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ABSTRACT

In this thesis, the electronic states of the low-dimensional heterostructure
semiconductors are investigated by photocurrent and photoluminescence spectroscopies.
Spectroscopic studies of heterostructure semiconductors such as quantum wells, rare earth delta-
doped structure, and organic/inorganic quantum well are presented.

The 1I-V compound quantum well structure is extensively investigated by
photoluminescence spectroscopy. These structures include InGaAs/InP single quantum well with
extremely thin well width grown by organometallic vapor phase epitaxy, and an InGaAs/GaAs
multiple quantum wells structure grown by molecular beam epitaxy. Photoluminescence signal of
both samples confirm the high quality formation of quantum structure. The spectra can also reveal
the electronic state in the well: i.e., the first electron subband and the first heavy-hole subband in
the quantum wells. Temperature-dependent photoluminescence was carried out in order to study
the effect of temperature on the electronic state in the well. Important parameters such as
activation energies responsible for the photoluminescence quenching and broadening mechanisms
are achieved. Electronic structure of Erbium delta-doped InP grown by organometallic vapor
phase epitaxy is investigated by photocurrent spectroscopy. The clear photocurrent spectra of the
doped samples reflect the high quality fonr;ation of ErP layer in InP. The total number of ErP
islands increase with increasing exposure time. Photocurrent spectroscopy on NC-ZnSe/p-Si
heterostructure with different ZnSe layer thickness was conducted. The shape of photocurrent
spectra is widened and the response wavelength has significant blue shift to lower wavelength as
the ZnSe layer thickness incre_ases. ZnSe/Alq/TPD heterostructure on Si substrate was

investigated by photocurrent and electroreflectance spectroscopies. Both photocurrent and
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electroreflectance spectra show the optical transition energies in single quantum well. The optical

transition energy decreases with increasing in Alq; well thickness.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

In the last few decades, the semiconductor growth technology had been rapidly
developed. Epitaxy growth is one of the most widely useful techniques to grow the high quality
heterostructures. In order to investigate the quality of the grown films, many techniques are
employed. Optical technique such as photoluminescence and photocurrent spectroscopy are very
efficient tools to characterize many physical properties of the film because of their distinguished
advantages; i.e., they are easy to probe, can be impinged in a tiny area, and easy to modulate.

This research is focused on the development of optical spectroscopies. Photocurrent
spectroscopy and photoluminescence spectroscopy are proposed to characterize the optical and
electronic states of the heterostructure semiconductors such as delta-doped III-V compound, III-V
quantum well, and organic molecule-inorganic quantum structure. Both optical spectroscopies can
reflect the formation, the quality of the growth, the electronic structures, and physical properties
of the film. The features are very useful information to optimize in the growth process, and the

fabrication of such devices.

1.2 Objective
This research is conducted in order to
1.2.1 study process of photoluminescence spectroscopy and photocurrent spectroscopy
1.2.2 study the physical properties of various kinds of heterostructure semiconductors
such as delta-doped structure, single quantum well structure, and organic molecule-
inorganic quantum well structure.
1.2.3 utilize photoluminescence and photocurrent spectroscopy to study the optical

properties and electronic states of heterostructure semiconductors.
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Scope of Study
The scope of this study is as follows,
1.3.1 study the theory of heterostructure semiconductors.
1.3.2 study the theory of photoluminescence and photocurrent of semiconductors.
1.3.3 set up the photoluminescence spectroscopy and photocurrent spectroscopy experiment.
1.3.4 utilize the potential the photoluminescence spectroscopy and photocurrent
spectroscopy to study the electronic states of heterostructure semiconductors.
1.3.5 study the effect of temperature, and external applied field on electronic states of

heterostructure semiconductors.

Expected Results

1.4.1 Important physical meaning; i.e., electronic states of heterostructure semiconductors
and novel devices of this structure will be clearly understood.

1.4.2 Effects of temperature, and external applied field on electronic states of heterostructure
semiconductors will be acknowledged.

1.4.3 Potential advantages of photoluminescence and photocurrent spectroscopy are utilized.



CHAPTER 2

THEORETICAL BACKGROUND

The major objective of this study is to understand the physical phenomena of the optical
properties of bulk semiconductor and heterostructure semiconductors. The photocurrent
spectroscopy and photoluminescence spectroscopy have been chosen to investigate their optical

properties. In this chapter, the important theories are presented.

2.1 Photoluminescence Spectroscopy

Photoluminescence spectroscopy (PL) is the spontaneous emission of light from material
under optical excitation. PL analysis is nondestructive technique which requires very little sample
manipulation or environmental control. Because the sample is excited optically, electrical
contacts and junctions are unnecessary. PL can be used to investigate and characterize a variety of
material parameters. Features of the emission spectrum can be used to identify surface, interface,
and impurity levels and to gauge alloy disorder and interface roughness. The intensity of the PL
signal provides information on the quality of surfaces and interfaces. In semiconductor
researches, PL spectroscopy is chosen as a very sensitive probe for investigating the electronic
transition of both bulk and low-dimensional system semiconductor such as quantum wells
(QWs), quantum wires (QWRs) and quantum dots (QDs). In general, impurity and defect related
luminescence is dominant, particularly at low temperature, except in the very pure material or in

thin layer structures which exhibit quantum confinement.

2.1.1 Photoluminescence Process in Semiconductor

A typical photoluminescence process in semiconductors can be divided into three
processes as indicated in Fig. 2.1. First, the sample is excited by intense light. In typical PL
experiment, the laser light is used for excitation source. Laser light will be absorbed and create a
non-thermal distribution of electrons and holes. Electron-hole pairs are created due to transfer of
electrons from the valence into the conduction band (Fig. 2.1a). Second, the non-equilibrium
electron and hole distributions tend to relax back to the ground state. Non-radiative processes will
rapidly move the carriers to a quasi equilibrium explained by the quasi-Fermi levels. This process
is called “Thermalisation”. The initial intraband relaxation is caused by energy transfer to the

crystal lattice, i.e., a step-by-step excitation of lattice vibration or phonons. After that, the



electron-hole pairs recombine under emission of light which is the luminescence process. The
recombination time can be determined by the transition probability. Due to the attractive
Coulomb interaction between the charge carriers, the emission spectrum does not contain
contributions from states at or above the fundamental energy gap but also sharp discrete lines just
below energy gap which originate from bound excitonic states. In high-impurity material or low-
dimensional structure, the spontaneous emission from the sample is typically at the lowest
excitonic resonance(E, ) as shown in Fig 2.1c.

There are various types of photoluminescence spectroscopy employed to characterize the
material parameters. The photoluminescence of intensity variation of light emitted at a specific
energy with changing the excitation energy is called “Photoluminescence Excitation(PLE)”.
This technique is used to probe the absorption of excitation light. It is crucial that the PLE also
depends strongly on the different carrier transfer and relaxation processes. Because the
absorption of the most materials depends on energy, the penetration depth of the incident light
will depend on the excitation wavelength. Hence, different excitation energies probe different
regions of the sample. This is possible to distinguish the absorption in a quantum well from that
of the substrate if they have different emission energies. The time evolution spectroscopy of the
PL is one of crucial techniques that can provide information of both the transfer and the
recombination processes. This technique is called “Time-resolved Photoluminescence”.

In a certain respect one might consider the photoluminescence (PL) as the inverse
process of the absorption, i.e., the rate of optical generation of electron-hole pairs is equal to their
rate of radiative recombination. This is called the principle of detailed balancing (van
Roosbroeck-Shockley relation). The van Roosbroeck-Shockley relation is mainly subject to

Planck’s radiation law and the emitted intensity is given by
afA,T)
2 [w{ E(A)) 3 1}
kT,

Where k is the Boltzmann constant, T the lattice temperature and 7T, the actual carrier temperature.

Ip (AT.T, ) (2.1)

One should stress that the carrier temperature exceeds considerably the lattice temperature

(T.>>T). The carrier temperature depends on many body effects and carrier-phonon interactions.
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Fig.2.1 Schematic representation of the basic processes involved in a typical

photoluminescence process in semiconductors.



The more a semiconductor is excited, the higher is the carrier temperature. The absorption

coefficient & in equation (2.1) is given by,

1
&y, = Alho-E, i if ho>E,, and (2.2)
kT ( o .
a,, = A Z(E(hw-Eg )) if ho<E,. (23)

PL measurements can be used to explore the temperature dependence of the band gap. To

fit the data the following equation proposed by Vashni has been proven to be useful,

2

BT’ (2.4)

Ef(T)=E,(0K)-a

where E(T) is the energy gap at temperature T and aand B are parameters to fit the

experimental data (referred to as Vashni thermal coefficients).

2.1.2 Photoluminescence Spectrum

Typically, optical transitions provide direct information to the energy level structure of a
sample. Photons of a specific energy that are absorbed or emitted by a sample reveal evidence of
electronic states differing by that energy within the material. In PL process, PL emission normally
tend to separate the lowest-lying states because photoexcited carriers rapidly thermalize through
bands and closely spaced states to within k7 of the lowest available levels. This unique feature of
PL makes it particularly effective in the analysis of the interfaces where discrete defect and
impurity states are bounded. If the state is radiative, it will generate particular peaks in the PL
spectrum. Thus, the PL measurement is a very sensitive probe of such states.

In the bulk of a crystalline semiconductor, translational symmetry leads to the formation
of electronic energy bands. Defects and impurities perturb the band locally. This perturbation can
usually be characterized by a discrete energy level lying within the bandgap. The corresponded
states act as donor or acceptor of excess electrons in the crystal. Electrons and holes are attracted

to the excess of local charge and Coulomb binding occurs. Because electrons and holes have



different effective masses, donors and acceptors consequently have different binding energies.
When the temperature is sufficiently low, carriers will be trapped at these states. If these carriers
combine radiatively, the energy of the emitted light can determine the energy of the defect or
impurity level. Shallow levels lying near the conduction or valence band edge are more likely to
participate in radiative recombination. However, the sample temperature must be small enough to
ignore thermal activation of carriers out of the traps. For deep levels, they tend to facilitate non-
radiative recombination by providing a stop-over for electrons making their way between the
conduction and valence bands by emitting phonons. Fig. 2.2 illustrates several intrinsic and

impurity transitions.

Conduction band

Phonon

Edonor
IAVAVAVASS

Photon

Photon

Valence band

(a) (b) (© (d)

Fig 2.2 (a-c) Radiative recombination paths: (a) band-to-band; (b) donor to valence band; (c)

conduction band to acceptor. (d) Nonradiative recombination via an intermediate state

(E).

2.1.3 Photoluminescence Intensity

The photoluminescence intensity of the PL signal has received attention in the analysis of
interfaces. This interest arises due to the fact that large PL signals correlate with good interface
properties. PL measurements have been used to evaluate a wide variety of surface processes,
including etching, oxidation, adsorption of gas, deposition of coatings and heteroepitaxy.
Because a strong PL response is typically regarded as an indicator of a high-quality surface, and
PL measurement is nondestructive and environment insensitive, PL intensity measurement is an
important in-situ evaluation tool, Le., PL signal is monitored in real time while the surfaces are

modified.



2.1.4 Luminescence from Quantum Well Structures

Since 1975, a very large literature has pioneered on the spectroscopic assessment of
quantum well structures, primarily GaAs/AlGaAs, InP/InGaAs and others. Luminescence
spectroscopy is particularly important characterization tools. In semiconductor, quantum size
effects begin to appear when the well width becomes less than ~ 50 nm. An electron or hole in the
well layer is confined in a potential well. If the well width is of the order of the de Broglie
wavelength, the particle motion and their energy levels are quantized. Low temperature
photoluminescence measurements primarily detect n=l exciton recombination because
photoexcited carriers rapidly thermalize through bands and closely spaced states to within kT of
the lowest available levels. The width of the luminescence peak provides a good measurement of
the quality of the interface since fluctuations in well width produce considerable broadening,
particularly in narrow wells. Additional, bound exciton luminescence can also occur from donor
and acceptors in the wells. The binding energy depends both on the well width and the position of
the impurity within the well. It indicates that impurities within wells are mainly segregated at the

interface.
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Fig. 2.3 Photoluminescence for a InGaAs/InP quantum well sample with five quantum wells

with different thickness, the inset shows the electronic structure and the nature of the

optical transitions.

In practice, light with the photon energy greater than the energy gap of barrier is shone on
the sample, which excites many electrons from the valence band to the conduction band
everywhere. Some of these electrons become trapped in the quantum well, and the same manner
happens to the holes in the valence band. It is then possible for an electron to fall from a
quantized energy level in conduction band into a hole in valence band and release the difference
in energy as light. Only the lowest levels are usually seen. An example of a photoluminescence
spectrum in shown in Fig. 2.3. The sample has five wells of different widths, each of which

contributes a peak to the PL.
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2.2 Photocurrent Spectroscopy

Photocurrent spectroscopy is an alternative way to measuring the optical properties and
electronic properties of semiconductors. The current can be induced by absorption in the structure
by the photon. The photocurrent generation is also influenced by carrier transport. The
photocurrent technique has the advantage of being a direct measurement in the meaning that the
current is proportional to the absorption, avoiding the huge background of the transmission

measurements.

2.2.1 Photocurrent Process
Fig. 2.4 shows schematic diagram of photocurrent process in semiconductor. When light
illuminates on the' semiconductor, electron-hole pairs are generated which change its
conductivity. The applied electric field causes the electrons and holes to move in opposite
directions, leading to current. The analysis of the photocurrent starts by defining the

recombination rate R,

R=—, (2.5)

where An is the concentration of generated electrons and 7 is the lifetime for the excess carriers.

In the dark, the conductivity is

Electron

A Anode (+)

é\h\/\/\hv : ;

Cathode(-) et

Hole

Fig. 2.4 Photocurrent in semiconductor.
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00 = q(Hnno+1pP0), (2.6)

where n, and p, are the electron and hole densities in the dark, and 11, and 1, are the electron and
hole mobilities respectively. If the optical signal generates an excess carrier density of An=A4p,

the conductivity becomes

0 = q{ pn(no+An)+y(po+Ap)]. (2.7)

The excess carrier density is Ap=An=GT, where G is the generation rate. The change in the
conductivity of the material due to the optical signal is called the photoconductivity and is given

by

Ac = qAp(pnt ). (2.8)

The current density is then given by

J=Jg+J, = (co+Ac)F.r . 2.9)

Where J,, is the dark current density, J; is the current density due to the illumination and F,, is the

electric field. The photocurrent is thus

Ln=J1A=qAp(tn+ up) AFei=q G T(la+ Up)AF e, (2.10)

uF, and (LF, represent the electron and hole velocities. Let us define the transit time of the

electrons in the semiconductor by

¢ = : @.11)

where L is the distance of the contacts. Substituting equation (2.11) in (2.10), the photocurrent

becomes
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1, = qG[ti)(l +%”—]AL : (2.12)

This is the photocurrent generate in the circuit. Primarily, We define photocurrent as
Lrp=qGAL. (2.13)

This would be the photocurrent if each electron-hole pair simply contributed one charge at the

contact, i.e., if there was no gain in the device. Comparing (2.12) to (2.13)The gain in the circuit

1 T H
gy =-t= (——j[l e (2.14)
Iph.p tlr [J"
In addition, the total lifetime (7) of carrier charge involved in the photocurrent is expressed as,

T= Tsurf + T [1 - exp(_ ;)j’ ’ (215)

where, 7. is the life time of the carrier charge at the surface,

is now

T, is the life time of the carrier of bulk semiconductor,

and / is the penetration depth of light into the sample.

In general, the photocurrent depends on the total lifetime(7) and the carrier generation (G) by the

following expression,

o
h

G(x)=—-221,exp(-a,,x), (2.16)
®

and
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I, < ;—Z) Jr(x)x,,m exp(— ax)dx . (2.17)

Where t is the thickness of the sample,

I, is the intensity of light,

ho = Photon energy,

and, a,, = Absorption coefficient of photon energy.

After integrating, [, is obtained,

-1
I T of a+l
I, =-2|1- 1) 1-—=% l1-expl —| — [t | |]. 2.18
" ho explar) ( rb,k) af+l( p( ( ¢ )D @18)

1
Where, tp, =A(f0-E,; if ho>E,, and

kT o .
ah&,:A‘/—z—G—(ﬁ(hw—Eg)) if ho<kE,.

A= fitting constant.

o = phenomenological parameter sealing the steepness of absorption edge.

The intensity of photocurrent also depends on the chopper frequency. This is important
parameter for photodetector employing the photo-generated current. During photocurrent
measurement, the chopper frequency is changed. It can be assumed that the transient behavior of

sample is exponential with time [B. Shen et.al],

I, =Iexp(t/t). (2.19)

When the light is off, the intensity of photocurrent I decrease as /,, but stops at =T, at which
time the light is tumed on again, and then the intensity increases. So the AC signal detected by the

lock-in amplifier is,

1
Al =1, tanh[ﬁ], (2220)
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where f'is the frequency of the chopper.

2.2.2 Photocurrent in Quantum Wells
In quantum well structure, the photocurrent is generally the same expression used for

photoconductor,

1, =99,nG, (2.21)

where @, is the total photon arrival rate. The quantum efficiency 7] is however different from
bulk semiconductor since light absorption in this structure occur only in quantum wells but not

homogeneously throughout the structure. It is given by,

n=(1-R)l-exp(~N ,aN,L, )|E,P . (2.22)

Where R is the reflection, N, is the number of optical passes, and N, is the number of quantum
wells, each of length L. The escape probability £, is a function of bias which extracts the excited
carrier out of the quantum wells. P is the polarization correction factor. The photoconductive

gain G has been derived to be

G= s (2.23)

where C, is the capture probability in the well, given by

t t
C,=%=—", (2.24)
T N7

t,is the transit time across a single period of the structure and ¢, is the transit time across the entire

structure.
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2.2.3 Metal-Semiconductor Junctions
In order to extract the photocurrent from the semiconductor, an appropriate metal contact
is required. In this session, important theory of metal-semiconductor junctions is described.
Many transport properties in semiconductors can be achieved by depositing a metal on a
semiconductor, and forming a metal-semiconductor junction. There are typical two types of these

junctions: (1) Schottky junction and (2) Ohmic junction.

2.2.3.1 Schottky Junctions or Rectifying Junction

The Schottky junction can be formed between metal and either n-type or p-type
semiconductor. Firstly, let us form a junction between a metal and an n-type semiconductor
whose band diagrams are illustrated in Fig. 2.5. In the figure, g¢, and g9, are the work functions
of the metal and the semiconductor, respectively. The work function represents the energy
required to move electrons from the corresponded Fermi levels to the vacuum level. The metal is
chosen so that ¢, is greater than @. The Fermi level in the metal is therefore at a lower position
than that in the semiconductor. Furthermore, gy is the electron affinity of the semiconductor
which is the energy difference between the conduction-band edge and the vacuum level. When
the junction is aligned, electrons from the conduction band in the semiconductor flow into the
metal due to their higher energy. The electrons flow stops when the Fermi levels of both species
are at the same height. After electrons flow from semiconductor to metal, the positive donor ions
are leaved in the thickness # in the semiconductor; that is, a depletion region with the thickness
W. At the interface, the Fermi level must move deeper in to the semiconductor, leading to upward
bending of the energy bands. In addition, the presence of these two types of charges on either
side of the junction establishes an electric field directing from the semiconductor to the metal. At
the interface, a potential ¥, is created and prevents further flow of electrons from the

semiconductor into the metal.
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Fig. 2.5 Energy band diagrams for a metal/n-type semiconductor contact (a) two materials

isolated from each other (b) at thermal equilibrium after the contact is made.
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It represents the difference between the work function potentials ¢, and ¢;. The barrier

height g¢, for the injection of electrons from the metal into the semiconductor is given by

q9s =99y —9X - (2.25)

This type of metal semiconductor junction is called a Schottky barrier.

A Schottky barrier is also formed when a metal is deposited on a p-type semiconductor
such that ¢,, < @;. This condition is schematically depicted in Fig. 2.6. At the interface, electrons
must flow from the metal to the semiconductor, resulting in a positive surface charges in the
metal and negative charges on the semiconductor. These exceed charges exist within a depletion
region W in which acceptor ions are left uncompensated by the holes. The potential barrier ¥,
which equals to ¢, - ¢,,, retards the diffusion of holes from the semiconductor to the metal. From
equation (2.25), the Schottky barrier heights q¢B for different metals should be different because
of the difference of the metal work functions g¢,. This deduction is not always realized. It is
often found that the Schottky barrier heights for various metals on a particular semiconductor are
equaled. This behavior is attributed to the presence of a large number of interface states in the
band gap of the surface region of the semiconductor. These states arise from the surface dangling
bonds and impurities. The addition or removal of electrons from the semiconductor does not
change the position of the Fermi level at the surface and the Fermi level is said to be pinned. Its
ramification is that the position of E_, at the surface does not alter with the metal, resulting in the

constant barrier height.

50171
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Fig. 2.6 Energy band diagrams for a metal/p-type semiconductor contact (a) two materials

isolated from each other (b) at thermal equilibrium after the contact is made.

This type of contact that is said to be rectified in nature, can be illustrated by Fig. 2.7.
For n-type, at equilibrium, electrons that have greater energy than gV, are thermoionically emitted
over the barrier into the metal. Alternatively, if the semiconductor is heavily doped so that the

depletion layer becomes very thin, electrons can tunnel into the metal through the barrier. These
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electrons consequently produce a current /, that flows from the metal to the semiconductor.
However, at equilibrium, this current is exactly balanced by a equal but opposite current I, in
order to keep the net current to be zero. When the semiconductor is negative biased with respect
to the metal by voltage v, that is, forward bias, the barrier to the flow of electron from the
semiconductor to the metal decreases from gV, to g(V,-V) as shown in Fig. 2.8a. Therefore, more
electrons flow from the semiconductor to the metal and also /, increases above the equilibrium
value. However, ,, does not change because g¢, remains constant on biasing. Therefore, a net
flow of current from the metal to the semiconductor occurs. When reverse-biased V, is applied
(Fig. 2.8b), the electron flow from the semiconductor to the metal reduces because the barrier
increases to g(V,+V). I, is consequently reduced below its equilibrium value, whereas I,
remains almost unchanged. Thus, the net small current flows from the semiconductor to the

metal.

Metal Semiconductor
Tus Ism

qu = q(¢M"¢S)

q¢s ' -
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Fig. 2.7 Energy band diagram of rectifying metal/n-type semiconductor contact at  thermal

equilibrium.
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Fig. 2.8 Energy band diagram of rectifying metal/n-type semiconductor contact (a) after forward

bias, (b) after reverse bias and (c) I-V characteristic of the junction.

The composite I-V Characteristics of a Schottky barrier diode are shown in Fig. 2.8c.

The behaviors and the current-voltage characteristics of Schottky barrier diodes are similar to

these behavior of p-n junction diodes.
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2.2.3.2 Ohmic Contacts or Nonrectifying Junctions
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Fig. 2.9 Band diagram for ohmic metal-semiconductor contact (a) ¢,, < @; for n-type (b) the
junction at equilibrium for n-type/metal (c) ¢,, > ¢ for p-type semiconductors (d) the

junction at equilibrium for p-type/metal.
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An ohmic contact is a metal-semiconductor contact that has negligible contact resistance
relative to the bulk or series resistance of the semiconductor. The ohmic contact can be achieved
when metal-semiconductor junctions satisfy the following requirements : ¢,, < ¢ for n-type and
¢,, > ¢, for p-type semiconductors. For n-type semiconductor (Fig. 2.9a-b), when ¢,, < ¢, the
Fermi levels are aligned by the transfer of electrons from the metal to the semiconductor. This
alignment lifts the electron energies of the semiconductor relative to that in the metal at
equilibrium. The barrier to the flow of electrons from the metal to the semiconductor is small and
can be easily overcome by a small applied voltage. In similar, when ¢, > ¢ and the
semiconductor is p-type (Fig. 2.9¢c-d), the hole flow across the junction can take place readily.
Moreover, unlike the case of rectifying contacts discussed in the last section, the depletion
regions do not form in the two cases, because the alignment of the Fermi levels requires the

accumulation of majority carriers in the semiconductor.

2.3 Band Theory of Semiconductor

2.3.1 Band Structure in One Dimension

pee

v

Fig. 2.10 An example of one-dimensional periodic potential with lattice constant a.

The potential energy in real crystal is typically periodic. In one dimension, this means
that V(x + a) =V(x), where a is the lattice constant, the size of each unit cell of the crystal. A
fictitious example of a periodic potential is schematically sketched in Fig. 2.10. Therefore, this

potential can be expanded in a Fourier series,

V(ix)= i V, exp(Zm‘nxJ = iVn exp(iG,,x). (2.26)

n=—wm a n=-—x
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2nn
Where G, = —, called the reciprocal lattice vectors. The corresponding wave function of this
a

potential is expected as translation invariant function. Their probability density is also expected to
. . . . . 2 2 .
be a periodic function like the potential, that is, lu/ (x+a )| = Il[/( x )I . The corresponding wave

function called a Bloch’s function;

Vi(x)=u,(x)exp(ikx), u(x=a)=u(x). (2.27)

Equation (2.27) is the statement of Bloch’s theorem for the wave in a crystal. The equivalent

wave function can be written as,

y(x+a)=y, (x)exp(ika). (2.28)

Where k is called the Bloch wave number. The value of & is somewhat ambiguous since

periodical behavior of the wave function. Hence, it can be written as
27 ,
k= (-——) +k". (2.29)

Then, the wave function becomes,

Wi(x)=u,(x)exp(ike) = [uk (*) exp(z_?)] exp(ik), (2.30)

=u, (x)exp(ik’x)

b/ b/
The Bloch wave number is now reduced to the range —— <k’ < —, which is called the first
a a

Brillouin zone. The same interpretation can be also done for any value of k = nk’, where n is

an appropriate integer number. The wave function then becomes,

W (x) =ty (x)exp(ik’x). (2.31)
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The value k could be any value called the extended zone scheme.
The corresponding energy is usually labeled with the wave number in the first Brillouin
zone and the band index n, as &,(k). For values of k other than nt/a, electrons can be treated as

free electrons therefore the energy &,(k)= &, (k). The exceptions are near the zone boundaries,
nm

where k = —G = — . Here g(k) tuns away from the free-electron parabola to become flat
a

where it meets the zone boundary, leaving a gap between where the crystal has no propagating
states. The modified energy & (k) is illustrated in Fig. 2.11a. This representation is referred to as
an extended representétion because &,(k) is plotted explicitly for all values of k. Since the
crystalline structure and the solution for electron waves are periodic, the solution is not altered. It

is therefore possible to display the same information using a reduced representation as shown in

/4 /4
Fig 2.11b. In this case &, are plotted for —— <k < —. This representation is achieved by
a a

T T -
translating the individual segments by multiples of 277a to bring them into— — < k < — range.

a a
Fig 2.11c shows the corresponding occupied and forbidden energy bands.
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Fig. 2.11 (a) The free-electron model of electrons being perturbed by a small potential in the

extended representation. (b) The reduced representation in the first Brillouin zone
. 2m
achieved by translating band segments in (a) by —— to bring them to the basic
a

zone. (c) Separate forbidden and occupied bands.
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2.3.2 Motion of Electrons in Bands
Free electrons have group velocity v,, that is, velocity with which the boundaries of the

wave propagate, and are given by

d(2nv)
= —— (2.32)
& dk
where Vv is the frequency of the wave. Equation (2.32) can be rewritten as,
d 2rhv . lds,
Vv, =— =— (2.33)
& dk ( h )

hodk

At the edges of the energy band, the &-k curves are flat; that is , dg/dk is equal to zero. This
means that, at the edge of a Brillouin zone, the electron velocity v, is also zero and it can not
escape into the forbidden energy gap.

When electron moves in solid, its mass is different from the mass of a free electron. This
behavior is attributed to interactions between the drifting electrons and the atoms in a crystal. The
corresponding electron mass in the solid is referred to as the effective mass (m.). The

acceleration of an electron moving in solid can be obtained by taking the derivative of v,, i.e.,

dvg _ldzgk ﬂ’ﬁ

a=—== . 2.34)
dt  h dk* dt (
Substituting for k = —i— into equation( 2.34),
2 2
_1dedp 1de F (2.35)

TR A dr n dk?

Comparing the force F in classical mechanics, the effective mass m can be written as,
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AEY
* =h? 2.36
" (dkz ) (236)

From equation (2.36), the effective mass is inversely proportional to the curvature of an E versus
k curve that is electron band. The higher the magnitude of the curvature, the smaller the effective

mass.

2.3.3 Band Structure in Two and Three Dimension
The principle of band structure in two and three dimensions is the same as in one
dimension. However, the result is more complicated because the reciprocal lattice is now two-or
three-dimensional. Again k can be reduced to the first Brillouin zone by adding reciprocal lattice
vectors. In two dimension, the reciprocal lattice is a rectangular with spacing a along x and b

along y. The periodic potential ¥(x,y) can be expanded as a Fourier series,

V(ix,y)= Z Voun exp(Zn;mx + 27r;ny )

mn=—o

Z ex,v( AT ) (2.37)

Where G,,, =(2mm/a,2m/b)are the reciprocal lattice vectors. This lattice may be also
plotted out to form a reciprocal lattice in k-space as shown in Fig. 2.12. The periodic potential
introduces band gaps and breaks k-space into Brillouin zones. The simplest argument for the
formation of gaps is that based on the mixing of wave functions. A wave function with wave
vector k gains components k-G from each Fourier coefficient-G of the potential. Strong mixing,
leading to band gaps, occurs when the energies are equal, which requires |E| =1E —C—;I This

relation defines a plane bisecting the line from the origin to G, as shown in Fig.2.13.
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Plane with band gap

Fig. 2.13 Generation of a band gap by a reciprocal lattice vector G. The gap appears in the plane

wherelE' = |ic. - GI

The periodic potential gives a band gap on each of these planes, which divide k-space
into Brillouin zones. Each point in the reciprocal lattice generates a plane and the result for the
rectangular lattice. The first zone is a simple rectangle. Beyond this zone, k-space is divided into
fragments of increasing complexity. In the reduced zone scheme, the fragments must be translated
into the first zone by adding an appropriate reciprocal lattice vector. The result for the first four

zones is shown in the Fig 2.14.
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Fig. 2.14 First four Brillouin zones of the rectangular lattice, displayed as the shaded areas in the
reciprocal lattice. These are translated through reciprocal lattice vectors to build

successive rectangles, as shown on the right.

In a simple cubic lattice with the atoms separated by a, it has a simple cubic reciprocal
lattice of separation 277/a. The first Brillouin zone is given by the Wigner-Seitz cell of this lattice,
which contains all points that are closer to the atom at the origin than to any other atom. The
result for the body-centered lattice is shown in Fig 2.15a, where the cell surrounds the atom in the
middle of the cell. The shape is a truncated octahedron. It is bounded by the planes halfway
between the origin and the near points of the lattice; the eight hexagonal faces arise from the
planes halfway to the atoms at the corners, while the six smaller square faces are halfway to the
atoms in the middle of the next cells. The way in which the unlikely unit cells fit together to fill

space is shown in Fig. 2.15b.
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Fig. 2.15 (a) Wigner-Seitz cell of a body-centered cubic crystal, (b) The way in which they pack

together to fill space.

LAFAKXU,KZ]"

Fig. 2.16 (a) Brillouin zone for a face-centered cubic crystal, showing the notation for special
points and directions. (b) Band structure in the free-electron model showing the effect

of folding back the parabola into the reduced zone.

Fig. 2.16a shows the standard notation for the points of high symmetry. In general, Greek
letters are used to represent points inside the zone, with Roman letters for the surface. The most
important points are as follows: I is the origin of K-space. A is a direction to meet the zone

boundary at X; in the middle of a square face. A is a direction normal to the close-packed planes
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of the face-centered structure. X is a direction meets the boundary at X, in the middle of an edge
shared by two adjacent hexagons. U lies in the middle of edges shared by a hexagon and a square.
W lies at the vertices, each shared by two hexagons and a square. These labels are important in
order to interpret the standard plots of band structure. The usual way of displaying band structure
is to plot £ (k) along selected directions in the reduced Brillouin zone as shown in Fig. 2.16b for
GaAs lattice. The left-hand segment shows the bands between L and I, the A-direction. The plot
then sets off in the A-direction to the zone boundary at X. It then turns along the surface of the
zone towards U. This point is equivalent to K, from where the plot returns back along the 2-
direction to I. Band structures for Si, Ge, GaAs and AlAs are shown in Fig. 2.17. These are
calculated using a relatively simple method and do not include the spin-orbit coupling.
Qualitatively, the bands of all four materials are similar in shape, as expected from their common
structure. However, small differences in energy change, particularly the low-lying conduction

bands. This has profound consequences for their electronic properties.
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Fig. 2.17 Band structure of four general semiconductor: silicon, germanium, gallium arsenide,

and aluminum arsenide.

2.3.4 Modification of Band Structure
The electronic and optical properties of semiconductors devices are strongly dependent
upon the bandstructure. Therefore many efforts have been paid to modify the bandstructure of
semiconductor materials. In principle, ,many physical phenomena can modify the electronic
bandstructures. However, only two important methods are mentioned, since these are widely used
for band modification. These two phenomena involve: i) alloying of two or more semiconductor;

i1) use of heterostructures to cause quantum confinement.
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2.3.4.1 Modification of Band Structure by Alloying

When two semiconductors 4 and B are mixed using a suitable growth technique, they
have the following properties of the alloy.

1. The crystalline structure of the lattice: In most semiconductors, the two or more
" components of the alloy have the same structure so that the final alloy also has the same crystal
structure. The lattice constant of the alloy generally obeys the Vegard’s law for the alloy 4 B, as

following equation,

a,,, =xa,+(1-x)a, (2.38)

alloy

2. Band structures of alloys: The band structure of alloys is somewhat difficult to
calculate because alloys are not perfect crystals due to random atom placement. A simple
approach used for solving the problem is based on the fact that the band structure of the alloy
AB,, is simply the weighted band structure of the individual band structures of 4 and B.

Therefore the bandgap is given by
alloy __ 4 _ B
E;” =xE, +(1-x)E_ . (2.39)

However, in most alloys, there is a bowing effect arising from the increasing disorder due to the

alloying. Hence the bandgap is described by the relation

E;’"”’ =a+bx+cex?, (2.40)

where ¢ is the bowing parameter. Most properties of alloys can be approximately obtained by a
linear averaging of the individual properties of the components of the alloy. The relations given
above for the lattice constant and bandgap are strictly valid if there is a good mixing in the alloy

formation process.
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2.3.4.2 Modification of Band Structure by Heterostructures
Some important growth techniques such as MBE and MOCVD can be used for grow a
sequence of different bandgap semiconductor layers forming heterostructure. An extremely
important parameter in the heterostructure problem is the band edge discontinuity produced when
two semiconductors are brought together. As shown in Fig. 2.18, a part of the bandgap
discontinuity, E:-E:, of two semiconductors 4 and B would appear in the conduction band and a
part would appear in the valence band. Based on electron affinity rule by taking the vacuum

energy level as reference, the conduction band discontinuity is given by

AE = e(xB —x"). (2.41)

However, the problem is not so simple because of charge transfer that occurs when the two
semiconductors are brought together. At the interface, there is a charge sharing across these bonds
which can be considered to produce an interface dipole. This effect produces a correction to the
simple electron affinity model. Many theoretical models have been proposed to calculate the band
edge discontinuities. Experimental evaluations of the discontinuities are still being carried out. It
is useful to point out that the band discontinuities obey the transitivity relation. If the
discontinuity between 4 and B is AE*® and that between B and C is AE? ©, then the

discontinuity between A4 and Cis AE/? - AE™C .

A
AE,
E4 B
Eg
v | 4E

*

Fig. 2.18 Schematic sketch of band discontinuity when two semiconductor are brought together.
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2.4 Molecular Orbital Theory
In this section, the fundamental electronic, and optical properties of organic

semiconductors are described.

2.4.1 o-Bond and m-Bonds

In an organic materials, atoms within the molecules have covalent bonding with the
others, and the intermolecular interaction is caused by relatively weak van der Waals forces and
hydrogen bonds. Therefore, the overlap of the molecular orbital is comparatively small and the
physical properties of an organic semiconductor thin film are strongly influenced by the structure
and concentration of functional groups within the contained molecules. The occurrence of
conductivity in organic material implies that the organic molecules have sub-units that provide
conductivity. The molecular conductivity of typical organic materials is based on the presence of

delocalized 7m-electrons formed in unsaturated hydrocarbons with alternating single and double

bonds.
H
{ J
C—C
7\
H—C C—H
\ /
AR
H H
(a) (b) (c)

Fig. 2.19 (a) chemical structure of C;H, (Benzene), (b) spatial distribution of the o—bonds, (c)

spatial distribution of the 77—bonds forming a delocalized 7-system.

In benzene ring depicted in Fig. 2.19a, each carbon atom provides four valence electrons.
Three of them form so-called o—bonds(Fig 2.19b), atomic bonding that overlap along the
direction of the bond axis, with neighboring carbon or hydrogen atoms. These are localized bonds
giving the skeletal framework for the molecules. The remaining valence electrons of six carbon

atoms occupying p. orbitals. These orbitals that overlap along a direction perpendicular to the
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bond axis form 7m-bonds(Fig. 2.19¢c). These 7-bonds also contribute to the bonding of the
molecule but are much weaker than those in o—bonds. In addition, when several carbon atoms are
bonded together, the 7-electrons delocalize to produce a conjugated system. These delocalized 7-
electrons which are relatively weakly bound are responsible for the important semiconducting
properties such as electronic and optical properties. In benzene, the o-bonds result from the
overlap of sp" orbitals formed from the hybridization of one 2s orbital with two 2p (p, and p"_)
orbitals. Meanwhile, 7—bonds result from the overlap of the p, orbitals as shown in Fig. 2.19¢.
The conjugated m—system of electrons extends across any molecule with a series of alternating
single and double carbon bonds. Because these single and double bonds are resonant, these

delocalize the m-electrons.

2.4.2 Electronic States and Transitions of Organic Semiconductor

In organic semiconductor, the electronic and optical properties are strongly determined
by its 7T-electron system. The ground state of organic semiconductor is formed by a sernies of
energetic levels of the m-electrons or 7-band. The highest 7-electron level is referred to the
highest occupied molecular orbital (HOMO). In the excited state, the 7-electrons from the -
band. The lowest m-electron level is referred to the lowest unoccupied molecular orbital
(LUMO). The HOMO and LUMO are found experimentally that both levels have continuous
distribution. The top edge of the HOMO distribution which is the closest level to vacuum
corresponds to the ionization potential (IP) of the molecule. Meanwhile, the bottom edge of the
LUMO distribution, the furthest level from vacuum, corresponds to the electron affinity (EA).

In the lowest electronic excitation, electrons can be excited and lifted from the HOMO to
the LUMO. This 7—> 7" transition has the. same manner as a transition from the valence to the
conduction band in inorganic semiconductors. The Coulomb interaction between an electron in
the LUMO and a hole in the HOMO leads to the formation of strongly bound excitons, either
singlets or triplets depending on the relative spin of electron and hole. The relevant many-particle
states are usually represented in term of molecular term symbol which is a shorthand expression

of the group representation and angular momenta. It has general form as follows,

'n2s+1 AE+/—;
g/u
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where, S is the total spin quantum number,
A is the orbital angular momentum along the internuclear axis,
g/u is the parity,
+/- is the reflection symmetry along an arbitrary plane, and

n is a counter for respective state.

Fig 2.20a shows the sketch the energy levels of neutral excitations. In general case, the
ground state is a singlet with even parity, labeled as / ‘4 .- In addition, the binding energy (E,) of
the triplet excitons is higher than E, in the singlet excitons, so that the triplet IJBM is the lowest
neutral excited state. Here, 4, and B, denote the symmetry class and parity of the wave function;
gerade and ungerade. The optical properties of the molecule depend strongly on the relative
energetic position of the lowest two excited singlet states. Because the photon emission requires a
change of parity, possible luminescence is only observed if the state IIBM is aligned below 21Ag. In
the simplified notation the wave function symmetry is neglected and only singlet, S,, and triplet
states, T,, are distinguished. Other type of excitation of organic semiconductor is charged
excitation. Both negatively and positively charged excitations affect the optical properties of
organic semiconductors. Excess electrons on a molecule lead to a localized structural relaxation.
An radical anion is consequently formed having two energy levels within the HOMO-LUMO gap
of neutral molecule, the lower level contains two electrons brought up from the HOMO as shown
in Fig. 2.20b. Meanwhile, the upper level contains an excess electron. A similar manner also
holds for a radical cation. The radicals on organic semiconductor are typically referred to
polarons, P and P". A polaron can move freely on its own chain even though its energy levels
are in the gap. If a negative and positive polaron meet each other, they can recombine to a

Coulombically bound exciton.
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Fig. 2.20 Energy level of various excitations in organic molecules in (a) neutral manifold, and (b)

charged manifold.

In conjugated segment of organic molecule, several processes might occur following
photoexcitation process into the vibronic manifold IIBH as follows:

1. Fast (~ 100 fs) thermalization of the excited state to the lowest / 'B" vibronic state,
followed by radiative decay to the ground state.

2. Charge transfer from the IIB“ to the neighboring molecule. This process may.also
extremely rapid.

3. Intersystem crossing (ISC) from the ]'Bu to the lowest state in the triplet manifold, i.e.

I'B,
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Fig. 2.21 Molecular potential energy as a function of the atomic distance (R). The arrows
indicate vibronic transitions associated with (a) absorption, (b) emission of photons,

and (c) the corresponding absorption and luminescence spectra.

Electronic transitions in organic molecules are strongly coupled to the vibrational modes
of the molecule. In absorption and fluorescence spectrum these vibronic transitions cause
characteristic side-bands above and below the purely electronic transition. Fig. 2.21 depicts the
molecular potential energy as a function of the generalized nuclear coordinate R. The ground state
and electronically excited state are denoted as S, and §,, respectively. The horizontal lines
represent the vibrational states of the bonds. The vibronic states are denoted as v and V'
respectively. Because the associated energy of vibronic excitation is typically much higher than
the thermal energy, a organic molecule in thermal equilibrium fills the state S, and v =0. With
suitable photons, the molecule will absorb the energy from photon and make the transition to
higher level (S, v— S, v). This process is governed by the Franck-Condon principle, which
states that electronic transitions are much faster than nuclear rearrangement. Hence transitions
occur vertically from ground state equilibrium position to the most probable interatomic spacing
of a vibrational mode of the excited state that is close to the ground state equilibrium distance.

The relative intensity of these is controlled by the overlap integral between the electronic ground
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state and the vibronic ground state(v = 0) and excited state and vibronic state 0, 1, 2,... (Franck-
Condon factors). After that, the molecule will give a rapid radiationless relaxation, typically of
order of 10 s, of the excited state into its lowest vibronic level by internal conversion process.
After typically between 1 and 10 ns, the molecule emits the photon when it make the transition,
accompanied by spontaneous or stimulated emission, to the lowest vibronic level of the ground
state(0-0 transition), the first vibrational state (0-1 transition), second vibrational state (0-2
transition), and so on. This gives rise to the occurrence of .several peaks in the absorption and
fluorescence spectra. This spectra shape is called vibronic satellites (Fig. 2.21c). Vibronic spacing
is similar in the ground and excited states. However, in solid-state samples, the vibronic structure
can often not be resolved due to homogeneous and inhomogeneous broadening of transitions. The
apparent Stokes-shift between the absorption and emission maxima of the purely electronic
transition is caused by intramolecular structural relaxation and intermolecular energetic
dissipation. The luminescence mechanisms of the organic molecules are based on the
recombination of a polaron pair in the antisymmetric singlet configuration to a singlet excitons,

ie.,

p~ + p*—>'S" »1'B, + phonons — hv + phonons . (2.42)

Meanwhile, a polaron pair in the symmetric singlet configuration or the triplet configuration may

recombine to a triplet excitons,

p~+p =T >1'B, + phonons. (2.43)

In luminescent 7-conjugated polymers the rate of reaction (2.42) is typically higher than that of
(2.42), so the yield of singlet excitons is higher than that of triplet excitation. In addition, the

recent study shows that some of emission is due to triplet-triplet annihilation to singlet excitons,

1’B, +1’B,—»'S" —1'B, + phonons — hv + phonons . (2.44)
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2.5 Heterostructure Semiconductors

This section provides a overview of the general properties of heterostructure, meaning
that semiconductors composed of more than one compound. Variations in composition are used to
control the motion of carriers by band engineering. Alignment of bands at a heterojunction,
where two materials meets is important.

A large variety of devices has been fabricated from heterostructures, for both optical and
electronic applications. A wide range of III-V compounds has been widely investigated for their
semiconductor properties, but only a few of them are usually used in heterostructures. In order to
increase the range of properties, alloys between the various compounds are also widely used such
as Al Ga,_As, and InGa, As. Two of the important properties of different materials, the
minimum bandgap and the lattice constant of III-V compounds are plotted in Fig. 2.22. The
bandgap expressed as a function of wavelength is significant since many of the applications of
the ITI-V compound are used in optoelectronic, where particular wavelength is designated to make
the optimized usages. The active regions of heterostructures are typically at or close to the
interfaces. This statement is true not only for III-V materials but also in metal-semiconductor
junction and the most economically important semiconducting devices, moving along an interface
between Si and SiO,. Heterostructures must have nearly perfect interfaces if they are to perform
the best properties. The demands on growth such as molecular-beam epitaxy(MBE) and metal-

organic chemical vapor deposition(MOVCD) are therefore required.
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Fig. 2.22 Lattice constant of various semiconductors against their energy gap E_ as a function of

wavelength.

In principle of heterostructure, two materials must be joined perfectly. This requires
firstly that they should have the same crystal structure, or at least symmetry to each other. This is
satisfied for the general III-V compounds. A second requirement, if there is to be no strain in the
structure, is that the two lattice constants must be nearly identical. The lattice constant of an alloy
is typically given by linear interpolation between its constituents. This is known as Vegard’s law.
For example, the lattice constant of Al Ga,_As is expressed as xa,, +(I-x)a;,,,. From this
formula, its lattice constant of this alloy noticeably changes by less than 0.15% as a function of x.
Thus it is possible to grow layers of GaAs and AlAs or any of the intermediate alloys AlGaAs on
top of one another without significant stress.

Recently, much wider choices of materials are available for heterostructures. In this
section, practical heterostructures such as delta-doped structure, quantum well structure are

presented.
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2.5.1 Quantum Wells and Low-Dimensional Structure

Typically, real electrons are free to move in three dimensions. However, they can be
confined and allowed to move only in fewer dimensions. This can be achieved by trapping them
in a narrow potential well that restricts their motion and make their energies to be discrete levels.
If the separation between these energy levels is large enough, the electrons prefer to be in the
ground state and no motion is possible in this dimension. This result is a two-dimensional
electron gas (2DEG). The same effect can be achieved with a two-dimensional and three-
dimensional potential well, which leaves the electrons free to move in only one dimension and
zero dimension , respectively.

In semiconductor technology, quantum well structure can be obtained by letting a thin
layer of one compound being sandwiched by other compound that has different bandgap. Typical
quantum wells can be categorized depending on their band alignment as shown in Fig. 2.23.
Three types of structures are possible. Type I quantum well has the entire gap of small bandgap
semiconductor resides within the conduction and valence bands of the large gap material. For
type II, one of the band offsets may be larger than the difference between the semiconductor band
gaps, but smaller than the magnitude of the larger semiconductor band gap. If one of the offsets
is larger than the gap of the largest bandgap semiconductor, this alignment is type III. In type I
quantum well, there is a well in both conduction and valence bands. GaAs/AlGaAs, InGaAs/InP
are the examples of type I quantum well. In this case the well traps both electrons and holes and
the energy levels can be measured by optical experiment; i.e., photocurrent spectroscopy. This

process originates the basis of most optoelectronic devices.

(a) type I ~ (b) typell (c) typellI

Fig. 2.23 Various possible band edge lineups in heterostructure.
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2.5.2 Superlattice

It is possible to fabricate a structure consisting of many quantum wells, with each well
separated from neighboring wells by a barrier. If the barriers are sufficiently thick, carriers
located in different wells are essentially isolated and the structure behaves identically to a single
well, although some properties will increase linearly with the total number of wells. In this case
the structure is known as a multiple quantum well as shown in Fig. 2.24a. However, if the
thickness of the barriers is reduced, carriers can tunnel from one well to its neighbors. Significant
interaction will occur if the wavefunctions overlap strongly, requiring relatively thin barriers. This
effect destroys the sharp bound level associated with the well, but in this case the result is a
miniband as shown in Fig. 2.24b. This system is known as a superlattice. The superlattice gives a
periodic potential, so the general theory of one-dimensional crystals holds. Therefore, motion
along the direction of growth is governed by Bloch’s theorem and band structure. Superlattice is a
second level of periodicity imposed on the first level that is the crystalline nature of the
semiconductors. A major difference is that it affects motion in only one direction. The period is
surely longer than that of the crystal and the periodic potential is weaker. This results that the
bands and gaps appear on a much smaller of scale of energies, hence the name of minibands. The
band structure can be turned by varying the composition and thickness of the layers. Superlattice
is used to filter the energy of electrons, allowing only those within the minibands to pass or

reflecting those in the minigap.
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(b)

Fig. 2.24 The form of the confined energy states in (a) a multiple quantum well and (b) a

superlattice.

2.5.3 Doped Heterostructure
Devices in the forms of heterostructures such as resonant-tunneling diode rely on
electrons and holes for conduction and these must be introduced by doping. In this section, the

effect of doping on band diagrams is considered.

2.5.3.1 Delta-Doped Structure

The capability of confining dopants and their related carriers in a very narrow region is in
considerable interest for many device applications. With the advances in epitaxy growth,
controlling the growth in such a way that the dopants localized in a single atomic layer becomes
possible. The proposed structure is called “delta-doped structure”. The delta-doped
semiconductors can be defined as “semiconductors that contain a doping profile much narrower
(at least a factor ‘of 2) than the corresponding ground-state wave function”. The delta-function-
like doping profile was obtained by interrupting the growth of the semiconductor host crystal and
immediately inserting the doped layer. In general, the flux of dopant is chosen to be less than
1x10 cm’s". Thus, delta-doping is a two-dimensional doping technique the puts impurities upon
a single atom layer of the nongrowing surface. To obtain a narrow doping profile, sources with

small diffusion coefficient must be employed as dopant. Si source and Be source has been widely
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used as the n-type and p-type in samples grown by any III-V compound. The ideal doping profile
of a delta-doped layer can be expressed by Dirac’s delta function (8-function). In Fig. 2.25a,
dopant atoms substituted a few percent of host material sites, and the ionized donors form a
continuous sheet of charge at z = z. The doping profile can be explained by the Dirac delta

function,

ND(Z)=N;D6(Z—ZO), (2.45)

where N éD is the two-dimensional dopant concentration. However, in reality, the doping profile
can only be estimated to be a Gaussian profile due to thermal diffusion. The full width of half
maximum (FWHM) of a delta-doped layer increases with the increase of growth temperature and
doping concentration. Therefore, the profile of the dopants in the z-direction, in reality, can be

described by the Gaussian function,

Ny(z)=NP ] exp—i(z'z") : (2.46)

where o is the standard deviation of the Gaussian function. The doped layer thickness in the z-
direction is approximately two standard deviations (20). If the standard deviation o is much
smaller than the spatial extent of the ground-state wave function of electrons or holes in the o-
doped layer, the subband structure or electronic structure will not be influenced by the magnitude
of the standard deviation. Therefore, if the thickness of the doped layer is less than or equal 2.5
nm, the doping profile can be described by d-function. On the other hand if the thickness of the

doped layer is 10 nm or greater, the doping profile cannot be considered as O-function-like.
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Fig. 2.25 (a) 8-doped layer at z=z . (a) distribution of charge:p(z), (b) electric field: F(z), and

(d) potential:$(z) of a 6-doped layer.

The electric field ( F ) and the potential (¢) of a d-function-like charge distribution is
obtained by integration of Poisson’s equation. The expression for the corresponding electric field

is

z—2z_), (2.47)
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where e is the elementary charge, € is the permittivity of the semiconductor, and ©(z-z) is the
step function. The potential is obtained by the second integration of Poisson’s equation which is

expressed as,

@) =-2 )N (s Yo(e-z). (2.48)

The profiles of electric field and potential distribution are depicted in Fig. 2.25¢ and Fig. 2.25d,

respectively. Fig. 2.26 shows the band diagram for a d-doped structure.

o-doped layer

Evp

Fig. 2.26 Band diagram of 6-doped structure.

The differences between &-doping system and the other two-dimensional (2D) carrier
systems are as follows:
(i) The electrons in & -doping can occupy several excited subbands even at a moderate doping
concentration.
(ii) Due to the proximity of the bare ionized impurities, the ground-state subband electrons exhibit
the lowest mobility In comparison to electrons in the excited subbands. This is contradictory to

the two-dimensional electron gas (2DEG) of selectively doped heterostructures.
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(iii) The carriers in the dopant plane are considerable delocalized so that the electronic states are
spread out over the ionized donors that form the V-shaped potential well, For & -doping
concentrations from 1 X 10" to 1X 10" cm'z, the lowest subband can extend from 10 to 5 nm
that is still significantly less than the 20 nm diameter of the hydrogen-like /s orbit.

Up to now, the delta-doping technique has been applied extensively to the design of
device structure, such as planar doped field effect transistor, delta high electron mobility
transistor(HEMT), sawtooth superlattice laser, resonant tunneling devices delta, and delta-doping

induced negative differential resistance devices.

2.5.3.2 Modulated Doped Structure

AE,

Undoped GaAs T+ + + €1
n-AlGaAs / T

(2) (b)

Fig. 2.27 Conduction band around a heterojunction between n-AlGaAs and undoped GaAs,
showing how electrons are separated from their donors to form a two-dimensional

electron gas.

Modulation doping is the doping is grown in one region that but the carriers subsequently
migrates to another. Fig. 2.27(a) illustrates a heterojunction between n-AlGaAs and undoped
GaAs. The material is neutral everywhere and the band are flat if the electrons sit on their donors
in the n-AlGaAs. The electrons travel around after being released and some cross into GaAs.
There they lose energy and become trapped because they cannot climb the barrier presented by
AE_. This motion separates the negatively charged electrons from their positively charged donors,
which sets up an electrostatic potential ¢ that tends to drive electrons back into the AlGaAs. The
discontinuity AE_, and the electrostatic potential -e¢ will affect the total energy of the electrons to
be at the bottom of the conduction band E,, as shown in Fig. 2.28(b). The discontinuity AE,. has a
major effect because it prevents the electric field from returning the electrons to their donors. The

field can only squeeze the electrons against the interface, where they are trapped in a roughly
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triangular potential well. This well is typically about 10 nm wide at the energy of the electrons,
and the energy levels for motion are quantized. Often only the lowest level is occupied. All
electrons remain free in the other two dimensions. This is the two-dimensional electron gas
(2DEG). It is the basis for the majority of electronic devices in heterostructures. The modulation
doping has achieved two benefits: it has separated electrons form their donors to reduce scattering

by ionized impurities, and confined the electrons to two dimensions.

2.6 Quantum Theory for Semiconductor

In this part, theory of quantum mechanics relevated to heterostructures is briefly
described. Some simple one-dimensional potential wells used to trap electrons are firstly
discussed. The infinitely deep square well cannot be made in practice, but its simplicity makes it
a frequently used model. A well of finite depth provides a much better description of a real

quantum well. Another applicable models are parabolic and triangular wells.

2.6.1 Infinite Square Well
Infinite square well, by far, is the simplest example of a quantum well. Fig. 2.28
schematically shows the infinite well. The carrier has zero potential energy in the region 0 < z< q,
and infinitely high potential barriers. The Schrodinger equation describing this situation can be

written as

+—FEy =0. (2.49)

The general solution of this equation is

w(x)=Asin(kz)+ Bcos(kz), (2.50)

where k= ,’-2:175 . (2.51)
1

Apply boundary conditions that = 0 for z < a and z > a, we obtain
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v(0)=B=0,and y(a)=0=Asin(ka). (2.52)

Except for the trivial result y = 0 obtained by setting A = 0, the solution is satisfied only when

(ka) is an integer multiple of 7. Therefore, & is restricted to the values.

k=t—, n=123..... (2.53)

v

Fig. 2.28 Infinite potential well.

The corresponding wave function is expressed as,

v,.(z)=A4, sin(E) for 0<z<a. (2.54)
a

Likewise, by substituting for & into Equation (2.51) ,E_ can be written as

th
E =22 2 (2.55)

=
2ma’

The integer n is called a quantum number.



51

- ¥a Vo2
n=3

o

E (units of

N=

n=1 _——— D

nef2
2ma?
S
}
| |
>
s
B

(a) (b) (c)

Fig. 2.29 (a) First four allowed energy levels in infinite well, (b) wave functions and (c) the

probability density.

It is clearly seen that the energy levels in the well are discrete. Fig. 2.29 shows the first
four energy levels, their corresponding wave functions, and probability densities |l;/| =yy *. It
is obvious that the wave functions are standing waves, and are consistent with the idea that an

electron is reflected from the walls.



2.6.2 Finite Square Well

NV

-a/2 a/2

Fig. 2.30 Finite square well.
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The finite square well is generally the most practical model for quantum well. The square

well with the depth V, and the width of a is depicted in Fig. 2.30. Inside the well, the

Schrodinger equation is,

_ R dly _
2m dz*

The general solution for wave function with possible symmetry can be written as,

w(z)=Ccos(kz) for even symmetry,
w(z)=Csin(kz) jfor odd symmetry.

212
For —9—<z<g,withE=hk .
2 2 2m

Outside the well, the SchrOdinger equation becomes,

(2.56)

(2.57)
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hZ d'_’w

2

+Vw=Ey. (2.58)
2m

The solutions are,

v(z)=Dexp(txz),

hl 2
with X _y,-E. (2.59)
2m
The wave functions (2.57) and (2.58) must be matched at z = %. Continuity of the wave
function requires
cos|( ka 1
v(a/2)=C{ . ——)=Dexp(—-—xa). (2.60)
sin|\ 2 2

Similarly, matching the derivative at z = — gives

a
2

= Ck{;;;n}(%a) =Dk exp(— -;— m) : @.61)
r=a’2

dy

dz

There are three unknown in (2.60) and (2.61): the normalization factors C and D, and the energy

E, which is in term of k and k. dividing equation (2.61) by (2.60) gives

—tan|( ka
k — =K. (2.62)
cot |\ 2
Equation (2.61) is transcendental equation which can lead to the energy level E by finding out the

. ka) ka K
interception between tan(—i-) or —Cot(?) and —i; Several important results follow this

graph.
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(i) Equation (2.62) shows that there is always at least one solution : a one- dimensional
square well always has at least one bound state, however shallow or narrow the well. This result
holds for any one-dimensional well, not just a square well. It also holds for any two dimensions,
although shallow wells have a weakly bound state. It is not true for three-dimensional wells
(quantum dot), which must exceed a critical radius or depth for a bound state to exist.

(i1) If the well is very shallow, with only one bound state, we can use the approximation

tan 0 ~ 0. Equation (2.62) is simplified, and the energy is therefore

maZI/OZ
2h?

E =V,- (2.63)

(iii) If the well is very deep, V, tends to be infinity, the solutions lie on the steep parts of

the tangent curves, and the intersections approach 7 =§n7r , where n=1,23....... . Then

nmw . .
k = — and the energy are the same as those for an infinite well.
a

2.6.3 Parabolic Well
A simple realization of the parabolic potential is the harmonic oscillator, such as

vibration of the crystal lattice or phonons. The corresponding potential is in the form

V(z)= -;—ma),fzz . (2.64)

In semiconductors, It is also possible to grow parabolic wells by continuously varying the
composition of an alloy. The magnetic field also gives rise to a parabolic potential. In quantum

mechanics we must begin with the time-independent SchrOdinger equation,

S 2 2
—-'27”—;;—2-4"5”7(002 l[/(Z) = EW(Z). (265)
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Rearranges equation (2.61), giving

d? o, )’ 2mE
(‘gz—ﬁ(mh") Zz]w(2)= ;lnz v(z), (2.66)
d? — _ 2E _
- = Z). 6
or, ( e +Z )u/(z) ho, w(Z) (2.67)

Equation (2.67) is obtained by letting

(2.68)
z,is called the length scale. It is easy to simplify equation (2.68) by defining the energy scale E,,
= FE
E=—, E,=ho,. (2.69)
E,

The result is the dimensionless SchrOdinger equation,

2

—;"E—zwz)wzf _Fy(%)=0. 270)

A wave function that satisfies equation (2.70), including normalization, is in the form of Hermite

polynomials,

12 1 4 2 1.2
_ 1 maw, _mwyz mw,
w"”(z)_(z"n/ﬁ) ( h ) exp[ 2h )H[( h J Z}' 270
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The Eigen energy E_ can also be obtained,
E, = (n——)ha)o. 2.71)

The lowest few wave functions are plotted in Fig. 2.31. They show the even-odd alternation seen

in symmetric square wells.

E/ meV

Fig. 2.31 The energy levels and wave functions in parabolic quantum well.

2.6.4 Triangular Well
The triangular well is useful because it is a simple description of the potential well at a
doped heterojunction, and for a well in the applied electric field. There is an infinitely high barrier
for z< 0 with the linear potential V{z)=eFz for z > 0. It is convenient to write V{z) in this way so
that it describes a charge e in an electric field F. Note that F is used for the electric field rather

than E to avoid confusion with the energy. In this case, the SchrOdinger equation becomes,
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nt d’
(—— 7+er)\y(z)=E|;/(z). (2.73)
2mdz-

The boundary condition is that y(z=0) = 0 and is imposed by the infinite barrier. We again
introduce dimensionless variables. Similar manipulation as for the harmonic oscillator shows that

scales of distance and energy are

; \!3 23
zo=( i J ’Eo=[(e_F7zl_J =ekFz,. (2.74)

2meF 2m

The Schrodinger equation becomes

d* - =\ -
Vz’ =(z —E)V(Z)=S!l/ , (2.75)
dz
where s =% — E . Equation (2.71) is called the Stokes or Airy equation. Its two independent

solutions, the Airy functions 4i(s) and Bi(s), are depicted in Fig. 2.32. We also require a wave
function that is well behaved as z — 400, which is the same as § — +00. This means that we

can ignore Bi(s). The boundary at z =0 is applied, giving the allowed energies to be

2 13
E =c"[(e_Fh)_] n=123... 2.76)
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Fig. 2.32 The triangular well.

Using WKB theory to approximate the parameter ¢, will give

2.77)

As n increases, the energy levels get closer together since the well broadens as the energy is

raised. The corresponding wave function is expressed as

y/n(z)=CAi(s)=CAi[

0

er——E]

(2.78)

where C is normalized constant that can be determine from given boundary condition.
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2.6.5 Perturbation Theory

Generally, perturbation theory provides a framework for calculating the slight change in
the Hamiltonian. This approach works well if the potential can be divided into a large part that
can be solved exactly and a small perturbation. There are several methods of perturbation such as
Variational method, the Wentzel, Kramers, and Brillouin (WKB) method, the k- p theory.
However, in this part, the general theory of time-independent perturbation theory is only
mentioned.

The general idea is to split the Hamiltonian H of the system that we wish to solve into
two parts, H=H ot V. Note that H, o and Vare the unperturbed and small perturbed

Hamiltonian. Thus, the SchrOdinger equation is expressed as
Hy,=(H,+V)v,=Ev,. (2.79)

The idea of perturbation theory is to expand the energy and wave function in powers of the small
potential Vit H=H o+ AV so that powers of A identify degrees of smallness. Finally, we

will set A = 1. The energy and wave functions have the expansions

E, =E/Y + AE™W + EY + .o (2.80)

w,=w'” + Ay + Py v (2.81)

Note that the subscript labels the state and the superscript labels the power of A, which is the
degree of smallness. Substitutes these expansions into the Schrodinger equation in equation (2.81)

and compares the coefficient of each term of powers of A. For powers 0,1,2 this gives

~

Hy!" = E®y (), (2.82)

Pyl + Byl = Ey ) + EPy Y, (2.83)

" =
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2) _ E(Z)

V'V + Hoy! (9 + EVy(V + E(Oy (¥ (2.84)

Va

The first term of these, equation (2.83), is just the unperturbed Schrodinger equation. This term
implies that the zeroth-order estimates of the wave function are just the unperturbed ones. For
simplicity, let W(O) é,, Eﬁo) = g, . Inserting these results into the first —order equation (2.84)

and gathering terms gives

(f, -2, v = (B -7, (2.85)

To make further progress we need to use the results of the previous section. Expand l,u“) i

terms of the complete set ¢, , which are the eigenfunctions of H 0

pi = Za( ) (2.86)

With this expansion, the first-order equation (2.85) becomes
> (B, -e, 1V, =(EV -7),. (2.87)
k
Using the identity of equation (2.82) results the expansion to be

Za(” —&, ) =E$, V3, (2.88)

The next step is to use the orthogonality of the states ¢, and reduce V to a matrix element.
Multiply equation (2.88) on the left by ¢, and integrate. There is only one term that k =n left

because the other terms all vanish by orthogonality. However, the difference (&,— g, causes this
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remaining term to vanish too. On the right hand side, the first term integrates to unity, and the

other term with the potential becomes a matrix element ¥, to give
Erf]) = J.¢;I}¢n = Vnn ‘ (289)

Equation(2.85) shows that the first-order change to the energy is simply the expectation value of
the perturbing potential V in the unperturbed state ¢,. The coefficient of the wave function can

also be obtained by using orthogonality. This gives

V
aV = ——m (2.90)

The corresponding perturbed wave function is written as

w =alVy +Z _¢ (2.91)

k.n=ek 8

The second-order perturbation can be achieved by following the same manner. First, using the

result of the zeroth and the first order for equation (2.83) and expanding the wave function

(Z) —Za(z’(ﬁk gives

(Hy-e )Za”’m =(v.. -V)Z o+ EV,. (2.92)

Secondly, use the orthogonality identity to get the second-order perturbed energy which is

(2.93)
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The process can be carried out both the perturbed Eigen value and Eigen wave function to higher
order. However, it is rarely necessary because the much higher order gives the much smaller

value than the first two orders.
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CHAPTER 3

EXPERIMENTS

In this chapter, the photoluminescence and photocurrent spectroscopy experiment set up

are described. The contact growth process for photocurrent measurement is also mentioned.

3.1 Photoluminescence Spectroscopy Set Up

488 nm filter S 1
ample
]
Argon Laser reseeny . Cryostat
Reference Chopper

Controlled <= Focusing lens

PC signal
v [—:] Filter
A
Output Monochromator
v signal

Detector

Lock- in Amplifier

1 Input signal

Fig. 3.1 Schematic diagram of Photoluminescence spectroscopy experiment set up.

Fig. 3.1 shows a schematic diagram of basic photoluminescence (PL) experiment set up.
Photoluminescence experiment was conducted at department of Physics, Silprakorn University.
The air-cooled Argon ion (Ar’) laser with filtered wavelength of 488 nm was used as optical
excitation source. The sample was cooled down to 10 K in a cryostat. The luminescence from the

sample was collected by focusing lens with appropriate focal length. At the same time, unwanted
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reflected laser light from the sample was blocked by high-pass filter with cut-off wavelength of
about 514 nm. PL signal was then dispersed by the monochromator and was carried out by
detector. The signal was amplified by a lock-in amplifier and displayed by a computer. The

stepped motor of the monochromator was controlled by a signal from computer via RS-232 port.

3.2 Photocurrent Spectroscopy Set Up

Tungsten lamp

Monochromator Controlled signal
b Computer
. Chopper 4
Reference
: ) Output signal
< Focusing lens
]

{
Sample /57 % Input signal Lock- in Amplifier

I
il

Bias Voltage

Fig. 3.2 Schematic diagram of Photocurrent spectroscopy experiment set up.

Fig. 3.2 illustrates a schematic diagram of photocurrent experiment set up. Photocurrent
experiment was conducted at Quantum and Optical Semiconductor Laboratory, department of
Applied Physics, King Mongkut’s Institute of Technology Ladkrabang. The light from a tungsten
lamp impinges on the sample through a monochromator. The wavelength of light is selected by
the monochromator that is control.led by computer. Before illuminating on the sample, light is
chopped by a chopper. Photocurrent from the sample is carried out and amplified by the lock-in

amplifier. A computer is used to control the monochromator, collect data from the lock-in
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amplifier, and produces plots and .data files. All PC measurement was conducted at room

temperature.

3.3 Contact Growth Processes
Before. the photocurrent spectroscopy is measured, the conducting contact on

semiconductor is required. The contact growth processes are needed. The processes are described.

3.3.1 Surface Cleaning Process
The surface cleaning process is needed before the contact is grown on the sample.
Different sample uses different process. For GaAsP, the cleaning processes are as follows,

1. Wash the contamination on the surface with Trichloethylene for 5 minutes, and then with
Acetone for 5 minutes, followed by Methylalcholhol for 5 minutes. All steps are done in
ultrasonic cleaner.

2. Clean the surface with de-ionized (DI) water and then dry in Nitrogen ambient.

3. Etch the oxide layer with H,SO, (96%) : H,0, (31%) : DI Water with 5:1:1 by volume
for 20 seconds, HCI Solution for 5 minutes, and wash out with DI water.

4. Dry out the surface with Nitrogen gas.

5. Bake the sample at 150°C for 1 hour.

3.3.2 Growth of Indium Tin Oxide Contact
The Indium Tin Oxide (ITO) is the transparent conducting contact that is suitably used as
optical window in optical semiconductor device. In order to gather the photocurrent, ITO is
chosen as the Schottky contact. The ITO thin film was grown by electron beam evaporator at
Quantum and Semiconductor Laboratory, as shown in Fig. 3.3. The processes include,
1. The high vacuum is operated until the pressure of 5.0 x 10° mbar is obtained.
2. Oxygen is fed to the chamber trough a needle valve.
3. The substrate is heated to reach 200°C.
4. Operate the electron gun and rotate the substrate holder.
5. Observe the growth rate at the crystal monitor. The rate should be in the range of 1-3 As.
Then open the shutter to grow the ITO thin film on the substrate.
6. Keep the operation until the required thickness is obtained, then close the shutter and turn

off the gun.
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Fig. 4.10 Current-Voltage characteristic of GaAsP with ITO and gold contact as Schottky contact.

4.3 Photocurrent of Bulk Semiconductor

The photocurrent spectroscopy of bulk semiconductor was set up at room temperature.
GaAsP is selected as a characterized sample. Its PC signal with different Schottky contacts; Gold
and ITO is compared. Fig. 4.11 exhibits the PC spectra of GaAsP at different chopped frequency.
For this sample, 500-nm thick ITO and 200-nm thick gold is used as Schottky and Ohmic
contacts, respectively. All PC spectra begin to raise at around 2.0 eV, at which corresponded to
the absorption energy of GaAsP. At low frequency, PC spectra have greater amplitude than at
high frequency. The effect of chopped frequency on PC amplitude is plotted in Fig. 4.12. The

solid line presents fitting curve using following equation,

1y

Ipc =l +——= 4.6
< ey 42
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Where I, I, and T are the background current, PC at f = 0 Hz, and the PC response time,

respectively[6). The fitted values of these three parameters are listed in table 4.1
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Fig. 4.11 Photocurrent of ITO/GaAsP with different chopper frequency.
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Fig. 4.12 Frequency response of Photocurrent of ITO/GaAsP at vicinity of energy gap. Solid

line represents the fitted curve by equation (4.6).

Table 4.2 fitted parameters of GaAsP from frequency sensitive photocurrent measurement.

I(a.n) 0.413
I(a.u) 1.014
T{(ms) 0.39

The PC of GaAsP under biasing was studied. The biased voltages are varied from 0 Volt
to 3 Volt as shown in Fig. 4.13. The PC amplitude increases as the forward biased voltage
increases. This feature is explained in section 2.2.3. However, the position of the peak does not
change with the increment of biased voltage because the sample is just bulk semiconductor and

the quantum effects is not consequently observed.
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Fig. 4.13 Photocurrent of ITO/GaAsP at different bias voltage.
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CHAPTER 5
PHOTOLUMINESCENCE OF NARROW WELL WIDTH

InGaAs/InP SINGLE QUANTUM WELL

5.1  Literature Review

Semiconductor compound materials from group III and V in the periodic table have
recently attracted considerable interest according to promising properties for novel optoelectronic
devices such as lasers and light emitting diodes. Most of devices are fabricated in form of
quantum structure. Ing ;,Ga, ,,As lattice-matched to InP has promised for ultrahigh speed devices,
utilizing the high electron mobility and high peak velocity. The band gap of 0.75 eV is good for
photodetector in optical communication systems. Moreover, semiconductor injection lasers using
InGaAs/InP quantum well structures can be shifted into the 1.30-1.55 pim region by changing the
well thickness. Room — temperature measurements of the quantum confined Stark effect in single
InGaAs/InP quantum wells grown by low-pressure MOVPE were studied[1]. The well thickness
ranges from 45 to 110 A. Photocurrent measurements on p-i-n diodes containing single quantum
wells have been used to demonstrate strong excitonic absorption features which exhibit
substantial spectral shift in an applied electric field. The optical properties of excitons in InGaAs/
InP quantum wells for the use in tunable resonant cavity enhanced photodetectors were analyzed
by photoluminescence and photocurrent spectroscopy[2]. The results implied the formation of
InAs or InAsP monolayer at the interface between InGaAs QW and InP barrier. Low -
temperature photoluminescence of InGaAs/InP quantum wells with well thickness ranging from 1
to 16 nm was performed in order to investigate the source supply interruption (SSI) at the
interface [3]. The observed PL peak energy shifts toward a higher energy as the SSI becomes
longer. PL is measured to study the optical features of GaAs/AlGaAs multiple quantum wells.
The results suggest that As pressure influence on densities of the defects that can be tailored by
As pressure during the MBE growth [4].

In this chapter, the formation of Ing ,Ga, ,,As/InP single quantum well with narrow well
width grown by Organometallic Vapor Phase Epitaxy is verified by photoluminescence

spectroscopy. PL spectra exhibit the e(1)-hh(1) transition in the well. PL measurement was
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conducted at various temperatures from 15K to 200K in order to investigate the important

temperature-dependent parameters of this structure.

5.2 Sample Structure

Few monolayers Ing,Ga, ,,As/InP SQWs were grown by Organometallic Vapor Phase
Epitaxy (OMVPE) at low pressure. Trimethylgallium (TMGa), Trimethylindium (TMIn), AsH,,
and PH, were used as the source gases for Ga, In, As and P respectively. Flow sequence of source
gases are shown in Fig. 5.1. A 100-nm thick InP buffer layer was grown on semi-insulating InP
substrate. After the gas source for In and P was suspended, InGaAs well layer was grown with
varied thickness from 1-5 monolayer before InP cap layer with 2 nm thick was grown. The

growth temperature was 600°C. The sample structure is schematically depicted in Fig.5.2.

=
5
[3]
=
&
g PH; AsH; PH;
=
TMIn+TMGa
TMIn TMIn
: T :T: : T :T: time
250.5s 25 055

Fig. 5.1 Flow sequence of gas sources for Iny;,Ga, ,, As /InP single quantum well.
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Cap: InP (2 nm )

Buffer : InP (100 nm)

Substrate: S.I. InP

Fig. 5.2 Sample structure of In,Ga, ,, As/InP single quantum well.

5.3 Results and Discussion

In Fig. 5.3, PL spectra of all samples at 15 K exhibit clear peaks, which are attributed to
the luminescence from quantum well. The solid lines represent the fitting curves of each sample.
The observed PL peak of the sample with the well width of 4ML, 3ML, and 2 ML is at 1.079 eV,
1.151 eV, and 1.198 eV respectively. The peaks due to the n=1 excitonic transition (e(1)-hh(1))
are clearly identified. PL peak has a dramatic increase (about 40-60meV) when the well width is
decreased by only one monolayer. These features reflect the formation of the extremely thin well-
width single quantum well between lattice-matched InP and InGaAs. The sample with 3ML-well
width shows the strongest intensity, implying the optimization of good formation and uniformity

of the sample.
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Fig. 5.3 PL spectra of In, ;,Ga, ., As/InP single quantum well with different well width at 15 K.

The calculation of the peak observed in the PL spectra of the particular quantum well
transition is done by estimating the transition energies expected for a quantum well with a given
well width. The ground state energy level in the quantum well is calculated by solving one-
dimensional Schrodinger equation of a finite square well. In the calculation, the energy gap of InP
and In, ,,Ga, ,,As are 1.35 eV and 0.73 eV respectively[5]. The effective mass of electron (me' )
and hole (m p ) for In, ,Ga, ,As are 0.0416m, and 0.46m, respectively. The band discontinuity
for conduction band ,AE,, and valence band ,AE,, are 0.217 eV and 0.403 eV respectively [ 5].
The corresponding schematic band diagram of Ing,Ga, ,, As/InP single quantum well is depicted

in Fig 5.4.
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Fig 5.4 Schematic band diagram of In, ;;Ga,,, As/InP single quantum well.
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Fig. 5.5 The values of ground state energy level of heavy hole(E,,), electron (E,)) and e(1)-

hh(1) transition energy in Iny;Ga,,, As/InP single quantum well as a function of the

well width.
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Fig. 5.5 illustrates the values of ground state energy level of heavy hole(E,,), electron
(E,,) and e(1)-hh(1) transition energy in In, ;;Ga, ,, As/InP single quantum well as a function of
the well width from 1ML to 5 ML. In Fig. 5.6, the calculation results of e(1)-hh(1) transition
energy are plotted by closed squares while the closed lozenges denote the transition energies
obtained from the PL measurement. The calculation shows the higher values (about 70-90 meV)
than the measured values. The origin of the difference may come from the imperfection at the
interface between the extremely thin layer of InGaAs and InP barrier [6]. This influence will be

discussed in section 5.4.

1.7
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Fig. 5.6 Transition energy of e(1)-hh(1) in InP/InGaAs/InP SQWs as functions of well width.
Closed squares present calculated values while the closed lozenges denote the transition

energies obtained from the PL measurement.

Fig. 5.7 shows temperature-dependent PL of the sample with 3 ML well width. As
temperature increases from 15 K to 200 K, PL spectra are weaker and exhibit the red shift,

moving to the lower photon energy. The tendency of the shift is illustrated by a dashed line. The
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PL peak position versus measured temperature is illustrated in Fig. 5.8. The PL peak of about
1.152 eV at 15 K slightly shifts to lower energy of 1.138 eV at 200 K. The red shift of about 14
meV from 15 K to 200 K is probably caused by the decrease in the band-gap energy as the
temperature increases[7]. It can be deduced that the luminescence of the extremely thin or small

quantum structure is almost independent of the temperature [8].

] 3ML

PL Intensity (a.u)

0.8 1.0 1.2 14
Photon energy (eV)

Fig. 5.7 PL spectra of 3-ML sample at different temperature.

Meanwhile, the PL intensity drop as temperature increases is due to the fact that when
temperature increases, the photocarriers have more probability meet various types of defects and
recombine non-radiatively on them([8] and the small binding energy of the exciton. At higher
temperature, the thermal energy is significant comparing to the binding energy of the exciton, and

the exciton-phonon interaction is considerable, reflecting in weaker and broader PL spectra[7].
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The effect of temperature on PL characteristics of 3-ML sample is thoroughly
investigated. The integrated PL intensity shown by closed square and full width at half maximum
(FWHM) of the PL peak shown by closed circle of 3-ML sample as a function of temperature is
plotted in Fig. 5.9. As the temperature increases from 15 K to 80 K, The PL intensity rapidly
decreases. Further increase in temperature from 80 K to 150 K causes insignificant decrease of PL
intensity. Meanwhile, The FWHM of PL peak increases with increasing temperature, especially
after 80 K. The temperature dependence of the integrated PL intensity of an exciton emission

peak is expressed as following equation [9-10]

Iy
1+ Aexp(—E/kgT )" (5.

Ip(T)=

Where I, is the integrated PL intensity near 0 K, A is a constant, E, is the thermal activation
energy which is responsible for the quenching of PL intensity in the temperature-independent PL

spectra, T is the temperature, and £ is Boltzmann constant.
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Fig. 5.10 Variation of Integrated PL intensity with temperature of 3-ML sample.
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Fig. 5.10 presents the integrated PL intensity of 3-ML sample. These measured values
were fitted using equation (5.1) and shown by the solid line. The fitting curve obviously exhibits
satisfactory consistence with the experimental data. From fitting curve, the thermal activation
energy (E,) of this structure of 15.1 meV is obtained. Normally, the temperature-induced
quenching of luminescence in quantum well structure is caused by two mechanisms: thermal
emission of charge carriers out of confined states in the well into barrier states [11] and thermal
dissociation of excitons into free-electron-hole pairs [7]. Because of very narrow well width, the
subband energy of electron in conduction band and hole in valence band are closed to the top of
the well. The confined carriers can easily escape from the quantum wells. Therefore the first
quenching mechanism dominates and the small thermal activation energy can be regarded as the
delocalization energy of carriers in the well[7].

The temperature-dependent broadening of PL spectra of this structure is also
investigated. Typically, the broadening of the PL spectra in quantum well structure can be
summarized as the sum of two components: a temperature-independent inhomogeneous
broadening due to interface roughness, fluctuations in binding energies alloy fluctuations (I, ),
and the temperature-dependent homogeneous broadening which typically due to electron-optical

phonon or exciton-phonon interactions, I}, , which is given by the following expression[12],

FLO

Dhog =——~—_ (5.2)
exp(@) +1

kgT
Note that, I';, is the electron-phonon or exciton-LO-phonon coupling constant and E,, is the
optical phonon energy. Therefore the total broadening is the summation of inhomogeneous

broadening and homogeneous broadening due to the electron-phonon interaction,

I-'lalal(T) = I-'in +rham(T) . (5.3)



101

0.048 ~

0.047

0.046 4

0.045 A

FWHM (eV)
(=]
E
L

0.043

0.042

0.041

T
0 20 40 60 8 100 120 140 160

Temperature (K)
Fig. 5.11 FWHM of PL spectra of 3-ML sample as a function of temperature.

Fig 5.11 shows the FWHM of PL spectra from the sample with 3-ML well width as a
function of temperature. The solid line is the fitting curve to the measured point using equations
(5.2) and (5.3). It agrees well with the experimental data. The corresponded parameters extracted
from the curve fitting are obtained as follows, I}, =32.0 meV, E, , = 24.5 meV, and I, = 42.7
meV. Fitting data reveals that inhomogeneous broadening mechanism is the dominant
mechanism responsible to the broadening of PL spectrum of this structure. The inhomogeneous
broadening which is independent to temperature depends on several mechanisms such as well

width fluctuation, donor-to-acceptor recombination and local fluctuation in the strain[12].
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Fig. 5.12 The homogeneous broadening of In,,Ga, ,,As/InP SQW as a function of temperature.

For this quantum structure of very narrow well, the well width fluctuation should
dominates and the local fluctuation in the strain is neglected due to lattice matching between InP
and Ing,Ga,,,As. The second part of broadening of PL spectrum is homogeneous broadening
which is temperature-dependent mechanism. Fig 5.12 shows the homogeneous broadening of
In, ;Ga, ,,As/InP SQW as a function of temperature. The homogeneous broadening is negligible
at low temperature (<40 K). At higher temperature, its value increase drastically from 0 meV to 4
meV with increasing temperature from 40 K to 150 K. At low temperature, the carriers are
trapped in the well resulting in minimum variations of the binding energies of the carriers and the
inhomogeneous broadening mechanism dominates. At elevated temperatures, the electron-phonon
interaction becomes the dominant broadening mechanism and the FWHM consequently increases

with increasing temperature.
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5.4 Gas Source Supply Interruption Effect During Growth on Quantum Well Structure of
Narrow-Well Width In,,,Ga, ,,As/Inp SQWs

From the previous part, the PL characteristic of this structure reveals the influence of
well width fluctuation on the broadening of PL emission peak. This fluctuation may occur during
growth process. Fig. 5.1 shows the flow sequence of gas source supply into the reactor to grow
the samples. Considering the gas source interruption process at the interface, the gas source
TMIn and TMGa was stopped for 2 seconds, and PH, was subsequently allowed to flow into the
reactor for 0.5 second before TMIn flow. K. Hosomi et.a/ [3] studied effect of source supply
interruption (SSI) time at the InGaAs to InP interface by photoluminescence spectroscopy. They
found that the SSI effect was noticeable if the interruption time ranged from 0 to 12 seconds.
Based on this fact, the compound of extremely thin (1monolayer) In(Ga)AsP transition layer at
the InGaAs-to-InP interface can be formed. The change in the As compostion depends on the SSI
time. This formation consequently affects shape of the well as asymmetric stepped finite
rectangular well. The well width of this stepped well is therefore widened to 2-6 ML, including 1
ML of InGaAsP.

Fig. 5.13 shows the SSI dependent-band diagram profile of InP/InGaAs/InGaAsP/InP
stepped quantum well. The energy of InP and In,,,Ga, ,,As are 1.35 eV and 0.73 eV respectively
[5]. The effective mass of electron (m‘, ) and hole (m A ) for InGaAs are 0.0416m, and 0.46m,
respectively. The energy gap of InGaAsP is 0.83 eV [13]. The band discontinuity for conduction
band ,AE, and valence band ,AE,, are 0.217 eV and 0.403 eV respectively [5]. In order to
calculate the e(1) and hh(1) energy level of this quantum well, we assume that the well shape is
firstly a finite rectangular well with well width of 2-6 ML, i.e., 0.6-1.8 nm. Solving Schrédinger
equations numerically yields the non-perturbed e(1) and hh(1) energy levels in the well and also
the intersubband transition energy. After that we employed perturbation theory as mention in
section 2.6.5, taking the stepped potential of In(Ga)AsP into account. The perturbed potential (V)

is expressed in equation (5.4),
V,=E, a-d<x<a, (5.4)

where a is half of well width, d is the length of 1 ML (3 nm) and E, is the height of the stepped
potential. The first order perturbed energy (AE) of the stepped well can be obtained from

equation (5.5),
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AE = <\U?k’p l\u?> , (5.5)

where l;llo is either non-perturbed e(1) or hh(l) wave function. Solving equation (5.5) and

applying all boundary conditions yields the solution for AE,

2
AE = EaAz[‘%(sin2qa—sin2q(a—-d))}+ E,A7d . (5.6)
q

2

A is the amplitude of the ground state wave function which is expressed as,

1

2

A= 2kq . (5.7
gcos2qa+ksin2qa+ q+2kqa

gand k are the wave number in the well and out of the well respectively,

2m"E} 2m*\V - E!
q= T,and k= g (5.8)

where m_ is the effective mass, £ is either non-perturbed e(1) or hh(1) energy value, and ¥ is

the potential difference between well and barrier.
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Fig. 5.13 Band diagram of InP/InGaAs/In(Ga)AsP/InP  stepped quantum well. 1 ML is

approximately equal to 0.3 nm.

The experimental data of e(1)-hh(1) transition energy as a function of well width is
already shown in Fig. 5.6. In order to verify the formation of IML In(Ga)AsP at the InGaAs-to-
InP interface, we have also made a simple calculation for quantum level in the finite rectangular
well of InP/InGaAs/InP by solving one-dimensional Schrédinger equation. The resultant energies
of finite rectangular well are compared to these energies of stepped quantum well affected by SSI.
These comparison is plotted together with experimental data and shown in Fig. 5.14. In Fig. 5.14,
the calculation results without SSI effect and with SSI effect are plotted by closed squares and
opened triangles respectively, while the closed lozenges denote the transition energies determined
from the PL measurement. The calculated values without SSI effects show significant difference
about 70-90 meV above the measured values. When the calculation is involved by SSI effect, the
calculated values are in good agreement with the experiment values. However, there are
approximately 30-meV discrepancy between calculated values with SSI effect and measured

values for 2 ML and 3 ML samples. The origin of the differences may come from- the
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imperfection of the interface between each species. Another possible candidate for the

discrepancy are the uncertainty of the roughness of the potential barrier height of InGaAsP [6].
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Fig. 5.14 The e(1)-hh(1) transition energies with different well widths. Closed squares and closed

triangles show the calculated values without SSI effect and with SSI effect respectively.

Closed lozenges denote the PL results.
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5.5 Summary

In summary, the photoluminescence of very thin Ing ,Ga, ,,As/InP SQWs grown by OMVPE was
conducted. The PL peaks reveal the luminescence from the recombination between e(1)-hh(1) in
quantum wells. The photon energy of PL peak increases dramatically as the well width decreases
by only few monolayers and has such good agreement to calculated results. The temperature-
dependence of The PL spectra was investigated. As temperature increase, PL emission peaks
become broader, weaker, and exhibit significant redshift. The thermal activation energy that
affects PL intensity quenching of this structure is obtained from the plot of integrated PL intensity
versus temperature. Due to small thermal activation energy in the narrow well, carriers can easily
escape from the well to the barrier states resulting in the PL intensity quenching at low
temperature. The broadening of PL emission peak is analyzed in terms of homogeneous and
inhomogeneous broadening mechanisms. It is revealed that Inhomogeneous mechanism is the
dominant mechanism for the broadening of PL peak and homogeneous mechanism has significant
role at high temperature due to electron-phonon interaction. The mathematical model of few
monolayer InP/In, ;Ga, ,,As/InP SQWs grown by OMVPE taking the influence of source supply
interruption into account is proposed. In the model, The 1-ML potential barrier of InGaAsP is
formed at the InGaAs-to- InP interface, widening the well and causing asymmetric stepped well.
The theoretical prediction with SSI shows better agreement with experimental data than the

prediction without SSI.
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CHAPTER 6
PHOTOCURRENT OF ERBIUM DELTA-DOPED InP

STRUCTURE

6.1 Literature Review

Over the past few years, interest in Erbium (Er) doped III-V compound semiconductors
have been considerably increased after good quality samples between rare-earth (RE) element and
group V element on group III-V semiconductor by epitaxy growth were achieved. II-V
compounds themselves have broad applicability to various optoelectronic devices. By doping rare
earth element such as Erbium, new function of RE-V on III-V compounds can be obtained. This
new structure has a great potential not only for novel electronic devices such as resonant
tunneling devices[1] but also in optical communication systems operating in the vicinity of 1.5
pm wavelength. When Er3+ was delta-doped (0-doped) on InP, Er atom formed rocksalt ErP with
a lattice constant of 0.5595 nm[2]. The distribution of Er atoms at the d-doped layers and
structure of ErP were monitored by X-ray crystal truncation rod (CTR) scattering[3). The trap
states in Er-doped InP were also observed by the technique of photoreflectance[4]. The transition
of bandgap of InP from 1.35 to 1.31 eV is involved by an Er trap. However, in our knowledge,
few researches on fundamental physical properties using optical characterization of Er doped III-
V compounds were reported.

Photocurrent spectroscopy (PC) has been applied extensively in order to study transition
phenomena in quantum structure semiconductor. Photocurrent is a fast and comparatively simple
technique without any modulations. Photocurrent “spectra can also observe the photoabsorption
lineshape when carrier escape from the quantum well(S]. This technique was employed to
investigate the excitonic transitions in InGa, As/In Al,  As multiple quantum wells with and
without applied electric field [5]. The results for the PC data at 300 K for several applied electric
fields displayed that many excitonic transitions shifted to longer wavelengths as the applied
electric increased. The PC spectra at room temperature of InGaAlAs/InP type-II superlattice were
carried out [6]. These spectra exhi-bited the quantum confined Stark effect (QCSE) of interband
transition energies under various voltages. This technique was employed to observe the transition

energies in a GaAs/AlAs coupled quantum well structure under applied electric field at room
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temperature. The results of field induced decoupling effect showed a large change in the
absorption coefficient and refractive index[7]. PC study of InAs/GaAs self-assembled quantum
dots was carried out [8]. Under an applied electric field an asymmetry of the quantum confined
Stark effect is observed, implying that the dots possess a permanent dipole moment.

In this chapter, the room-temperature PC spectroscopy was conducted in order to
investigate the formation of ErP quantum structure by Er 6-doping on InP. We also observed

QCSE when samples were biased.

6.2 Sample Structure

The structure of Er d-doped InP is schematically illustrated in Fig. 6.1. All samples
were grown by Organometallic Vapor Phase Epitaxy (OMVPE) with a vertical quartz reactor at
0.1 atm. TMIn (trimethylindium), TBP (tertiarybutylphosphine) and Er(MeCp),
(tri(methylcyclopentadienyl)erbium) were used as source materials. All samples were grown at

Department of Material Science and Engineering, Nagoya University, Japan.

InP (Cap) 10 nm

Er 6-doped
InP layer

K__

InP (Buffer) 100 nm

Fe-doped InP(001)
substrate

Fig 6.1 Sample structure of Er 8- doped InP.
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sample. These features should be related to Er-doping because it is not been observed so far in

the undoped InP specimen.

6.3.1 Quantum Island Model

In the previous work, the formation of flat ErP islands with size of 200-500 nm and
height of 1-4 nm had been reported[9]. The well defined PC spectra of the doped sample therefore
ensure a high-quality formation of ErP layer on InP by using this growth technique. L. Bolotov et
al.[1] reported a semimetal behavior for ErP islands with thickness larger than 3.4 nm while a
semiconducting gap varying up to 1 eV was revealed for the islands thinner than 3.4 nm. Because
the energy gap of ErP islands depend on the their thickness, the PC spectra of doped sample, in
the range of 0.8-1.1 eV, should arise from interband transitions between the confined electron and

hole states [8,10].

)

()

Photocurrent (a.u.)
o~
=3
e’

0.8 0.9 1 1.1
Photon Energy (eV)

Fig. 6.3 Room temperature photocurrent of (a) undoped InP and (b) Er 8-doped InP at 80

minutes erbium exposure duration.
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A comparison of PC spectra of Er d-doped InP with 10 min and 80 min Er exposure
duration is illustrated in Fig. 6.4. Both signal are smooth and in the same trend. These manners
imply that the thickness of ErP islands does not change considerably with increasing Er exposure
time. In addition, the spectra of the 80 min Er-exposure time sample are comparably sharper than
the spectra of the 10 min Er-exposure time specimen. The influence of Er-exposure time on ErP
occupation sites on InP were studied[3]. It was found that, when the specimens were exposed to
Er source for more than 10 min, the ErP layer was formed and the total number of incorporated Er
atoms increased exponentially with increasing exposure time. The total amounts of ErP islands

therefore increase with increasing Er exposure time, reflected in the sharper of the PC spectra.

(a)

Photocurrent (a.u.)

0.8 09 1 1.1
Photon Energy (eV)

Fig. 6.4 Room temperature photocurrent spectra of Er 6-doped InP  of (a) 10 min Er exposure

time and (b) 80 min Er exposure time.
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6.3.2 Quantum Well Model

From Fig. 6.3, comparing to undoped sample, PC spectra of doped samples exhibit three
extinct peaks with photon energy of 0.86, 0.92 and 1.04 eV respectively. At this point, It can be
deduced that these manners should be affected by Er doping. It was reported that the Er atoms in
the InP were considered to form the rocksalt structure ErP when InP were exposed to Er
atmosphere for more than 10 minutes [1]. The other model is proposed. Because of the formation
of ErP between InP buffer and cap, single quantum well (SQW) of ErP/InP could be aligned if the
number of ErP islands are large enough to form ErP layer. These three PC peaks extracting from
PC measurement should correspond to the transition energies in the well. The sharpest peak with
photon energy of 0.86 eV should relate to the transition of the ground state and the other peaks
should be the transition energies of the higher subbands. In order to obtain the values of
transition energies, mathematical models is developed using with both finite rectangular quantum
well (RQW) and parabolic quantum well (PQW) based on reasonable assumptions. Important
parameters for the calculation were discussed. Because these three interband energies are smaller
than both bandgap of InP (1.35 eV) and bandgap of ErP (1.24eV) [11], the ErP/InP should be
type-Il quantum well. This assumption also coincides to band diagram of delta-doped
semiconductor whose alignment at doped layer is a type —II like quantum well.

For RQW, the well width, which is the thickness of ErP layer, is considered. It was reported
that the ErP layer thickness at full width of half maximum of X-ray CTR result was
approximately 8 monolayers (ML). This averaged value is used as well width for RQW. First
three subband energy levels in a ErP/InP SQW and the interband transition energies are achieved
by solving Schrodinger equation explicitly. The equation of SQW of conduction band is written

as

—_—+Vy =EW (61)

where m_ is an effective mass of electron in conduction band. Potential ¥ due to the bandedge
discontinuity equals to —-AE, in the region -a/2 <z< a/2 and equals to zero elsewhere. By
matching the wave function and its derivative at the boundaries of the well, it can be shown that

the subband energy levels are given by the solution to the transcendental equations



116

k k
—=tanqa for even parity, and—— = cotqa for odd parity (6.2)
q

2235 wd g’ = Zme(hE2+V)

to obtain the Eigenvalues E. For valence band the equations are also solved and the

where k¥ =- . These equations can be solved numerically

corresponding levels are continuum since holes are in a finite potential barrier caused by
bandedge discontinuity. The energy gap of InP and ErP are 1.35 eV and 1.24 eV[1,11]
respectively. The well width which is designated by the distribution of ErP” is taken to be 2.4
nm ( 8 ML ) for both samples. The effective mass of electron and hole are 1.71m, and 0.14m,
respectively[1,11]. The band discontinuity and band offset have to be determined. There is
unfortunately no report of the band offset of ErP/InP structure. However, this information can be
obtained from fitting optical data and the acceptable band offset is revised to be around 60:40[12].
In this calculation, the band offset at the best fit is 56:44 which is closed to conventional value.

Solving Schrodinger equation of RQW of conduction band gave three valid subbands of
0.47 eV, 0.40 eV and 0.27 eV below the welledge. The energy level of valence band were found
continuously because holes were in the finite barrier caused by type-II quantum well. The
interband transition energies which are the difference between valence bandedge of InP and each
subband levels in the well are therefore 0.86 eV, 0.95 eV and 1.08 eV respectively. This simple
model shows the well-agreed results to the PC peaks in Fig. 6.3. However small shift from the
calculated values and the broadening of all spectra may be caused by temperature induced effect.
and phonon scattering[13].

For PQW, we take the local distribution ErP layers and the quantum sized effects into
account. The width (W) at the top of PQW was considered by the profile of CTR results. This
value is in the vicinity of 22 ML (6.6 nm). The other parameters used in calculation were the
same values as used in RQW. The calculation method is similar to E.P. Sinyavskii et al [14]. The

subband in the well of conduction band are determined by the expression.
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Fig. 6.5 The comparison of transition energies obtained by using RQW model, PQW model and

PC measurement.

(n +—;—], (6.3)

where AE, is the conduction band discontinuity and m; is the electron effective mass. The first
three subbands in the PQW have their transition energies of 0.93 eV, 0.99 eV and 1.05 eV
respectively. First two calculated values are 70 meV and 50 meV higher than the experimental
data but the third value is well-agreed to the experiment. The transition energies using RQW

model and PQW model are compared to experimental data and shown in Fig. 6.5.
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6.3.3 Quantum Confined Stark Effects
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Fig. 6.6 Room temperature PC of Er 8-doped InP at 80 min exposure duration under bias

voltages. The solid lines represent the best fitting curve of each spectrum.

Fig. 6.6 exhibits the PC spectra of the Er -doped InP with 80 minutes exposure duration
time under several bias voltages. The PC signal at various bias voltage was fitted so that the peak
position and the peak shift due to external electric field were obtained. The best fitted curves are
shown by the solid lines. Comparing to the signal of the sample without bias voltage, the
dominant peaks clearly show a significant shift because of applied electric field which is called
Quantum Confined Stark Effect (QCSE). The shift is consequently called Stark shift. The
tendency of the shift is shown by a dash line. The ground state transition energies indicated by
solid circles and the peak shift indicated by solid squares are plotted as a function of applied
electric field in Fig. 6.7. In the calculation of electric field, the associated thickness is about 112

nm.
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Fig. 6.7 The ground state transition energies indicated by solid circles and the peak shift indicated

by solid squares as a function of applied electric field.

The dominant peak with photon energy of 0.868 eV shifts to the higher photon energy
with increasing forward bias voltage from OV to 0.1V. The Stark shift is approximately 17 meV.
When the doped samples are biased, the applied electric field that is normal to ErP islands plane
suppresses the bandgap of ErP[15). The electrons and holes are thus no longer bound. The
carriers are able to escape from the islands by tunneling effect[16] and three well-defined features
in the range 0.8-1.1 eV are observed. In addition, the excitons acquire a finite lifetime, reflected
in broader PC spectra and the blur out. The lifetime decreases as the electric field are
stronger{17]. After bias voltage of 0.1 V, the increment of the shift is approximately 23 meV/V
when the voltage varies from 0.1 to 0.3 V. When the bias voltage increases from 0.3 Vt0 0.4 V,
the transition energy shows a redshift of about 2 meV. Further increasing in bias voltage, the
shift is not observed because this voltage can cause too high electric field for very thin quantum
island. In addition, a new peak with lower photon energy is observed when the sample is biased.
This appearance can be explained theoretically. When the external electric field is applied to a
quantum structure, the increasing electric field causes the conduction and valence band to tilt

along the direction of the electric field[18] and a new ground state will align at lower level than
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the exist one. This new peak therefore corresponds to the transition energy of the new ground
state. Moreover, because the well is inclined when biasing, the higher energy levels will increase.
At this point, the subband level will be absent. The absence of the higher subband level is also
observed when the biased voltage is increased.

The electric-field dependence of the ground-state transition of the quantum dot-like

structure due to QCSE is typically described by the following equation[19-20]

E(F)=E(F,)+pF +BF?, (6.4)

0.890
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Electric field (kV/cm)

Fig. 6.8 Ground-state transition energies of Er 6-doped InP at 80 min exposure duration as a

function of electric-field. The solid line is a theoretical fit to the experimental data.

where E(F,) is the transition energy at zero field, p describes the non-zero dipole moment and f3 is
the polarizability of the electron-hole system in the quantum dot-like structure due to QCSE.
Curve fitting of the above equation to the experimental data, as shown in Fig. 6.8, results in
values of E,=0.869 eV, p = 2.672 x10” Cm,and f=-48x 10* Jm*V”. The transition energy
exhibits a significant asymmetry about F = 0, with the maximum point for a non-zero field of
about 25 kV/cm. This asymmetry éttributes to the considerable permanent dipole moment of this
structure[16]. The dipole moment may originate from their non-uniform shape along the electric

field direction[21].
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6.4 Summary

In summary, photocurrent spectroscopy was used to characterize the Er d—doped InP
grown by OMVPE. The clear PC spectra of the doped samples reflect the high quality formation
of ErP layer in InP. The PC spectra of doped samples with different Er exposure duration show
that the total number of ErP islands increase with increasing exposure time, reflected in the
sharper PC spectra. When the voltage is applied, it suppresses the energy gap of ErP causing
unbound excitons and the blur out of the PC spectra. All features revealed by photocurrent
spectroscopy demonstrate the formation of ErP islands layer in InP. In addition, the photocurrent
spectra of doped sample exhibited distinguished peaks, which may correspond to  the interband
transitions of a ErP/InP single quantum well formed during growth. The theoretical model based
on both rectangular well and parabolic well were studied. The results from the rectangular model
have a better agreement to the experiment than the parabolic model. The photocurrent of the
doped specimen also showed the quantum confined Stark effect at low voltages. The peak
position is shifted to higher energy when the biased voltage is increased from 0.1 — 0.3 V. The
new peak of lower energy is also observed. The field dependence of ground state transition

energy leads to the existence of permanent dipole moment due to non-uniform ErP islands.
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CHAPTER 7

PHOTOCURRENT OF NANOCRYSTAL ZnSe and
ZnSe/Alq,/TPD HETEROSTRUCTURE ON SILICON

SUBSTRATE

7.1 Literature Review

II-VI Semiconductor compound materials have attracted considerable interest owing to
suitable properties for optoelectronic devices. Due to its successful application in blue -green
wavelength, Zinc Selenide (ZnSe) is widely used in many applications such as optical windows,
light emitting diode, dielectric mirror and filter. Recently, advanced deposition techniques were
developed so that the high quality atomic structures can be achieved. ZnSe nanoparticles and
nanocrystalline (NC) were successfully grown by various methods such as pulsed laser deposition
[1], and metal organic vapor phase epitaxy (MOVPE) [2]. For intentional n-type doping, the
group III elements serve as donor dopants at Zn sites as do the group VII impurities on Se sites
[3]. ZnSe can also be grown in form of heterostructure. Fabrication of the first ZnSe/GaAs
heterostructure bipolar transistors grown by molecular beam epitaxy (MBE) was done by A.§
Glaeser et.al [4]. ZnS/ZnSe multiple quantum well (MQW) for laser diode operating in the 400
nm spectral range was successfully grown by MOVPE [5]. Another heterostructures based on
ZnSe such as ZnSe/Alq, quantum wells (6], ZnCdSe quantum dots on ZnSe were also reported
[7]. Up to now, many researches on semiconductor heterostructures have led to discoveries of
many novel devices such as quantum well semiconductor laser and photodetector. In the last few
years, new class of optoelectronic devices consisting of contacts between organic and inorganic
semiconductors has been reported. The most promising applications of organic-inorganic
heterostructure include electroluminescent devices[8], photovoltaic cells[9] and diode for
microwave applications[10]. The major advantages of organic materials include color tunability,
low power consumption, ease of fabrication and its high absorption constant [11]. However, in
contrast to inorganic semiconductors, organic materials have the slow mobility of carmers and

strong chemical interaction between two compounds, which prevents the injection of charges into
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organic [12]. The use of hybrid organic-inorganic structures to combine the comparatively good
transport properties of semiconductors is one of potential candidates to improve efficiency of the
device [13]. It is also believed that, because of large enhancement of the interaction between the
organic and inorganic layers, novel functionality combined with properties of the organic and
inorganic layers, especially in form of low-dimensional systems, are expected to appear [14]. For
example, thermal evaporation of amorphous multiplayer of copper phthalocyanine (CuPc) and
TiO,, with a periodicity of 5 nm, forms a composite material with a modulated electronic
structure analogous to that of type - II quantum well structures [15,16]. The physical properties of
the organic and inorganic quantum well structure are two-dimensional quantum confinement
effect due to the large difference in the band gaps and the dielectric constants between layers. The
multiple-quantum-well (MQW) structures of TPD/GaN as organic/inorganic semiconductors have
been investigated to ultraviolet-emitting devices [17]. A peak emission wavelength of 400 nm
was measured. The external quantum efficiency was about 0.35%. Modulation spectroscopy is an
important technique to study and characterize the ene.rgy-band structures of semiconductors.
Modulation techniques such as electroreflectance (ER) and photoreflectance (PR) are particularly
useful since they yield spectra with sharp features at the critical-point energies. The features in the
spectra appear at energies corresponding to the band gap characteristic points or other
peculiarities in the dielectric function. ER is of considerable interest because it is sensitive to
surface and interface electric fields [18,19]. The ER technique was used to study the creation of
space charge distributions in a polymer light emitting diode, by monitoring the real third order
nonlinear optical response of the electroluminescent layer {20]. The diode is based on an
aluminum/polymer/indium tin oxide (ITO) stack, where the polymer is a derivative of poly (p-
phenylene-vinylene) in which oxidiazole groups were grafted as side chains. The measured signal
is strongly influenced by a space charge distribution and by screening in the organic layer. The
space charge distribution is the superposition of a long-lived contribution, close to indium tin
oxide, due to charges trapped in deep levels, and of that of relatively mobile charges injected in
the polymer film.

In this chapter, The fabrication and characterization of Si-based inorganic and
organic/inorganic heterojunction device are reported. The heterostructures consist of ZnSe,
Tris(8-hydroxyquinoline) aluminum(III), Alg,, as an electron transport layer(ETL), N, N’-bis(3-
methylphenyl)-N,N’- diphenyl - benzidine (TPD), as hole transport layer(HTL). Optical and
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electrical properties of these structures were extensively investigated by mean of photocurrent and

electroreflectance measurement.

7.2 Sample Structure
7.2.1 Sample Structure of Nanocrystal ZnSe/p-Si

The samples were prepared at Quantum and Optical Semiconductor Laboratory(QOS),
Department of Applied Physics, King Mongkut’s Institute of Technology Ladkrabang. The
schematic diagram of sample structure is depicted in Fig. 7.1. Prior to loading into the
evaporation chamber, the Si substrate was cleaned by Piranha process. ZnSe layer was grown on
p-Silicon substrate by high vacuum multi-pocket electron-beam evaporator (Edward Auto306).
The ZnSe film thickness was measured by a crystal monitor (Edwards FTM7). There are three
samples with different ZnSe layer thickness, 3 um, 1 pim, and 500 nm. The gold contact was

grown on the sample using DC sputtering.

e v we-r - ]+«—— Gold contact
NC-ZnSe
p-Si
F o T v ] «—— Ohmic contact

Fig. 7.1 The sample structure of NC-ZnSe/p-Si.

7.2.2 Sample Structure of ZnSe/Alq,/TPD/Si
Organic/inorganic heterostructures of ZnSe/Alq,/TPD on Si substrate was grown by high
vacuum multi-pocket electron-beam evaporator (Edwards AUTO306). The chemical structure of
Alq, and TPD are shown in Fig. 7.2. Prior to loading into the evaporation chamber, the Si
substrate was cleaned by Piranha process. The base pressure in the evaporator was ~5X 10° mbar.
The substrate temperature was kepi at room temperature. The layer structure was grown starting
with a 50-nm TPD buffer layer on Si substrate, followed by Alq, layers with varied thickness

from 10 nm to 50 nm, a 200-nm ZnSe cap layer, and a 200-nm ITO as a transparent front
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electrode, respectively. The film thickness and growth rate of all layers were measured by a
quartz crystal thickness monitor (Edwards FTM7). The deposition rate of each layer was kept at

rate of 0.1nm/s.

CH, CH;
(a) TPD
g
N

® ~ ©

Al

| ~N N ™S

= O ! =
(b) Alg3

Fig. 7.2 Chemical structure of (a) TPD, (b) Alq,.
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7.3 Results and Discussion

7.3.1 Nanocrystal ZnSe/p-Si

Fig. 7.3 SEM image of 500nm- thick NC-ZnSe film.

The surface morphology of ZnSe nanocrystal film was investigated by field emission
scanning electron Microscope (FE-SEM), as seen in Fig. 7.3. The image shows good uniformity

of the ZnSe film as nanocrystal.
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Fig. 7.4 Current-voltage characteristics of NC-ZnSe/p-Si heterostructure with different ZnSe

layer thickness.

Fig. 7.4 shows the current-voltage characteristics of NC-ZnSe/p-Si heterostructure with
different ZnSe layer thickness. Samples A, B, and C are designated for the samples with NC-
ZnSe layer thickness of 500nm, 1 pm, and 3 pm, respectively. It is observable that the threshold
voltage for current injection of sample A is less than of sample B and C. This can be concluded
that the threshold voltage increases with increasing in ZnSe layer thickness. As the ZnSe layer
thickness increases, its potential barrier consequently increases, causing the difficulty of current

injection through the barrier. Therefore, it requires more bias voltage to overcome higher barrier.
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Fig. 7.5 PC spectra of NC-ZnSe/p-Si heterostructure with different ZnSe layer thickness.

Fig. 7.5 is the PC spectra of NC-ZnSe/p-Si heterostructure with different ZnSe la}'er
thickness. The PC spectra of all samples are in 800-1200 nm spectral range, that is corresponded
to the response wavelength of absorption edge of p-Si. However, different PC signal was
observed for different ZnSe layer thickness. The full width at half maximum (FWHM) of PC
spectra increases when the ZnSe layer thickness increases. Moreover, the response range is
shifted to the lower wavelength or higher photon energy as the thickness increases. This behavior
can be qualitatively explained. Since the absorption of photon in photocurrent process occurs in
the depletion region at the heterojunction. The increment of ZnSe layer thickness widens
depletion layer and shifts this region into ZnSe layer. More photons with higher energies close to
ZnSe band gap (2.82 eV) can consequently be absorbed.

It is clearly observed that there are two additional PC peaks at approximately 750 nm
labeled as peak ‘a’ and 900 nm labeled as peak ‘b’. Peak ‘b’ is much sharper than peak ‘a’. The
origin of these two peaks is discussed. It is noticeable that the photon energy of these two peaks is
between the band gap of Si and ZnSe. When ZnSe layer decrease to 500 nm, more photons can
penetrate to the depletion region, at which the optical transition of the carriers at the interface can

play the dominant role. PC spectroscopy was employed to investigate the defects and optical
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transition at the interface of heterostructure. It was found that, at the interface of doped
heterojunction of thin layer, the energy band diagram can cause the confinement of electrons[21-
22]. Such electrons are call two-dimensional electron gas (2DEG). Based on this fact, these two
peaks should arise from the transition of 2DEG at the interface. The sharpness difference of these

two peaks reflects the probability density of electrons in quantized states.

7.3.2 ZnSe/Alq,/TPD/Si
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Fig. 7.6 PC spectra of the sample with Alq; thickness of 50 nm.

PC of the sample shown in Fig. 7.6 indicates wide response wavelength ranging from
450 nm to 1100 nm. The PC signal decreases significantly as photon energy is above 2.7 eV. This
feature is due to photons with photon energy greater than the energy gap of ZnSe of 2.7 eV [23]
are absorbed by ZnSe layer and then recombined nonradiatively. This PC spectra also suggests an
application of this structure for wide range photodetector. It can be also observed that the
response of the device is faster than the organic thin films itself. This behavior attributed to high
carrier mobility of inorganic semiconductor[23] indicates that inorganic semiconductor in contact
with organic material can improve the response speed of device. PC signal also shows two

pronounced maxima at wavelength of 830 nm and 950 nm as indicated by arrows. When sample
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is illuminated, photons with energy lower than energy gap of Alg, and TPD, they can penetrate to
silicon substrate at which they can be absorbed. These two peaks are, therefore, attributed to
fundamental absorption of the silicon layer [24]. As TPD thickness varies, PC of the sample
increases dramatically with increasing in TPD thickness. Light with photon energy in visible
range can be absorbed by TPD layer and generate corresponded photocurrent signal. This feature
suggests that TPD layer plays an important role in photo-generated current process, especially in
visible range. As TPD thickness increases, more photo-excited carriers are generated, reflecting in

the increment of PC signal.

Photocurrent (a.u)

200 400 600 800 1000 1200 1400

Wavelength (nm)

Fig. 7.7 Photocurrent of ZnSe/Alq3/TPD/P-Si with different bias voltage.

Fig. 7.7 shows PC of ZnSe/Alq3/TPD/P-Si with different bias voltage. As the forward
bias voltage increase from 0-1.5 V, The PC intensity dramatically increase. The increased voltage
helps the photo-generated carriers to transport to the contacts and overcome the barrier at each
interface. In addition, PC clearly shows three clear peaks, indicating by arrows, whose shapes
become sharper, intensity become'stronger, and their positions shift to higher wavelength when
the bias voltage increases. This behavior implies the confinement of the carriers at the interfaces.

Fig. 7.8 and 7.9 show PC signal of ZnSe/Alq3/TPD(5nm)/N-Si under forward bias and reverse
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bias respectively. Under forward bias from 0-0.2 V, the pronounced peaks intensity obviously
increase. Further forward bias causes the decrement in intensity and then blur out after forward
bias over 1.0 Volt. In Fig. 7.9, PC signal increase with increasing reverse bias voltage up to -0.7
Volt and show significant shift to higher photon energy. These phenomenon may connect to the

external electric field caused-carrier confinement at ZnSe/Alq3 interface.
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Fig. 7.8. PC of ZnSe/Alq3/TPD(5nm)/N-Si under forward bias.
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Fig. 7.9 PC of ZnSe/Alq3/T PD(5nm)/N-Si under reverse bias.

The ER spectrum of the structure with 50-nm thick Alg, layer compared with®
photocurrents (PC) is shown in Fig. 7.10. In ER measurement, DC voltage and AC voltage with
frequency of 300 Hz and amplitude of 0.05 V were applied to modulate surface potential. A 100
W tungsten lamp was dispersed by a 25-cm monochromator and used as an excitation source.
VIS-Si detector detected the modulation reflectance signal, and the signal from the detector was
fed to a lock-in amplifier. The subband energy of the sample at 2.24 eV was clearly observed in

both PC and ER spectra.
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Fig.7.11 Room-temperature ER spectra as a function of the well thickness. Arrows indicate the

transition energies determined by the fittings.
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The ER spectra of all the samples are shown in Fig. 7.11. The transition energies increase
from 2.24 eV to 2.6 eV with decreasing Alq, thickness from 50 nm to 10 nm, respectively. The
results have the same feature observed in a new class of superlattice materials consisting of
alternating layers of Alq, and MgF, by vacuum deposition [25]. The changes of the exciton
energy could be interpreted as the confinement effects of exciton in the Alq, thin layers.
Therefore, this structure forms a single quantum well (SQW). In order to analyze such
complicated behavior of ER spectra, we carried out a line shape analysis by using the low-field
electroreflectance spectrum proposed by Aspnes [26]. We have fitted the measured spectra,
modulated reflectance dR/R. The ER spectra as a function of photon energy can be analyzed using

Aspnes third-derivative function in the low electric field limit {26], i.e.
dR i0; o e
=

Where R is the reflectance, dR is the induced change in the reflectance by modulation light, E is
the photon energy, p is the total number of spectral structures to be fitted E, I, ¢ and 0, are
transition energy, broadening parameter, amplitude and phase, respectively, of the feature
corresponding to the jlh critical point. The parameter n is a factor used to specify the critical point
dimension. The energy level associated with transition energy was determined by least-square
fitting of Eq. (7.1) to ER spectra obtained experimentally. In this calculation, the n value is 3 for
the quantum well transition feature [27]. The transition energies determined by the fittings are
indicated by arrows, as also shown in Fig. 7.11. The transition energy decreased with increasing
well thickness. In Fig. 7.12, taking the vacuum energy level as a reference, the electronic
structure of the conduction band and valence bands of ZnSe are at —4.1 and —6.8 eV below the
vacuum level [8,23]. The lowest unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) levels of TPD are at —2.3 and —5.4 eV [28,29], However, the LUMO
and HOMO levels of Alq, should be discussed. Mason et.al [30] had founded that an original
HOMO level of Alq, with could shifted to be at —6.4 due to the Alg, radical anion and the gap
state is formed in the forbidden gai) at an energy of about 1.6 eV. The corresponded LUMO of
Alq; of this structure should be at about -4.8 eV. The shifts of electronic structures of Alg, should

be attributed to charge transfer and the formation of an interface dipole at the organic/inorganic
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interface of Alq,/ZnSe[31]. From the configuration and the energy band diagrams, the structure
was like inorganic quantum well structure, so conveniently, it was called organic-inorganic

quantum well structure, where ZnSe and TPD act as barrier potential and Alq; as potential well.
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Fig. 7.12 Energy band diagrams of ZnSe/Alq, SQW structure. The numbers are not in scale.

The transition energy decreases with increasing Alq, thickness might be due to the
increase of well results in the reduction of quantum confinement energies. Decrease in the size
should affect properties of film. The properties of larger size film should be similar to that of bulk

where the effect of quantum confinement is small.
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Fig.7.13 ER spectra of 50-nm SQW sample measured in applied voltage +6.0 ~ -2.0V.

Fig. 7.13 shows the electroreflectance spectra of 50-nm SQW measured in applied DC
voltages from +6 V to -2 V. The transition energies obtained from these fittings are indicated by
arrows. The peaks show significant red- shift from 2.24 eV to about 2.2 eV with increasing
applied negative voltage from OV to -2 V. With forward bias from 0V to +6 V, the ER peak
exhibited blue-shift from 2.24 eV to 2.4 eV. Such red-shift and blue-shift are clearly due to the

quantum confined Stark shift.
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7.4 Summary

Photocurrent spectroscopy on NC-ZnSe/p-Si heterostructure with different ZnSe layer
thickness was conducted. PC signal shows that the FWHM of PC spectra is widened and the
response wavelength has significant blue shift to lower wavelength as the ZnSe layer thickness
increases. The sample with 500nm-ZnSe layer additionally exhibits two more peaks that should
arise from the quantum confinement at the heterojunction between NC-ZnSe and p-Si
Organic/inorganic heterostructures based on ZnSe/Alq,/TPD were successfully grown by electron
beam evaporator. The wavelength response of the structure covers visible to near infrared
spectrum. From experiment, it could be concluded that TPD plays a crucial role in photocurrent
process of the device, especially in visible range. In addition, PC and ER measurements were
used to investigate optical and electrical properties of the samples. The ER spectra showed the
optical transition energies in SQWs as Alqg, well thickness varied from 10 to 50 nm. The
transition energy was determined by fitting the ER spectra to the theoretical line-shape
expression. The optical transition energy decreased with increasing in well thickness is due to the
increase of well size in addition to reduction of quantum confinement energy. The ER signals also

showed the significant Stark shift when the device was under external electric field.
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CHAPTER 8

PHOTOLUMINESCENCE OF InGaAs/GaAs MULTIPLE
QUANTUM WELL STRUCTURE GROWN BY

MOLECULAR BEAM EPITAXY

8.1 Literature Review

InGaAs/GaAs have attracted much attention according to their appropriate properties for -
microelectronic and optoelectronic applications[1]. Thi; structure has considerable potential for -
optoelectronic applications within the wavelength region of 1.1-1.3 pm. Growth of strained layers ‘
of InGaAs/GaAs quantum wells on (111) GaAs allows the devices to reach wavelength beyond
1.1 um[2]. InGaAs/GaAs MQWs grown on high index GaAs substrate show a strain-induced
piezoelectric field due to lattice-mismatch[3]. This kind of structure has been applied for
sophisticated electrooptic devices. An ultra low-voltage InGaAs/GaAs MQWs electro-optic
modulators with organic-inorganic distributed Bragg reflector was proposed[4]. With ON-OFF
driving reverse voltage of 0.5 and 1.8 V, this device can be suitable for analog electro-optic
modulation. According to strong charge accumulation effects in InGaAs/GaAs MQWs PIN
diodes grown on (111)B GaAs substrates, this structures. can be applied as novel memory -
devices[5). The applications of this structure on optical switching, logic devices, laser diodes and -
non-linear electro optical devices have been reported[6]. .

Optical characterization techniques have been utilized to investigate important properties .
of the structure. Nature of light hole in InGz;As/GaAs MQWs was studied by means of
photoreflectance spectroscopy[7]. The results showed the type II light hole exciton with indium ’

content of 0.115 and 0.125 and big heavy hole valence band offset of 0.33 and 0.38, respectively.

8.2 Sample Structure

Fig. 8.1 shows a schematic of the sample. The Iny,Ga,,As/GaAs MQW sample was
grown on GaAs substrate by molecular beam epitaxy technique. The sample consists of a GaAs
buffer layer followed by 15 periods of In,,Ga,,As/GaAs QWs. The well and barrier width were

fixed at 8 nm and 15 nm, respectively. The topmost GaAs layer was deposited as a cap layer.
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Fig 8.1 Schematic draw of 15 periods of In;,Ga,,As/GaAs quantum wells.

8.3 Results and Discussion

PL intensity (a.u)

1.37eV

T

T ' i

v T - T T ' T !
133 134 135 136 137 138 139 140

Photon Energy (eV)

146

Fig. 8.2 Photoluminescence spectrum of Iny ,Ga, ;As/GaAs multiple quantum wells at 12 K.
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Fig. 8.2 shows the PL spectrum taken at 12 K. The PL peak position is at 1.37 eV. This
PL spectra is associated wirh the e(1)-hh(1) excitonic transition in the wells. The measured PL
spectrum is also in good agreement with other research works[1,3]. It is northworthy that this
sample grown by molecular beam epitaxy exhibits a single narrow PL emission peak with
FWHM of 6.15 meV at 12 K. Such narrow FWHM of 6.15 meV at low temperature corresponds
to less than T1ML well width fluctuation thoughtout the entire structure(8]. This feature also
demonstrates the high interfacial quality and periodic reproducibility of In,,Ga,,As/GaAs
multiple quantum wells by MBE technique.

Temperature-dependent PL measurement of In,,Ga,,As/GaAs multiple quantum wells
was conducted in order to investigate the photo-emission mechanisms in the wells. The measured
temperature was varied from 12K to 120 K and corresponded PL emission spectra were shown in
Fig. 8.3. The solid lines show the best fitting curve to the experimental data. The PL spectra
exhibit two main features; PL intensity decrement and red-shift of PL emission peak with
increasing temperature. The photon energy of PL emission peak position of Iny,Ga, ,As/GaAs

MQWs as function of temperature is illustrated in Fig. 8.4.
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Fig. 8.3 Temperature-dependent photoluminescence of In,,Ga,,As/GaAs multiple quantum

wells.
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Fig. 8.4 The experimental temperature dependence of the PL emission peak or el-hhl transition
energy of In, ,Ga, ,As/GaAs multiple quantum wells. The solid line is the best fit of the

Vina model.

As temperature increases, the PL intensity drops rapidly, the peak position exhibits
redshift, and line shape broadens. The redshift is attributed to the decrease in the band-gap energy
as temperature increases due to thermal expansion[9]. At low temperature range, the PL peak
position slightly shifts from 1.370 eV at 12 K to 1.368 eV at 60 K. As the temperature increases
from 60 K to 120 K, an abrupt shift of about 15 meV in the PL peak position from 1.368 eV at 60
K to the lower energy of 1.353 eV at 120 K is observed. The temperature dependence of the peak
energy can be fitted using empirical Vifia model[10,11]). The solid line represents the best fit by
Vifia expression as mentioned by equation (4.2). From the fitting, important parameters are

extracted and listed in table 8.1.

Table 8.1 Parameters obtained by fitting equation (4.2) to the peak energy versus temperature

data in Fig. 8.4.

Parameters Value
Electron-phonon interaction strength; a, 29 meV
Characteristic temperature; 0, 185K
Transition energy at 0 K; E(0K) 1.369 eV
E; = E(0K)+a, 1.398 eV
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In order to understand this PL emission, the theoretical calculation of electronic states in
quantum wells was done based on simple finite square wells. In the calculation, the energy gap at
room temperature (300K) of GaAs is 1.423 eV[12]. The energy gap of Iny ,Ga,,As can be
calculated from the following relationship[12]; Eg(In,Ga,_xAs) =0.36 + (1-x)1.064. Therefore, for
x =0.1, giving the energy gap of this alloy of 1.318 eV. The effective mass of electron (m . ) and

hole (m A ) for In,,Ga, ,As are dependent on the Indium concentration are as follows[1];

m.(x)=0.066—0.054x +0.012x? | and
my,(x)=0.445-0.035x.

Therefore, the effective mass of electron (m . ) and hole (m o ) of In, Ga,,As
alloy(x=0.1) are 0.061m, and 0.441m, respectively. The band discontinuity for conduction band
/AE,, and valence band ,AE,, using band offset ratio AE,:AE, =2:1[7], are 70 meV and 35
meV, respectively The band diagram of this structure is schematically drawn in Fig. 8.5. The
theoretical calculation shows that the e(1) electronic state is aligned at 0.029 eV above the bottom
of the wells, and the hh(1) state is position at 0.007 eV above the bottom of the wells. Based on
simple model at room temperature, the corresponding e(1)-hh(1) excitonic transition of 1.354 eV
is obtained. This value is in good agreement with experimental data reported in ref. 7. However,
comparing this value to the value predicted Viiia model, it is found that there is about 40 meV
discrepancy between two values. The origin of this difference may be due to the omission of any
complicated effects such as piezoelectric effect, coupled effectand exciton binding energy in the

calculation[8] and also the mole fraction fluctuation during growth processes.
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Fig. 8.5 Schematic band diagram of Iny,Ga ,As/GaAs multiple quantum wells used in

calculation of e(1)-hh(1) excitonic transition at 300 K.

By plotting the PL integrated intensity as a function of temperature, the activation
energies responsible for PL quenching can be obtained. Fig. 8.6 presents the variation of
integrated PL intensity with temperature of Inj,Gay,As/GaAs multiple quantum wells. As
temperatue increases from 40 K to 80 K, the integrated PL intensity abruptly decreases by over
one order of magnitude. At low temperature limit, the temperature dependence of the integrated
PL intensity can be fitted using equation (5.1). The best fit is shown by the solid line and the
thermal activation energy E, of 21.5 meV is obtained. As mentioned in chapter 5, two main
mechanisms are responsible for the temperature-induced quenching of luminescence in quantum
well structures. For this structure, because of low indium mole fraction (x = 0.1), both conduction
and valence band offset are small leading to shallow quantum wells. The delocalization energy of
such shallow wells is comparably small supporting the escape of the carriers from the wells.
Therefore the thermal emission of charge carriers out of confined states in the wells into barrier
states is dominated. The obtained activation energy can be consequently regarded as the

delocalized energy of the carriers in the confined states[13].
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Fig. 8.6 Integrated PL intensity of In,,Ga,,As/GaAs multiple quantum wells as a function of

temperature. The solid line represents the best fit to experimental data using equation

5.1.
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Fig. 8.7 Temperature dependence of the full width at half maximum (FWHM) of the PL spectra

of In,y ,Ga, ,As/GaAs multiple quantum wells.
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The broadening of PL spectra of In,,Ga;,As/GaAs multiple quantum wells is
investigated. Fig. 8.7 illustrates the full width at half maximum (FWHM) of PL emission spectra
of this structure. In contrast to InGaAs/InP quantum well structure, the FWHMSs of PL spectra of
In, ,Ga, ,As/GaAs MQWs are almost independent to temperature. This characteristic implies that
the temperature-independent inhomogeneous broadening of about 5.8 meV is responsible for the
broadening mechanisms of PL emission of this structure. The temperature-independent
inhomogeneous broadening is typically caused by interface roughness, alloy fluctuations,
fluctuations in the binding energies of growth defects, etc. With very small value of this
broadening, it could be deduced that the high interfacial quality between two compounds forming
quantum structure by MBE technique is confirmed. In addition, due to comparably thin well
width, the electron-phonon interaction is suppressed [14] resulting in an unobvious role of
temperature-dependent homogenous broadening on PL emission of this structure.

Further experiment is conducted in order to investigate the influence of the excitation
intensity on the PL emission spectra of this structure. To do this, the sample was pumped by an
Argon-ion laser at 488 nm and the laser intensity was varied from 3.50 to 27 mW/em'. During
PL measurement, the temperature was kept at 12 K. The dependence of PL emission spectra of
In, Ga,,As/GaAs MQWs on photo-excitation intensity is shown in Fig. 8.8. The peak position
remains at 1.370 eV when the sample was excited with various excitation intensities. It is obvious

that the PL emission intensity increases linearly with excitation intensity as seen in Fig. 8.9.
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Fig. 8.8 Photoluminescence spectra of In,,Ga, ;As/GaAs MQWs as a function of excitation

energy. The measured temperature is kept at 12 K.
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Fig. 8.9 Dependence of PL intensity from Iny,Ga,,As/GaAs MQWs on laser excitation

intensity.
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Fig. 8.10 Schematic diagram of energy states in quantum wells and their corresponding density

of states.

In order to explain the dependence of PL intensity on excitation intensity, simple model
based on the density of states on population of electronic state in quantum wells is proposed. The
density of states of carriers in quantum well structures are typically 8-function shape as

schematically shown in Fig. 8.10 and expressed as
D(E)=c6(E—-E|)+c0(E-E,). (8.1

Where ¢, and c, are constants related to degeneracy of two states. The total concentration of
charge carriers during excitation are n=n,+&  for electrons in conduction band,
and p = p, +8p for holes in valence band. Note that n, and p, are equilibrium carrier densities of
electrons and holes, respectively whereas dn and Op are optically generated electron density and
hole density, respectively. The excess carrier densities due to photo-excitation are typically equal,
Son=0p. For undoped semiconductor, n,=p,=N. The concentration or population of each state

should obey the Fermi-Dirac statistics, i.e.,

n; = nFnj , and (8.2)

pPj= pr', (8.3)
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where F, is Fermi-Dirac distribution of energy level /.

After at short time of excitation, electrons and holes can recombine by either radiative
(R) or nonradiative (NR) decays. PL emission of quantum well structure is normally due to
electrons e(1) state recombine radiatively with heavy holes in hh(1) state. Therefore the PL

intensity should read as,

Ip < ’IR("1P1 ‘"ome)

= iR 2NGn + 02, F . (8.4)
The rate equation of carrier generation by photo-excitation and recombination is expressed as,

d d R _ pNR _ pNR
—én=—0p=aly-R —-R -Ry . 8.5
” i /4 0o~ 1 2 (8.5)

Where R}, R, R;® are rates of the radiative and nonradiative recombination of
corresponding states. Typically, the nonradiative recombination is described by the Shockley-
Read-Hall mechanism and is usually temperature dependent with an activation energy between
two corresponding states, whereas radiative rate is kept constant at constant excitation intensity.
The first term on the right-hand side of equation (8.5) denoted as the generation rate of electron-

hole pairs should be proportional to the excitation density J, . The last three terms are expressed

as,
RE =R [2Non+6n2 JF, F (8.6)
and
(N +38)5F,F,,
gi® =i (PR G o) i) (8.7)
(N + 5p)ij +0pFy;
Under steady-state condition with continuous laser excitation,
d d
Sn="bp=aly-RF -RM -R¥® =0, (8.8)

dt dt

For low excitation intensity 6n=8p << N and F,; = F,;, equation (8.6) and (8.7) become
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R =2n}F, F,Nop=bNp, (8.9)

and R® =r*F,8p=bp, (8.10)

where b=2n"F, F nand b, =r }'R F,; . The rate equation (8.8) is now written as

aly, — bN&p — b,8p — b,p =0, (8.11)

al
or p=—----" 8.12
P = oN+b, +b, (8.12)

Therefore I, in equation (8.4) reduces to

bN
Ipp =alyg —.
i 0bN+bl+b2

(8.13)
From equation (8.13), it is clearly seen that the PL intensity, I,,, is directly proportional to
excitation intensity, I;, especially at low temperatures, where radiative recombination rate in the
quantum well dominates. The proposed model can therefore clearly explain the dependence of I,

of this structure on photo-excitation intensity as seen in Fig. 8.7 and 8.8.

8.5 Summary

In summary, the photoluminescence of Iny,Ga,,As/GaAs MQWs grown by MBE was carried
out. The sharp PL spectra due to the excitonic transition associated with the quantum wells are
clearly observed. The well-defined PL spectra indicate high interfacial quality heterostructure
between these two compounds. Their temperature dependency of this structure is thoroughly
investigated and related parameters such as activation energy, electron-phonon interaction
strength, and broadening mechanisms are obtained. The dependence of PL intensity on laser
excitation intensity is also characterized. The experimental data showed that the PL intensity is
linearly proportional to excitation intensity. The feature can be clearly explained by proposed

model.
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CHAPTER 9

CONCLUSION

In conclusion, the photoluminescence and photocurrent spectroscopies are successfully
utilized to characterize the electronic states and relevant properties of essential optoelectronic
heterostructure semiconductors. Theoretical background regarding photoluminescence and
photocurrent spectroscopies are described in chapter 2. Important theories of semiconductors,
heterostructures, and quantum mechanics are also explained in this chapter. Photoluminescence
and photocurrent experiment arrangement and relevant equipment is mentioned in chapter 3.

In chapter 4, photoluminescence spectroscopy was employed to investigate the optical
bandgap and related parameters such as broade'ning mechanisms in photoluminescence emission
of bulk GaAsP and thermal activation energy. The temperature-dependent bandgap energy is
investigated using Vashni and Vifia empirical models. Relevant temperature-dependent
parameters including empirical equation of bandgap energy as a function of temperature, the
phonon temperature, and electron-phonon interaction strength are obtained. In addition, the
temperature dependence of PL peak intensity of GaAsP results in the thermal activation energy of
about 21.5 meV. The inhomogeneous broadening mechanism is found to be the dominant
mechanism for the broadening of GaAsP. The photocurrent spectroscopy of GaAsP was carried
out at room temperature. The current-voltage characteristic curves show good both Schottky and
Ohmic contacts. The effect of chopped frequency on photocurrent signal is examined and results
in the response of the sample of 0.39 millisecémd. When the sample was biased, the photocurrent
intensity increased with increasing bias voltaée, showing diode behavior.

In chapter 5, In, ;,Ga, ,,As/InP SQWs grown by OMVPE were characterized by mean of
photoluminescence spectroscopy. The photoluminescence peaks show the luminescence from the.
recombination between e(1)-hh(1) in quantum wells. The photon energy of photoluminescence
peak increases with decreasing well width and agrees well to calculated results. The temperature-
dependence of photoluminescence spectra is investigated. The weaker and broader
photoluminescence emission peak is obtained when the measured temperature is elevated. The
small value of thermal activation énergy that affects photoluminescence intensity quenching of
this structure is obtained from the temperature-dependent behavior of integrated

photoluminescence intensity. The small thermal activation energy in the narrow well suggests that
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carriers can easily escape from the well to the barrier states. The broadening of
photoluminescence emission peak is discussed in term of homogeneous and inhomogeneous
broadening mechanisms. It is revealed that inhomogeneous mechanism is the dominant
mechanism for the broadening of photoluminescence peak and homogeneous mechanism has
significant role at high temperature due to electron-phonon interaction. Due to very thin quantum
well layer, the effect of source supply interruption(SSI) during growth on the well shape is taken
into account. The mathematical model of few monolayer InP/In, ,Ga, ,,As/InP SQWs grown by
OMVPE taking the influence of source supply interruption into account is proposed. In the
model, the 1-ML potential barrier of InGaAsP is formed at the InGaAs-to- InP interface, causing
asymmetric stepped well. The theoretical calculation with SSI showed better agreement with
experimental data than the prediction without SSI.

In chapter 6, photocurrent spectroscopy was employed to characterize the Er 8-doped InP
grown by OMVPE. Three extinct photocurrent peaks of the doped samples exhibit the high
quality formation of ErP layer between InP layers. The photocurrent spectra of doped samples
with different Er exposure duration show that the total number of uniform ErP islands increase
with increasing exposure time, reflected in the sharper photocurrent spectra. When the voltage is
applied, it suppresses the energy gap of ErP causing unbound excitons and the blur out of the
photocurrent spectra.  All features revealed by photocurrent spectroscopy demonstrate the
formation of ErP islands layer in InP. In addition, the photocurrent spectra of doped sample
exhibit distinguished peaks, which may correspond to the interband transitions of a ErP/InP
single quantum well formed during growth. The theoretical model based on both rectangular well
and parabolic well are proposed. The results from the rectangular model have a better agreement
to the experiment than the parabolic model. The photocurrent of the doped specimen also shows
the quantum confined Stark effect at low voltages. The peak position is shifted to higher energy
when the ‘biased voltage is increased from 0.1 — 0.3 V. The new peak of lower energy is also
observed. The field dependence of ground state transition energy leads to the existence of

permanent dipole moment due to non-uniform ErP islands.

In chapter 7, organic/inorganic heterostructure of ZnSe/Alq,/TPD grown on silicon(Si)
by electron beam evaporator was characterized by photocurrent spectroscopy. The effect of
thickness of TPD layer, Alq, la);er, and type of Si substrate are analyzed. The wavelength
response of the structure covers visible to near infrared spectrum. It is concluded that TPD layer

plays a crucial role in photocurrent process of the device, especially in visible range. The effect of
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type of Si substrate indicates that p-Si shows improvement in the photocurrent intensity. In
addition, photocurrent and electroreflectance were used to investigate optical and electrical
properties of the samples. Both photocurrent and electroreflectance spectra exhibit clear optical
transition energies in SQWs as Alq, well thickness varied from 10 to 50 nm. The optical
transition energy decreases with increasing in well thickness due to the increase of well size in
addition to reduction of quantum confinement energy. The signals also showed the significant
Stark shift when the device was under external electric field.

In chapter 8, the electronic state in In,,Ga,,As/GaAs MQWs grown by MBE was
investigated by photoluminescence spectroscopy. The sharp PL spectra due to the excitonic
transition associated with the quantum wells are obviously observed. The well-defined PL spectra
indicate high interfacial quality heterostructure between these two compounds. Their temperature
dependency of this structure is thoroughly investigated and related parameters such as activation
energy, electron-phonon interaction strength, and broadening mechanisms are achieved. The
dependence of PL intensity on laser excitation intensity is also characterized. The experimental
data showed that the PL intensity is linearly proportional to excitation intensity. The simple
proposed model based on excitation and recombination processes is presented to explain the

relationship between the excitation intensity and PL intensity.





