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1. Introduction

During the last decades, quantum structures operating at near-infrared and

blue wavelength regions have been used in a large variety of optoelectronic

applications. These include lasers, light emitting diodes (LEDs), sensors and

waveguides, to mention a few. Depending on the application and the desired

properties, the quantum structures can be fabricated using different III–V

semiconductors such as gallium arsenide (GaAs), indium phosphide (InP),

and gallium nitride (GaN) and their ternary and quaternary alloys.

Near-infrared region covers wavelengths from 700 nm to 2.5 μm, and is there-

fore beyond the visible range of the human eye. Near-infrared devices are fab-

ricated both for civilian and military use, including light sources for optical

telecommunications and gas analysis, and sensitive sensors for night operations

and target recognition. For these purposes, III–V compound semiconductors

offer many advantages. As direct band gap materials, they have a higher ab-

sorption coefficient than indirect band gap materials. This is especially impor-

tant in sensor applications. The composition of ternary and quaternary alloys

can be tuned to meet the needs of optical telecommunications and specific

sensor applications. In addition, compound semiconductors such as GaAs and

indium gallium arsenide (InGaAs) have high electron mobility, which favors

their use in high-speed electronic components.

Shorterwavelength enables thewriting of information onto a reduced space.

Therefore, the blue wavelength ismore favorable than infrared in optical mem-

ories and printing applications. In addition, in many applications electric

power consumption is to be kept as low as possible and the lifetime of a com-

ponent needs to be sufficiently long. Therefore, blue indium gallium nitride

(InGaN) light-emitting diodes, which have high efficiency, are used in the vis-

ible wavelength region [1, 2].

In this work, the optical and electrical properties of quantum structures

are improved to show enhanced performance in the near-infrared and blue

1



Introduction

regions. In near infrared, this is achieved using a tensile-strained GaAsN

layer on InP or by depositing plasma-enhanced atomic layer deposited alu-

minum nitride (PEALD AlN) on GaAs structures. The former results in an

enhanced luminescence close to the wavelength of optical telecommunications,

and the latter passivates the GaAs surface. This kind of passivation can be

utilized in different detectors [3], and in applications that use GaAs based

metal-insulator-semiconductor (MIS) components.

The large surface area of nanowires enables the fabrication of sensitive de-

tectors. However, at the same time the structures are affected by different

surface effects. The passivation technique presented in this work has recently

been successfully applied to GaAs nanowires [4].

With a thicker layer of AlN, an efficient coating of strain-induced-quantum

dots (SIQDs) is achieved. From an application point of view, this opens new

possibilities for utilizing SIQDs. One possible alternative is to combine SIQDs

with photonic crystal structures.

In the blue wavelength region, the emission intensity of InGaN/GaN quan-

tum well structures is improved by a metal grating and a polymer layer. The

aim is to find techniques to enhance both the emission and the extraction

of light from the InGaN/GaN structures. These are important in the pro-

cess of fabricating more efficient blue light-emitting diodes for optoelectronic

applications.

2



2. Quantum wells and dots

Semiconductor heterostructures are usually fabricated epitaxially. Epitaxial

growth of compound semiconductors means that the top layer copies the lattice

structure of the layer below. The fabrication can result in a structure, in which

the charge carriers are confined in one, two or three dimensions, and the

dimensions of the confinement are less than the de Brogliewavelength of the

charge carriers. If confined in one dimension, a quantum well is formed. In the

same way, the confinement in two or three dimensions results in the formation

of quantum wires and quantum dots, respectively. This work concerns with

only two of these, namely quantum wells and quantum dots.

2.1 Quantum wells

When a quantum well (QW) is fabricated, two different semiconductor mate-

rials are deposited on top of each other. The charge transfer at the interface

results in conduction and valence band discontinuities that are usually eval-

uated experimentally. A schematic drawing of the layer structure and the

energy band structure of a QW are shown in Fig. 2.1

In a heterostructure, the junction can be either of type I or type II. In QWs,

the type-I heterojunction means that the electrons and holes are confined in

the same material. In the type-II heterojunction, the conduction and valence

(a) (b)

Figure 2.1.Schematic drawing of (a) the layer structure and (b) the energy band struc-

ture of a quantum well. The arrow inside the quantum well in (b) shows the

transition from the first conduction band state to the first valence band state.
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Quantum wells and dots

band extrema lie in separate, adjacent layers.

As a first approximation, the conduction band of a QW can be considered

to be a square potential in the growth direction of the heterostructure. Due

to quantum confinement, the electron states are quantized in energy. If the

barrier height of the well is infinite, the allowed energy values in the conduction

band of a QW can be calculated using [5]

E(n, kx,ky)=
π2̄h2n2

2m∗eW
2
+
h̄2k2x
2m∗e

+
h̄2k2y
2m∗e

, (2.1)

wherem∗eis the electron effective mass,W is the width of a QW, andkx

andkyare the wave vectors in a plane perpendicular to the growth direction

of the heterostructure. In Eq. 2.1,nis a positive integer (1,2,3,...). Thus,

the equation results in a series of parabolic two-dimensional subbands in the

conduction band. Based on Eq. 2.1, the states of a very narrow QW are high

up in energy in the potential well, as shown in Chapter 4.4. For a parabolic

band in two dimensions, the density of states related to one subband can be

written as [5]

N(E)=
m∗e
π̄h2
. (2.2)

Thus, the density of states has a step-like form in a quantum well.

Similar behavior is observed in the valence band with the exception that the

heavy hole (HH) and light hole (LH) bands separate at the top of the valence

band. As a result, the HH state is at the top of the band in a strain-free struc-

ture. In addition, there is usually a lattice mismatch between the quantum-well

layer and the layer below, which leads to a built-in strain in the quantum-well

layer. This strain can modify the band structure. Compressive strain can be

used to increase the separation between the HH band and other subbands.

This has been shown to result in lower threshold current densities in quantum

well lasers [6, 7].

Usually, if the layer thickness is below the critical thickness of dislocation

formation, the strain is uniform in the layer. In epitaxial growth, the in-plane

lattice constant of the top layer copies the lattice constant of the layer below,

and the lattice constant in the growth direction is modified. This is shown

by [5]

=
aS
aL
−1, (2.3)

whereaSis the lattice constant of the substrate or the layer below andaLis

the lattice constant of the top layer. In the case of (001) growth and cubic

symmetry, the off-axis elements of the strain tensor are zero, and the strain
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tensor is given by [5, 8]

xx= (2.4)

yy= (2.5)

zz=
−2c12
c11

, (2.6)

wherec11andc12are the elastic constants of the material. Assuming that the

conduction band edge is fixed, the strain-induced energy shifts of the heavy

hole and light hole bands are given by [5, 6, 8]

ΔEHH = 2a
c11−c12
c11

+b
c11+2c12
c11

(2.7)

ΔELH= 2a
c11−c12
c11

−b
c11+2c12
c11

, (2.8)

where a and b are the deformation potentials. In the case of In0.21Ga0.79As on

GaAs, the equations give the strain-induced shifts of 39 meV and -74 meV for

the heavy hole and light hole bands, respectively. This means that a splitting

of 110 meV is produced by the strain in the structure. As a consequence,

the photoluminescence (PL) results from the narrow InGaAs/GaAs QWs in

Chapter 4 are assumed to be originating from the transition between the first

conduction band state and the first heavy hole state in the valence band.

2.1.1 Emission in a quantum well

Absorption, emission, and carrier relaxation are important phenomena in PL

measurements. In these measurements, the incoming light is mainly absorbed

in the barrier and buffer layers of the QW structure. The charge carriers

generated by the absorption process diffuse to the QW, relax from higher

energy to lower energy states and recombine by emitting a photon.

A photon is absorbed in the barrier or in the buffer layer of the QW struc-

ture if the photon has the energy required for the transition from a valence

band state to a conduction band state. In addition, the photon absorption

has to fulfill the momentum conservation law. In the case of a direct band

gap material, this means that the initial and final states must have the same

wave vectork, if the momentum of the photon is neglected. The compound

semiconductors studied in this work are direct band gap materials.

The charge carriers in a high-energy subband relax to lower subbands by dif-

ferent scattering processes. In QWs, the relaxation times are typically longer

than in bulk materials. For example, in In0.20Ga0.80As/GaAs QW structures,

the relaxation times are on the order of a few tens of ps, whereas the bulk

relaxation times are typically 1–2 ps [9]. The process in QWs can be consider-
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ably slowed down due to the two-dimensional density of states and the nature

of electron-optical phonon interaction [9].

Emission can be either spontaneous or stimulated. Spontaneous emission

occurs when an electron recombines with a hole without the interaction of an

incoming photon. As a result, a photon is emitted in a random direction with

a random initial phase. In stimulated emission, the electron-hole pair recom-

bination occurs in the presence of photons whose energy equals the energy of

the transition. Consequently, the emitted photons are coherent replicas of the

incoming photons. In LEDs, the emission is spontaneous, whereas in lasers it

is stimulated. In this work, the emission measured from quantum structures

is spontaneous.

The spontaneous emission rate in a QW is polarization-dependent. In addi-

tion, it is modified by the envelope functions of the electron and hole states [5].

In a QW with infinite barriers, the transition is mainly between the same or-

der subbands of the valence and conduction band, for example from the first

conduction band state to the first heavy hole state. However, other weaker

transitions can sometimes be observed in the PL measurements of real QW

structures [10]. They correspond, e.g., to the transitions from the second con-

duction band state to the fourth heavy hole state or from the third conduction

band state to the fifth heavy hole state [10].

2.1.2 Fermi-level pinning and near-surface quantum wells

Dangling bonds and defects at the semiconductor surface lead to the formation

of surface states. A high surface recombination rate and Fermi-level pinning

are implications of these states. When Fermi level is pinned, the band bending

is independent of the sample doping and the metal-insulator-semiconductor

structures cannot reach inversion [11]. In addition, Fermi-level pinning reduces

the PL intensity of near-surface structures. The energy, at which the Fermi

level is pinned, depends on the sample structure [12]. In p-type GaAs, the

Fermi level is pinned at approximately 0.5±0.1 eV above the valence band

maximum [11].

Near-surface quantum wells are sufficiently close to the sample surface to

interact with it. This can lead to decreased PL intensity, especially if surface

state density is high at the sample surface. This is particularly significant in

GaAs-based near-surface quantum-well structures, such as AlGaAs/GaAs [13]

and InGaAs/GaAs [14]. However, the reduction of PL intensity has also been

reported for other near-surface structures, including InGaN/GaN near-surface

quantum wells [15].
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To reduce the surface state density, semiconductor surfaces are passivated

using variousin situandex situtechniques. The former are conducted during

the fabrication of the structure and the latter separately after the fabrication

is done. In the case of GaAs, the surface is passivated, e.g., using InP [16],

GaN [17, 18] or various plasma-assisted processes [19, 20]. AlN and plasma

passivations by plasma-enhanced atomic layer deposition, are presented in

Chapters 4.1 and 4.2, respectively.

2.1.3 Enhanced photoluminescence intensity by metal gratings

The emission and light extraction of a near-surface InGaN/GaN quantum well

can be increased by a patterned metal layer. The effect is based on surface

plasmon polaritons (SPPs) and diffraction. The former are electromagnetic

excitations that can propagate at the interface of a dielectric and a conduc-

tor [21, 22]. The enhancement of PL intensity is due to the coupling of the

spontaneous emission into the SPP modes and the consequent coupling of the

SPP modes to radiative electromagnetic modes in air [23, 24]. The theory of

SPPs is explained in more detail in Chapter 5.

In addition to plasmon-assisted enhancement, the light extraction of a near-

surface quantum well can be increased by diffraction. The modes of a GaN

waveguide can be diffracted by a light-extracting photonic crystal with a spe-

cific periodicity [25]. The periodicity can be in one or two dimensions. In

this work, the light extraction of a near-surface InGaN/GaN quantum well is

increased by utilizing a one-dimensional periodic silver (Ag) grating in Chap-

ter 5.

2.2 Quantum dots

Quantum dots (QDs) are formed when charge carriers are confined in three

spatial dimensions within a volume comparable to their de Brogliewavelength.

In epitaxial growth, QDs can be achieved by utilizing self-assembled growth of

coherently-strained islands. Many material combinations have been proposed

for the fabrication of the islands. These include InAs on GaAs [26], InGaAs on

GaAs [27], InGaN on GaN [28, 29], InAs on InP [30], and InP on GaInP [31].

Self-assembled islands enabled a breakthrough in quantum dot lasers [32], but

they can also be used in other applications including magnetic nanostructures

or dot-field-effect transistors [33–35]. In this work, GaAsN QD structures are

presented in Chapter 4.4. In addition, self-assembled InP islands are utilized
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in the strain-induced quantum dot (SIQD) structures discussed in Chapter 4.3.

Assuming infinite barriers and a constant isotropic effective mass, the energy

states of a quantum dot can be calculated using [5]

E(l, m, n)=
h̄2

2m∗
l2

L2x
+
m2

L2y
+
n2

L2z
, (2.9)

wherem∗is the effective mass of the charge carrier, andLx,Ly,andLzare

the spatial dimensions of a quantum dot.l,m,nhave positive integer values

(1, 2, 3,...), and they describe the state of the charge carrier. In principle, the

density of states in QD structures is a collection of discreteδ-functions if the

dimension of a quantum dot is comparable to the de Broglie wavelength in

all three dimensions [32, 36]. However, the linewidth is broadened in actual

QD structures, for example, due to Heisenberg’s uncertainty principle. In

addition, variations in the dot shape and strain result in different eigenenergies

for different QDs. From a large ensemble of QDs, the observed PL spectrum

will be a convolution of the single quantum dot spectrum with the statistical

distribution function of the eigenenergies [36]. Thus, the peak in the PL

spectrum has a finite width. This is also observable in the quantum dot PL

spectra in Chapter 4.4.

SIQDs are formed in a near-surface quantum well by coherently-strained

(dislocation-free) islands. They possess many advantages compared to tra-

ditional quantum dots. The shape deformation and intermixing during the

growth of buried structures is avoided [37]. High quality interfaces enable the

high PL efficiency of the structures [37, 38]. The strain field homogeneity of the

islands improves the confinement potential homogeneity of the SIQDs [37, 39].

This leads to spectrally narrow PL peaks. In addition, modeling of these

structures is quite straightforward, since the size and shape of the islands de-

termine the strain field. This field specifies the confinement potential [40]. A

schematic drawing of a SIQD structure and the energy band structure of a

SIQD are shown in Fig. 2.2.

In QDs, the relaxation process is slowed down by a phenomenon called

phonon bottleneck [41]. The energy states of a quantum dot exist only at

specific discrete energies, and an electron can relax from one energy state to

another by emitting a phonon. The energy of the phonon has to equal the

energy of the transition. If such a phonon does not exist, the transition is

forbidden, and the effect is known as a phonon bottleneck [5]. The effect

has been experimentally observed, e.g., in InGaAs quantum dots [42], and it

can be reduced by the electron-hole scattering [5, 43]. The hot electrons can

relax by losing their energy to the holes, and due to the dense spectrum of
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(a) (b)

Figure 2.2.Schematic drawing of (a) a SIQD structure and (b) the energy band structure

of a SIQD in the lateral direction of the QW. The vertical arrows show allowed

transitions from conduction band states to valence band states.

the hole states, the holes can relax relatively quickly. As a result, the charge

carriers can recombine more quickly. This enables the use of QDs in many

optoelectronic applications including QD lasers.
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3. Experimental methods

This work concentrates on fabrication and characterization of novel quantum

structures. In the sample fabrication, both metalorganic vapor phase epitaxy

and atomic layer deposition are utilized. Metal gratings are fabricated on the

near-surface InGaN/GaN quantum wells by electron-beam lithography and

standard processing steps. The samples are characterized with a large variety

of different experimental techniques including optical measurements, atomic

force microscopy, and capacitance-voltage measurements.

3.1 Metalorganic vapor phase epitaxy

Replicating the lattice structure is in many ways the key element in met-

alorganic vapor phase epitaxy (MOVPE). The aim of producing high quality

structures requires controlling of the growth parameters. In epitaxial growth,

the interfaces are in optimal cases free of dislocations, which results in en-

hanced optical properties of the structure. The ultimate goal is to achieve

improved optical and electrical properties.

The MOVPE technique for III–V semiconductors utilizes typically an appa-

ratus with metalorganic precursors such as trimethylindium (TMI), trimethyl-

gallium (TMGa), tertiarybutylphosphine (TBP), tertiarybutylarsine (TBAs),

and dimethylhydrazine (DMHy). In addition, in GaN fabrication process the

nitrides are often fabricated using ammonia (NH3) as a precursor.

The reactors can be vertical or horizontal. In this work, a horizontal quartz

reactor was utilized. During fabrication, the sample is heated by a halogen

lamp below the reactor. The temperature is measured using a thermocouple,

which is located inside a graphite susceptor. The whole fabrication process

is computer controlled. A schematic drawing of the MOVPE apparatus is

presented in Fig. 3.1.

The metalorganic precursors are located in steel cylinders called bubblers,
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Figure 3.1.Schematic drawing of the MOVPE apparatus utilized in this work.

which are kept in the temperature-controlled baths. The bath temperature

affects the vapor pressure of the precursor, and therefore, it is carefully sta-

bilized. The carrier gas, either hydrogen or nitrogen, is passed through the

bubblers, and the precursor saturates the carrier gas. The gas flow is regulated

by mass flow controllers.

The precursors are guided through metallic pipelines to the reactor, where

the precursors decompose at high temperature either near or on the substrate.

As a result of chemical reactions, the decomposed substances form a semicon-

ductor layer on the substrate surface. To avoid reactions before the sample

surface, the group-III and group-V precursors are combined only right before

the reactor.

The fabrication temperature required for the process depends on the pre-

cursors and their decomposition temperature. For example, in the MOVPE

reactor used in this work, the GaAs layers are typically fabricated at temper-

atures above 600
◦
C. The growth process is affected by many factors including

temperature, pressure and absorption and adsorption rates at the surface.

Altogether the fabrication process is governed by complex kinetic and ther-

modynamic processes at the substrate surface.

In the MOVPE apparatus, the samples are kept in nitrogen ambient until

they are taken out from the air locks. Sample surfaces, which oxidize rapidly,

are usually kept in nitrogen ambient until the next processing step. In this

work, the near-surface InGaAs/GaAs quantum-well structures are such sen-

sitive samples. One example of the subsequent processing step is thin film

fabrication by atomic layer deposition, which was also used in this work.
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3.2 Atomic layer deposition

Atomic later deposition (ALD) is a gas phase vapor process that typically

takes place in vacuum [44]. Two different precursors are introduced to the

reactor one after another, and the reactor is purged in between. During the

fabrication, temperature, pressure, and other parameters are changed accord-

ing to the chemistry of the process in question. The AlN layers utilized in this

work can be fabricated in the temperature range of 150–300
◦
C. At 300

◦
C

the layer was found to be crystalline whereas in the lower temperature range

it was amorphous [45]. The amorphous layers can be utilized in passivation of

GaAs surfaces as shown in Publications I, IV, VI and VII.

One advantage of using ALD is the possibility to control the layer thickness

very accurately. In addition, ALD can be utilized for covering large surface

areas. However, the fabrication by ALD is slow compared to MOVPE. For

the AlN layers fabricated by plasma-enhanced ALD, the growth rate has been

found to be linearly dependent of the fabrication temperature. It increases

from 0.73 Å cycle-1at 150
◦
C to 1.32 Å cycle-1at 300

◦
C, where one cycle

consists of trimethylaluminum (TMA) and NH3pulses [45]. A detailed de-

scription of the ALD fabrication process can be found in Publication VII and

in Ref. 45.

3.3 Optical characterization

Optical characterization is essential, when the properties of semiconductor

structures are determined. Different techniques can be utilized to study the

luminescence wavelength and intensity, charge carrier lifetimes, and surface

electric fields of compound semiconductors. In this work, photoluminescence

was used in all the other publications except Publications II and VI. The

experimental part of the former concentrates on reflectometry and in the lat-

ter capacitance-voltage measurements and simulations were used. In addition,

charge carrier lifetimes are determined using time-resolved photoluminescence

in Publications IV and VII. Internal electric fields are calculated based on pho-

toreflectance results in Publication I. Finally, to indicate coupling to plasmon

modes and an increase in the diffraction of waveguide modes, the InGaN/GaN

near-surface quantum wells were measured by angle-resolved photolumines-

cence and reflectometry in Publication III.
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3.3.1 Photoluminescence in the near-infrared region

Photoluminescence (PL) measurements indicate thewavelengths thestruc-

tures are emitting at and the intensity of these transitions. To compare the

emitted intensities from different structures, the experimental conditions have

to be kept unchanged. The focusing of the excitation laser and the collec-

tion of the emitted luminescence have to be done carefully and repeatably. A

schematic drawing of the PL setup used in Publications I, IV, V, VII, and

VIII is shown in Fig. 3.2.

Figure 3.2.Schematic drawing of the photoluminescence setup utilized in the measure-

ments presented in Chapter 4.

In passivation studies, the samples are cooled down to 10–30 K due to the low

emitted intensity of the unpassivated near-surface structures at room temper-

ature. In the low-temperature measurements, the sample is kept in a cryostat

and the temperature is stabilized with a proportional-integral-derivative (PID)

controller.

In Publication VIII, the PL measurements were carried out using the 488 nm

line of a continuous-wave Argon ion laser. Otherwise, the continuous-wave

PL measurements of the GaAs-based structures were carried out using a

frequency-doubled Nd:YVO4laser operating at 532 nm. The laser beam was

focused on the sample using standard optics, and the light emitted from the

sample was collected and focused to a monochromator using two separate

lenses. The emitted signal was dispersed in the monochromator and detected

by a liquid-nitrogen-cooled germanium detector. For the data capture, stan-

dard lock-in techniques were used. These techniques improve the signal to

noise ratio in the experiment by selecting only the signal at the chopper fre-

quency.
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3.3.2 Photoluminescence and reflectometry in the blue region

The PL, angle-resolved PL and reflectometry experiments of the InGaN/GaN

structures in Publications II and III were conducted at room temperature using

the setup illustrated in Fig. 3.3. Each of the measurements were done indi-

vidually by choosing the proper light source, mirrors and lenses. The lenses,

mirrors, and polarizers are marked with the letter L, M, and P, respectively.

A diode laser emitting at 405 nm is used for luminescence measurements,

and a white light lamp for the reflectometry studies. The luminescence and

reflectometry signals are detected by a charge-coupled-device (CCD) camera

attached to the spectrometer.

Figure 3.3.Schematic drawing of the setup utilized in the photoluminescence, angle-re-

solved photoluminescence, and reflectometry measurements presented in Chap-

ter 5.

As shown in Fig. 3.3, the sample is excited from the back in the PL and

angle-resolved PL measurements. In reflectometry, the white light is focused

from the front to obtain the information on the reflections. In all of the

measurements, microscope objectives are utilized for focusing purposes. In

addition, objective 2 is also used to collect the emitted and reflected light in

PL and reflectometry measurements, respectively. In Fig. 3.3 the lens denoted

as Fourier lens is applied for imaging the Fourier plane to the spectrometer
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slit in reflectometry and angle-resolved PL setups.

The required polarization of the laser is chosen by P1. Similarly, P2chooses

the desired polarization (transverse electric field or transverse magnetic field)

of the signal to be dispersed in the spectrometer. Lenses L1and L2are used

for collimation and lens L4for focusing purposes. The movable lens L3is only

utilized for visual observation of the sample, and the movable mirror M3for

directing the light to the camera.

3.3.3 Time-resolved photoluminescence

To determine the charge carrier lifetimes, time-resolved photoluminescence

(TRPL) measurements were conducted in Publications IV and VII. The

schematic drawing of the setup is shown in Fig. 3.4. The laser beam of

a mode-locked titanium-sapphire laser was used for excitation. In Publica-

tion VII, the laser was operating at the wavelength of 800 nm. The pulse

width and repetition rates were 150 fs and 76 MHz, respectively. To achieve

an enhanced absorption at the near-surface region, the laser beam was fre-

quency doubled to operate at 400 nm in Publication IV. This was accom-

plished by using a nonlinear bismuth triborate (BIBO) crystal. In all TRPL

measurements, the titanum-sapphire laser was pumped with a Nd:YVO4laser

operating at 532 nm. For low-temperature operation, the samples were cooled

down using a cryostat.

Figure 3.4.Schematic drawing of the time-resolved photoluminescence setup.

In the setup of Fig. 3.4, the laser beam is focused on the sample, and the

emitted luminescence is collimated and focused to the monochromator slit.

Then, the emitted signal is dispersed in the monochromator and detected

by a microchannel plate photomultiplier tube. The signal is recorded using

time-correlated photon-counting electronics. The reference signal is obtained

from a silicon p-i-n diode.
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3.3.4 Photoreflectance

Photoreflectance (PR) is a contactless electromodulation method, where the

normalized change in reflectance (ΔR/R) due to modulated laser light illumi-

nation is studied. PR is sensitive to built-in electric field, and thus, to the

surface states [46, 47].

In the intermediate field region, the PR spectrum shows Franz-Keldysh os-

cillations (FKOs), which can be used in deriving the built-in electric field. The

intermediate field region is typically reached if the doping concentration of a

layer is in the range of 1015–1016cm-3[48]. The typical doping level of an

undoped GaAs structure fabricated by MOVPE is on the order of 1015cm-3.

Therefore, the Franz-Keldysh oscillations can be used to study the undoped

GaAs layers fabricated by MOVPE.

The extrema of FKOs can be written as [46, 47]

mπ=φ+
4

3

Em−Eg
h̄θ

3
2

, (3.1)

whereφis an arbitrary phase factor and ̄hθis the electro-optical energy. The

latter is given by

h̄θ=
e2̄h2F2

2μ

1
3

, (3.2)

whereeis the elementary charge,Fthe electric field strength, andμthe

electron-hole reduced effective mass. In the case of GaAs, this reduced mass

is 0.056 m0, where m0is the free electron mass. The energy gap,Eg,can

be approximated by Varshni equation [49] usingα= 5.405×10-4eV/K and

β= 204 K [50]. To obtain the electric field, the value of (4/3π)(Em−Eg)
3/2

is plotted for eachm. From the slope of the linear curve, (̄hθ)3/2, the electric

fieldFis obtained according to Eq. 3.2.

The PR measurement setup used in Publication I is illustrated in Fig. 3.5.

The electric field of the sample surface was modulated by a Nd:YVO4laser,

which was chopped at 273 Hz. The laser beam was expanded to obtain the low

intensities (1 mW/cm2) required for the measurement. A tungsten lamp was

utilized as the probe beam source, and the lamp spectrum was dispersed by

a monochromator. In addition, the DC reflectance was measured separately

using the same tungsten lamp. The reflected light was detected by a silicon

p-i-n detector, and the signal was recorded using the same lock-in techniques

as in the PL measurements. The sample temperatures were in the range of

30–293 K.
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Figure 3.5.Schematic drawing of the photoreflectance setup.

3.4 Atomic force microscopy

The surface morphology of the structures investigated in this work was char-

acterized by atomic force microscopy (AFM). The system consists of a laser, a

detector, a cantilever with a tip, a piezoelectric holder, and feedback electron-

ics. The laser is reflected from the back of the cantilever, and the reflected

beam is detected by the photodetector. When the tip scans the surface, a

piezoelectric holder changes its height according to the signal from the feed-

back loop. Based on the signal, an image of the surface morphology is formed.

With the microscopes used in this work, the maximum size of the image is

13×13 μm2.

An atomic force microscope has different operation modes. Two of these

modes, semicontact and contact modes, are used in this work. In AFM mea-

surements, the interaction between the tip and the sample surface is due to the

van der Waals forces. In contact mode, the forces are predominantly repulsive.

The forces change from repulsive to attractive when the distance of the tip

from the surface is further increased as is the case in semicontact mode. In

experiments conducted in semicontact mode, the oscillation amplitude is kept

constant, and the resonance frequency of the tip changes when the tip scans

the sample surface. This change is detected by the photodetector. In this

work, the images are mainly taken in semicontact mode.
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3.5 Scanning electron microscopy and electron-beam lithography

Scanning electron microscopy (SEM) is an imaging technique for objects whose

size is below the limit of optical imaging. An electron beam is scanned across

the sample using scanning coils and focused with magnetic lenses. As a result,

the electrons interact with the sample, and different effects are produced.

Secondary electrons are emitted by the atoms of the sample. In addition, the

electrons of the primary beam are scattered back after collisions within the

sample. In the process, X-rays and cathodoluminescence are also produced.

In this work, to obtain the image of the sample, the secondary electrons are

detected. The image is formed based on the information on the incoming beam

position and the detector.

Electron-beam lithography (EBL) uses the same principles as SEM, but

the beam is used to expose a pattern. The beam is swept in a pre-defined

pattern to obtain the desired exposure on the resist, which is spun on the

sample. The linewidth depends on the parameters used, but it is possible to

produce features well below 50 nm. However, the linewidth is in many cases

larger than originally designed due to the so called proximity effect. In this

effect, the scattered electrons cause the areas outside the primary beam spot

to be affected by the electrons. Thus, in the consequent lithography step,

the solubility of the resist is different from the intended and the linewidth is

enlarged. In this work, the typical electron-beam energy was 20 keV, the dose

was typically in the range of 70–120 μC/cm2, and the current density was on

the order of 100 kA/cm2or below it. A simplified illustration of the scanning

electron microscope is presented in Fig. 3.6.

In this work, one-dimensional metal gratings are fabricated by EBL and

standard processing steps using polymethyl methacrylate (PMMA) as resist.

The metal is evaporated by electron beam evaporator with a deposition rate of

a few Å/s to achieve a smooth metal surface. To avoid the low-energy electron

beam damage on the quantum well [51, 52], the gratings are imaged by AFM

and additional exposure is avoided while focusing the beam in EBL.

3.6 X-ray diffractometry

X-ray diffractometry (XRD) is used to study the structural properties of and

the defects in the fabricated layer structures. Diffraction patterns are the

result of scattering by atoms in the crystalline material. When the atoms of a

periodic array scatter radiation, constructive interference is observed at certain
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Figure 3.6.Simplified illustration of the scanning electron microscope.

angles. These angles are governed by Bragg’s law. It states that diffraction is

observed when

2dsinθ=mλ, (3.3)

wheredis the distance between planes of atoms,mis a positive integer,λis

the wavelength of the incident wave, andθis the angle between the lattice

plane and the diffracted beam.

In this work, XRD measurements are conducted using the CuKαradiation

of the X-ray source. Typically,ω/2θcurves are measured, and the layer thick-

nesses are determined afterwards by fitting a simulated curve to the measured

one. The nameω/2θoriginates from the scan, in which the detector is rotated

at twice the rate of the sample during the measurement.ωis the angle be-

tween the incident beam and the sample surface and 2θis the angle between

the transmitted and diffracted beam. This is illustrated in Fig. 3.7.

XRD maps are often used to gain more detailed information on the strain

relaxation and bending in the structure. These maps are collected by mea-

suring theω/2θcurves with different offset angles (ω) between the incident

X-ray beam and the sample surface. In this work, XRD maps were measured

in Publication V.
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Figure 3.7.Basic principle of theω/2θXRD.ωis the angle between the incident beam and

the sample surface and 2θis the angle between the transmitted and diffracted

beam.

3.7 Capacitance-voltage measurements

Capacitance-voltage (CV) measurement technique is often used for charac-

terizing the electrical properties of semiconductor structures. Typically, CV

measurements are used to probe the properties of a semiconductor structure

with a depletion region, and therefore they are often performed to MIS capac-

itors [53], Schottky diodes [11, 54], andpnjunctions [54, 55]. The properties

measured by CV technique include the interface trap density and Fermi level

pinning at the semiconductor-insulator interface. In Publication VI, the CV

measurements are utilized to show the unpinned Fermi level at the GaAs/AlN

interface.

The CV curves in Publication VI were measured with a sweep rate of

100 mV/s using an HP4192A impedance analyzer. Both real and imaginary

part of the circuit impedance were recorded as a function of the bias voltage.

The measurement frequency was changed between 0.1 and 100 kHz, and the

high-frequency measurements were conducted at 100 kHz. The amplitude of

the AC voltage was 25 mV. The measured capacitance values were corrected

using equivalent circuit model described in detail in Ref. 53. To indicate an

unpinned Fermi level, the CV curves were measured with and without illu-

mination using microscope lamp as the light source. To get further evidence,

the measurements were conducted at different temperatures using a resistive

heater.

The interface trap density is determined by the Terman method in Publi-

cation VI. In this method, the total capacitance is measured at sufficiently

high frequencies to exclude AC contribution. In Publication VI, the measured

curve is compared to a calculated CV curve. The calculations are based on

defining the total charge per unit area as a function of band bending. The

semiconductor capacitance is the derivative of this charge with respect to the

band bending [53].
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4. Tuning the optical and electrical

properties of quantum structures in

the near-infrared region

A large variety of light emitters and detectors use the near-infrared wavelength

region. It is beyond the visual range, which makes it suitable for emitters that

cannot be observed with naked eye. GaAs-based materials can be tailored for

various applications in this wavelength region. This chapter concentrates on

techniques that are utilized to enhance the performance of GaAs structures.

This chapter begins with passivation studies. The results of Publications I,

IV, VI, and VII are gathered together to show the efficient passivation of

GaAs by AlN. First, the passivation by AlN is demonstrated by photolumi-

nescence and photoreflectance measurements. Next, the passivation effect is

verified electrically. Finally, the samples are passivated by plasma, and the

passivations by AlN and plasma are compared. As a result of the comparison,

the passivation by AlN is shown to be more efficient that the pure plasma

passivation.

The GaAs-based quantum-dot structures of Publications V and VIII are dis-

cussed in Chapters 4.3 and 4.4. First, the coating of strain-induced quantum

dots is considered. Previously, this kind of coating has proved challenging.

As demonstrated in Publication V, the structures can be coated without the

reduction of photoluminescence intensity. Finally, the formation of GaAsN

islands on InP is shown. Due to the tensile strain in the islands, the photolu-

minescence intensity maximum shifts to longerwavelengths.

4.1 Passivation of GaAs by plasma-enhanced atomic layer

deposited AlN

Passivation is a key element of the GaAs based near-surface structures used

in optical and electrical applications. Solar cells and GaAs MOSFETs are

examples of such structures. Passivation prevents the Fermi-level pinning at

the GaAs surface, thus leading to superior optical and electrical properties.
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Passivation can be achieved by bothin-situandex-situtechniques, such as

MOVPE [56], MBE [57], sputtering [58], and ALD [59]. Inin-situfabrication,

the GaAs structure can be held in an oxygen-free, e.g., nitrogen atmosphere,

which prevents the formation of low-quality oxide on the GaAs surface. In

addition, the possibility of contamination at the GaAs/passivation layer in-

terface is reduced whenin-situtechniques are used. However, the drawback

results from the typically higher growth temperature (e.g., above 500◦Cin

MOVPE [56]). For example, metal structures at the sample surface do not

tolerate the high temperatures used inin-situpassivation.

Trimethylaluminium (TMA) has been shown to remove the native oxide on

GaAs surfaces in GaAs metal-semiconductor capacitors and field-effect tran-

sistors [59, 60]. However, this self-cleaning effect does not explain the observed

interface state densities and Fermi-level pinning prior to gate dielectric deposi-

tion in metal-semiconductor-oxide devices [61, 62]. In fact, pure self cleaning is

not necessarily sufficient to reduce Fermi-level pinning, although the high-va-

lence As and Ga oxides are removed [62]. To achieve efficient passivation other

alternatives like plasma-enhanced atomic-layer-deposited (PEALD) AlN must

be used.

The passivation of GaAs by PEALD AlN is carried outex situtypically

at temperatures around 150–200◦C. This gives the advantage of passivating

structures that do not tolerate high temperatures. Other advantages include

a thermal expansion coefficient close to that of GaAs [63], the conformality of

the PEALD AlN passivation layer, and the lack of need for pre-processing of

the GaAs surface prior to the AlN deposition.

The passivation studies in Publications I, IV, and VII were carried out using

the structure depicted in Fig. 4.1. The thinner barrier layers are utilized in

near-surface quantum-well (NSQW) structures and the thicker layers for the so

called deep quantum wells. The samples were passivated by AlN layers using

trimethylaluminum (TMA) and ammonia plasma (NH3) as precursors, and ni-

trogen as the carrier gas. To optimize the fabrication process, the passivation

layers were fabricated within a day of the growth of the structure. Unpassi-

vated samples were studied for reference purposes. A detailed description of

the fabrication process is found in Publications IV and VII.

In Publication VII, the PL intensity was measured as a function of the AlN

layer thickness. The highest PL intensity was obtained with the AlN layer

thickness of 0.5 nm. In this case, the barrier layer thickness was 6 nm. The PL

spectra of a passivated and an unpassivated structure are presented Fig. 4.2.

As shown in Fig. 4.2, the sample passivated by 0.5 nm of AlN has an intensity
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Figure 4.1.Schematic structure of the samples studied in Publications I, IV, and VII.

maximum over 60 times higher than the unpassivated sample. For comparison,

the passivation of GaAs by atomic-layer-deposited titanium nitride resulted a

PL enhancement factor of only up to 15 [64]. For samples passivated by AlN,

the increase in PL intensity was also found to be reproducible.

It is shown in Publication VII that the PL intensity maximum shifts to lower

photon energy when the InGaAs/GaAs surface is passivated by AlN. This kind

of redshift is also observed in Fig. 4.2. Two possible reasons for the shift are

suggested. GaAs surface is purged with nitrogen plasma before the TMA pulse

is on, and therefore, the GaAs surface can be nitridated before the surface is

exposed to TMA. The nitridation can lead to formation of GaAs1−xNxin the

barrier, thus resulting in a reduced potential barrier height and a redshift in

the PL intensity maximum. In addition, the quantum-well states can couple

to the AlN surface states or GaAs/AlN interface states. This can also lead to

a shift in the PL peak energy.
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Figure 4.2.PL intensity (T=30 K) as a function of the energy emitted from an unpas-

sivated, a passivated (0.5 nm of AlN), and a HF-pretreated and passivated

(0.5 nm of AlN) InGaAs/GaAs NSQW sample. The GaAs barrier height is

6nm.

In surface passivation, the results depend on the processing of the surface

prior to the fabrication of the passivation layer. GaAs surfaces etched by
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hydrofluoric acid (HF) have been shown to have a very low surface roughness

and negligible presence of gallium oxide [65]. This suggests that HF etching

of GaAs surface could lead to improved performance. However, hydrofluoric

acid etching of GaAs prior to AlN deposition decreased the PL intensity of the

passivated NSQW as depicted in Fig. 4.2. The PL intensity of the HF etched

structure is approximately 1/20 of the one without the HF etching. Thus it is

suggested that oxides on the GaAs surface have an important role in the early

steps of the deposition of PEALD AlN.

4.1.1 Internal electric fields

To further verify the effect of passivation, photoreflectance (PR) measurements

were conducted on the InGaAs/GaAs NSQW structures. It is shown in Pub-

lication I that the PR spectra exhibit Franz-Keldysh oscillations (FKOs). To

obtain the built-in electric fields, the oscillations were analyzed according to

Eqs. 3.1 and 3.2. The value of (4/3π)(Em−Eg)
3/2for eachmwas calculated.

A part of the results are depicted in Fig. 4.3. The inset shows a typical PR

spectrum obtained from the sample with 0.5 nm of AlN.
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Figure 4.3.Value of (4/3π)(Em −Eg)
3/2for eachmfor unpassivated and passivated In-

GaAs/GaAs NSQW samples. The AlN layer thicknesses are 0 (unpassivated),

0.3, 0.5, and 1.0 nm. The labelm=1 indicates the first maximum of the FKOs.

The built-in field strengths can be calculated from the slopes of the linear

fits according to Eqs. 3.1 and 3.2. In Fig. 4.3, the unpassivated structure

has the largest slope. On the other hand, the smallest slope is obtained from

the sample with 0.5 nm of AlN. Therefore, the largest field (44.3 kV/cm) is

obtained from the unpassivated structure and the lowest field (34.8 kV/cm)

from the structure with 0.5 nm of AlN.

In a multilayered structure, the electric field can be affected by the trap

states in the multiple interfaces. In the case of InGaAs/GaAs, these interfaces

are reported to be relatively free of interface trap states [66]. In addition, the
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structures in Publication I were fabricated in similar growth conditions. Thus,

the differences in the electric field strengths are assumed to originate from the

differences in the passivation layers.

The Franz-Keldysh oscillations can show more than one period. This is due

to, e.g., the different built-in electric fields in the capping and buffer layers.

Therefore, a method utilizing Fourier transform can be more suitable for the

analysis [67, 68]. In Fourier transform analysis, thex-axis variable in the PR

spectra is transformed fromEto (E−Eg)
3/2. Then, the frequencyfcan be

calculated to be [67]

f=(2/3π)(2μ)1/2(1/ēhF). (4.1)

The fieldsFHH andFLHare derived from Eq. 4.1 by using heavy hole (HH)

and light hole (LH) reduced massesμHH=0.0585 m0andμLH=0.034 m0,

respectively,

FHH =(2/3π)(2μHH)
1/2(1/ēhf), (4.2)

FLH=(2/3π)(2μLH)
1/2(1/ēhf). (4.3)

The HH and LH states should give the same electric field if they are originating

from the same layer with a homogeneous electric field [68].

In Publication I, the GaAs buffer layer is much thicker (∼20×) than the

capping layer. This suggests that the potential drop between the GaAs sur-

face and GaAs buffer/GaAs substrate interface originates mainly from the

GaAs buffer layer. The fast Fourier transform (FFT) analysis was conducted

following the steps presented in Eqs. 4.1–4.3. The FFT analysis yields two

frequency peaks, which are depicted in the inset of Fig. 4.4. The lower fre-

quency is associated with the LH transition and the higher frequency with the

HH transition [67, 68].

The built-in electric fields are calculated using the frequencies of LH and

HH transitions. These electric fields and the built-in electric fields obtained

from the FKO analysis are presented in Fig. 4.4. For the passivated samples,

the frequencies of the LH and HH transitions yield a difference of 3 % in

the built-in electric fields. In the unpassivated sample, the difference is less

than 7 %. The field values are also close to the ones obtained from the FKO

analysis. Therefore, it can be concluded that the fields derived from the FKO

analysis are originating from the same layer with a homogeneous field.

In Fig. 4.4, the built-in electric field decreases up to an AlN layer thickness

of 0.5 nm. As already mentioned, the lowest built-in electric field strength

of 34.8 kV/cm is achieved in this sample. In Publication I, the decrease in

27



Tuning the optical and electrical properties of quantum structures in the near-infrared region

 35

 37

 39

 41

 43

 45

0.0 0.5 1.0 5.0

P
R 
fi
el
d 
(k
V/
c
m)

AlN layer thickness (nm)

LH
HH
FKO

 35

 37

 39

 41

 43

 45

0.0 0.5 1.0 5.0

P
R 
fi
el
d 
(k
V/
c
m)

AlN layer thickness (nm)

60100

A
m
pli
t
u
d
e 
(
a.
u.
)

f (eV-3/2)

LH

HH

Figure 4.4.Built-in electric fields obtained from the standard FKO approach (◦) and from
the FFT analysis as a function of AlN layer thickness. FFT shows two frequen-

cies that result in two built-in electric fields: LH (+) and HH ( ). The inset

shows a FFT spectrum of the sample passivated by 0.5 nm of AlN [Publica-

tion I].

electric field is explained with ammonia (NH3) plasma. It has been shown that

NH3plasma nitridates GaAs(100) [69] and N2–H2remote plasma passivates

the GaAs surface [70]. Thus the decrease can be related to the plasma-as-

sisted effects. A detailed comparison of plasma and AlN passivation has been

performed in Publication IV.

To summarize the results of the optical measurements, the built-in electric

fields were compared to the integrated PL intensities. PL measurements were

conducted at 10 K, because the PL intensity of the unpassivated NSQW is

very weak at room temperature. Both the integrated PL intensities and the

PR fields are presented in Fig. 4.5. To show the enhancement in PL intensity,

the integrated PL intensity of the unpassivated sample is normalized to 1. The

inset shows a typical PL spectrum obtained from the structure with 0.5 nm

of AlN.
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sample passivated by 0.5 nm of AlN.
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The integrated PL intensity is the highest and the PR field the lowest when a

0.5-nm-thick layer of AlN is deposited. Thus, both PL and PR measurements

resulted in the same conclusion of the optimal passivation layer thickness. In

addition, all the fields obtained from the passivated samples were weaker than

the field from the unpassivated one. This indicates an efficient passivation

and, thus, a reduction in the surface state density.

4.1.2 Passivated GaAs surfaces in MIS structures

Si based technology is estimated to reach its limits in feature size and prop-

erties in the decades to come. In the search for alternative solutions, GaAs

based structures have gained attention with their high charge carrier mobility.

GaAs could be useful, for example, in the widely used metal-oxide-semicon-

ductor field-effect transistors (MOSFETs). However, the lack of proper native

oxide and Fermi-level pinning at the GaAs/oxide interface have made fabri-

cating these structures challenging. Gate dielectrics such as aluminum oxide

(Al2O3) by ALD [59] and hafnium oxide (HfO2) combined with an amorphous

Si passivation layer [71] have been proposed as solutions.

ALD has brought new possibilities for GaAs-based metal-insulator-semicon-

ductor (MIS) structures, which could be utilized as a part of the MOSFETs.

These include fabricating the gate insulator by ALD or passivating the surface

with an ultra-thin layer of PEALD AlN. A key element in the MIS structure is a

thermodynamically stable gate insulator with high dielectric constant (high-k)

and low leakage current. Excessive insulator leakage currents can arise from

tunneling through an ultra-thin insulator. In addition, leakage currents are

caused by insufficient band offsets at the semiconductor insulator interface and

defect levels or bands within the optical band gap of the insulator [72].

AlN has many properties that make it appropriate for MIS structures. The

thermal expansion coefficient is close to that of GaAs [63], and the large band

gap of 6 eV excludes the possibility that a QW is formed at the GaAs surface.

In addition, PEALD AlN is conformal and amorphous, which enables the

fabrication of a good quality HfO2layer on top of it [73].

Publication VI shows that PEALD AlN can be used as a passivation layer

prior to HfO2deposition in high-kMIS capacitors. The studies were con-

ducted using MIS structures schematically depicted in Fig. 4.6. A reference

sample was fabricated without the AlN layer. To evaluate the capacitance

of the insulator, an equivalent metal-insulator-metal structure was utilized.

The total capacitance of the metal-insulator-metal structure was measured

to be 0.32 μF/cm2corresponding to an equivalent SiO2oxide thickness of
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Figure 4.6.Schematic drawing of the MIS structures studied in Publication VI. The doping

concentration of the p-GaAs layer was defined by Hall measurements. The

AlN passivation layer was deposited by PEALD using the process described in

Publication IV and Ref. 45.

10.7 nm. The breakdown voltage and breakdown field were larger than 10 V

and 3 MV/cm, respectively. The leakage DC current was measured to be less

than 100 nA/cm2with the typical measurement voltages (≤4 V).

Analysis of capacitance-voltage (CV) measurements of a GaAs MIS struc-

ture brings many challenges. The time constant for the thermal generation

of minority carriers is long, and therefore, it is difficult to achieve inversion

at room temperature [53, 74]. In addition, CV curves cannot be calculated

classically by Bolzmann approximation, and the Fermi-Dirac distribution has

to be used instead. To achieve efficient band bending and an unpinned Fermi

level, the high-frequency CV curve has to reach the ideal depletion capacitance

determined by the doping level [53].

The CV curves of passivated and unpassivated GaAs MIS structures are

shown in Fig. 4.7. The structure passivated by AlN has a larger capacitance

and reduced stretch out toward negative voltages compared to the unpassi-

vated structure. Therefore, the interface quality is enhanced when the GaAs

surface is passivated. In addition, the frequency dispersion in accumulation

is similar to GaAs/Si3N4MIS capacitors, which are suggested to have an un-

pinned Fermi level [75]. However, the inversion side capacitance does not satu-

rate and it depends on the sweep rate. Thus the structure is not in steady-state

condition, and a phenomenon known as deep depletion occurs. In deep deple-

tion, the thermal equilibrium is not reached quick enough to follow the DC

bias [53]. As a result, the majority carriers are depleted beyond the maximum

carrier depletion width resulting in smaller capacitance in inversion [53, 76].

In Publication VI, deep depletion is prevented in two ways. First, the MIS

structure is illuminated to generate minority carriers. When the illumination
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Figure 4.8.CV curves of the MIS structure passivated by AlN and measured (a) at room

temperature and (b) at 100
◦

C. The CV curves are measured at the frequency

of 1, 10, and 100 kHz [Publication VI].

is on, the inversion capacitance of the passivated structure increases, whereas

the capacitance of the unpassivated one does not. This indicates that the

passivated structure has been in deep depletion, and the formation of minority

carriers by illumination reduces the band bending that occurs during deep

depletion. This kind of modification in band bending is only possible if the

Fermi level is unpinned. Thus, the effect of the illumination on the inversion

capacitance of the passivated structure indicated an unpinned Fermi level.

Another method to indicate an unpinned Fermi level is to conduct the CV

measurements at higher temperatures. This method has been shown to include

the effect of slow midgap trapping states in the CV measurements [77]. The CV

curves of the passivated MIS structure are depicted at room temperature (RT)

and at 100
◦
C in Fig. 4.8. At room temperature, the CV curves show a decaying
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behaviour in inversion, indicating deep depletion. However, at 100
◦
CtheCV

curves saturate on the inversion side, which implies that deep depletion is not

occuring. The difference is due to the minority carrier generation rate, which

is slow at room temperature but increases with temperature. In addition,

the frequency dispersion measured at -3 V is low giving the values of 2.4 %

at RT and 4.4 % at 100
◦
C. This kind of frequency dispersion indicates a

low midgap interface state density. Altogether, the measurements at different

temperatures indicate an unpinned Fermi level.

The estimated band bending in Publication VI supports the conclusion of

an unpinned Fermi level. The interface trap density minimum obtained using

Terman method was on the order of low 1011cm-2eV-1. All in all, the efficient

passivation by PEALD AlN observed in Publication I and VII is verified by

the electrical measurements.

4.2 Comparison of plasma and AlN passivation

It has been shown in Publications I, VI and VII that PEALD AlN effectively

passivated GaAs (100) surface. It was suggested that ammonia (NH3) plasma

plays a role in the process. However, a detailed study concerning plasma and

PEALD AlN passivations was not conducted. Therefore, the plasma and AlN

passivations were compared in Publication IV.

The sample structures studied in Publication IV were presented earlier in

Fig. 4.1. A detailed description of the fabrication process is not presented here,

but it is worth mentioning that the fabrication temperature could be lowered

to 150
◦
C. At this temperature, the optimal thickness of the AlN layer was

1.4 nm. This corresponds to 20 cycles of AlN.

The integrated PL intensities of the NSQWs passivated by AlN and plasma

are depicted in Fig. 4.9. The PL intensities were normalized in such a way that

the integrated PL intensity of the deep QW was set to 1. The inset shows that

in plasma passivation, the increase is only observed with a few cycles of NH3

plasma. This agrees well with earlier results, where the passivation by N2–H2

remote plasma was only achieved with a very narrow window of nitridation

time and with a very thin layer of GaN (∼5Å) [70]. Longer nitridation times

resulted in a pinned Fermi level.

The PEALD AlN layers contain hydrogen [45], which has been shown to im-

prove PL efficiency [19, 70]. The passivation is also more effective when nitro-

gen is combined with hydrogen instead of pure nitridation [70]. In pure plasma

passivation, the highest PL intensity is obtained with 3 cycles of plasma, fewer
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( ) NSQW structures as a function of cycles deposited. The inset shows a more

detailed plot for an ammonia passivated sample. The deposition temperature

was 150
◦

C, and the PL was measured at 30 K [Publication IV].

than the optimal number of cycles (20) for AlN passivation. In addition, the

AlN passivation is at least four times more effective than the pure NH3passi-

vation. Thus, the passivation by AlN cannot be entirely explained by plasma,

although plasma plays a role in the process.

The integrated PL intensity measured in Publication IV can be related to

the charge carrier lifetime. The charge carrier lifetime is given by [14, 78]

1

τ
=
1

τr
+
1

τnr
, (4.4)

whereτrandτnrare radiative and non-radiative carrier lifetimes, respectively.

Using Eq. 4.4, the integrated PL intensity can be written as [78]

I=ηexpnN0
τnr

τr+τnr
=ηexpnN0

τ

τr
, (4.5)

whereηexpis the experimental efficiency. In steady-state condition and with

continuous-wave excitation,nN0is the generation rate times the integration

time.

To compare PL intensities to charge carrier lifetimes, TRPL measurements

were conducted. The charge carrier lifetimes were obtained from the mea-

surement data by fitting an exponentially decaying curve to the data. The

obtained values are presented in Table 4.1.

Table 4.1 shows that charge carrier lifetimes increase to as high as 20 cycles

of AlN where the longest lifetime, 536 ps, is achieved. The integrated PL

intensities depicted in Fig. 4.9 show a similar trend, which is also in accordance

with Eq. 4.5. The increasing AlN coverage reduces the surface state density at

the GaAs/AlN interface until an optimal AlN layer thickness is reached. Thus,

the probability of capturing charge carriers to the surface states decreases, and

the PL intensity and the carrier lifetime increase. In Table 4.1, the longest
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Table 4.1. Charge carrier lifetimes of the AlN passivated (left) and plasma passivated

(right) structures obtained from TRPL measurements by fitting an exponen-

tially decaying curve to the data. A dash (-) indicates that lifetimes could not

be measured due to the lack of PL intensity.

AlN (cycles) τ(ps) Plasma (cycles) τ(ps)

0 (unpassivated) 67 0 67

3 85 3 131

10 195 5 76

15 409 10 -

20 536 15 -

30 475 20 -

lifetime in AlN passivation (536 ps) is over four times more than that obtained

in plasma passivation (131 ps). PL measurements showed a similar increase.

To explain the measured results of the passivated InGaAs/GaAs NSQWs,

the formulas in Eq. 4.4 and 4.5 were further developed using a model derived

for unpassivated InGaAs/GaAs NSQWs [14]. In this model, the radiative

lifetime in Eq. 4.4 is a constant related to a QW with infinitely thick barriers.

The surface effect is described in the non-radiative lifetimeτnr, which includes

the carrier recombination via surface states at the sample surface. With an

exponentially decayingwavefunction, Eq. 4.4 can be written as

τ=
τr

1+τraexp(−bx)
, (4.6)

whereaandbare constants andxthe AlN layer thickness. Substituting

Eq. 4.6 to Eq. 4.5, the normalized integrated PL intensity can be written as

I=
1

1+τraexp(−bx)
. (4.7)

In Publication IV, the formula given by Eq. 4.6 is fitted to the measured

charge carrier lifetimes. This gives the fitting parametersa,b,τr,which

are then used in plotting Eq. 4.7 to the integrated PL intensity data. The

measured charge carrier lifetimes, integrated PL intensity, and the fits to the

data are shown in Fig. 4.10.

Fig. 4.10 shows that the model, presented in Eqs. 4.6 and 4.7, describes well

the data for passivated samples up to 20 cycles (∼1.4 nm) of AlN. With thicker

AlN layers, the model overestimates the PL intensity, because the measured

PL intensity decreases. In Publication VII, this kind of effect was not observed

with deep QWs. It is suggested that thicker AlN layers can alter the structural

properties of a NSQW or trap charges.
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Figure 4.10.Normalized integrated PL intensity (+) and charge carrier lifetimes ( )of

NSQW structures passivated by AlN as a function of cycles deposited. The

inset shows a typical exponentially decaying fit to obtain the charge carrier

lifetime from the measured data. The measurements were performed at 30 K.

In Fig. 4.10, the data from the unpassivated sample does not fit to the trend.

The unpassivated reference sample has different surface properties compared

to the passivated ones, and therefore, an exception to the trend is observed.

The fit to the data gives the parametersa,b,andτrthe values 0.02 ps
-1,

0.18 cycles-1, and 746 ps, respectively. The standard deviation of the fit is

30 ps. The radiative lifetime,τr, is on the same order as previously published

results (550 ps and 900 ps) for an In0.25Ga0.75As/GaAs deep QW [79].

Publication IV shows that the passivation effect is preserved at least 74 days

from the deposition. At the same time the integrated PL intensity of the

unpassivated NSQW is reduced to one fifth of the original value. The stability

of the PEALD AlN passivation is important from an application point of

view. As AlN is also amorphous it can be an alternative for covering delicate

strain-induced quantum dots.

4.3 Strain-induced quantum dots and PEALD AlN

AlN deposited by PEALD passivates InGaAs/GaAs NSQW structures as

shown in Publications IV and VII. It is also an alternative for coating other

delicate near-surface structures, since PEALD AlN has many advantages in-

cluding conformality, low fabrication temperature, and the possibility of cover-

ing large surface areas. Strain-induced quantum dots (SIQDs) form a delicate,

near-surface structure that has not been utilized in any components so far. The

main problem has been any covering of the structure. The possibility to coat

the SIQDs can pave the way for the first SIQD-based components such as

SIQD emitters in photonic crystals.

Publication VII shows that the effective passivation of InGaAs/GaAs NSQWs
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Figure 4.11.XRD maps of InGaAs/GaAs NSQWs with an AlN coverage of 0 nm (top-left),

1 nm (top-right), 5 nm (bottom-left), and 10 nm (bottom-right).

is achieved via ultra-thin layers of AlN. When the nominal thickness of the

AlN layer is 5 nm or over, the PL intensity decreases. Inin situpassivation

by epitaxial growth, this kind of behaviour can indicate a deterioration of ma-

terial quality. The high-resolution X-ray diffraction maps of the NSQWs are

depicted in Fig. 4.11. The figure shows that an unpassivated structure and a

structure with a 1-nm-thick layer of AlN have a symmetric X-ray diffraction

map around the diffraction maximum. With a 5 or 10-nm-thick layer of AlN,

the map is only slightly asymmetric around the maximum at (0,0). To show

that the slight asymmetry is not due to dislocations, synchrotron X-ray mea-

surements were conducted. These measurements indicate that the AlN layer

thickness does not affect the number of threading dislocations (∼500 cm-2).

Thus, dislocations are not the reason for the decrease in PL intensity.

It is worth noting that contrary to the uncoated NSQWs, the PL efficiency

of the uncoated InGaAs/GaAs SIQDs is high [37, 38]. Therefore, the PL in-

tensity obtained from the SIQDs does not have to be increased by the coating.

Consequently, PEALD AlN can be used as a coating material of SIQDs if the

PL intensity remains unaltered.

The coating of strain-induced quantum dots was studied in Publication V.

The structure consisted of InGaAs/GaAs NSQW, InP stressor islands, and

a 10-nm-thick AlN layer. The AFM images of an uncoated reference struc-

ture and a structure coated with a 10-nm-thick layer of AlN are presented in

Fig. 4.12. The barrier height of the SIQD structure is 12 nm. The InP islands

in the uncoated structure have a height of 20–25 nm and a base diameter on

the order of 90 nm. After the coating of 10 nm of AlN, the island height

is still observed to be 20–25 nm, but the base diameter is on the order of

100 nm. The areal density of the islands is 2×109cm-2in both images. Since
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(a) (b)

Figure 4.12.AFM images of (a) an uncoated InGaAs/GaAs SIQD structure and (b) an

InGaAs/GaAs SIQD structure covered by 10 nm of AlN. The barrier height

is 12 nm. The scan side is 1×1μm2and the height scale is 35 nm.
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Figure 4.13.Redshift EQW-EQD as a function of barrier thickness for coating thicknesses

of 0 (uncoated), 2, and 10 nm. The inset shows a spectrum measured from

the uncoated reference sample [Publication V].

the height is observed to be unaltered, but the base diameter increases with

AlN deposition, AlN coats the SIQD structures conformally.

The strain-induced potential well in the conduction band is nearly parabolic

in the uncoated SIQDs [38, 80]. In addition, the strain effect can be neglected

in the valence band as a first approximation [38]. Therefore, the energy states

are assumed to be evenly spaced in SIQDs and the level spacing between

different energy states is constant. To evaluate the redshift EQW-EQD in the

PL spectra, Gaussian functions were fitted to each of the quantum dot state

PL peaks. Then, the redshift was determined using the energies obtained

from the Gaussian peaks. The redshift of the uncoated and coated SIQDs are

presented in Fig. 4.13. The inset shows a SIQD spectrum measured from the

reference sample at 30 K.

Any modification in strain affects the energy states, and thus, the level

spacing. Fig. 4.13 shows that the redshift decreases when the barrier height

increases. This is due to the reduced strain field induced by the InP stres-
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Figure 4.14.PL spectra of the SIQDs coated with 10 nm of AlN. The spectra have been

shifted for clarity. The inset shows the integrated PL intensity as a function

of AlN layer thickness. The PL intensity of the uncoated reference sample is

normalized to 1. In the inset, the barrier layer thickness is 8 nm.

sors [37]. The level spacing is found to be approximately 11, 13, and 17 meV

for a 16, 12, and 8-nm-thick barrier layer, respectively. For each of the barrier

and AlN layer thicknesses, the level spacing deviates by less than 20 % from

the average value of the uncoated sample. Thus, it is concluded that a layer

of AlN upto 10-nm-thick does not significantly affect the SIQDs. The strain

is still induced by the InP stressor islands, and the amorphous layer does not

have a substantial effect on the strain field.

The PL spectra of all the structures coated with 10 nm of AlN are presented

in Fig. 4.14. Separate ground and excited state intensity maxima can be

observed in the spectra. The separate maxima are at constant level spacing,

which indicates uniform island size distribution and high material quality. The

integrated PL intensity is shown as a function of AlN layer thickness in the

inset of Fig. 4.14. The barrier layer thickness is 8 nm, but all spectra showed

a similar trend. Thus, the integrated PL intensity remains almost unaltered,

when the AlN layer is deposited. Consequently, the SIQD samples coated with

PEALD AlN can be used in optical applications.

In addition to combining PEALD AlN with SIQD structures, enhanced PL

can be measured from tailored quantum dot (QD) structures. Quantum dots

can be formed by the self-organized Stranski-Krastanow (SK) growth of co-

herently strained islands. Typically, these islands have been compressively

strained utilizing material systems such as InGaAs/GaAs [27], InAs/InP [81],

and InP/InGaP [82].

With tensile-strained systems, island formation is not always observed [83].

If island formation is achieved, the tensile strained islands tend to have larger

band gap than the surrounding material. Therefore, the carrier confinement

required for quantum dot formation is not achieved. However, the introduc-
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tion of nitrogen in the lattice structure in dilute nitrides causes band bowing,

which can result in type-I band alignment. For example, GaAsN layers on

GaAs show luminescence around the telecommunication wavelengths (1.3 and

1.55 μm) [84, 85].

4.4 GaAsN quantum dots on InP

GaAs fabricated on InP is a tensile-strained structure with a type-II band

alignment [86]. In this structure, the charge carriers are confined to separate

layers in the conduction and valence bands. In the conduction band, the

charge carriers are in the InP layer, and a 172 meV energy barrier is formed in

the GaAs layer [86]. In the valence band, the charge carriers are in the GaAs

layer, and the corresponding valence band offset is around 550 meV [86].

To achieve a type-I band alignment, the conduction band of GaAs has to

be tailored. One option for tailoring is the incorporation of nitrogen in the

GaAs layer. The nitrogen interacts strongly with the conduction band [85, 87],

and therefore, the GaAs1-xNx/InP structure is expected to transition to type-I

alignment with a specific nominal content x of nitrogen. Approximating the

band bowing with an experimental model [88], the transition from a type-II

to type-I interface is expected to be around x = 0.014.

The samples studied in Publication VIII were fabricated by a horizontal

atmospheric pressure MOVPE reactor described in Section 3.1. The GaAs

and GaAsN layers were fabricated on a 100-nm-thick InP buffer layer, which

was epitaxially grown on a vicinal (100)±0.1◦InP substrate. The growth

parameters of the ultra-thin GaAs reference layers were optimized as explained

in detail in Publication VIII. As a result of the optimization, the GaAs growth

rate was chosen to be 5.0 Å/s.

To optimize nitrogen incorporation in the GaAsN layer, the growth temper-

ature of 530
◦
C was used. At this temperature, the nitrogen composition is

estimated to be∼5.5 % within the growth parameters used in the study [85].

The nominal thickness of the GaAsN layer was 2–6 monolayers (ML). For op-

tical measurements, some of the samples were covered by a 25-nm-thick InP

capping layer.

Without annealing, islands were not observed in the GaAsN/InP structures.

To achieve island formation, the GaAsN/InP structures were annealedin situ

at 610
◦
C for 20 s. This kind of arsine annealing has been shown to enhance

island formation in InAs/InP QW structures [81]. In Publication VIII, the

annealing of the structure results in island formation. This is shown in the
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(a) (b)

Figure 4.15.AFM images of thermally annealed GaAsN layers. The nominal thicknesses

are (a) 4 ML and (b) 5 ML. The scan side is 1×1μm2and the height scale is

15 nm.

AFM images in Fig. 4.15.

The formation of islands as a result of annealing is not equivalent to Stranski-

Krastanow (SK) growth. However, it resembles the SK growth mode, which

begins in two-dimensions. Further increase in layer thickness in SK growth

mode results in the formation of three-dimensional coherent islands. At this

point, two distinct types of islands are usually observed [82]. In the case of

GaAsN fabricated on InP, two different island sizes (A and B) are formed when

4 and 5 ML of GaAsN are deposited. This is depicted in the AFM images in

Fig. 4.15. A more detailed study of the island size shows that areal density of

smaller type A islands (height≤7 nm) increases from 4×109to 3.8×1010cm-2

when the nominal GaAsN thickness increases from 4 to 5 ML. At the same

time, the average height increases from 3.5 to 4 nm.

Islands start to coalesce, when the nominal deposition thickness of GaAsN

reaches 6 ML. As a result of this coalescence, the areal density of the smaller

islands decreases from 3.8×1010to 1.5×1010cm-2. The larger type B islands

(height>7 nm) have reversed behavior, as their areal density increases up to

1.5×1010cm-2. At the same time, their average height increases to 9.9 nm.

This kind of island coalescence has also been reported in SK growth mode [82,

89, 90].

Low-temperature PL spectra were measured from the buried GaAsN/InP

structures with a setup described in Fig 3.2. The results are presented in

Fig. 4.16. Multiple peaks in the energy range of 1.25–1.37 eV are suggested

to originate from the wetting layer (WL), which has monolayer variation in

thickness as shown in Publication VIII. When GaAsN coverage reaches 4 ML,

an additional peak appears at 1.05 eV. It originates from the islands as depicted

in Fig. 4.15.

The PL intensity starts to decrease, when the nominal coverage of 6 ML is
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Figure 4.17.PL spectra of the buried structures with 6 ML of GaAs and GaAsN. The

DMHy/V ratio of the GaAsN layer is 0.92.

reached. This is explained by the dislocation formation due to the relaxation

of islands [82, 89, 90]. Consequently, the WL peak begins to increase with

respect to the QD peak as shown in Fig. 4.16 [91].

To study the differences in the radiative transitions of the GaAsN and GaAs

samples, the photoluminescence obtained from a GaAsN/InP structure is com-

pared to the one obtained from a GaAs/InP reference sample. The results are

shown in Fig. 4.17. The GaAsN and GaAs spectra have intensity maxima at

1.1 eV and 1.28 eV, respectively. The full width at half maximum (FWHM)

is 82 meV for the GaAsN sample and 162 meV for the reference sample. In

addition, the narrower peak of the GaAsN/InP structure is more intense than

the one from the reference sample. The narrower and more intense peak could

indicate a type-I transition, whereas the weaker and broader peak suggests a

type-II transition [92].

In Fig. 4.17, there is another peak at 1.35 eV in both spectra. This can be ex-

plained by taking into account the quantum confinement presented in Eq. 2.1

and the effect of nitrogen on the band structure of GaAs. The X-ray pho-
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toelectron spectroscopy (XPS) measurements showed that the GaAsN layer

has nitrogen in the top atomic layers of the structure. It is also known that

nitrogen has a strong interaction with the conduction band and a negligible

effect on the valence band [87]. Thus, the valence band offset can be regarded

as approximately the same in both samples. In addition, in a very narrow

layer the energy states are close to the barrier potential. Therefore, in the

GaAs/InP structure the type II transition produces photon energy close to

the band gap energy of InP. Likewise, in the GaAsN/InP structure, a wetting

layer peak is observed at a photon energy close to the band gap energy of InP.

Altogether, the results of Publication VIII finalize the discussion about en-

hancing the performance of GaAs based structures in the near-infraredwave-

lengths. The next chapter concentrates on improving the emission in the blue

region of the spectrum.
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5. Improving light emission and

extraction in the blue wavelength

region

In both military and civilian applications, energy efficiency is a key element

in optical and electrical devices. Indium gallium nitride (InGaN) quantum

wells are utilized as part of energy-efficient light-emitting diodes (LEDs) and

various display components. The wavelength of these bright LEDs can be

tuned in the wavelength region from violet to green [1, 2, 93]. In this chapter,

the improved light efficiency of an InGaN/GaN quantum well structure is

achieved by employing a metal grating and a polymer layer. To explain the

enhancement, the role of diffraction and plasmon coupling are discussed.

To understand surface plasmon polaritons, a brief introduction to their the-

ory is needed. The discussion is based on Ref. 22, and is supplemented by the

results of Publication II. These results show, how the theoretical model can

be further developed to explain the experimental results of Publication III.

5.1 Surface plasmon polaritons and waveguide modes

Surface plasmon polaritons (SPPs) are electromagnetic excitations that prop-

agate at the interface between a dielectric and a conductor [22]. In the per-

pendicular direction of the interface thewave is evanescent. The dispersion

relation of a SPP plays a critical role in the operation of a device utilizing

SPPs. In the following, a brief derivation is shown. A detailed derivation can

be found, e.g., in Ref. 22.

Maxwell’s equations can be written as [5]

∇×E=−
∂B

∂t
(5.1)

∇×H=
∂D

∂t
+J (5.2)

∇·D=ρ (5.3)

∇·B=0, (5.4)

whereEandHare the electric and magnetic field strengths,Jandρare the
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current and charge densities,D= 0EandB=μ0μrH.0,,μ0,andμrare

the dielectric constant in vacuum, relative dielectric constant, permeability in

vacuum, and relative permeability, respectively. In the absence of external

charges and currents, for negligible variation of dielectric constant over dis-

tances in the order of relevant wavelength andassuming harmonic dependence

of the electric fieldE(r,t)=E(r)e−jωt, Maxwell’s equations give the so called

Helmholz equation [22]

∇2E+k20E=0. (5.5)

In this equation,k0is the wave vector of the propagating wave in vacuum.

For a wave propagating in thexdirection, the electromagnetic field can be

written asE(x, y, z)=E(z)ejβx, where the parameterβ=kplasmonis the

propagation constant of the traveling waves. Thus, Eq. 5.5 can be written as

∂2E(z)

∂z2
+(k20 −β

2)E(z)=0. (5.6)

A similar expression can be derived for the magnetic fieldH. In the derivation

of Eq. 5.6, the dielectric constant is assumed not to have any spatial variation

in theydirection.

Eq. 5.6 and the similar expression for the magnetic field yield equations for

the transverse magnetic (TM) and the transverse electric (TE) modes. In TM

mode, onlyEx,EzandHyare nonzero, and the wave equation has the form

∂2Hy
∂z2

+(k20 −β
2)Hy=0. (5.7)

Using the curl equations of 5.1 and 5.2,ExandEzreduce to

Ex=−j
1

ω0

∂Hy
∂z

(5.8)

Ez=−
β

ω0
Hy. (5.9)

Similarly, for TE mode, onlyHx,HzandEyare nonzero, and the Eq. 5.6

gives
∂2Ey
∂z2

+(k20 −β
2)Ey=0. (5.10)

The magnetic field components inxandzdirections,HxandHz, are

Hx=j
1

ωμ0

∂Ey
∂z

(5.11)

Hz=
β

ωμ0
Ey. (5.12)

At a flat metal/dielectric interface, the dispersion relation of a surface plas-

mon polariton can be derived using Eqs. 5.7–5.12 and the continuity conditions

at the interface. In TM mode, bothHyandiEzhave to be continuous. If the
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dielectric constant is 2whenz>0and1whenz<0 and if the propagating

wave has the form

Hy(z)=Ae
jβxe−k2z (5.13)

whenz>0and

Hy(z)=Ae
jβxek1z (5.14)

whenz<0, then the dispersion relation can be written as

β=k0
12

1+ 2
. (5.15)

In Eqs. 5.13 and 5.14,k1andk2are the components of the wave vectors

perpendicular to the interface in the metal and the dielectric.

The dispersion relation of Eq. 5.15 is outside the light cone. This means

that with a perfectly flat surface, it is practically impossible to couple light

in and out of the surface plasmons [23]. To enhance the scattering of surface

plasmon polaritons, rough surfaces or periodic structures can be utilized. In

Publications II and III, a periodic metal structure is fabricated on top of the

GaN sample. A schematic drawing of the structure is presented in Fig. 5.1.

With a one-dimensional periodic grating, the wave vector of the plasmon,

kplasmon, is folded to the light cone according to the equation [94, 95]

±kplasmon∓
2πm

a
=ksinθ=

2πn

λ
sinθ, (5.16)

whereais the period of the grating,m is a positive integer (1,2,3,...),kis

the wave vector of the diffracted light,nis the refractive index of the upper

dielectric, andθis the angle shown in Fig. 5.1. A picture of the foldedwave

vectors usingm= 1 anda= 300 nm in Eq. 5.16 and the dispersion relation

of Eq. 5.15 is presented in Fig. 5.2. The dashed lines show the borders of the

light cone (ω=ck). Two of the arrows in Fig. 5.2 point to the cross-coupling

points. They are observed in dispersion relation at certainwave vector values,

Figure 5.1.Schematic drawing of the structure of the samples studied in Publications II

and III.
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at which the SPP propagating at the Ag/GaN surface cross couples to the

SPP at the air/Ag surface. This cross coupling has been shown to enable light

propagation through a metal film [95–97].

The in-plane wave vectors,kx, of the emitted plasmons form an angular

and intensity distribution, which can be measured by the setup presented

in Fig. 3.3. The Fourier transform of the emitted spectrum is formed at

the Fourier plane, and each point of the Fourier plane is transferred by the

lenses to the detector to form the Fourier spectrum. Thus, the angular (sinθ)

and intensity distribution is obtained. This kind of reflectance spectrum for

TM polarization is depicted in Fig. 5.3. The colored lines are guides for the

eye. The measurement has been conducted using the GaN structure shown in

Fig. 5.1. The GaN structure consists of a 2.8-μm-thick layer of intrinsic GaN

and a 1.68-μm-thick layer of n-type GaN on top of it. The intrinsic layer is

fabricated on a 430-μm-thick sapphire substrate. The grating has 35 nm of

Ag with the period of 300 nm.

GaN has a larger refractive index than sapphire or air, and thus, a cavity is

formed in the structure. The arcs in Fig. 5.3 present the Fabry-Perot cavity

intensity maxima originating from the GaN layer. A blue line is drawn as guide

for the eye to show one of the maxima. For normal incidence, the wavelength

difference between the adjacent maxima is calculated to be around 23 nm in

this kind of structure [5]. This is consistent with the arcs in Fig. 5.3. To explain

the other lines, the structure was simulated with a few different models. First,

sinθis calculated as a function of wavelength according to Eq. 5.16

sinθ=
λ

2πn
±kplasmon∓

2πm

a
. (5.17)

This gives a rough estimate on the plasmon lines in the structure, but it does
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Improving light emission and extraction in the blue wavelength region

Figure 5.3.Reflection spectrum of a GaN structure with a silver grating. The spectrum is

measured in TM polarization. The height and period of the grating are 35 nm

and 300 nm, respectively. The colored lines are guides for the eye: Fabry-Perot

cavity intensity maximum is shown in blue, the diffracted waveguide mode is

shown in green, and Ag/GaN plasmon is shown with a red line.
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Figure 5.4.Value of sinθas a function of wavelength calculated from a air-Ag-GaN struc-

ture with a period of 300 nm. The SPP at the Ag/GaN interface is depicted

with a solid line, and the SPP at the air/Ag interface with a dashed line.

not include the diffraction of waveguide modes, broadening of the plasmonic

lines or other phenomena. The curves obtained using Eq. (5.17) are shown in

Fig. 5.4. The SPP at the Ag/GaN interface is illustrated with continuous line

and the SPP at the air/Ag interface with a dashed line.

The Ag/GaN plasmon lines at wavelengths above 600 nm correspond to the

dark borders (highlighted by red lines) observed in Fig. 5.3. Otherwise, the

measurement spectrum has cross-hatched pattern that is not shown in the

simple simulations in Fig. 5.4. These kinds of lines have been observed in

the photoluminescence (PL) spectrum of a light-diffracting photonic crystal

fabricated on a multimode GaNwaveguide[98]. They have been explained by

the diffraction of the guided modes. The simple model of Eq. 5.17 was further

developed to include these effects.
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In Publication II, more detailed simulations were conducted by a collabo-

rating group to gain more insight into the modes in the structure. In the

simulations, the transfer matrix was formed as a function of the in-planewave

vectorkxand frequencyωby multiplying the transfer matrices of each inter-

faceMuvand layerMu,whereuandvare the indices of the layer [99]

M =

⎡

⎣
M11 M12

M21 M22

⎤

⎦=Mi1M1M12M2M23M3...M(n−1)nMnMni, (5.18)

whereiis the index describing the surroundings, in this case air.

For each uniform layer of thicknesstu, the matrixMucan be presented

as [100, 101]

Mu=

⎡

⎣
exp (ikutu) 0

0 exp (−ikutu)

⎤

⎦, (5.19)

wherekuis the in-plane wave vector of a layer with indexu. In addition, for

each interface, the matrixMuvhas the form

Muv=
1

tuv

⎡

⎣
1 ruv

ruv 1

⎤

⎦, (5.20)

whereruvandtuvare the Fresnel reflection and transmission coefficients. The

modes in lossless case and the resonances in lossy case correspond to the zeros

and minima, respectively, of the expression

1

M22(ω, kx)
. (5.21)

For the structure with a periodic grating, the modes can be obtained by folding

the modes of a planar structure. This corresponds to calculating the values of

1

M22(ω, kx+n
2π
a)

, (5.22)

whereais the grating period andnis integer. A more detailed explanation of

the method is given in Publication II.

The measured reflection spectrum is simulated with the transfer matrix

method to explain the details presented in Fig. 5.3. The results of the simu-

lation are shown in Fig. 5.5. According to the simulations, the cross-hatched

pattern in Fig. 5.3 can be explained by the folded GaNwaveguide modes.

In addition, the proposed Ag/GaN plasmon lines in the measured spectrum

coincide with the folded GaN plasmon lines in the simulations. Thus, the

simulations further verify that both surface plasmon polaritons and diffracted

waveguide modes are present in the optical spectrum. The diffractedwaveg-

uide modes are folded by the one-dimensional periodic grating.

48



Improving light emission and extraction in the blue wavelength region

Figure 5.5.Simulated reflectometry spectrum of a structure with a grating period of

300 nm. The structure is simulated using the transfer matrix method [Publi-

cation II, © 2013 IEEE]. (Simulated by a collaborating group)

Figure 5.6.Simulated intensity distribution as a function of thekx/k0(equal to sinθ) and

the wavelength of a structure with a grating period of 300 nm. The structure is

simulated using the Green’s function approach [Publication II, © 2013 IEEE].

(Simulated by a collaborating group)

To simulate more quantitatively the results of the reflectometry measure-

ments, Green’s function formalism is used in Publication II. The method

includes the broadening of the plasmonic lines and propagating modal lines

and the mixing of the modes by the grating. The comparison between the

experimental and simulated results is presented here, and the detailed results

are found in Publication II. The simulated intensity distribution of the TM

mode is shown as a function of thekx/k0(equal to sinθ) and the wavelength in

Fig. 5.6. The figure resembles quantitatively the measured results in Fig. 5.3.

Both the foldedwaveguide modes and the plasmon features are observed in

the simulations. The Fabry-Perot intensity maxima shown in the reflectometry

measurements can also be seen in the simulated figure. Thus, it can be con-

cluded that the reflectometry results can be explained by the folded plasmon

and waveguide modes and by the Fabry-Perot cavity effect in the structure.
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5.2 Enhanced luminescence intensity of InGaN/GaN structures

GaN has a high refractive index (2.5–2.4 at 450–500 nm), which leads to a

limited extraction efficiency out of the structure with conventional designs.

Since blue InGaN LEDs were introduced [1, 2], improving the extraction ef-

ficiency has been one way to enhance the performance of a LED structure.

Different methods, including flip-chip diodes [102–104], subwavelengthstruc-

tures [105], surface roughening [106], and photonic crystals [107, 108], have

been proposed. In addition, the coupling of quantum well (QW) emission to

SPPs has been used to enhance the PL [23] and electroluminescence [109] in-

tensity of InGaN/GaN structures. In Publication III, the light extraction of

a near-surface InGaN/GaN QW structure is enhanced by a one-dimensional

metal grating and a polymer film.

In contrast to the photonic crystals published earlier [107, 108], the tech-

nique used in Publication III does not require complicated etching of the GaN

structure. In addition, the fabrication of a polyvinyl alcohol (PVA) polymer

layer on the silver grating changes the waveguide mode distribution in the

sample, and modes are also present in the polymer layer. This results in an

enhanced light extraction out of the sample and, therefore, an improvement

in PL intensity.

A schematic drawing of the InGaN/GaN near-surface QW structures is de-

picted in Fig. 5.7. The structures had metallic gratings that were fabricated in

Figure 5.7.Schematic drawing of the structures studied in Publication III and the detec-

tion on the square and outside the square. The sample is illuminated from the

back during the PL measurements.

20×20 μm2squares. A part of a square is shown in the AFM image in Fig. 5.8.

To measure the reference PL intensity close to the square, the squares were

50



Improving light emission and extraction in the blue wavelength region

fabricated at a distance of 100 μm from each other. To find the optimal period

for light extraction, the period was changed from square to square by increas-

ing the width of the metal stripe. The distance between the metal stripes

was kept at 100 nm. In the AFM image in Fig. 5.8 the nominal period is

200 nm. For reference purposes, polymer gratings were fabricated using the

same periods as in the metal gratings.

Figure 5.8.AFM image of the silver grating fabricated on the structure. The period of

the grating is 200 nm. The image size and the height scale are 3×3μm2and

80 nm, respectively.

Earlier, it has been shown that silver can be used to enhance the PL intensity

of an InGaN QW, and the enhancement is due to the suitable plasmon energy

of Ag on GaN and the QW-SPP coupling [23]. Therefore, to couple the folded

plasmon to the emission from the InGaN QW at 475 nm, silver was chosen as

the grating material in Publication III.

In Chapter 5.1, it was concluded that the effects in the reflection spectrum

can be explained with the folded plasmons andwaveguide modes. This sug-

gests that these phenomena are also present in the PL measurements of the

InGaN/GaN structures. Thus, the PL studies in Publication III were con-

ducted both in TM and TE polarization using the setup shown in Fig. 3.3.

Waveguide modes are observed in both TM and TE polarizations. The cou-

pling of the emission to the surface plasmons can be present only if the spectra

are measured in TM.

In Publication III, the PL intensity measured on a silver square was com-

pared to the one observed outside the square. The excitation was done from

the backside as depicted in Fig. 5.7. The diameter of the laser beam was 5 μm,

which is well below the diameter of the silver square (20 μm). Thus, the effect

of the emission outside the square could be excluded in the spectra measured

from the structure covered by the grating and a thick PVA layer (∼2 μm).

The simulations conducted using Eq. 5.17 show that the cross coupling of

air/Ag and Ag/GaN plasmons can be achieved with many different grating

periods in the wavelength range of460–480 nm. However, in a study concern-
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ing tapered pillars, a very high reflectance was shown with a grating period

of>300 nm due to higher order diffraction [105]. Thus, the optimal period

was suggested to be below 300 nm. In Publication III, the measurements were

conducted with the grating periods of 200–500 nm, and a clear enhancement

was observed at the grating period of 200 nm.

Angle-resolved PL spectra in TM polarization are shown in Fig. 5.9, which

presents (a) the spectrum measured outside a square and (b) the spectrum

measured from the structure with the grating. The samples were covered by

a PVA layer. In both figures, the Fabry-Perot cavity intensity maxima are

observed. The same kind of intensity maxima were presented in the reflection

spectrum in Fig. 5.3. In addition, there are lines that are similar to the

diffractedwaveguide modes inFig. 5.3. This suggests that the waveguide

modes are diffracted by the metal grating and a PVA layer.

(a)

(b)

Figure 5.9.Angle-resolved PL spectra of an InGaN/GaN quantum well structure (a) with-

out a grating and (b) with a grating. The structure is covered by a PVA

layer. The grating period is 200 nm and the measurement is conducted in TM

polarization.
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In addition to the diffraction of thewaveguide modes, it isalso possible

that the emission couples to the surface plasmon modes in TM polarization.

This coupling effect should be observed as an increase in the PL intensity in

the angle-resolved spectrum [23]. The position of the cross-coupling points

are estimated by a simulation using Eq. 5.17, and the results are shown in

Fig. 5.10. With the period of 200 nm, one of the cross-coupling points is

around the wavelength of 463 nm close to the anglewith sinθ=0.5. This

is also observed as an increased PL intensity in the measured spectrum in

Fig. 5.9b. Therefore, it is possible that the coupling of the emission to a

plasmon mode is present in the PL spectra measured in TM polarization.
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Figure 5.10.sinθas a function of wavelength calculated from a PVA-Ag-InGaN/GaN

structure with a period of 200 nm. The SPP at the Ag/GaN interface is

depicted with solid line, and the SPP at the PVA/Ag interface with a dashed

line.

Angle-resolved PL spectra were also measured in TE polarization. The re-

sults are shown in Fig. 5.11. The spectrum measured outside the square is

presented in Fig. 5.11a and the one obtained from the square in Fig. 5.11b.

Both structures have PVA on top of the sample. The spectra show similar

Fabry-Perot intensity maxima as in TM polarization. In addition, interfer-

ence fringes are faintly present with a larger period of approximately 25 nm.

These are due to the PVA layer. The very sharp bright lines in the spectrum

in Fig. 5.11b are due to the waveguide modes diffracted by the one-dimen-

sional grating. The detailed simulation results are omitted, but the electric

field calculations in Publication III verify the origin of these lines.

When the PL intensity was measured by integrating the intensity over the

detection angle, the PL enhancement by factors of 1.6 and 2.8 was obtained

in TM and TE polarizations, respectively. The peak emission wavelength

was 475 nm. In Publication III, it is suggested that the reduction in TM

polarization could actually be due to the coupling of TM emission to the
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(a)

(b)

Figure 5.11.Angle-resolved PL spectra of (a) an InGaN/GaN quantum well structure

without a grating and (b) an InGaN/GaN structure with a grating. A PVA

layer was used for covering in both (a) and (b). The grating period is 200 nm

and the measurement is conducted in TE polarization [adapted from Publi-

cation III].

surface plasmon modes. This could produce higher losses than the guided

modes. The coupling with the plasmons is only present in TM, and thus, it

does not affect the TE emission. The enhancement of 2.8 in TE polarization is

in accordance with the theoretical analysis, which shows that the optical power

of an InGaN/GaN LED can be improved by a factor of 2–4 using textured

surfaces and engineering of the emission pattern [110].

The enhancement of 2.8 is not observed when a silver grating is fabricated

on the structure without the PVA layer or when the grating is fabricated out

of polymer. Thus, both the silver grating and PVA are needed to achieve the

enhancement in PL. The enhanced light extraction originates from the high

refractive index of the metal layer and the waveguide modes present in the

PVA layer.
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One other possible way to enhance PL is to bury the grating inside the GaN

waveguide. This, however, needs more complicated processing than conducted

in Publication III. In addition, the processing on the sample surface enables

the fabrication of a high quality InGaN/GaN structure in a single process,

and no etching is required close to the active quantum well region. From

application point of view, the proposed combination of a grating and a PVA

layer could be used for enhancing the performance of the InGaN/GaN light

emitting diodes.
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6. Summary and outlook

In this work, the properties of quantum structures were improved to show

enhanced performance in the near-infrared and blue wavelength regions. To

achieve the enhancement in performance, the GaAs surfaces were coated with

plasma-enhanced atomic-layer-deposited (PEALD) AlN, GaAsN islands were

fabricated on InP, and a metallic grating was processed on the surface of the

near-surface InGaN/GaN quantum well structure. The improved performance

was verified by optical and electrical measurements.

In the near-infrared region, AlN fabricated by PEALD was shown to effec-

tively passivate GaAs surfaces. The effectiveness observed in photolumines-

cence, photoreflectance and time-resolved photoluminescence studies was fur-

ther verified by capacitance-voltage (CV) measurements. In addition, thicker

layers of PEALD AlN were deposited on strain-induced quantum dot (SIQD)

structures to demonstrate that the photoluminescence intensity is not affected

by the covering. Previously, the covering of these structures has proved chal-

lenging, delaying the development of SIQD based applications. Finally, GaAsN

islands are utilized to show enhanced photoluminescence at wavelengths close

to those used in optical telecommunications.

In the blue region, the photoluminescence intensity of an InGaN/GaN quan-

tum well structure was improved by a factor of up to 2.8 using one-dimensional

metallic grating and a polyvinyl alcohol layer. In the processing, no etching of

the GaN structure was required. The increase in photoluminescence intensity

was observed in both TM and TE polarizations. The enhancement was shown

to originate from the diffraction ofwaveguide modes, and in TM polarization,

potentially also from the coupling of the emission to the SPPs.

The AlN passivation of GaAs by PEALD can be applied to various optoelec-

tronic applications. These include different detectors and MIS components. In

the future, the passivated nanowires and MIS components could be potentially

used in sensors. These are utilized in many areas of civilian and military tech-
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nologies including solar energy production and target surveillance. However, it

is difficult to predict the commercial potential of optoelectronic applications.

GaAs-based technologies have the advantage of being mature, but graphene

could still be the one that is further developed and finally applied in series pro-

duction. Nonetheless, the techniques presented in this work are promising and

they can improve the properties of GaAs-based structures in the near-infrared

wavelength region.

In the blue region, the InGaN/GaN light-emitting diodes (LEDs) have al-

ready been used as energy efficient components. However, advanced light

extraction methods can still improve efficiency. The structure proposed in

this work includes only a metal grating combined with a PVA layer on top of

the GaN structure and is, therefore, rather simple. In many cases, it is easier

to fabricate structures on the surface than to modify the existing fabrication

process. Altogether, it can be concluded that the results in this thesis show

improved optical performance of quantum structures operating in the blue

wavelength region.
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