QW.
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4.1.1.4 Ga(PN) alloy and Ga(PN)/GaP MQW

The Ga(PN) alloy and Ga(PN)/GaP MQW structures were grown by low
pressure (50 mbar) MOVPE using an horizontal reactor system on a GaP substrate by
Dr. W. Stolz (Philipps-University, Marburg, Germany). The Ga(PN) alloy has [N] =
0.15% and thickness of 500 nm. The MQW consists of five QWs. Each QW has a
well width of 10 nm, a GaP barrier thickness of 70 nm and [N] = 1.1%; see Figure
4.5b. These samples were hydrogenated at Ty = 300 °C with an ion-beam energy of
100 eV and impinging H-doses of dy = 7x10%® and 8x10* jons/cm? in the Ga(PN)

and Ga(PN) MQWs, respectively.
(@)

L0 nm_Ga(PN)

1 0Onm . GaPNy).

10O nm.GaPNy)..

LO.am-Ga(RPN)ooo

500 nm Ga(PN); [N] =0.15%

Figure 4.5: Schematic diagram of the layer structure of our (a) Ga(PN) alloy and (b)
Ga(PN)/GaP MQW.

4.1.2 Superlattice p-i-n diode structures

Our p-i-n Ga(AsN)/AlAs superlattices (SLs) were grown by MBE using a N-
plasma source at the University of Sheffield by Prof. M. Hopkinson. Each SL was
grown on a n"-GaAs (001) substrate with the following order of growth layers: A
500 nm-thick n*-doped GaAs contact layer (Si-doped to 2x10'® cm™®), a 50 nm n-
doped GaAs layer (n = 2x10*" cm™), a 10 nm undoped GaAs layer, an undoped 10-
period Ga(AsN)/AlAs SL (each SL unit cell consisting of a 1 nm AlAs barrier, a 1

nm GaAs layer, a 8 nm Ga(AsN) layer - with [N] =0, 0.35, 0.6, or 0.85% -, and a 1
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nm GaAs layer), a 1 nm AlAs barrier, a 10 nm undoped GaAs layer, a 50 nm p-
doped GaAs layer (Be-doped to 2x10*" ¢cm™), and finally a 500 nm p*-doped GaAs
top contact layer (p* = 2x10™ cm™); see Figure 4.6. The samples were grown at 590
°C except for the SL region, which was grown at 500 °C. The nitrogen content in the
Ga(AsN) layers was determined by x-ray diffraction analysis. The p-i-n structures
were processed using conventional optical lithography into circular mesas of
diameter d = 200 um. A ring-shaped Au/Ge electrical contact was fabricated on the
top surface of the mesa to permit hydrogen implantation and measurements of the
current-voltage, 1-V, characteristics, EL, and PC spectra. In this work positive bias is

defined with the top p-contact layer biased positively.
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Figure 4.6: Schematic diagram of the superlattice p-i-n diode and the band structure
of the Ga(AsN)/ AlAs superlattice.

The processed devices were exposed to a low-energy (E = 100 eV) hydrogen-
ion beam generated by a Kaufman source under different impinging nominal doses
(from dy = 1x10™ to 5x10'® ions/ cm?) at various temperatures ranging from Ty =

300 °C to 340 °C at the University of Rome by Dr. G. Pettinari and Prof. M. Capizzi.
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Following preliminary studies of the effects of hydrogen on the resistivity of the p-
type contact layer, relatively low hydrogen doses (dy = 1x10 ions/ cm?) were
chosen to minimize the H-induced neutralization of the acceptors in the top p-contact
GaAs layer.!** On the other hand, these doses proved to be appropriate for the

diffusion of hydrogen into the Ga(AsN)/AlAs SL.*?

4.1.3 Resonant tunneling diodes

Our GaAs/AlAs QW resonant tunneling structure was grown by MBE on a
(001) n*-GaAs substrate and has the following layer layout, in order of growth (see
Figure 4.7): a 300 nm contact layer of n*-GaAs (Si-doped to 2x10® cm™3), a 100 nm
buffer layer of n-GaAs (n = 2x10% cm®), an undoped central intrinsic region
comprising a 20 nm GaAs spacer layer, a 5 nm AlAs tunnel barrier, a 6 nm GaAs
QW, a 5 nm AlAs tunnel barrier, and a 10 nm GaAs spacer layer, and finally, a 50
nm contact layer of p*-GaAs (C-doped to 1x10*° cm™); all layers were grown at 600
°C. The structure was processed into 200 um and 400 pm diameter mesa diodes with
a top ring-shaped Ti/Au electrical contact for optical access.
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Figure 4.7: (a) Schematic diagram of the layer structure of our RTD and the band
structure of the AlAs/GaAs/AlAs double barrier QW.
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The processed devices were exposed to a low-energy (E = 100 eV) ion beam
generated by a Kaufman source under different impinging H-doses (ranging from
6x10'® jons cm 2 to 1x10™ ions cm?) and temperatures (ranging from 20 °C to 250
°C). The samples were grown and processed at the University of Nottingham by Dr.
R. P. Champion and hydrogenated at the University of Rome by Dr. G. Pettinari and

Prof. M. Capizzi.

4.1.4 Mechanically-formed van der Waals junctions

Our samples are prepared from bulk Bridgman-grown crystals of
rhombohedral y-InSe and hexagonal e-GaSe. For the heterojunction, we used n-InSe
and p-GaSe crystals with concentrations of electrons and holes of 10" cm~and 10*
cm 3, respectively, which were determined from separate Hall effect measurements.*?
For the homojunction, the undoped and intentionally Cd-doped InSe crystals have
majority carrier concentrations of 10 cm™ (n-type) and 10 cm™ (p-type),
respectively."® Flakes between 1 pm? to ~ 1 cm? were prepared from as-grown
crystals by mechanical exfoliation with adhesive tape with thickness from 1 nm to 10
um. An individual large (~ 1 cm?) flake of thickness of ~ 1-10 um was then pressed
against the van der Waals surface of another layered crystal to form a homojunction
(e.g. n-InSe on p-InSe) or a heterojunction (e.g. p-GaSe on n-InSe). Indium ohmic
contacts were then formed on the top and bottom layers, see Figure 4.8.

The p-InSe/n-In,0O3 junctions were prepared by annealing the freshly cleaved
Cd-doped (10" cm™®) p-InSe flakes of ~ 100 pm? at temperature T = 450 °C for 96
hours. Reactive evaporation of indium in oxygen atmosphere forms a thin layer (~
0.4 um) of In,O3 which has n-type conductivity (~3 x 10*° cm™).2**** The long-time

oxidation (96 h) at T = 450 °C of the InSe layer is accompanied by the formation of
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an intermediate layer, Iny(Se04);.® **° Indium ohmic contacts were then formed on
the top and bottom layers. All these samples were grown at the Institute for Problems
of Materials Science, the National Academy of Sciences of Ukraine, Chernivtsi by
Prof. Z. D. Kovalyuk and Mr. Z. R. Kudrynskyi. The devices were fabricated at

Nottingham or Chernivtsi.

i -
It \
/| | | H\,ll” \U\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

(b)
GaSe

InSe
n-In.0 Intermediate

, In,(Se0,);

*1

Figure 4.8: (a) Optical image of a Bridgman-grown InSe ingot and crystal structure

of rhombohedral y-InSe. (b) Exfoliation and mechanical adhesion used to fabricate
junctions based on InSe and GaSe, and optical image of a junction device. (c)

Schematic of our three junction devices.

4.2 Experimental techniques: transport measurements
4.2.1 Low noise current — voltage measurements

The 1-V characteristics of our RTDs and p-i-n diodes were acquired using a
simple circuit. The device was mounted on a sample probe designed to directly dip
into a liquid helium dewer for low temperature (T = 4.2 K) measurements. A
Keithley 2400 DC voltage source was connected in parallel with the sample probe by
co-axial cables. Data acquisition was controlled by a written LabView program. The

Keithley 2400 voltage source can measure currents down to 1nA. To measure current

53



Chapter 4: Samples and experimental setup

values down to pA with low noise, a different low noise setup (I-V converter) was

used.

( Keithley 2400 W
L DC voltage source

DMM

PC
contains
LabView

___________________________________

Figure 4.9: The low noise I-V measurement circuit. A virtual ground is stabilized by
the operational amplifier (Op.Amp) to the p-i-n diode. The voltage drop across the

load resistor, R, gives the current through the p-i-n diode.

Figure 4.9 shows the experimental setup for low current measurements down to
sub-pA. The I-V converter has a DC biased operational amplifier (Op.Amp) with
1GQ load resistor thus creating a virtual ground for the RTD/ p-i-n diode. The ideal
Op.Amp has infinity input impedance and gives zero current through it. Thus the
voltage across the load resistor is V| = Ri ig, which is measured by a digital multi
meter (DMM: HP3457A). A capacitor (C = 10 pF) was also used to stabilize the

voltage.

4.2.2 Capacitance — voltage measurements
The C-V characteristics of the RTDs were measured using a Hewlett-Packard
model 4275A LCR meter, which covers the frequency range 10 KHz to 10 MHz.

This system can measure the capacitance over the range 0.01 fF to 199.99 yF with an
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accuracy of ~ 0.1 %. The device was mounted on a four terminal (high and low
terminals for current and voltage) sample probe designed to directly dip into a liquid
helium dewer for low temperature (T = 4.2 K) measurements. A Keithley 2400 DC
voltage source was connected in parallel with the sample probe by co-axial cables.

Data acquisition was controlled by a LabView program.

4.3 Experimental techniques: optical studies
4.3.1 Room temperature micro-photoluminescence/electroluminescence
The room temperature pPL/ HEL measurements were carried out using a
LabRAM HR-UV spectrometer equipped with a confocal microscope. This system
provides high wavelength resolution down to A4 = 10 nm. The schematic diagram
of the system is shown in Figure 4.10. The system has four main parts, which are
described below.
Optical Microscope: imaging is carried out via a standard optical microscope. This
has 3 objectives that provide 10x, 50x and 100x magnification. The focal length (f)
and numerical aperture (NA) of each objective are f = 18, 3.6, 1.8 mm and NA = 0.25,
0.55, 0.9, respectively.
Spectrometer: the YWPL/YEL signal is dispersed by a grating and detected by an
(InGa)As or a Si-charged coupled device (CCD) array photodiode. The (InGa)As
detector covers the A range 800 nm to 1600 nm, and the Si- CCD detector covers the
near UV to the visible range (1 = 350 nm to 800 nm). Two gratings (150 and 1200
g/mm) can be selected for measurements in different A- range and spectral resolution.
Optics: mirrors, beam splitter and filters are used to direct the laser beam from a He-
Ne laser (A = 633 nm) or a frequency doubled Nd:YVO4 laser (A, = 532 nm) to the

sample and for collecting light from the sample to the detectors.
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XY/Z motorized stage: the stage can be moved point by point with a spatial resolution
of 0.1um along the X, Y and Z direction for area (X and Y) mapping, and line (X or
Y) and depth (Z) profiling of the uPL/pMEL. Mapping of the puPL along X and Y can
also be carried out by scanning the laser over the fixed stage. This can be done by a

motorized mirror.

Spectrometer

Microscope

XY motorized
stage

Figure 4.10: Schematic diagram of the LabRAM HR-UV Spectrometer. Diagram
reproduced from Ref [116].

The schematic diagram of a confocal microscope is shown in Figure 4.11. The
laser beam is focused by an objective to a small, nearly diffraction-limited spot on
the sample surface. Also, the same objective collects the photo-excited light from the
sample and sends it to a detector, which has an adjustable pinhole aperture. The
emitted light from the spot passes through the pinhole, while the light from outside
the spot or off the focal plane is blocked by the pinhole. The advantage of this
confocality is a considerable reduction of the depth of focus. This allows us to
separate the signal from each layer of a layered sample, thus improving the image
resolution. For the pPL imaging, we can use two modes of laser scanning over the

sample surface, XYZ motorized and XYZ scanlab. In the XYZ motorized mode, the
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stage moves point by point with respect to the laser beam. In the second mode, the
stage is fixed and the laser beam moves on the sample by a motorized mirror. We
used the first mode for room temperature PL and the second mode for low
temperature PL studies, in which the stage is replaced by a cold-finger cryostat (see

Figure 4.13).
He-Ne Laser (4 =633 nm)

Pinhole
Aperture

Pinhole
Aperture

- —.Beam splitter

_-.-,'-'.:'ff-'-'--'-"Objective

Focal plane

Sample

Figure 4.11: Schematic diagram of a confocal microscope.

Figure 4.12 shows the experimental setup for uPL measurement. The He-Ne
laser beam was focused onto the sample by a 100x objective, thus providing a laser
spot with diameter d < 1um. The size of the spot is determined by the numerical
aperture (NA) of the objective N4 =n siné), where n is the refractive index of the
medium between the lens and the focal plane, and 6 is the half angle between the
marginal converging rays of the light cone. Using the Rayleigh criterion, the

diameter of the spot can be written as dr = 1.22 x A/NA. For A = 633 nm and NA =
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0.9, we find that dr = 0.86 um. This corresponds to the spatial resolution of our
confocal microscope. The resolution can be limited by the size of the pinhole. The
aperture should be small enough to ensure high spatial resolution and possibly large

enough to let sufficient light into the detector.

Figure 4.12: Experimental setup for pPL measurements at T = 300 K. The picture

shows the microscope, stage, sample and the focused laser beam.

4.3.2 Low temperature micro-photoluminescence/ electroluminescence

For low temperature (T = 10 K) pPL/pEL studies, we used the LabRAM HR-
UV spectroscope and a cold-finger cryostat (see Figure 4.13). The sample is mounted
close to the inner surface of the optical window. The sample holder is a screw
mounting arrangement and thermally isolated and tightly fixed on the vacuum
housing for low drift. The distance of the sample from the surface can be adjusted
from 0 to 3 mm. An external pressure regulator draws a continuous Helium flux from
the Helium dewar to the cryostat through a transfer tube. A temperature meter and
heater are connected to the cryostat and permit to measure and control the

temperature of the cryostat and of the sample.
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Figure 4.13: Schematic diagram of a cold-finger cryostat (model: Helitran LT-3
OM) for low temperature WPL/uEL measurements. Picture reproduced from Ref
[117].

4.3.3 Laser writing

For the laser writing experiments, the laser beam was focused onto the sample
thus providing a laser spot with diameter of ~ 1um. Four different lasers were used,
an Ar laser (4 = 515 nm), a He-Ne laser (1 = 633 nm), a frequency doubled
Nd:YVO4 laser (A = 532 nm) and a Ti:Sapphire laser (A = 695-830 nm). We
produced annealed spots by using various laser powers (3—-120 mW) and exposure
times (t; up to 3 minutes). Figure 4.14 shows the experimental setup for the
annealing with the Ar-laser. Here we used a 100x objective and a beam splitter was
used to reflect the beam on a screen thus facilitating the visualization of the focusing

conditions. A similar setup also used for laser writing with a Ti:Sapphire laser. We
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also used a UPL system equipped with a confocal microscope for laser writing with a

He-Ne or a frequency doubled Nd:YVO4 laser (see Figure 4.12).

Ar laser (1 =512 nm)

——|——Aperture

Screen Beam splitter

A

<§/\gb Objective
Focal plane

Sample

Figure 4.14: Experimental setup for laser writing with an Ar laser.

4.3.4 Photocurrent measurement

For the photocurrent (PC) measurements light from a 250 W quartz halogen
lamp, dispersed through a 0.25 m monochromator (bandwidth of ~ 10 nm), and
modulated with a mechanical chopper, was focused onto our p-i-n diodes, (P ~ 107
W/cm?), see Figure 4.15. The p-i-n diode was biased at V < 0 V. The photocurrent
signal was measured using a standard lock-in amplification technique. A Keithley
2400 DC voltage source was connected in parallel with the sample by co-axial

cables. Data acquisition was controlled by a LabView program.
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Figure 4.15: Experimental setup for photocurrent measurement. The voltage drop
across the load resistor, R, gives the photocurrent in the p-i-n diode.

4.4 Experimental techniques: topographical/compositional studies

4.4.1 Scanning electron microscopy (SEM)

We used an FEI Quanta 200 3D FIB-SEM to image the laser annealed region.
The schematic diagram of the SEM is shown in Figure 4.16. A tungsten filament in
the electron gun is heated by an applied voltage thus causing thermionic electron
emission. The emitted electron beam is accelerated towards the anode, narrowed by a
condenser lens, and focused as a very fine point on the sample by the objective lens.
The focused electron beam induces emission of secondary electrons from the sample,
which are collected by the electron detector for imaging and analysis. Also, photons
emitted by the interaction of the focused electron beam with the sample are detected
by the energy dispersive x-ray detector.

Our SEM system has a spatial resolution of 3.5 nm and 15 nm for an
accelerating voltage V = 30 kV and 2 kV, respectively. The spatial resolution also

depends on the electron spot size, which can be controlled by the condenser lens,
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objective lens, position of the filament in the cathode, bias voltage and accelerating
voltage. The sample topography at several points is imaged by moving the electron
beam with respect to the sample. The sample can be moved with respect to the
detector along the x-axis (side by side) and along the y-axis (forward and backward).

It can also be tilted and rotated in the plane.

Condenser lens

Scanning coil

S Back-scattered
Obijective lens

electrons

Characteristic Secondary

X-rays electron
detector

electrons

Sample

Figure 4.16: Schematic diagram of a Scanning Electron Microscopy. Picture
reproduced from Ref [118].

4.4.2 Transmission electron microscopy (TEM)

The transmission electron microscope utilizes energetic electrons to provide
compositional, morphologic and crystallographic information. The sample should be
thin enough to be transparent to electrons. Among the different signals generated
from the interaction between the electron beam and a sample (see Figure 4.17), the
transmitted direct beam and the elastic and inelastically scattered electrons can be
collected and analyzed. The high energy electrons, accelerated by several hundred
KV potential, have a much smaller wavelength than the typical interatomic spacing.

Thus TEM provides accurate information about the material under study.**°
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Figure 4.17: Signals generated from the interaction between a high energy electron
beam and a very thin, electron transparent sample. Picture reproduced from Ref
[119].

For the transmission electron microscopy (TEM), high-resolution TEM
(HRTEM) and energy-dispersive X-rays (EDX) studies, we used a JEOL 2100F
FEG-TEM equipped with an Oxford Instruments INCA EDX system. In the HRTEM
technique, the image is formed by the interference of multiple beams so that the
phase and amplitude of the diffracted beams contribute to the contrast in the

image.*

4.4.3 Atomic force microscopy (AFM)

We used a MFP-3D AFM system to probe the surface topographical map of
our samples. The AFM has a sub-angstrom resolution in the Z direction (depth) and
nanometer resolution in the XY plane. The AFM consists of a low spring constant

cantilever with a sharp tip, an IR-laser and a deflection sensor, which is a four-
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quadrant-photodiode. A schematic diagram of an AFM is shown in Figure 4.18. The
sharp tip of the cantilever is very close to the sample surface and during the scanning
it reacts in response to the short range repulsive force (~ 10 nN) between the tip and
the sample surface. A focused laser beam on the backside of the cantilever is
reflected onto a split photodiode, which measures the deflection or oscillation
amplitude. Detected changes in the cantilever deflection or oscillation are corrected
to a constant value by triggering the cantilever in the Z direction through a feedback
controlled piezo. The feedback voltage correlates to a voltage-distance calibration
factor, thus determining the height at a given XY coordinate. The AFM image
displays the surface in all three dimensions without the limit of optical diffraction
present in the optical microscopes. To resolve atomic-scale structures, we operated
the AFM in the contact mode. In the contact mode, the cantilever tip is scanned over
the sample surface in order to keep constant the short range repulsive force between

the surface and the AFM tip.**
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Figure 4.18: Schematic diagram of an Atomic Force Microscopy. Picture

reproduced from Ref [120].
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Chapter 5

Band-gap profiling by laser writing of H- containing 111-N-Vs

This chapter describes how a focused laser beam can be used to control the
electronic activity of N and H atoms in I11-N-V quantum wells (QWSs). Our micro-
photoluminescence (UPL) spectroscopy and mapping, and scanning electron
microscopy (SEM) probe the effects of laser-induced modification of the N-H bonds
on the physical properties of I11-N-V alloys. Also, we use a conventional thermal
annealing technique to probe the thermal stability of the laser annealed spots.
Description of samples and the post-growth hydrogen irradiation conditions were
given in section 4.1.1. Laser writing and PL mappings were performed by myself at
the University of Nottingham. SEM and AFM imaging of the laser annealed areas
were performed in collaboration with Dr. M. W. Fay and Dr. L. Turyanska
respectively, at the Nottingham Nanotechnology and Nanoscience Centre, University
of Nottingham. The results of this study were published in Physical Review B 86,

155307 (2012).

5.1 Introduction

Hydrogen atoms are highly mobile and reactive elements that bind to several
atomic species, they can passivate both deep and shallow crystal defects and
impurities in semiconductors’ or act as dopants in narrow band gap
semiconductors.’?* The combination of hydrogenation and laser excitation of a
semiconductor can also provide a successful tool for tuning electronic properties. In
Ref. [123], we describe how a focused laser beam can be used to dissociate N-H

complexes in hydrogenated Ga(AsN), thus modifying locally the electronic activity
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of the N-atoms and the band gap energy. This recent finding has raised questions of
fundamental interest, i.e. whether the physical process that drives the laser-induced
modification of the N-H bonds in the 111-V host crystal is a “thermal” or a “photonic”
mechanism and whether this can be used to learn about the physics of H-related
defects in 11I-N-Vs; also, despite this laser-assisted band gap engineering technique
was successfully applied to Ga(AsN), its applicability to other technologically
important 111-N-V alloys™ *" 2#12° has not yet been examined. These issues are not
only of broad fundamental interest in the context of our understanding of the
electronic properties of this class of alloys and H-related defects, but also relevant to
the development of a versatile and reliable top-down nanofabrication approach and
exploitation of I11-N-Vs in future nanotechnologies. In this chapter, 1 demonstrate
that the dissociation of the N-H complex in hydrogenated I11-N-Vs can be laser-
activated at temperatures that are significantly smaller than those (> 200 °C) required

for thermal dissociation due to a resonant photon absorption by the N-H complex.

5.2 Room temperature photoluminescence studies

The room temperature photoluminescence (PL) spectra of our three
hydrogenated Ga(AsN) QW samples (H1, H2, and H3 with H dose of dy = 4x10"°
ions/cm?, 6x10"® ions/cm? and 8x10' ions/cm?, respectively) and the Virgin V’
(non-hydrogenated) sample are shown in Figure 5.1a. Following the hydrogenation,
hydrogen neutralizes the electronic activity of nitrogen through the formation of N-
2H complexes thus causing a blue shift of the QW PL emission towards the PL
emission energy of GaAs.'> One can notice that the blue shift increases with

increasing the hydrogen dose and that in samples H1 and H2 the amount of diffused
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hydrogen in the Ga(AsN) QW is not sufficient to neutralize all the N-atoms.
However, in sample H3 the Ga(AsN) QW peak is fully quenched by H.

The concentration of electrically active N atoms in the Ga(AsN) QW of each
sample was determined from the peak energy of the QW PL emission, Eqw, as shown
in Figure 5.1b. Our model of Eqw includes the N-content, x, dependence of the band
gap energy and of the electron effective mass, which we estimate using a two-level
band-anticrossing model with a N-level located at 0.23 eV above the conduction
band minimum of GaAs at T = 300 K and an interaction parameter Cyy = 2.7 eV.*?°
We have instead neglected the exciton binding energy, which represents a small
correction to the calculated energies. Details of the calculation are in the Appendix
B. As shown in Figure 5.1b, we estimate that the electrically active N content in
samples V, H1, H2, and H3 is equal to 0.95%, 0.37%, 0.35% and 0%, respectively.
The high resolution x-ray diffraction (HRXRD) measurements indicate that the
nominal concentration of N content in the V-sample is equal to 0.9%, in agreement

with our estimate of x.
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Figure 5.1: (a) uPL spectra of samples V, H1, H2, and H3 at T = 300 K (P = 1.2
mW, A =633 nm). (b) Dependence of the peak energy of the QW PL emission, Eqw,

on N-content, X, as derived from the band anti-crossing model.
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5.3 Laser writing and band gap profiling of Ga(AsN)

In this section we show how the neutralization of the electronic activity of N by
H as described in the previous section can be reversed locally using a focused laser
beam, which acts to dissociate the N-H complexes. For the laser annealing
experiments, we used a focused laser beam (d~1 pm) of wavelength 4 = 515 nm,
power P, in the range 10-120 mW, and exposure time t, = 15 s. A series of light
emitting regions were produced at various laser powers at room temperature (T = 300
K). Images of the sample topography were acquired by atomic force microscopy
(AFM) and by scanning electron microscopy (SEM). For the secondary electron
imaging, an FEI Quanta 200 3D SEM equipped with an Everhart Thornley detector
was used. This was operated at 30 kV for topographical sensitivity and at 1 kV (with
a nominal current of 0.11 nA) to obtain dopant contrast sensitivity. Samples were
plasma cleaned in a Fischione Model 1020 plasma cleaner immediately prior to
analysis, and images were acquired from single pass scans at 30 ps dwell to reduce
surface contamination contributions.

Figure 5.2a shows the room temperature (T = 300 K) uPL spectra and uPL map
of one of the hydrogenated Ga(AsN) samples (H2) after exposure for a time t;= 15 s
to a focused laser beam with diameter d <1 pm, 4 =515 nm and P, = 10 mW. The
uPL spectra were acquired at low laser power within and around the laser annealed
spot. It can be seen that the QW PL emission is peaked at lower energies in proximity
of the spot center (see the uPL spectra at positions A, B, C, and D in Figure 5.2a).
The uPL map in the spectral range of the QW emission shows a light emitting region
with an approximately Gaussian form of its intensity and a full-width at half-
maximum (FWHM) of 0.95 um that corresponds closely to the laser spot diameter.

With increasing laser power the light emitting areas increase in size showing spot-
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like (Figure 5.2a-b) or ring-like (Figure 5.2c) patterns, whose origin will be discussed

later.

() P, = 10 mW

PL Intensity (arb. units)

) P, = 40 mW

Energy (eV)

Figure 5.2. uPL map at T = 300 K of an hydrogenated Ga(AsN) QW sample (H2)
following exposure for a time t; = 15 s to a focused laser beam with 4 = 515 nm and
(@) Pa =10 mWw, (b) 20 mW and (c) 40 mW. The uPL spectra at positions A, B, C,
and D are shown at each power on the right. The uPL maps are obtained by plotting
the uPL intensity around E = 1.30 eV corresponding to the peak energy of the QW
emission in the Virgin sample, V, (see grey area in the uPL spectra) and were
acquired with P = 1.2 mW and A = 633 nm. Insets in (b) and (c) are 1kV SEM

images of the laser annealed spots.

The incorporation of hydrogen in Ga(AsN) leads to the formation of several
complexes.”™ Di-hydrogen complexes are responsible for the neutralization of the

electronic activity of nitrogen, that causes the band gap and lattice constant of the N-
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free GaAs to be recovered.”® In our experiment, this neutralization effect is reversed
locally using a focused laser beam, which acts to dissociate the complex, thus
restoring the electronic activity of nitrogen.'?®* We use the peak energy of the QW PL
emission at different positions in each uPL map (Figure 5.2a-c) to probe the spatial
distribution of active-N, Xe, and hence the percentage variation in the concentration
of di-hydrogen N-H complexes, Ann.4. This is expressed as
JANN-H| = (Xt - X0)/ (X — Xo),

where x is the N concentration in the Virgin sample and xo is the concentration of N-
atoms outside the laser treated area of the hydrogenated sample. The values of Ann.y
at various laser powers and positions X in the QW plane are plotted in Figure 5.3a. It
can be clearly seen that with increasing Pa: i) the minimum in the Any.y profile
becomes deeper; ii) all N-H complexes in the Ga(AsN) QW can be dissociated at
laser powers P, ~ 40 mW corresponding to |Ann. | ~ 100%; and iii) the FWHM,
dn-n, of the Ann.y(X) curve increases above a minimum value corresponding to the
diffraction limited size of the laser spot diameter. The dependence of Any.pat X =0,
|ANN-H|max, ON P4 is plotted in Figure 5.3b for laser wavelengths 4 = 515 and 633 nm.
The dissociation of the N-H complex has a non-linear dependence on the laser
power, whose origin will be discussed later.

To examine the contribution of thermal and photonic effects in the laser-
induced ionization of the N-H complex and corresponding Ann.y profiles, we first
model the spatial gradient of the lattice temperature, T,, induced by the focused laser
beam on the sample surface. Figure 5.3c shows the X-dependence of T, at various

127 and

laser powers calculated by using the T-dependent thermal conductivity
absorption coefficients of GaAs at A = 515 nm and T = 300K.'?® Details of the

calculation are in the Appendix C. For P, < 40 mW, the calculated temperatures are
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well below those required (T, > 250 °C) for thermal dissociation of N-H complexes
and out-gassing of H from the sample, as measured in our high temperature furnace
experiments with T up to 450 °C and as also found in the literature.” *> Thus, under
these laser exposure conditions, laser-heating cannot be responsible for the
dissociation of the N-H bonds. This is also supported by our laser writing
experiments at liquid Helium temperatures (T = 4.2 K) and laser exposure conditions

(Pa < 40 mW) that correspond to calculated temperatures T, < 10 K, see Figure 5.4.
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Figure 5.3. (a) Dependence of Any.y 0n X at various P, (4 =515 nm, t; = 15 s) in the
hydrogenated Ga(AsN) QW (sample H2). (b) Dependence of |ANn-H|max ON Pa (4 =
515 nm, t; = 15sand A =633 nm, t; = 20 s). The dashed line is a guide to the eye. (c)
Calculated T, (X) curves at various P, (4 = 515 nm, t; = 15 s, beam waist 0.4 um).
Horizontal dashed lines highlight temperatures required for H-outgassing (T, > 250
°C) and As-desorption (T, > 400 °C). (d) Dependence of the full widths at half
maximum of the Any.y profile, dy.n, on P4 at 4 =515 and 633 nm. The squares and
line describe the P, -dependence of dgrater (the diameter of the damaged surface area
of the sample) as derived from the SEM study and our estimate based on the As-

desorption model, respectively.
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Figure 5.4. (a) uPL map at T = 5 K of an hydrogenated Ga(AsN) QW sample (H2)
following exposure for a time t, = 15 s to a focused laser beam with 4 = 633 nm and
Po=15mW at T =5 K. The uPL map is obtained by plotting the uPL intensity
around E = 1.37 eV. Following the laser writing at T = 5K, a new emission appears
on the lower energy side (E = 1.37 eV) of the QW emission (Eqw = 1.44 eV), labeled
X. Laser writing activates the electronic activity of nitrogen, thus red shifting the
QW PL emission and inducing a new recombination (band X) associated with N-
related states. However, this laser power is not sufficient to reactivate all the
passivated nitrogen. (b) Calculated T, (X) curves at various laser writing conditions
(P, =15 mW and A =633 nm, P, = 30-40 mW and A =532 nm, t, = 15 s, beam waist
0.5 pm).

In contrast, we find that for laser exposure at P, > 40 mW at T = 300 K, the
lattice temperature increases very steeply in the center of the laser spot. This thermal
runaway effect is caused by the low thermal conductivity of GaAs at high
temperatures. Note that the temperature can rise up to values that can exceed those
required for H-outgassing (Ta > 250 °C), As-desorption (T, > 400 °C)**° and melting
of GaAs (T, > 1200 °C). Thus, at high laser powers (P, > 40 mW), the high
temperatures (T, > 250 °C) induced around the laser spot can cause thermal
dissociation of the complex, diffusion and outgassing of H. This results into a

broadening of the Any.y profile to full widths at half maximum, dy., that exceed the
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diffraction limited size of the laser beam (Figure 5.3d) and into an irreversible
damage of the sample surface, see darker spot in the SEM and puPL maps of Figure
5.2c. The measured values of dcraer, 1.€. the diameter of the laser-induced surface
damage revealed by SEM, increases with increasing P, in qualitative agreement with
the estimated width of the laser annealed region at temperatures T, > 400 °C, see
Figure 5.3d. No topographic changes can instead be revealed in samples laser
annealed at lower powers (P, < 40 mW). For these laser exposure conditions, AFM
images show an atomically flat surface, whereas the SEM reveals only a weak
contrast variation, which we attribute to the laser-induced change of the N-H
complex concentration,*® see Figure 5.5. The AFM image reveals that the surface
between the craters is not damaged. The white horizontal lines and spots may due to
dust particles on the surface. The vertical lines may due instead to the cracks

produced by surface polishing.

Figure 5.5: Image of a laser annealed line (P, = 20 mW) on sample HO (dy = 2x10'®

ions/cm?) by (a) SEM and (b) AFM.
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5.4 Laser writing and photonic effects in Ga(AsN)

Two main processes can be envisaged to explain the laser-assisted dissociation
of the N-H complex without invoking thermal effects: the photogenerated electron-
hole pairs recombine non-radiatively and release their energy to the complex; or the
complex directly absorbs the incoming photons and breaks-up if the photon energy is
equal or larger than its dissociation energy. We examine the plausibility of these
effects by studying the dependence of |Ann.y| On the laser power density, p,, and
photon wavelength, A (Figure 5.6). For the A-dependence of the laser writing
experiments, we used an Ar-laser (1 = 515 nm), a Ti:Sapphire laser (1 = 695-830
nm), a He-Ne laser (1 = 633 nm) or a frequency-doubled Nd:YVO, laser (1 = 532
nm), exposure powers P, up to 120 mW and times t, = 20 s. Here the photon
wavelength is tuned over a range of energies hv = 1.49 — 2.41 eV (41 =830 - 515 nm),
below and above the dissociation energy Ex =1.77 - 1.89 eV (4 =700 - 656 nm) of
the N-H complexes responsible for the band gap increase in Ga(AsN).” For each A
and p,, we mapped the Any.y profile and estimated the value of Any.y at the center of
each laser spot, | ANyl max. From Figure 5.6, it can be seen that at each power the
value of | Ay max tends to peak at hv = 1.76 eV (1 ~ 700 nm), close to the reported
values of E,.” Photoluminescence excitation measurements of both hydrogenated and
untreated samples exclude the presence of specific resonances in the density of states
of the crystal at the energy mentioned above. Thus data in Figure 5.6 suggest a
resonant photon absorption by the N-H complex itself accompanied by its
dissociation. Perhaps surprisingly, the phenomenon is also observed under laser
photon energies that are significantly smaller than E,. To explain this result, we
envisage that the photogenerated electron-hole pairs can act to screen the N-H

chemical bond, effectively reducing the dissociation energy of the complex. Similar
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mechanisms were invoked to explain the light enhanced H-diffusion in amorphous
Si**! and the photo-induced reactivation of neutralized donors in Si-doped GaAs.**?
Data in Figure 5.6 also reveal a weak enhancement of |Ann.ulma at photon
excitation energies of hv = 1.5-1.6 eV, lower than the main peak. We tentatively
attribute this feature to a lower energy bound for the dissociation of the di-hydrogen

— nitrogen complex (N-H;) by the formation of closely related complex states with a

lower activation energy Ex = Ex - 0.2 eV."
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Figure 5.6. Dependence of the value of the | Ann.4 (X)| profile at the centre (X = 0)
of the laser spot, | Ann.4 | max, ON the photon energy, hv, and laser wavelength, 4, at
various power densities, ps, and t. = 20 s (pao = 10° Wem™). The inset shows the

dependence of | ANy | max ON pa at A = 725 nm and 532 nm.

Plots of |Ann.y| versus the laser power density indicate that at all laser
wavelengths, the values of |[Any.| €xhibit a non-linear dependence on power density,
pa (inset of Figure 5.6). This behavior could be consistent with a multi-photon
absorption process, i.e. two photons are required to break the di-hydrogen — nitrogen

complex (N-H) to fully restore the electronic activity of the N-atoms; also, this
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could indicate a non-linear dependence of the screening action by the photogenerated
carriers on the laser power. Theoretical models are required to assess these peculiar

aspects of the N-H complex dissociation by photon excitation.

5.5 In-plane band gap profiling of Ga(AsN)

The dominant photonic nature of the laser-induced dissociation of the N-H
complex at low laser powers implies that the size of the laser annealed spot is mainly
limited by light diffraction, i.e. it is set by the laser spot diameter d = 1.22A/NA,
where NA = 0.8 (0.9) is the numerical aperture of our x100 objectives. For A = 515
nm and 633 nm, this gives d ~ 0.7-0.8 um and 0.9-1 um, respectively, in good
agreement with the measured Ann.y(X) profiles. Thus direct laser writing can
provide a versatile tool for in situ in-plane band-gap engineering. Potential profiles of
different shapes can be created and controlled with submicron spatial resolution and
high energy accuracy (~ 1 meV) by adjusting the laser power and/or exposure time.

Figure 5.7a illustrates examples of spatial modulation of the Ga(AsN) QW PL
peak energy, Eqw, obtained by scanning a laser beam over the surface of sample H2:
triangular and step-like in-plane potential wells of given energy depth and spatial
width are patterned in the XY plane of the QW. The specific annealing conditions
used to create two of the potential profiles are illustrated in Figure 5.7b. Figure 5.7¢c
shows different shaped light emitting areas produced by a focused laser beam (4 =
532 nm, P, = 20 mW, and t; = 20 s) on a hydrogenated Ga(AsN) epilayer with N-
content, X = 0.92% at T = 300 K. Thermal annealing studies in a high temperature
furnace show that the light emitting areas created by laser are stable up to
temperatures T, ~ 200 °C and that they can be erased at T, > 250 °C due to the

thermal dissociation of the N-H complexes and H-outgassing from the whole sample
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(see Figure 5.7d). Thus the local dehydrogenation effect achieved by laser writing
corresponds to temperatures that are considerable smaller than those required for
thermal dissociation (T, > 200 °C); this effect is erasable and the electronic properties
of the Virgin (non-hydrogenated) QW can be fully restored by thermal annealing at
Ta > 200 °C. The same sample can be re-hydrogenated making any nanoscale in-

plane band gap profile rewritable.

1.38

0O-0-0-0-0-0 0-0-0-0-0-0

g 0
(o]
I
J g
[ ]
[ ] (e}
[ ]
s 0
c || &P, =7 mW 110°

1.34¢
fde o P, =15mW (175
= A L S R R
X (um) X (nm)
©

300 °C

Figure 5.7. (a) Profiles of the QW PL peak energy, Eqw, created by laser writing in
the hydrogenated Ga(AsN) QW (sample H2). The top figure is the uPL map
corresponding to the triangular potential well (see triangles in the main Figure). (b)
Annealing times and powers used for different profiles (triangular profile: full
symbols; step-like profile: empty symbols). (c) uPL map of H, X and V - shaped
light emitting areas produced by a focused laser beam (4 =532 nm, P, = 20 mW, and
ta = 20 s) on a hydrogenated Ga(AsN) epilayer with N-content, x = 0.92%. (d) Light
emitting spots in sample H1 created by laser writing (P, = 20 mW, 4 =515 nm and t,
= 15 s) and mapped following a 1-hour thermal annealing step for increasing

temperatures T, = 200 °C, 250 °C, and 300 °C.
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5.6 Hydrogen containing (InGa)(AsN) and Ga(PN)

The laser-induced reversibility of hydrogen irradiation effects in other dilute
nitride materials, such as (InGa)(AsN) and Ga(PN), were also investigated. Our
experiments in the hydrogenated (InGa)(AsN) and Ga(PN) samples reveal effects
that are qualitatively similar to those described for Ga(AsN), thus indicating a

universal behaviour of hydrogenated dilute nitride alloys.
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Figure 5.8. (a) puPL spectra of the as-grown, V, and hydrogenated, Hydr.,
(InGa)(AsN) QW samples at T = 300 K. (b) uPL map and pPL spectra at positions
A, B and C of an hydrogenated (InGa)(AsN) QW following laser writing at T =
300K (ta =20s, P, =7 mW, 4 =532 nm). The uPL maps are obtained by plotting the
uPL intensity around E = 0.9-1 eV, corresponding to the energy range of the QW
emission in the as-grown sample (see shaded area) and were acquired at low laser
powers (4 =633 nm, P =0.1 mW, T = 300 K).

The incorporation of hydrogen (dy = 5x10%" jons/cm? at T = 300 °C) in
(InGa)(AsN) QW ([In] = 32% and [N] = 2.7%) neutralizes the electronic activity of
nitrogen, thus causing a blue shift (~ 100 meV) of the QW PL emission, see Figure
5.8a. The PL linewidth broadens and the intensity drops upon hydrogenation

indicating an increase of microscopic disorders and non-radiative centers. Figure 5.8b
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shows the pPL spectra of the hydrogenated (Hydr.) sample measured at low power
(0.1 mW) after sample exposure to a focussed laser beam (d < 1 um) of wavelength 4
= 532 nm and power P, = 7 mW for a time t,= 20 s. The laser exposure dissociates
the N-H complexes thus red shifting the PL emission towards the emission of the as-
grown (V) sample. It can be seen that the PL emission is peaked at lower energies in
proximity of the spot centre.

Figure 5.9a shows the puPL spectra of an as-grown and a hydrogenated Ga(PN)
multi-quantum well (MQW) samples at T = 10 K. Following the hydrogenation (dy =
8x10™ ions/cm? at Ty = 300 °C) the PL emission blue shifts by ~ 90 meV. The pPL
spectra and uPL map for the Ga(PN) MQW following laser exposure to a focused
laser beam with 4 = 532 nm are shown in Figure 5.9b. It can be seen that the PL
emission is peaked at lower energies in proximity of the spot centre. The increase of
PL intensity induced by laser becomes more pronounced in the bulk Ga(PN) sample
(inset of Figure 5.9b). The hydrogenated (dy = 7x10'® ions/cm? at Ty = 300 °C)
Ga(PN) bulk sample contains only a small concentration of N (x = 0.15%) and the H-
atoms act to fully neutralize the electronic activity of N, thus leading to a weak PL
emission similar to that of Ga(PN) in the limit of very diluted N concentration (x <
0.01%), where the recombination of excitons bound to single N-atoms dominates the
spectrum (see inset of Figure 5.9b). Following the laser exposure, strong narrow
emission lines can be clearly seen in the spectrum and are associated with carrier
recombination from N-related complexes.”**** Importantly, the N-H dissociation
can be activated in our samples for laser photon wavelengths above (4 =532 nm) and
below (4 = 633 nm) the band gap absorption wavelength of GaP (4 = 550 nm). This
is in line with a direct photon absorption by the N-H complex, rather than a thermal

effect.
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Figure 5.9. (a) uPL spectra of the as-grown, V, and hydrogenated, Hydr., Ga(PN)
MQW samples at T = 10 K. (b) uPL map and uPL spectra at positions A, B and C of
an hydrogenated Ga(PN) MQW following laser writing at T = 300K (t; =20 s, P, =
22 mW, A = 532 nm). The uPL maps are obtained by plotting the uPL intensity
around E = 2.0 - 2.15 eV corresponding to the energy range of the MQW emission in
the as-grown sample (see shaded area) and were acquired at low laser powers (1 =
532 nm, P = 0.9 mW, T = 10 K). The inset shows the uPL spectra at T = 20 K of the

Ga(PN) bulk sample inside and outside a typical laser spot created with A =532 nm.

5.7 Summary

In this work, we have shown that the laser-induced modification of the N-H
bonds by micro-photoluminescence (uPL) spectroscopy and mapping, and scanning
electron microscopy. We demonstrated that the laser-assisted dissociation of the N-H
complex in hydrogenated Ga(AsN) is enhanced at characteristic laser photon
wavelengths (1 ~ 700 nm) corresponding to a resonant photon absorption by the N-
H complex assisted by the photogenerated carriers. This is a local process that can be
activated at temperatures that are significantly smaller than those (> 200 °C) required
for thermal dissociation and provides a means of patterning with submicron spatial
resolution in-plane band gap profiles of different shapes. Nanoscale light emitting

spots in the visible and near infrared region are laser-activated in all the I11-N-V
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alloys (i.e. Ga(AsN), (InGa)(AsN) and Ga(PN)) investigated in this work. Since this
direct laser writing technique does not require lithography and etching, it offers a
promising route to cost-effective, large-volume and fast nanofabrication methods.
The results are therefore of general interest and relevant to our current understanding

of the physics and applications of N-H defects in I11-Vs.
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Chapter 6

Tunable spectral response by hydrogen irradiation of Ga(AsN)

superlattice diodes

This chapter demonstrates how the spectral response of a Ga(AsN)/AlAs
superlattice (SL) p-i-n diode can be tuned by post-growth hydrogen irradiation and
thermal annealing. Our electroluminescence spectroscopy and photocurrent
measurement probe the controlled diffusion of hydrogen and thermal dissociation of
the N-H complexes of the SL. A focused laser beam is also used to diffuse hydrogen
from the p-type GaAs layer towards the SL, thus creating a preferential path for the
injection of carriers and activating a nanoscale light emitting region. The sample
layer layot and post-growth H-irradiation conditions were described in section 4.1.2.
The optical and electrical studies were performed by myself at the University of
Nottingham. These results were published in Applied Physics Letters 104, 242110

(2014).

6.1 Introduction

The nitrogen-induced band gap reduction in 111-V semiconductor compounds*"
126 is a remarkable physical phenomenon in condensed matter physics and makes
dilute nitride 111-N-V alloys promising candidates for several applications, including
nanophotonics™ and photovoltaics." Of particular interest is the combined effect of
nitrogen and hydrogen atoms on the electronic properties of a I11-V compound.
Hydrogenation combined with lithography and masking of an optically active dilute
nitride 111-N-V alloy has been used to fabricate ordered arrays of zero-dimensional

16, 73

nanostructures and site-controlled single photon emitters; also, in the previous
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chapter, 1 have shown how hydrogenation and laser writing of a IlI-N-V alloy
provide a versatile top-down approach to a spatial profiling of the band gap
energy.’? 13 In Chapter 5, the passivation of N by H and the dissociation of N-H
complexes have been examined in 111-N-V epilayers and quantum wells grown just
below (< 100 nm) the surface. However, it was not implemented and demonstrated in
a device structure where the active region is deep below the surface and embedded
between doped contact layers. In this chapter, | demonstrate that the spectral
response of a Ga(AsN)/AIAs superlattice (SL) p-i-n diode can be tuned by post-

growth hydrogen irradiation and thermal annealing.

6.2 Room temperature electrical and optical studies

Our p-i-n diodes are based on Ga(AsN)/AlAs superlattices (SLs) with N-
content, x = 0%, 0.35%, 0.6% and 0.85%. Room temperature (T = 300 K) forward
bias I-V characteristics show diode like behavior with an abrupt increase in the
current for a bias voltage Vg > 0.7 V, see Figure 6.1a. One can notice that the Vyq
decreases monotonically with increasing N-content. This behavior is attributed to the
presence of N that reduces the energy of the lowest conduction miniband thus
reducing the bias required for injection of electrons into the SL from the n-type GaAs
contact layer.?® The room temperature EL measurements also show that the EL
emission from the SL, Xj, red shifts with increasing N-content, x, due to the band
bowing effect (see Figure 6.1b-c). For x = 0 %, the EL spectrum shows a strong
broad GaAs emission, ELgaas, from the depleted region on each side of the SL (see
Figure 6.2a) and a very weak SL band emission, X;. However, for x > 0%, the EL
spectrum is dominated by the emission from the SL. In all our samples, the EL

intensity increases with increasing current. One can notice that the overall EL
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intensity decreases with increasing x (see Figure 6.1b-c). This is attributed to the
reduced transmission of electrons in the SL that results from the increase of the
electron effective mass and hybridization between the highly localized N level and

the conduction band states of GaAs.**®
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Figure 6.1: (a) Forward bias I-V characteristics at T = 300 K. For clarity, the curves
are offset along the vertical axis. (b) Colour maps of the EL emission intensity vs
current and photon energy at T = 300 K. (c) EL spectraat | =8 mA and T = 300 K
for our Ga(AsN)/AIAs SLs.

Figure 6.2b shows the room temperature (T = 300 K) PC spectrumat V =0V
of a Ga(AsN)/AlAs SL diode with x = 0.85%; see top black curve in the figure. The
spectrum shows a broad excitonic absorption band, X, centred at ~1.32 eV. This is
attributed to the lowest energy interband optical transition from the hole to the

electron energy minibands of the SL. Following H-irradiation of the diode (dy =
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1x10"® jons/cm? at Ty = 300 °C), the intensity of the X;-band decreases by a factor of
10 while a stronger PC absorption is observed at hv > 1.4 eV, with a feature centered
at ~ 1.45 eV (see red dashed curve in the figure), close to the energy of the X; band
in the control sample, i.e. an as grown GaAs/AlAs SL; see bottom black curve in the
figure. The H-induced change of the PC spectrum was observed in all our SLs. As
illustrated in Figure 6.2c, the peak energy of the X;-band in the Virgin samples is
well described by a Kronig-Penney model of the SL.**" Following the hydrogenation,
the photocurrent spectra of all samples show very similar shape with the peak energy
of the X;-band corresponding to that of the as grown GaAs/AlAs SL.

Our Kronig-Penney model includes the x-dependence of the band gap energy
and of the electron effective mass for bulk Ga(AsN), which we estimate using a two-
level band-anticrossing model with a N-level located at 0.23 eV above the conduction
band minimum of GaAs at T = 300 K and an interaction parameter Cyy = 2.7 eV.'?
We have instead neglected the exciton binding energy, which represents a small
correction to the calculated energies, and the effect of strain on valence band and the
heavy hole effective mass, which we have assumed equal to that in GaAs (my,, =
0.34 mg, where mq is the electron mass in vacuum).93 For the GaAs/AlAs interface, we
have also used conduction and valence band offsets of AE. = 0.96 eV and 4E, = 0.64
eV, respectively.'® Details of the calculation are in section 3.2.2.1.

Our data suggest that hydrogen is incorporated well below the top GaAs p-type
contact layer (> 500 nm) into the intrinsic SL region of the diode where it neutralizes
the electronic activity of nitrogen atoms thus restoring the pristine properties of the
GaAs/AlAs SL. It is important to point out, however, that this effect is likely to be
non-uniform across the 10-period SL (total length 111 nm, see Figure 6.2a) where

both nitrogen and nitrogen-induced crystal defects act to slow down the diffusion of
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hydrogen into the deepest wells of the SL. Indeed, in the hydrogenated samples we
observe a residual, weak low-energy PC absorption at the energy of the X;-band of
the Virgin sample; see for example the feature at ~ 1.32 eV on the PC spectrum of
the hydrogenated Ga(AsN)/AlAs SL in Figure 6.2b. Post-growth hydrogenation also
induces a general increase in the intensity of the EL and PL emission (by a factor of >
2) thus indicating that hydrogen has also a beneficial effect on the optical quality of

the Ga(AsN)/AlAs SL by passivating non-radiative recombination centers.
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Figure 6.2. (a) Conduction band profile for a p-i-n diode based on a Ga(AsN)/AlAs
SL with x = 0.85% at T = 300 K. (b) PC spectra of the Virgin (x = 0 and 0.85%) and
hydrogenated (x = 0.85 %, dy = 1x10*® jons/cm?; Ty = 300 °C) Ga(AsN)/AlAs SLs at
T =300 Kand V =0 V. The excitonic PC peak, Xj, is indicated with an asterisk. For
clarity, the PC spectra are offset along the vertical axis. (¢c) Measured (full dots) and

calculated (continuous line) values of the energy of the X;-band in the Virgin and

hydrogenated SLs versus N-content, x. The horizontal dotted line is a guide to the eye.
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6.3 Low temperature optical studies

Figure 6.3a shows the low temperature (T = 4.2 K) PC absorption spectrum at
V = 0 V of the Ga(AsN)/AlAs SL with x = 0.6%. The spectrum shows a broad
excitonic absorption band, X3, centred at ~1.44 eV. Following the hydrogenation (dy
=1 x 10" jons/cm?at Ty = 300 °C), the intensity of the X;-band decreases by a factor
of 2 while a strong PC absorption is observed at hv > 1.5 eV, with a feature centred at
~ 1.56 eV, close to the energy of the X;-band in the control sample, i.e. an as grown
GaAs/AlAs SL. Following the H-irradiation, the photocurrent spectra of all samples

show very similar shape with the peak energy of the X;-band corresponding to that of

the as grown GaAs/AlAs SL.
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Figure 6.3: (a) PC spectra of the Virgin (x = 0 and 0.6%) and hydrogenated (x = 0.6
%, dn = 1x10% jons/cm?; Ty = 300 °C) Ga(AsN)/AlAs SLsat T=4.2 Kand V=0 V.
The excitonic PC peak, Xi, is indicated with an asterisk. For clarity, the PC spectra
are offset along the vertical axis. (b) EL spectra at | = 8 mA and (c) dependence of
the peak EL intensity of the X;-band on current for the Virgin and hydrogenated
Ga(AsN)/AlAs SLs with x = 0.6% at T = 10 K.
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The low temperature (T = 10 K) EL spectrum also show that the overall EL
emission intensity increases by tenfold thus indicating an improvement of the
quantum efficiency by hydrogen incoraporation, see Figure 6.3b. The blue shift of the
SL band emission, Xy, by 51 meV at | =8 mA and T = 10 K, also suggests a possible
neutralization of the N-electronic activity by hydrogen. The current dependence of
the X;-band emission intensity for the Virgin and hydrogenated SLs with x = 0.6% is
shown in Figure 6.3c. The difference in the intensity of the Xj-band emissions
between the hydrogenated and the Virgin sample considerably increases with

increasing current.

6.4 Controlled thermal dissociation of N-H complexes

The incorporation of H into the SL and the H-induced neutralization of the
nitrogen electronic activity provide us with a platform for the spectral tuning of the
SL by the controlled thermal dissociation of the N-H complexes. This is shown in
Figure 6.4a, where we plot a series of PC spectra for a hydrogenated (dy = 1x10*
ions/cm?) Ga(AsN)/AlAs SL with x = 0.85%, each spectrum measured after 1-hour
step thermal annealing treatments at increasing temperatures T,. It can be seen that
an increasing T, from 523 K to 603 K (250 °C to 330 °C) induces a systematic red-
shift of the X;-band. This is paralleled by a corresponding red-shift of the room
temperature EL emission from the SL (Figure 6.4b). The energy of the emitting and
absorbing regions of the SL diode can also be tuned by the annealing time t, for a
given temperature T,. Figure 6.5a-b shows the PC and EL spectra before and after
each thermal annealing at T, = 573 K (300 °C) for a hydrogenated (dy = 3x10%
ions/cm?) Ga(AsN)/AlAs SL with x = 0.6%. With increasing t,, the peak energy of

the Xi-band shifts to lower energies towards the value it has in the Virgin sample.
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The thermal annealing promotes also a deeper penetration of hydrogen across the SL,
thus leading to narrower spectral features in EL and PC (see Figure 6.4). Since the
EL intensity is not significantly changed by the thermal annealing, the beneficial
effect of hydrogen in passivating crystal defects is also preserved, thus indicating that
the activation energy for breaking the N-H complex is smaller than that required to
reactivate non-radiative recombination centers.

We use the peak energy position of the X;-band in PC spectra and the Kronig-
Penney model of the SL to estimate the concentration of N-H complexes at each
annealing temperature and time. This is expressed as

nN-u(Ta ta) = X = Xepr(To, ta), (6.1)
where x is the N concentration in the Virgin sample and x.;(Tg, tg) is the
concentration of N-atoms not neutralized by H in the hydrogenated sample. As
shown in Figure 6.4c and 6.5c, the estimated value of ny_y(T,, t,) decreases with
increasing T, (Figure 6.4c) or t, (Figure 6.5c).

If we assume that the N-H complex dissociate irreversibly during the thermal
annealing, then the rate of change of ny_y can be expressed as**®

dny_g
dt = —KnN_H, (62)

a

where K = v exp (— KE—T) E. is the activation energy for the dissociation of the N—
B

a

H complexes, and v is the attempt frequency for bond breaking. Thus in steady state

nn_n(To tg) is given by

E
nn_pg (T, tg) = ng exp [—ta v exp (— X ;, )], (6.3)
Bla

where n, is the concentration of N-H bonds in the SL previous to the thermal

annealing.
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Figure 6.4. PC spectra at V = 0 V (a) and EL spectra at | = 8 mA (b) for a
hydrogenated (dy = 1x10® ions/cm?; Ty = 300 °C) Ga(AsN)/AlAs SL with x =
0.85% (T = 300 K). Spectra were measured following a 1-hour thermal annealing
step for increasing temperatures T,. (¢) Dependence of ny_y/ne on T, The

continuous line is a guide to the eye.

As shown in Figure 6.5c, the measured value of ny_y(T,, t,)/n, decreases
with increasing t,, but tends to saturate to a constant value of 0.12 at large t,, thus
suggesting the existence of a small concentration of H-related complexes that does
not dissociate due to a higher activation energy. Hence to fit the data of ny_y/
n, Versus t;, we use equation (6.3) by taking into account an additional constant term.
Using for the attempt frequency v the value of 3 THz from Ref. [7], we find that E, =

1.86 £ 0.02 eV. This value agrees very well with the activation energy for the N-H

complex dissociation (E, = 1.89 + 0.02 eV) previously obtained for Ga(AsN).” An
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activation energy of 2.04 £ 0.02 eV is obtained, instead, by assuming for the attempt

frequency the value (93 THz) of the N-H vibrational mode in Ga(AsN).**°
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Figure 6.5. PC spectra at V = 0 V (a) and EL spectra at | = 8 mA (b) for a
hydrogenated (dy = 3x10® jons/cm?; Ty = 300 °C) Ga(AsN)/AlAs SL with x = 0.6%
(T = 300 K). Spectra were measured following a thermal annealing at T, = 573 K
(300 °C) at different times t,. (¢) Dependence of ny_y/n, 0n ta. The continuous line

is the fit to the data by equation (6.3) modified by a constant and with v = 3 THz.

6.5 Photo-stimulated diffusion of hydrogen

The post-growth hydrogenation and thermal annealing of a diode therefore
provides an effective route for controlling the light absorption and emission of the SL.
Additional versatility is enabled by the photo-stimulated diffusion of H in the p-type
layer with a focused laser beam. A laser writing technique was used before to control
the diffusion of mobile interstitial manganese (Mn;) donor ions out of the
ferromagnetic semiconductor (GaMn)As towards the underlying layers of a quantum
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well (QW) heterostructure.*** By annealing a sub-micron spot with a focussed laser
beam it was possible to modify the local electrostatic potential in the QW plane and
create a preferential path for charged carriers thus producing a nanoscale light
emitting region.'** Here we show that a similar result can be obtained by using
atomic hydrogen, which can occupy different lattice sites and exist in different
charged states in GaAs.*

Figure 6.6a shows the pEL spectrum of the hydrogenated (dy = 1x10'®
ions/cm?) Ga(AsN)/AlAs SL with x = 0.6%, measured at V = 1.55 VV (I = 8 mA) and
T = 10 K inside and outside an area exposed to a focused laser beam (d ~1 um) of
wavelength A = 532 nm for a time t,= 20 s and power P, = 40 mW. It can be seen
that the effect of the laser exposure is to increase the EL intensity of the X;-band by
more than a factor of 10. A typical laser exposed spot can be also resolved in the
uEL map in Figure 6.6b. The EL intensity distribution inside the spot has an
approximately Gaussian form with a full width at half maximum that corresponds
closely to the size of the laser spot diameter (~ 1 um). Similar uEL spectra and maps
were observed in several hydrogenated samples under similar laser exposure
conditions. Since the intensity of the pPL of the laser exposed spot is not
significantly changed, we suggest that the focussed laser beam acts to promote the
diffusion of the hydrogen atoms from the p-type GaAs layer towards the SL thus
creating a preferential path for the injection of the charged carriers into the SL region.
The bright light emitting spot of the diode can be observed for temperaturesup to T ~
200 K (Figure 6.6b). The temperature dependence of the ratio of the EL intensities
within (I;) and outside (l,) the laser annealed spot (Figure 6.6¢) shows a thermally
activated behavior described by Ii/l, ~ exp(-Ea/ksT), where E; = 21 meV is a

characteristic activation energy. Most likely, the injection of carriers into the SL
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takes place through states dripping from the conduction and valence band into the
energy gap because of the deformation, chemical, and charge effects arising from the

H interaction with the GaAs lattice.>®
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Figure 6.6. (a) LEL spectra inside and outside a spot exposed to a focused laser
beam (4 = 532 nm, P, = 40 mW and t, = 20 s) for a hydrogenated (dy = 1x10'®
ions/cm?; Ty = 300 °C) Ga(AsN)/AlAs SL with x = 0.6% (I =8 mA and T = 10 K).
(b) MEL maps at T = 10 K, 100 K and 160 K of the laser annealed spot. (c)
Temperature dependence of the ratio, li/l,, of the EL intensities within and outside
the light emitting spot. The continuous line is a fit to the data using Ii/l, ~ exp(-
Ea/ksT), where E, = 21 meV.

Since hydrogen diffuses from the Be-doped GaAs p-type contact layer, the
complex responsible for such states could be due to H atoms in bond center position
between a Be-atom and a nearest neighbor As atom.**? For a bond center position of

hydrogen, two energy levels due to the neutral and positive charged state of H were
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predicted to arise at about 30 and 34 meV below the conduction band edge, whilst
two additional levels were found to be above (+5 and +30 meV) the top of the
valence band.® The binding energy of these H-induced states is close to the
activation energy estimated from the temperature dependence study of the pEL
(Figure 6.6c). With increasing temperature the emission from the diode becomes
more uniform, thus suggesting the thermal ionization of these H-induced localized
states and the injection of carriers into the SL through non resonant injection paths.
Also, the created bright light emitting spots are visible at low temperatures (T < 200
K) even after many thermal cycles, thus indicating a stable modification of the diode
properties by the laser-driven formation of H-induced localized states.

The X;-band peak energy at the centre of the light emitting spot shows a non-
monotonic (red-blue-red) shift with increasing temperature, see Figure 6.7a. The S-
like shape temperature dependence of the Xj-band peak energy is attributed to the
compositional alloy disorder or strain modulation and carrier thermal distribution
effects. At low temperature, when excitons have not sufficient thermal energy, kgT,
to overcome potential energy barriers, they get trapped in local energy minima. 344
This phenomenon called exciton freeze-out is illustrated in Figure 6.7b; see top
feature. With increasing temperature the excitons gain enough energy to overcome
potential barriers and diffuse to neighbouring lower energy states. This migration
could explain the red shift of the X;-band emission in the temperature range 10 K to
50 K. When the excitons gain adequate thermal energy to be excited to higher energy
states (see the bottom feature in the figure), the X;-band emission blue shifts (50 K<
T <90 K). At about 90 K, the excitons become delocalized, and the energy of the X;-
band emission tends to decrease with increasing temperature due to the band gap

reduction.*** The later effect is described by the Varshni equation
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aT?
E

() = Bgr=0x) = T p (6:4)

where Egr—ok) is the band gap energy at T = 0 K, and « and g are fitting
parameters.'** The energy blue shift of the EL emission in the T-range 50 K to 90 K
(~ 5 meV) is comparable with the reported value (~ 5 to 10 meV) for Ga(AsN)

epilayers with x = 1%.'*
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Figure 6.7. (a) Dependence of the X;-band peak energy at the centre of a spot
exposed to a focused laser beam (41 = 532 nm, P, = 40 mW and t, = 20 s) for a
hydrogenated (dy = 1x10'® ions/cm?; Ty = 300 °C) Ga(AsN)/AIAs SL with x = 0.6%
(I =8 mA). Solid line is a fit to the data by Varshni law with E gr-o k) = 1.438 €V,
= 8.9x10™ eV/K and B = 667 K (b) Schematic diagram of exciton freeze-out (top

feature) and thermal redistribution (bottom feature) in a disordered potential.
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6.6 Summary

We have modified the electronic properties of p-i-n diodes based on
Ga(AsN)/AlAs SLs by post-growth hydrogen irradiation. Hydrogen was successfully
incorporated into the superlattice where it neutralizes the electronic activity of
nitrogen by forming N-H complexes. We exploited the controlled thermal
dissociation of the complexes to tune the energy of the SL photocurrent absorption
and electroluminescence emission. A focused laser beam was also used to diffuse
hydrogen from the p-type GaAs layer towards the SL. Near band-edge states created
by this process provide preferential channels for the electrical injection of carriers
into the SL and activate nanoscale light emitting regions. This method could be used
for fabricating planar diode arrays**® with distinct optical active regions, all

integrated onto a single substrate.
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A movable resonant tunneling light emitting diode

In this chapter, we describe the realization of a movable micrometer-size light
emitting area in a resonant tunneling LED (RT-LED) containing a GaAs/AlAs
quantum well (QW). Our electroluminescence (EL) spectroscopy and mapping, I-V
and C-V characteristics probe the hydrogen induced modification of the optical and
electrical properties of the RT-LED. The sample layer layout and post-growth
hydrogenation conditions were described in section 4.1.3. The optical and electrical
studies were performed by myself and the theoretical modelling was done in
collaboration with Dr. O. Makarovsky and Dr. G. Pettinari at the University of
Nottingham. These results were published in Applied Physics Letters 103, 241105

(2013).

7.1 Introduction

141, 147-151 152-154

The ability to spatially localize and move on a micrometer scale
the emitting region in a light emitting diode (LED) is relevant for several
applications including Lab-On-a-Chip experiments, bio-imaging, high-resolution
micro-displays, optoelectronic integrated circuits, etc. A movable micrometer-size
light emitting area has been achieved, recently, in organic LEDs (OLEDs) and
transistors (OLETSs)."*2>* However, low quantum efficiencies and low carrier
mobilities, typical of organic materials, often make necessary high applied voltages
to generate spatially controlled light.*** ** Temporal instabilities, low control on

spatial profiles, and light quenching have also been observed.****® These drawbacks

could be overcome in an inorganic LED, where the spatial control on a micrometer
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scale of the light emitting area is therefore highly desirable. So far, micrometer- and

nanometer-size light emitting areas have been created in inorganic LEDs by different

147-150 141,151

approaches, including lithographic and laser-writing techniques. However,
these approaches do not provide a means of moving spatially the light emitting area
created. In this chapter, | demonstrate the realization of a bias controlled,
micrometer-size movable light emitting area in an inorganic resonant tunneling LED

(RT-LED) containing a GaAs/AlAs quantum well (QW).

7.2 Effect of hydrogen on transport properties

Following post-growth hydrogen implantation of the diode by a Kaufman
source, we are able to modify the resistivity of the p-type GaAs layer exposed to
hydrogen without affecting the I-V curve, which preserves its main resonant features.
Resistance and capacitance measurements indicate that the p-type resistivity
increases by increasing the implanted hydrogen dose and/or the hydrogenation
temperature. In particular, the capacitance decreases by a factor of two upon an
hydrogen treatment at Ty = 250 °C with a total H-impinging dose of dy = 1x10%
ions/cm?, see Figure 7.1a. We know that hydrogen cannot diffuse through the Ti/Au
metal contact, thus the hydrogen is implanted only in the region which is not
protected by the metal contact (see the inset of Figure 7.1b). For the hydrogenated
mesa the effective capacitance can be described in terms of two parallel capacitors C;
and C, each with an area equal to the area of the device beneath the contact, A/2, and
that outside, A/2, respectively. Thus we estimate that the depletion region D in the
hydrogenated mesa can be expressed in terms of the capacitance of the hydrogenated
and Virgin mesas according to

Agye,

B (ZCHydr - CVirgin)'
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were ¢, is the relative permittivity of GaAs (e, = 12.85)'? and A is the area of the
mesa. As can be seen in Figure 7.1, the capacitance measurements indicate a
significant increase of the depletion region width, D, following the hydrogenation

(dy = 1x10" jons/cm? and Ty = 250 °C).
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Figure 7.1: Applied bias dependence of the (a) capacitance and (b) depletion region,
D, of an RT-LED for different hydrogenation conditions (dy = 1x10 jons/cm? and
Tw = 100 °C, dy = 1x10™ ijons/cm? and Ty = 250 °C). The inset shows the optical
image of a 200 um diameter mesa RT-LED.

7.3 Electroluminescence studies

Following the hydrogen treatment of the RT-LED (at Ty = 250 °C with dy =
1x10" jons/cm?), the low-temperature (T = 9 K) electroluminescence (EL) spectra
exhibit a new emission, labeled as v, at energies lower than those of the free exciton
[FE, Ere ~ 1.515 eV] and electron-carbon [(e,C), E,c) ~ 1.494 eV] recombination in
the GaAs contact and spacer layers; see Figure 7.2a-b. The y-band can be clearly
seen for V < 1.45 V. Under these bias conditions, the QW EL emission is not excited
whilst the intensity of the FE and (e,C) recombinations in GaAs is relatively weak
being generated by up-conversion mechanisms (Figure 7.2c). With increasing V, the

emission energy of the y-band blue-shifts up to saturate (E, ~ 1.475 eV) for biases
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greater than the bias for flat-band conditions (Veg ~ 1.5 V). The strong bias

dependence of the y-band emission energy is likely to be due to a band filling effect.
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Figure 7.2: Hydrogen incorporation detected by electroluminescence. (a) Color map
of the electroluminescence (EL) intensity versus applied voltage (V) and photon
energy (E) recorded at T = 9 K on the hydrogenated (dy = 1x10" ions/cm? and Ty =
250 °C) sample. The white dotted line represents the condition E = eV. For V < E/e
the EL is generated by up-conversion. (b) Peak-normalized EL spectra for
representative values of the applied bias at T = 9 K. The EL intensities of the y-band
(full points) and of the (e,C) recombination (circles) are shown in panel (c) as a
function of the applied voltage at T = 9 K and in panel (d) as a function of

temperature at V = 1.3 V. Dashed lines are guides to the eye.
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A similar y-band, peaked at ~1.455 eV, has been previously reported by M.
Capizzi et al,® by photoluminescence experiments in hydrogenated GaAs and
attributed to a transition between localized states in the conduction and valence band
associated with the local distortion of the lattice bonds when H binds to impurities
(e.g., C, Si, or Zn), defects, and lattice atoms. Thus, the appearance of the y-band
emission in our RT-LED devices treated with hydrogen provides independent optical
evidence that under specific conditions, hydrogen is incorporated in the C-doped p-
type GaAs contact layer where it can form C-H complexes. With increasing
temperature, the y-band loses intensity with a dependence similar to that of the (e,C)

recombination (Figure 7.2d), as also found by Capizzi and co-workers.*®

7.4 Movable LED

In this section we show the realization of a bias-controlled movable light
emitting area by post-growth H-irradiation of a RT-LED, see Figure 7.3. The low
temperature (T = 4.2 K) current-voltage, I-V, characteristics of the untreated (Virgin)
device is shown in Figure 7.3a. The I-V curve is dominated by a strong resonance
due to tunneling of electrons into the lowest conduction subband (E1) of the QW and
by much weaker resonances associated with tunneling of holes into the heavy-hole
(HH1 and HH2) and light-hole (LH1) valence subbands of the QW (Figure 7.3a), as
observed before in similar RT-LEDs.'® *® Following the hydrogenation, the 1-V
preserves its main resonant features. In contrast, the resistivity of the p-contact layer
increases by up to a factor of > 10*for Ty = 250 °C and dy = 1x10" ions/cm?. These
hydrogenation conditions also lead to a pronounced change in the spatial profile of

the QW EL intensity in the hydrogenated devices.
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Figure 7.3: A movable light emitting area by post-growth hydrogenation of a
resonant tunneling light emitting diode (RT-LED). (a) Current-voltage I-V
characteristics of a Virgin 200 um diameter mesa RT-LED at T = 4.2 K. This is
dominated by a strong resonance due to tunneling of electrons into the E1 QW
subband and by much weaker resonances —observed in the conductance di/dV— due
to tunneling of holes into the HH1, LH1, and HH2 QW subbands; see inset for a
sketch of the carrier injection into the QW. (b) Digital camera images of the EL
emission intensity (at T = 9 K and V = 1.9 V) before (Virgin) and after (Hydr) post-
growth hydrogen incorporation. The images were acquired with a 800 nm short-pass
filter to remove the contribution from the GaAs-related emission [(Multimedia view)
[URL: http://dx.doi.org/10.1063/1.4844975.1]]. (c) Normalized EL maps for
increasing values of the applied voltage, as obtained by plotting the EL intensity (at T
= 9 K) around the QW emission energy (E = 1.63 eV). The dashed lines in the EL
maps indicate the metal contact edge. The EL spatial profile is also shown for V =
1.84 V.
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As shown in Figure 7.3b, before hydrogen incorporation, the QW EL intensity
is uniform across the mesa diode, while after hydrogenation it is localized along a
ring. The light emitting area has a Lorentzian spatial profile with a full-width at half-

maximum (w) of 3.3 £ 0.1 um and moves linearly with increasing the applied voltage

(Figure 7.3c).
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Figure 7.4: Properties of the movable RT-LED. (a) QW EL spectrum on the ring
(position A in the EL map) and outside the ring (position B in the EL map) at a given
applied voltage (V = 1.85 V). (b) Comparison of the bias dependence of the QW EL
intensity in the hydrogenated sample (at the ring) and in the Virgin sample (at the
mesa center). In the Virgin sample the spatial inhomogeneity of the EL intensity is
less than 4% and is independent on the applied voltage. (c) Position of the QW EL
emission versus the applied voltage V: the light emitting area shifts linearly from the
contact edge towards the mesa center. The continuous line is a linear fit to the data at
V > 1.8 V. (d) At a given position (r = 4.4 um), the QW EL intensity versus the
applied voltage shows a large peak-to-valley ratio (~10), much larger than the peak-

to-valley ratio (~3) of the E1 peak in the current-voltage |-V characteristics (see

Figure 7.3a).
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We now consider in detail the characteristics of the movable RT-LEDs; see
Figure 7.4. The QW EL intensity is significantly larger on the ring than outside the
ring (Figure 7.4a) for each applied bias and position of the ring; the QW EL intensity
on the ring is much stronger than that on the Virgin sample and is resonantly
enhanced at a characteristic bias of V ~ 1.85 V (Figure 7.4b); also, with increasing
voltage, its position r —measured radially from the metal contact edge on the mesa—
shifts linearly from the contact towards the center of the mesa at a rate of 0.142 pm
mV ! and with a shift of up to ~30 pm for a bias increment of 0.2 V (Figure 7.4c).

Similar data were obtained in other mesa diodes.

7.5 Simultaneous resonant injection of electrons and holes

The non-uniform spatial profile of the EL intensity in the hydrogenated RT-
LEDs indicates that the injection of carriers into the QW is non-uniform across the
mesa. To interpret this finding, we first note that hydrogen is implanted in regions of
the diode that are not protected by the metal contact. These are the regions providing
optical access to the diode and where hydrogen tends to passivate the C-dopants in
the p-type GaAs contact layer by forming C—H complexes.’***® The H-induced C-
dopant passivation results into an increase of the resistivity in the hydrogenated area
and causes a lateral voltage drop from the metal contact edge (r = 0) towards the
center of the mesa. Thus the resonant injection of electrons and holes into the QW
subbands occurs at different positions for each applied bias; see Figure 7.5a.

To model the spatial dependence of the electron and hole injection into the
QW, we consider the alignment of the Fermi energy in the n- and p-type GaAs
contact layers with the electron and hole QW subbands, respectively. The hydrogen-
induced passivation of C-dopants on the p-type layer results in an increase of the

depletion region width, which is wider in the center of the mesa than beneath the
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metal contact, where the p-type layer —not exposed to hydrogen— retains locally its
pristine characteristic (see Figure 7.1b). To account for the lateral voltage drop
across the mesa, we consider a simple model that neglects charge accumulation
effects and assume a linear variation with r of the depletion width on the p-type side
(i.e., of the tunneling distance for holes, D, = Dy’ + ar, where « is a constant) and a
constant depletion region on the n-type side of the structure (i.e., of the tunneling
distance for electrons, De = D¢)); see Figure 7.5b. The values of D, and Dy at the
contact edge, D and Dy, are assumed equal to the distances of the n- and p-type

GaAs layers from the center of the QW (see inset in Figure 7.5b).
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Figure 7.5: Modeling of the movable RT-LED. (a) Sketch of the spatial voltage drop
along the mesa —r being the radial distance from the metal contact edge— induced by
the hydrogen passivation of C-dopants in the p-type GaAs contact layer. This causes
a spatial variation of the injection of carriers into the QW, with resonant injection
occurring at a given position r. (b) Dependence on r of the electron (D¢) and hole
(Dn) tunneling distances and (c) of the tunneling voltages for the resonant injection of
electrons (Vg1) and holes (Vyu1, Vini, and Viye) into the subbands of the QW. The
simultaneous resonant injection of electrons and holes into the QW is highlighted by

ared circle.
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The spatial variation of D, and Dy, across the mesa results in a spatial change of
the voltages, AV, and AV}, dropped between the n- and p-type GaAs layers and the
center of the QW, respectively. This is described by the electrostatic leverage factors
for the conduction [fe = AVe/V = D¢/(De + Dp)] and valence [f, = AVh/V = Dy/(De +
Dp)] bands. Using f. and f,, we can write simple expressions for the voltage required
for the resonant injection of electrons [V = Veg? + (Ver? — Ves®)ffe + Sr] and holes
[Vi = Veg® + (Vi® — Ve, + Sr] into the E1 and hole (H = HH1, LH1, HH2)
subbands of the QW, respectively. Here Veg® = 1.51 V is the bias required to reach
flat bands at r = 0 and g is a constant accounting for the linear voltage drop across
the mesa caused by the spread resistance on the p-type contact layer.

As shown in Figure 7.5c, for each applied bias V, the resonant tunneling of
electrons and holes into the QW subbands occurs at different positions r. In
particular, the voltage for tunneling of holes into the HH2 subband (Vyu2) crosses the
voltage for electron tunneling into the E1 subband (Vg;); see red circle in the figure.
The crossing point corresponds to the simultaneous resonant injection of electrons
and holes in the QW. By using « = 0.45 nm pm* and £ = 4.6 mV um ™, the model
indicates that an applied voltage V ~ 1.84 V is required to achieve simultaneous
electron and holes resonant injection into the QW, thus accounting for the measured
resonant enhancement of the QW EL intensity at V = 1.85 V, see Figure 7.4b. The
calculated position at which the simultaneous resonant injection occurs (r = 11.5 pm)
differs from the experimental value (r = 4.4 um) by an amount that corresponds to
the extrapolated value of the ring position (r = —6.6 um, see Figure 7.4c) at the E1
tunneling voltage (Ve:° = 1.76 V). This offset is likely to originate from an additional
contact voltage drop, from the experimental uncertainty in defining the contact edge

position starting from the EL maps, and/or from the hydrogen diffusion beneath the
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contact, all factors which have not been included in the model. Moreover, as the
simultaneous resonant injection of carriers into the QW is satisfied under more
stringent conditions than single charge resonant tunneling, the QW EL intensity
versus the applied voltage is characterized by a peak-to-valley ratio (~10, see Figure
7.4d) significantly larger than that (~3) observed under non-resonant conditions and
of the peak-to-valley ratio (~3) for the E1 resonance in I-V (Figure 7.3a). The model
also indicates that the measured linear spatial shift of the EL emission with the bias is
dominated by the electron injection, i.e., it follows the calculated r-dependence of

Ve, [dVeo(n)/dr] 2= [B+ a(Ve® — Vesd)/(D + D)) * = 0.142 pm mV 2,

7.6 Simulation of the EL spatial map

The spatial distribution of the EL intensity is simulated using a simple model,
which describes the EL in terms of the product of the electron (l¢) and hole (Iy)
tunneling currents, as derived by fitting their contribution to the measured -V
characteristics of the Virgin sample (Figure 7.6a), and by assuming a linear drop of
the applied voltage with the distance r from the metal contact edge. Thus, the voltage
dependence of the tunneling currents is converted into a spatial dependence; see
Figure 7.6b. At a given V, the EL (i.e., l¢ x Ip) is peaked at the position where
electrons tunnel resonantly into the E1 QW subband (Figure 7.6b). The two-
dimensional spatial map of the EL intensity is obtained by projecting the spatial
dependence of I, x 1y in a plane (Figure 7.6¢). As shown in Figure 7.6d-e, the
simulations reproduce the formation of the ring and its shift with increasing V. Also,
they indicate that the bias at which the ring forms at a given position corresponds to
the condition for the resonant injection of electrons into the E1 subband of the QW at

that position.
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Figure 7.6. Simulation of the EL spatial map. (a) Experimental 1-V characteristics at
T = 4.2 K (full points) together with its electron (l¢) and hole (Iy) tunneling current
components (bottommost solid lines), as obtained by a fitting procedure. For clarity,
the different components to the fitting currents are shifted along the vertical axis. I¢
(In) is obtained by adding the E1 (HH1, LH1, and HH2) resonant component(s) to
half of the non-resonant component of I. The dependence of I, Iy, and EL intensity
(i.e., le x 1Iy) on the distance r from the metal contact edge is shown in (b) for
different values of V (vertically shifted for clarity). The two-dimensional spatial map
of the EL intensity is obtained by projecting l. x I, into a circular space (c). The
distance between the metal contact edge and the mesa center corresponds to the
experimental value (50 um). (d-e) Comparison between experimental EL maps (d)

and simulated ones (e) for different values of the applied voltage.

The above approach simulates the condition of a perfectly circular metal
contact, thus resulting in a difference in shape between the simulated light emitting

area (circular) and the experimental one (given by the crescent-shaped metal
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contact); see Figures 7.6d-e. Also, the simulations hold under the condition that the
ring is large enough to neglect the interaction between currents flowing from
opposite points of the mesa. These results in a deviation of the simulated ring size
from the experimental one at large applied biases, V > 1.95 V (Figure 7.6d-e). We
note that the ring formation and its evolution with increasing V do not depend on the
specific assumption on the EL intensity, namely, the EL being proportional to I¢ x Iy,
le + In, or le. Finally, similar results have been obtained by fitting the I-V
characteristics of the hydrogenated sample, being the latter similar to the I-V of the

Virgin sample except for a larger non-resonant component of the current.

7.7 Temperature dependent study

The effects described above are observed for temperatures up to T = 100 K.
With increasing T, the ring becomes gradually less bright and broadens; see Figure
7.7. Also, the relative intensity of the QW emission with respect to that from the
GaAs layer increases by more than a factor of 10 due to the thermal ionization of
holes bound to C-acceptors. Indeed, the GaAs-related emission is dominated by the
recombination of electrons with holes bound to neutral C-acceptors in the intrinsic
and p-type contact layers. At T = 80 K the ring intensity is still 1/3 of the low
temperature value, w = 6.1 + 0.4 um, and the QW/GaAs EL intensity ratio is higher
than a factor of 20. Thus this movable LED could also be used at liquid-nitrogen
temperatures. As the temperature stability of the ring formation relies on the
robustness of the resonant injection of carriers into the QW and on carrier thermal
escape mechanisms, we envisage that optimization of the layer layout and/or the
employment of a multi-barrier structure could make possible room temperature

operation. *°91¢°
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Figure 7.7: Temperature dependence studies of the movable RT-LED. Dependence
on T of the width (w) and EL intensity (ELqw) of the QW emission on the ring, and
of the ratio between the QW and the GaAs-related EL intensities (ELow/ELgaas) at V
=1.85 V. Solid lines are linear fits to the data.

7.8 Summary

In this chapter, | have reported on the fabrication of a movable micrometer-size
light emitting area in a solid state GaAs/AlAs-based RT-LED. Our approach exploits
the resonant injection of charge carriers into the quantum states of the QW and the
control of this process by post-growth hydrogen implantation. We have showed that
the position of the QW electroluminescence (EL) can be spatially shifted by the
applied voltage and that the bias condition for the resonant injection of electrons and
holes into the bound states of the QW changes across the mesa. In turn, this can lead
to simultaneous resonant tunneling of electrons and holes at specific positions of the
mesa diode, thus leading to a tenfold increase of the local EL intensity. As several

innovative device concepts in emerging nanotechnologies exploit the quantum
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tunneling of charge carriers into a quantum state, our approach could be extended to

other applications of resonant tunneling that span from optoelectronic integrated

104, 161 162-163

circuits to electrically pumped quantum devices.
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Chapter 8

Room temperature electroluminescence from mechanically formed

van der Waals I11-VI p-n junctions

In this chapter we report on the electrical and optical properties of
homojunction and heterojunction devices formed from combinations of n-InSe, p-
InSe, p-GaSe, and n-In,O3 semiconductors. Using mechanical exfoliation of
Bridgman-grown crystals and a simple mechanical contact method or thermal
annealing to fabricate the junctions, we demonstrate room temperature
electroluminescence and investigate the nature and bias dependence of the
electroluminescence emissions. The samples structure was described in section 4.1.4.
The electroluminescence (EL) measurements and current-voltage (I-V)
characteristics were performed by myself, and the Raman spectrum was measured by
Mr. G. W. Mudd at the University of Nottingham. The photoconductivity
measurements were performed by Mr. Z. Kudrynskyi at the Institute for Problems of
Materials Science, the National Academy of Sciences of Ukraine, Chernivtsi. The
XTEM and EXD studies were performed at the Nottingham Nanotechnology and
Nanoscience Centre, University of Nottingham by Dr. M. W. Fay. These results were

published in Advanced Optical Materials 2, 1064 (2014).

8.1 Introduction
Over recent years there has been a resurgence of interest in exfoliable layered
crystals'® following their integration into graphene-based devices.’® 8% %267 These

materials are often referred to as van der Waals (vdW) solids due to the weak

interlayer coupling. Large band gap insulators such as hexagonal boron nitride have
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been exploited as tunnel barriers,®* substrates for graphene,*®” and as quasi-epitaxial

protective layers,® 1%

while metal chalcogenides such MoS, and WSe, are attracting
increasing interest as optoelectronic materials.”® *®*™ It is now established that these
compounds have a thickness-dependent electronic band structure, including a
transition from indirect- to direct-band gap for single monolayers, a property that has
stimulated recent studies of photoconductivity and photovoltaic effects.*®®*"* By
exploiting the ease with which atomically thin layers of these materials can be
produced by mechanical exfoliation, it is now possible to assemble van der Waals
heterostructures layer by layer, with properties that are quite distinct from those of
the bulk starting materials. Among the vdW crystals, the I1II-VI layered
semiconductors, such as GaSe and InSe, provide an important class of direct-band
gap semiconductors.?>24 3% % 9. 172 pacent work has included the exfoliation® and
growth by a vapour phase technique® of thin films of GaSe, the demonstration of

strong quantum confinement effects in InSe,** %

whose direct-band gap can be tuned
in the near infrared spectral range when the crystals are exfoliated into nanometer-
thick flakes,® and the direct-indirect band gap crossover occurring in the single
monolayer limit.*® These properties differ from those of other vdW crystals (e.g.
MoS,, WS;...), which become direct only as single monolayers.ln'174 In this chapter,
I demonstrate room temperature electroluminescence from van der Waals
semiconductor junctions with atomically flat interfaces, which are fabricated by

exfoliation and direct mechanical adhesion or thermal annealing of 111-VI layered

crystals.
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8.2 Structural and compositional studies

As illustrated in Figure 8.1la-b for a p-GaSe/n-InSe heterojunction, cross-
sectional images acquired using transmission electron microscopy (XTEM) and high-
resolution TEM (HRTEM) show an abrupt interface between the layers; also,
elemental mapping using energy-dispersive x-ray (EDX) spectroscopy reveals a
well-defined, abrupt transition going from the InSe to the GaSe layer along the c-axis
(Figure 8.1c); also, the Fourier analysis of the HRTEM images indicate that the
layers are generally misaligned in the plane perpendicular to the c-axis (see Figure
8.2). These structural and compositional studies provide evidence for the weak
interface interaction between the different layered crystals, which form an abrupt

junction despite the large lattice mismatch, i.e. £= [ainse - @case}/ @inse = 6%, between

InSe and GaSe, and the simple mechanical contact method used to form the junction.

Figure 8.1: (a) HRTEM, (b) XTEM image and (c) EDX maps of a cross-sectional
area of a p-GaSe/n-InSe junction revealing an atomically, abrupt interface between
the GaSe and InSe layers. The rectangle in part (b) corresponds to the thinnest cross-
sectional part of the sample, from where the HRTEM image in part (a) is acquired.
The red lines in the EDX maps in part (c) show the position of the GaSe/InSe
interface as determined from the composition of Ga- and In-atoms along the junction.
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Figure 8.2: (a) HRTEM image of the InSe-GaSe interface region and corresponding

FFT analysis of two areas of the image (insets). Similar FFT images were obtained
from other areas close to the interface. The images indicate that the layers are aligned
along the vertical c-axis (red arrow) and form an abrupt interface; also, the layers
tend to be misaligned in the plane perpendicular to the c-axis. (b) Crystal structure of

rhombohedral y-InSe.

8.3 Room temperature 1-V characteristics and photoresponse

The room temperature current-voltage characteristics, 1-V, of the InSe
homojunctions fabricated using the van der Waals mechanical contact technique
show rectification with low leakage current densities in reverse bias, see Figure 8.3a.

The 1-V curve departs from a simple ideal diode equation
1—1[ (eV) 1] (8.1)
= I |exp K,T , .

where I, is the dark saturation current, indicating a contribution of recombination on
defect-related states at the junction. Similar diode characteristics were also measured
in the heterojunctions, see Figure 8.4a and 8.5a. The p-InSe/n-In,O3 heterojunction
shows a considerably higher current in both forward and reverse bias with respect to

the other two junctions. This could be due to the thermal annealing inducing defects
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at the interface. The I-V curves tend to vary from sample to sample but all show clear

rectification at room temperature.
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Figure 8.3: (a) Current-voltage characteristics at T = 300K and (inset)
photoconductivity spectrum at V = 0 V. (b) Band diagrams for isolated p- and n-type
InSe layers. Continuous lines indicate the band edges of the conduction and valence
bands; dashed lines correspond to the Fermi levels estimated from the measured
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Figure 8.4: (a) Current-voltage characteristics at 7 = 300K and (inset)
photoconductivity spectrum at =0 V. (b) Band diagrams for isolated p-type GaSe
and n-type InSe layers. Continuous lines indicate the band edges of the conduction
and valence bands; dashed lines correspond to the Fermi levels estimated from the

measured carrier density.
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The band diagrams for isolated n- and p-type materials are shown in Figure
8.3a to 8.5a. The Fermi level positions in the n- and p-type materials were

determined using equation (8.2)

N,
|Ec ) — Er| = ksT In C(V)/N (8.2)

n® |

where E¢ () is the bottom of the conduction band (top of the valence band), E is the

8

Fermi energy, Ny, is the majority carrier concentration,'® and N ) Is the

effective density of states in the corresponding bands given by

* 3/
me(h)kBT 2
Ne ) =2 <—27Th2 ) (8.3)

Were mgy, is the electron (hole) effective mass. We have used the electron affinity,

114,

., of InSe, GaSe and In,O3 to be equal to 4.5 eV, 3.6 eV, and 3.7 eV, respectively.
> For the p-GaSe/n-InSe heterojunction, we used n-InSe and p-GaSe crystals with
room temperature concentrations of electrons and holes of 10 cm= and 10" cm3,
respectively.” For the n-InSe/p-InSe homojunction, the undoped and intentionally
Cd-doped InSe crystals have majority carrier concentrations of 10*> cm™ (n-type) and
10" cm™ (p-type), respectively.'*® For the p-InSe/n-In,0s heterojunction, the Cd-
doped InSe crystals have a hole concentrations of 10 cm™ and n-In,O3 has an
electron concentration of ~3 x 10" cm® ™™ We have used the electron effective
mass, m;, of InSe and In,O3 to be equal to 0.08m, and 0.3my, respectively, and the
hole effective mass, m,;, of InSe and GaSe to be equal to 0.17my and 0.2my,

respectively.® 17
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Figure 8.5: (a) Current-voltage characteristics at T = 300K and (inset)
photoconductivity spectrum at V = 0 V. (a) Band diagrams for isolated p-type InSe
and n-type In,O3 layers (top) and the schematic diagram of the p-n junction (bottom).
Continuous lines indicate the band edges of the conduction and valence bands;
dashed lines correspond to the Fermi levels estimated from the measured carrier
density and from Ref [114]. The estimated Fermi level of In,O; is located at 0.05 eV

above the conduction band edge.

Plots of the room temperature photocurrent versus the photon energy are
shown in the insets of Figure 8.3a to 8.5a indicating a broad-band spectral sensitivity.
For the photocurrent spectrum of the n-InSe/p-InSe homojunction (see inset of
Figure 8.3a), the absorption edge is at a photon energy (hv ~ 1.25 eV) corresponding
to the calculated excitonic absorption in bulk InSe, which is hv = Eg- E, =1.249 eV,
where Eq = 1. 264 eV and E, = 0.015 eV are the direct-band gap energy and exciton
binding energy in bulk InSe at T = 300 K, respectively.? % %17 A high energy cut-
off of the photoresponse is at hv ~ 2.2 eV: since the absorption coefficient of InSe
increases with energy (« > 10* cm™ for hv > 2.2 eV),? the high energy incident
photons are mostly absorbed near the surface (< 1 um) where the recombination time

is short and photocarriers recombine before being collected at the p-n junction, which
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is > 1 um below the n-InSe top-layer. The heterojunctions exhibit a similar behavior
except that in this case the sharp cut-off is at hv ~ 2 eV (see inset of Figures 8.4a and
8.5a) due to the photon absorption in the top p-type GaSe layer, whose band gap
energy is Eg=2.05eV at T = 300 K or in the n-In,05 oxide layer, whose absorption
band edge can be tuned by the oxidation time and temperature.® In,05 has a band gap
energy of E; = 3.6 eV at T = 300 K. The long-time oxidation (96 h) of InSe
substrates at temperature T = 450 °C is accompanied by the formation of a new oxide
phase, Iny(SeQy)s, with a band gap Ey = 2.15 eV at T = 300 K.* *** The formation of
this layer between InSe and In,O; manifests through the appearance of the high
energy cut-off of the photoresponse at hv ~ 2 eV,'"” see Figure 8.5a. Since all our
junctions are based on InSe flakes with thickness t > 1um, quantum confinement
effects are not significant. Layers of InSe with thickness t < 20 nm would be required
to observe a measurable increase of the direct band gap with decreasing t.2*

For white light excitation with incident power of 100 mW/cm?, the n-InSe/p-
InSe diodes and p-InSe/n-In,03 diodes produce an open-circuit voltage of V,. ~ 0.6
V and a short-circuit current density of Ji ~ 0.7 mA/cm? and 30 mA/cm?,
respectively. A larger photoresponse (Voc ~ 0.6 V and Jc ~ 7.5 mA/cm?) is also
observed in the p-GaSe/n-InSe heterojunction. In particular, the larger band-gap top
GaSe layer acts as a transparent window for the transmission of light. For an ideal

junction, using the band diagrams of the isolated layers™* *®

and taking into account
the energy position of the Fermi-levels (Figure 8.3b, 8.4b, and 8.5b), we estimate that
Voo = 0.7 V (n-InSe/p-InSe homojunction), Voc = 0.8 V (p-GaSe/n-InSe
heterojunction), and Vo, = 1.24 V (p-InSe/n-In,O3 heterojunction) close to the

measured values of V,.. The experimental V. -values can vary slightly in different

junctions, thus indicating a possible contribution of crystal defects and impurities to
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the band alignment. In summary, these diodes exhibit sensitivity to light in the near
infrared and visible range of the electromagnetic spectrum at a level that is
comparable or better than that reported in the current literature for photodetectors
based on van der Waals crystals, such as MoS, and WS;, which require exfoliation
into single layers to become direct-band gap semiconductors, or gating to behave as

p- or n-type semiconductors. %"

8.4 Room temperature electroluminescence

We now examine the EL properties of these junctions. In the homojunction, the
EL peak is centred at hv ~ 1.23 eV, at lower energy with respect to the
photoluminescence (PL) emission, Figure 8.6a. Also, the EL spectrum reveals a
weak inflection point at the energy of the PL peak energy, thus suggesting that the
red-shifted EL spectrum arises from the re-absorption of photons in the n-type InSe
top-layer. To confirm this attribution, we have used the energy dependence of the
absorption coefficient, « (hv), of InSe as derived from the measured PC spectrum
and the value of o= 10° cm™at the energy of the free exciton absorption at T =

300K.% Hence we have derived: i) the emission spectrum, Iy(hv), using the relation

hv

I,(hv) = a(hv)exp (— kB_T>' (8.4)

and ii) the effect on this spectrum of the re-absorption of photons through an InSe
layer of thickness t, i.e.

I;(hv) = I,(hv) exp[—a(hv)t]. (8.5)
As shown in Figure 8.6a, with increasing t the emission spectrum tends to red-shift
relative to the absorption peak; in particular, its energy peak position reproduces the

measured EL emission peak energy for t ~ 15 um.
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Figure 8.6: (a) Normalized EL (blue line, x4; 1 = 10 mA) and PL (black line; P = 0.1
mW) spectra of an n-InSe/p-InSe homojunction at T = 300 K. The EL emission is
compared with the emission spectra (dashed lines) derived from the measured PC
spectrum (red line) by taking into account the absorption of photons through an InSe

layer of thickness t. (b) Dependence of the EL integrated intensity on the current.

We note that the spectral position of the EL band does not change with
increasing current, whereas its intensity scales linearly as expected for a free exciton
recombination, rather than for carrier recombination from localized states (see Figure
8.6b). Thus in the InSe-based homojunctions, holes and electrons are injected from
the p-type and n-type InSe, and exciton generation occurs through direct charge
injection at the junction. Since the non-equilibrium carrier concentration is much
larger than the equilibrium concentration, the dopant-concentration of the p- and n-
layers should not have a significant influence on the EL intensity. In contrast, the p-
GaSe/n-InSe heterojunction diodes exhibit a distinct behavior: the EL emission is
peaked at significantly lower energies (hv = 1.1-1.2 eV) relative to the PL emission
of bulk InSe and its energy position blue-shifts with increasing current, Figure 8.7.
To understand this behavior we need to consider the band alignment at the
heterojunction interface: the conduction minimum (CB) of GaSe lies above that of

InSe by AE. = 0.9 eV whereas the valence band (VB) edge of InSe lies below (4E, =
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-0.1 eV) that of the larger band gap GaSe, resulting in a staggered line up for the

holes”™

(inset of Figure 8.4b). Consequently the injection of holes and electrons
from the p-GaSe and n-InSe can lead to the formation of spatially indirect excitons
with a recombination energy (hv = 1.15 eV), which is below the energy of the direct

exciton recombination in InSe, as we observe.

EL PL p-GaSe|n-InSe
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Figure 8.7: Normalized EL spectra (blue lines; | = 0.8 mA (dotted line; x3), 1.8 mA
(dashed line; x1.3) and 3.2 mA (continuous line; x1) and PL spectrum (black line,
x0.002; P = 0.1 mW) of a p-GaSe/n-InSe heterojunction at T = 300 K. The inset

sketches the spatially indirect exciton at the GaSe/InSe interface.

As the current increases we find: i) the intensity of the EL emission tends to
saturate; ii) the EL band blue-shifts, and iii) weak EL features emerges at high
energy. These observations suggest that carrier recombination involves localized
states at the junction interface, which tend to fill with increasing bias. As shown in
Figure 8.8, the main EL band can be de-convolved into equally energy spaced
Gaussians with energy spacing of ~ 0.014 eV/(116 cm™), which corresponds to the

energy of non-polar optical phonons in InSe.?*3

In y-InSe, each unit cell has 12
atoms and 36 vibration modes. The Raman mode at 116 cm™ is the dominant mode

observed in the Raman spectra under non-resonant conditions (see Figure 8.10 for
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Raman modes of InSe). Thus we associate the EL emission to a phonon-assisted

electron-hole recombination at the junction interface.

14 mé\/

2nd derivative EL

EL Intensity (arb.units)
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Energy (eV)

Figure 8.8: Room temperature EL spectrum and fit by equally spaced Gaussians
using equation (8.6) in the text. The top figure shows equally spaced minima in the
second derivative of the EL spectrum (I = 3.2 mA). The energy spacing (0.014 eV)
corresponds to the energy of a non-polar phonon of InSe.

Coupling to lattice vibrations can be influenced by local electric fields arising
from surface dipoles due to the local atomic structure and charge distribution at the
surface of the layers; the degree of coupling to the phonons also increases with the
strength of localization particularly for holes due to their larger mass. To estimate the
strength of carrier-phonon coupling, we describe the intensity (I) of the main EL

emission in Figure 8.7 by equation (8.6):

= (8.6)

I(hv):i%n;es eXp|:— (Eo—hV—thp) :|,
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which corresponds to the superposition of a zero-phonon line (m = 0) centered at Eg
and phonon sidebands (m > 0) peaked at Eo-mhv,. Here S is the Huang-Rhys factor

and hv, = 0.014 eV is the measured phonon energy.”’” In Figure 8.8, a typical EL

spectrum is fitted to Eq. (8.6) with S = 0.6, Eo = 1.16 eV and m = 3. The high energy
part of the EL spectrum is not described by Eq. (8.6), thus suggesting an excitonic
recombination involving the absorption of phonons. The specific form of the EL
spectrum may change from sample to sample, but the main EL band is always
centered at lower energy (~ 0.1 eV) relative to the band gap energy of InSe, thus

indicating a well-defined band lineup at the GaSe/InSe interface.

Normalized Intensity

1.2 1.3
Energy (eV)

Figure 8.9: Normalized PL and EL (I = 20 mA and 40 mA) spectra of a p-InSe/n-

In,O3 junction at T = 300 K. For clarity, the spectra are offset along the vertical axis.

Figure 8.9 shows the room temperature PL and EL spectra of a p-InSe/n-In,03
heterojunction. The PL emission is peaked at hv ~ 1.24 eV which is close to the band
gap energy of bulk InSe (Eq = 1.26 eV). The I-V characteristic of this heterojunction
shows a considerable high current (see Figure 8.5a). However, a weak EL emission

was observed for currents | > 20 mA, and its intensity increases with increasing
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current. This weak EL emission may due to the presence of non-radiative carrier
recombination centers in the layers, which require further investigations. The EL
emission is peaked at hv ~ 1.24 eV at | = 20 mA and redshifts with increasing current
with respect to the PL emission (hv ~ 1.24 eV). The EL broadening may due to the
interface roughness,'’® while the redshift of the EL band with increasing current

could be due to a heating effect.

8.5 Raman spectroscopy

Figure 8.10 shows the Raman spectrum of bulk y-InSe at T = 300 K. The 633
nm line of a He-Ne laser (P = 0.1 mW) was focused on the sample along the c-axis in
a backscattering geometry. The Raman peaks are centered at 116, 179.2, 201.2,
212.4, 228.0 cm™. The main Raman line at 116cm™ corresponds to a non-polar
phonon mode of energy hv = 0.014 eV (see inset and Ref [32]). This mode is

responsible for the modulation of the EL signal shown in Figure 8.8.
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Figure 8.10: Raman spectrum of bulk y-InSe at T = 300 K. Inset: crystal structure for

v-InSe and of a non-polar phonon mode of energy hv = 0.014 eV.
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8.6 Temperature dependent electrical and optical studies

The I-V curves of a p-InSe/n-InSe junction were measured over an extended
temperature range down to T = 14K: in both the forward-bias and reverse-bias
conditions, the magnitude of the current decreases with decreasing temperature due
to the influence of the temperature on the diffusion and recombination-generation
currents, see Figure 8.11a. The temperature dependent EL emission is influenced by
recombination and electrical injection of carriers at the junction. For a fixed forward
(positive) bias, V = 5 V, applied to the junction, the current decreases due to reduced

carrier diffusion with decreasing temperature. In turn, this leads to a decrease of the

density of injected carriers and of the EL intensity, see Figure 8.11b.
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Figure 8.11: I-V characteristics (a), and normalized electroluminescence, EL (b) and

photoluminescence, PL (c) spectra for a p-InSe/n-InSe junction at various T in the
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range 14 K to 300 K. The EL spectra were acquired at V = 5V.
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For the PL study, the p-InSe/n-InSe junction was excited with a He-Neon laser
(4 =633 nm; P = 0.1 mW). With decreasing temperature from T = 300 K to 14 K,
the PL emission shifts to lower energies and the PL intensity increases by a factor of
~ 30, see Figure 8.11c. Similar behaviors were reported in the literature for bulk

InSe.*™

8.7 Summary

We demonstrated room temperature electroluminescence from van der Waals
semiconductor junctions with atomically flat interfaces, which are fabricated by
exfoliation and direct mechanical adhesion or thermal annealing of I11-VI layered
crystals. Homojunction diodes formed from layers of p- and n-type InSe and
heterojunction diodes formed by p-InSe and n-In,O3 exhibit EL emission peaked at
energies (hv ~ 1.23 eV) close to the band gap energy of InSe (Eq = 1.26 eV) at room
temperature. In contrast, heterojunction diodes formed by combining layers of p-type
GaSe and n-type InSe emit at lower energies (hv = 1.1-1.2 eV), which we attribute to
the generation of spatially indirect excitons and a staggered valence band line-up for
the holes at the GaSe/InSe interface. Our results demonstrate the technological
potential of mechanically formed heterojunctions and homojunctions of direct-band
gap layered I11-VI compounds. These can enable tunable and strong optical response
over an extended wavelength range, from the near-infrared (NIR) to the visible (VIS)
spectrum; it should also be possible to achieve different band alignments and
potential profiles by combining different layered semiconductors, and by selecting
the doping, n- or p-type, of the component layers, which cannot be yet achieved in

many other van der Waals crystals.
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Conclusion and future directions

The aims of this thesis were to study the effect of post-growth hydrogenation
on the electronic activity of nitrogen in Il1-V semiconductor compounds and to
investigate the electrical and optical properties of p-n junctions formed from n- and
p-type II-VI van der Waals crystals. The novel findings of this research can be
summarized as follows: (i) we have shown that the dissociation of N-H complexes by
a focused laser beam is a pure photon-assisted effect at low laser powers (P, < 40
mW); (ii) hydrogen can be successfully incorporated into different p-i-n LED
structures by low energy (100 eV) ion beam irradiation using a Kaufman source, thus
modifying electrical and optical properties; and (iii) mechanically formed van der
Waals I11-VI p-n junctions emit electroluminescence at room temperature. In the

following, the main findings are summarized and future directions are outlined.

9.1 Band-gap profiling by laser writing of H-containing I11-N-Vs

The incorporation of a small concentration (~1%) of N-atoms in I11-Vs leads to
a large reduction of the band gap energy.* On the other hand, the incorporation of
hydrogen in I1I-N-Vs acts to neutralize the electronic activity of N through the
formation of dihydrogen N-H complexes with Cy, symmetry or C,, asymmetry, thus
reversing the effect of the N-atoms on the band structure of the host crystal > " 8
In this study, we used a focussed laser beam or thermal annealing to control the
electronic activity of N- and H-atoms in 11I-N-V quantum wells (QWSs).

Our laser writing technique and micro-photoluminescence (uPL) studies

provided real-time in-situ characterisation and control of the N-H complex
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dissociation and of the band gap energy of I1I-N-Vs. We have shown that the
dissociation of N-H complexes in hydrogenated I1I-N-Vs can be achieved by low
laser powers, corresponding to local temperatures much smaller than those required
for thermal dissociation (> 200 °C). The photon absorption by the N-H complex
mediated by photogenerated carriers provides a mechanism for band-gap profiling:
profiles of different shapes can be patterned with submicron spatial resolution and
high energy accuracy in the growth plane of the 11I-N-Vs; the profiles are erasable
and the sample can be re-hydrogenated making any nanoscale in-plane band gap
profile rewritable. The possibility of in-plane profiling of the band gap energy offers
flexibility in the control and exploitation of the electronic properties of a
semiconductor without the implementation of lithographic/etching techniques. The
versatility of hydrogen makes this direct laser writing approach of general interest
and relevant to the development of fast and easy fabrication approaches to
nanotechnologies. Non-thermal (photonic) laser writing may offer an alternative
promising route to non-destructive band gap profiling of temperature sensitive
material systems. Also, it advances prospects of using hydrogen in 111-N-Vs in future
nanotechnologies. The results of this study were published in Physical Review B 86,

155307 (2012).

9.2 Tunable spectral response by hydrogen irradiation of Ga(AsN)
superlattice diodes
In this work, I demonstrated that the spectral response of a Ga(AsN)/AlAs
superlattice (SL) p-i-n diode can be tuned by post-growth hydrogen irradiation and
controlled thermal annealing. Our method exploits the combined effects of hydrogen

and nitrogen on the electronic properties of a 111-V compound: Hydrogen is diffused
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into a I11-N-V SL grown well below the surface (> 550 nm) where it neutralizes the
electronic activity of nitrogen by forming dihydrogen N-H complexes; the controlled
thermal dissociation of the complexes is then exploited to tune the photocurrent
absorption and electroluminescence emission of the superlattice; additional
versatility is enabled by the photo-stimulated diffusion of H in the Be doped p-type
contact layer with a focused laser beam; a focused laser beam is used to create
preferential injection paths for the carriers thus creating a nanoscale light emitting
diode. Because of the thick capping layer of our device (550 nm), which is larger
than the penetration depth (~ 200 nm) of our laser beam with A = 532 nm,*?® we were
not able to modify significantly the band gap of Ga(AsN) SLs by dissociating the N-
H complexes in the i-region. In order to achieve this, we should to use long
wavelength lasers (A > 900 nm) for laser writing or re-grow our device with a thin
capping layer (< 200 nm). Our approach could be implemented in other materials and
heterostructure devices, and offers the advantage of enabling an accurate control of
the spectral response of a diode using a single wafer. Also, it could enable the

fabrication of planar diode arrays'‘®

with distinct light absorbing regions, all
integrated onto a monolithic semiconductor structure, thus providing an alternative to
re-growth techniques. These results were published in Applied Physics Letters 104,

242110 (2014).

9.3 A movable resonant tunneling light emitting diode

In this study, | have reported on the fabrication of a movable micrometer-size
light emitting area in a GaAs/AlAs-based resonant tunneling light emitting diode
(RT-LED). We have shown that the position of the light emitting area can be

spatially shifted over tens of um by varying the applied voltage by a few hundreds of
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mV. The hydrogen passivation of C-dopants on the p-type contact layer of the diode
results into an increase of the resistivity of the p-type contact layer in the
hydrogenated area (open area), and causes a lateral voltage drop from the metal
contact edge towards the center of the mesa. Thus the resonant injection of electrons
and holes into the QW subbands occurs at different positions for each applied bias.
This simultaneous resonant injection of electrons and holes into the QW subbands
increases the EL intensity and the peak-to-valley EL ratio. This technique could be
implemented in other fields of research that use RTDs for a variety of applications

'8 to high efficiency single-photon detectors'®? and

spanning from THz resonators
room-temperature negative-differential-resistance devices.****® These findings were

published in Applied Physics Letters 103, 241105 (2013).

9.4 Room temperature electroluminescence from mechanically formed

van der Waals I11-VI p-n junctions

Following the discovery of high-quality graphene monolayers extracted from
graphite crystals by simple exfoliation technique, the research on van der Waals
layered crystals has received great interest. The exfoliation technique works well for
most van der Waals crystals since the absence of covalent bonds between adjacent
layers promotes chemical stability and eliminates problems posed by dangling bonds
at the material surface, providing defect-free crystals down to the atomic thickness.
Among the van der Waals crystals, the 111-V1 layered semiconductors, such as GaSe
and InSe, provide an important class of direct-band gap semiconductors,324 32 9. 9.
172 \whose band gap can be tuned in the near infrared spectral range when the crystals

are exfoliated into nanometer-thick flakes,** and the direct-indirect band gap

crossover occurs in the single monolayer limit.*® In my final year of PhD, | have
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contributed to the development of a new class of semiconductor structures based on
van der Waals I11-VI homojunctions and heterojunctions.

In this work, I demonstrated room temperature electroluminescence from van
der Waals semiconductor junctions with atomically flat interfaces, which are
fabricated by exfoliation and direct mechanical adhesion or thermal annealing of 111-
VI layered crystals. Mechanically-formed van der Waals I1I-VI junctions have
atomically flat interfaces, well-defined band lineups and radiative recombination
from electrically injected carriers are achieved even in the presence of a large lattice
mismatch (~ 6% for GaSe on InSe) between the constituent layers.
Electroluminescence emission was detected at room temperature in all of the
measured p-n junctions (n-InSe/p-InSe homojunction, p-GaSe/n-InSe heterojunction,
and p-InSe/n-In,O3 heterojunction) thus opening realistic prospects for the
implementation of these layered crystals in different sequences of layer stacking.
These electroluminescence and photon sensitive junctions could be transferred on
different substrates (e.g. plastics, graphene, boron nitride, etc.); since these crystals
are direct-band semiconductors over a range of thicknesses,** down to a few
nanometers, they are promising candidates for electronic and optical components in
nanoscale optoelectronics and light emitting diodes. These results were published in

Advanced Optical Materials 2, 1064 (2014).

9.5 Future directions

It would be interesting to study the effect of hydrogen incorporation during the
growth of a device structure based on 111-Vs or dilute I1I-N-Vs. For example, the
incorporation of hydrogen during the growth of a GaAs spacer layer lies between the

p-type GaAs and the i-region of a resonant tunneling p-i-n diode could enable to
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diffuse interstitial hydrogen donors, H*, from the GaAs spacer layer towards the i-
region using a focused laser beam. The diffused H* could produce a set of well
resolved and discrete electronic energy levels through which electrons can tunnel.
Similar studies on diffusion of mobile double charged manganese interstitial atoms
(Mn;i*") from a p-doped (GaMn)As layer to an AlAs/GaAs/AlAs QW p-i-n diode by
conventional thermal annealing and laser writing are discussed in Refs [183] and
[141, 151], respectively.

Also, my future work will focus on the fabrication and characterization of new
device structures based on exfoliated-thin flakes of 111-VI van der Waals crystals. We
have reported the room temperature electroluminescence from mechanically formed
p-n junctions based on exfoliated I11-VI vdW bulk crystals. Fabricating similar
junction devices with ultrathin flakes is challenging, but could provide new physics.
Device structures based on the combination of transparent graphene and exfoliated
thin flakes of I1I-VI vdW crystals could also be potential candidates for 2D

optoelectronics and give access to new functionalities.
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Appendix A

Electron effective mass in dilute nitride 111-V alloys

The incorporation of N in a 111-V compound tends to modify the curvature of
the energy—wave vector E(K) dispersion of the CB, thus changing the electron

effective mass m*, which is defined as

2

d2E (k)"
dk?

m*(k) = (A.1)

According to the BAC model, the k-dependence of the E_ (k) sub-conduction band is

E_(k) = %{(EN + Ep(k)) - J [(Ex = En))" + 4CNM2x]}, (A.2)

where Ey (k) and Ey are, respectively, the energies of the conduction band minima of
the host matrix and of the N level measured with respect to the top of the valence
band, Cywm is a constant dependent on the host matrix, and x is the mole fraction of
substitutional N.

The first derivative with respect to k of E(k) is

|
dEC;IEk) _ ; dEM(k) — Ey(k)) | A3)
\/ (Ey — EM(k)) + 4Cyp* x
The second derivative with respect to k of E(k) is
, , [ |
d?E_(k) _1d?Ey(0)|, (Ex = En(0))
ez l \/(EN — Ey (k)" + 4NM? x
1 dEy(k) d (Ey — En(k)) \
i R : (A.4)

J(EN — Ey(k)* + 4Cyp?

dE_(k) dEM(k)

Atk=0, = 0 and ———= = 0. Thus we can write
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| |

d?E_(k) d?Ey (k) (Ey — Ey(K))
— =—— - (A.5)

dk? | _, dk* | _, 2 5

= = (Ey — Ey(K))" +4Cyu xJk—O
Equation A.5 can also be written as
h? 1 hz[ (Ey — Ey(K)) ]
L P N Em , (A.6)
* 2 m,

l J(EN— E,V,(k))2+4€,\,,v,2 xJ
where my is the electron effective mass of the host crystal at k = 0. Hence, the
effective mass at k = 0 of the 111-N-V alloy can be written as
2mg
m = _ (A.7)
|
(Ex — En(k)) |
J (Ey — EM(k))Z + 4Cyp” x

Ill_
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Electronic bound states of a GaAs; «\N,/GaAs quantum well

Here we describe the electronic bound states of a Ga(AsN)/GaAs QW using the

BAC model and a QW square potential model. The height of the QW is
Up= E,(GaAs)- E,(GaAs, N,) where E, is the band gap energy. The potential

profile along the z-direction is given by

v B (B.1)
7)= P )
0 |z| <=

2

where a is the width of the QW.
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Figure B.1: Schematic diagram of a finite square Ga(AsN)/GaAs QW.

The time-independent Schrédinger equation can be written as

h? d?
—o— V(@ + Unp(2) = Y (), (8.2)

where m”* is the electron effective mass and ¢ is the eigenvalue.
The wave functions inside the well have even/odd symmetry and can be written as

cos kz

p@ = cf (B.3)

sinkz’
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h?k?
2m;,

with eigenvalue € = , (B.4)

where m;, is the electron effective mass inside the well.

Outside the well, the eigenfunction can be written as

Y(z) = D exp(+Kz) (B.5)
with

h2K?
—=Uy, — ¢, B.6
o b— € (B.6)

where ¢ < Uy, and my, is the electron effective mass outside the well.
Using boundary conditions at z = g and the continuity of ¥(z), we obtain

ka

Y (g) =C kza =Dexp (-%Ka) . (B.7)
sinT

Similarly, the continuity of the first derivative of i at z = g gives

ka

d Ck [-sin—- DK 1
v = 2 exp (-EKa>.

dzl,_a m: ka |7 m:
=2 w cos —- b

(B.8)

Dividing Eqg. B.6 and Eq. B.7 to eliminate the normalization factors C and D, we

derive
. ka
a —
k n 2 | _ K (B.9)
m ka m, '
-cot—
2
and
ka
tan—- _my, K my, [2my(Uy-8)  |my, (2m;,U,
_cot—2 b b b
2
ka m?, Uy a?
We define 027 and 902=%
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Thus we can write

2
tang \ _ My (6"
(—cotH)_\/m;;<92 1). (B.11)

Both sides of Eqg. B.11 are plotted against 8 and the intersections give the solutions.

The ground state energy .1

PR 2176}

= T g B.12
2m,  m,a? ( )

€e1

corresponds to the first intersection pointat 8 = ;.
The energy of the optical transition between the first QW electron subband and the
top of the valance band is

EQW = Eg+ Ee1> (B 13)
where E, is the band gap energy of GaAs;«Ny. The valence band is not affected by

the N localized states. Since we assumed that the valence band is flat at I" point.

Therefore the energy of the lowest QW transition is

1

=
N

Energy (eV)
b
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Figure B.2: Dependence on x of the band gap energy of GaAsi«Ny, Eg, and of the
inter band transition energy of a GaAs;xN,/GaAs QW, Eqw, with a = 6 nm, Ey =
1.65eVand Cyy=2.7eVatT=2300K.
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Appendix B: Electron bound states of a Ga(AsN)/AlAs quantum well

Figure B.2 shows the calculated x-dependence of £, using the BAC model, and
the inter band transition energy, Eqy, of a GaAs;.«N/GaAs QW using Eq. B.14. For
the BAC model, we assume an N-level located at 0.23 eV above the conduction band
minimum of GaAs at T = 300K and an interaction parameter Cyy = 2.7 eV.'?® Also,
we have considered the x-dependence of the electron effective mass. We have instead
neglected the exciton binding energy, which represents a small correction to the

calculated energies.
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Appendix C

Laser induced lattice heating in GaAs

Here we describe the laser induced lattice temperature rise in GaAs in terms of
the temperature dependent thermal conductivity K(T), and the temperature and
wavelength dependent absorption coefficient a(T, 1). The laser beam has a Gaussian

intensity distribution given by

2
I = Iyexp (— F) = I, exp(—R?). (C.1)

() (b)
_ y

| Focussed
laser beam

l_)r Sample

z

Figure C.1: (a) schematic of a laser spot and its intensity distribution along r. w is
the beam waist. (b) Focussed laser beam on a sample surface.

Following M. Lax,"?" the laser induced temperature can be written as

T(R,Z,W) = Typax N(R, Z,W), (C.2)
where N(R, Z, W) is a reduction factor, R = riw, Z = z/w, W = (T, A)w, and (T, A)
is the absorption coefficient. T,,,, is the maximum temperature rise at the beam
centre (R = 0) and at the surface (Z = 0). This occurs when the beam absorption is so

large (W —0) that the heat is all generated on the surface.
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Appendix C: Laser induced lattice heating in GaAs

Timax depends on the beam power P, thermal conductivity K(T), and the beam radius

w, and can be written as

P
Toax = ———————. (C.3)
" R (Tw
For excitation over a finite depth, the temperature rise will be smaller and
1
N(0,0,W) = (f F(ﬂ)—dﬂ) U F(/”L)d/”tl , (C.4)
0
where F(A4) is the Bessel transform of I(R).
For the Gaussian case,
F(Y) = ! ( 1,12) C.5
=3 exp 2 . (C.5)
The solution of Eq. C.4 is given by
N(0,0,W —WD(1W> w ( 1W2>E'<1W2) C.6
0.0W)=WwD{3 2m2 P\ Ty AV L (€.6)

X
where D(x) = exp(—xZ)J exp(t?)dt is Dawson's integral,
0

X
Ei(x) =P j Iz( ) dt is the exponential integral and t is laser exposure time.

Therefore, the maximum temperature rise at the beam centre on the surface
T(0,0,W), can be written in terms of T,,., (Eg. C.2) and of a reduction factor

N (0,0, W) caused by the finite depth of penetration, i.e,

T(0,0,W) = m [WD (%W) 2[1/2 exp (—%WZ)EL (i WZ)]. (C.7)

Let’s consider the spatial distribution of the temperature rise in the form of Eq. C.2
T(R,Z,W) = Tpax N(R, Z, W),

where N (R, Z, W) describes the reduction in the temperature rise caused by the finite
penetration (finite W = ow) and deviations R and Z from the centre of the beam at the

surface.
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Appendix C: Laser induced lattice heating in GaAs

For the case of R >> 1/W (i.e., r >> o ! the penetration depth of the laser beam),

N(R,Z,W) is given by

1
NR,Z,W) = . C.8
( ) 'z (R2 +22)'/2 (C.8)
Therefore,
P 1
T(R,Z,W) = (C.9)

2nK (T)w (R2 4 72)2’

At first we calculate T,,,, by using the temperature dependent thermal
conductivity K(T) from Ref [128], beam waist w = 0.5 um (our laser spot diameter ~
1 um), and the laser power P = Ppax x (1-Ry), where Pmax is the laser output power
and Rf = 0.3 is the surface reflection coefficient. Then we calculate the actual
maximum temperature rise at the beam centre and at the surface T(0,0, W) from Eq.
C.6 by using the wavelength dependent absorption coefficient of GaAs at T = 300
K.* For » =515 nm, a = 9.25 x 10° m™. For 1. = 633 nm, a =3.95 x 10° m™. Also
we consider a laser exposure time t = 15 s and 20 s for A = 515 nm and 633 nm,

respectively. Finally, we calculate the temperature distribution along R at the sample

surface (we chose Z = 0) using Eq. C.9.
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