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Abstract

The first part of this thesis explores theseptical phonon modes and crystal characteristics

of Zn; ,Cd,Se (0 = x = 0.32) andy Zn; Mn,Te (0 = x = 0.26) thin films using

high-pressure techniques and optical spectroscopy. The phonon Raman spectra of ZnCdSe and
ZnMnTe all exhibit intermediate phonon modes. The pressure-dependent longitudinal optical
phonon frequencies and the Griineisen parameter were obtained by quadratic polynomial
fitting. The pressure-driven resonant Raman scattering effect was observed in Zn; ,Cd,Se
with a high Cd concentration, and it was exploited to analyze the crystal characteristics of
ZnMnTe, which has weak Raman signals under ambient conditions. The pressure at the onset
of metallic phase transition (Pt) declines as the Cd and Mn contents increase. As the Cd (Mn)
concentration increases from 0 to 0.32 (0 to 0.26), the Pt falls from 13.6 to 9.4 (15.7 to 10.3)
GPa.

The vibrational, electronic, and crystalline characteristics of n-type chlorine-doped ZnSe

3 were also

(ZnSe:Cl) layers with a carrier concentration from 8.2 X 10" to 1.8 x 10" cm
studied by Raman spectroscopy. The spectral lineshapes of the longitudinal-optical-phonon

and plasmon coupling (LOPC) modes are analyzed using the Raman scattering efficiency and

il



the dielectric function to determine the electron densities and mobility. The metallic phase
transition pressure of ZnSe:Cl layers decreases as the carrier concentration increases,
indicating that n-type doping reduces crystal stability. Additionally, the pressure-induced
weakening of the LOPC efficiency suggests that pressure tends to degrade the n-type
characteristic of ZnSe:Cl because of the emergence of a new deep donor-like state.

In the second part of this thesis we found that the Kohlrausch’s stretched exponential law
is correlated well with the PL decay profiles of ZnSe;_,Te,. As the Te concentration increases,
the stretching exponent £ initially declines and then monotonically increases. This result can
be understood using the hopping-transport and energy transfer model. An increase in the
number of isoelectronic Te localized traps reduces the PL decay rate and increases the
linewidth, whereas the hybridization of the Te localized states with the valence-band edge
states reduces both the lifetime and the linewidth.

Finally, the transfer of electronic energy-between CdTe colloidal quantum dots (QDs)
was studied using time-resolved photoluminescence (PL) spectroscopy. The efficiency of
energy transfer in QDs depends not-only.on. the spectral overlap of small dots emission and
large dots absorption, but also on the inter-dot distances. The quenching of the PL intensity
(lifetime) of small dots, as well as an enhancement of large dots in mixed solution and a solid
film are evidence of a resonant transfer of energy due to dipolar coupling between proximal
QDs. In a solid with mixed QDs, the stretching exponent f increases as the probe-energy

declines, and approaches one, implying efficient energy transfer from smaller to larger QDs.
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Chapter 1 Introduction

The main focus of this thesis is to study the optical properties of II-VI compound
semiconductors and nanocrystals (NCs). This dissertation comprises three parts: (1) physical
properties of semiconductors under high pressure, (2) optical properties of isoelectronic
semiconductors, and (3) electronic energy transfer in semiconductor NCs.

This thesis is organized as follows. This chapter introduces the history of high-pressure
research and the physical properties of semiconductors under high pressure (Section 1.1), the
unique optical characteristics of isoelectronic semiconductors (Section 1.2), and the electronic
energy transfer in semiconductor NCs (Section 1.3); it also presents the latest relevant
scientific findings. Chapter 2 describes the high=pressure techniques used and the optical
measurements made in this study. Chapters 3,4, and-5 present the experimental results and
discussion of the first part of this thesis..Chapter'3 discusses the physical properties of
Zn;_,Cd,Se at high pressure using photoluminescence (PL) and Raman scattering. Chapter 4
studies the metallic phase transition of Zn;,Mn,Te using the pressure-induced resonance
Raman scattering approach. Chapter 5 discusses LO-phonon-plasmon coupling, structural
stability, and carrier concentration as functions of applied hydrostatic pressure in n-type
chlorine-doped ZnSe (ZnSe:Cl) using Raman spectroscopy. Chapter 6, the second part of the
thesis, explores the decay dynamics of isoelectronic traps in ZnSe;_ Te, semiconductors using
time-resolved PL. Chapter 7, the third part of the thesis, compares in detail the electronic
energy transfer behavior of mixed CdTe quantum dots solution with that of the solid, using

time-resolved and spectrally-resolved PL. Finally, Chapter 8 summarizes this thesis.



1.1 Physical Properties of Semiconductors under High Pressure

I. History of High-Pressure Research

Materials under high pressure exhibit interesting physical properties. High pressure
conditions exist at the center of the earth and in both natural and man-made explosions.
Furthermore, hydrostatic pressure can be continuously tuned from ambient pressure to
ultra-high pressure in a laboratory using a diamond anvil cell (DAC), which is a device that is
sufficiently small that it can fit in the palm of a hand. The transparency of diamond over a
wide range of frequencies from the near ultraviolet (~ 5.5 eV) to the infrared is the most
important and useful characteristic for optical measurements.

The DAC can generate high pressures because of the exceptional hardness of diamond,
but even high-quality diamonds will shatter under sufficiently high loads. The hydrostatic
pressure applied by the DAC can be adopted to.study the pressure-dependent physical
properties of condensed matter,-including insulators, Semiconductors and metals. Studies of
the pressure-dependent physical properties of'‘condensed matters have in the past been limited
by experimental techniques, which could ‘mot generate high enough pressures to cause
significant changes in the physical properties. Recently, however, this limitation has been
overcome and ultra-high pressures of several mega-bars can now be generated. (One
mega-bar is approximately one million atmospheres of pressure or 100 giga-pascals (GPa) in
SI units.) Therefore, high-pressure techniques have become powerful tools in studying the
physical properties of condensed matter.

Hydrostatic pressure, as an external thermodynamic parameter, is a convenient probe of
crystalline stability. Accordingly, one of the interesting phenomena that occur under applied
pressure is a sudden rearrangement of atoms, in structural phase transitions. The applied
pressure reduces the lattice constant and the crystalline volume, markedly changing the

inter-atomic bonding. Research into such phenomena logically begins with hydrogen, the



simplest element, which is the first in the Periodic Table, and the most abundant in the
gravitationally compressed interiors of Jupiter, Saturn and some of the newly discovered
extrasolar planets. Many solids that are electrical insulators at atmospheric pressure become
metallic at high pressure at 300 K in the DAC; they include BaSe [1], xenon [2,3], sulphur [4],
and oxygen [5]. During the past two decades, much effort has been made to realize metallic
hydrogen at ultrahigh pressures [6-10]. However, the robust evidence for the metallic
hydrogen in the form of either optical or conductivity measurements remains. Although the
quest to observe metallic hydrogen in the laboratory is ongoing, high-pressure methods have
advanced significantly and a variety of surprising new phenomena have been observed. The

developments are crucial to deepening our understanding of condensed matter.

I1. Semiconductor Thin Films-under High.Pressure

As hydrostatic pressure can be utilized 16 tune'electronic energy bands and change the
crystal phases of semiconductors, the high-pféssure method has been established as an
important tool for understanding the optical and crystal characteristics of semiconductors.
Rapid advances in epitaxial growth and high-pressure techniques, as well as the development
of sophisticated data analysis methods, have facilitated investigations of the physical
properties of II-VI and III-V semiconductors under high pressure.

Notably, ZnSe is an important semiconductor in II-VI compounds. Tuchman et al. [11]
studied pressure-dependent exciton recombination in bulk ZnSe and in strained and
strain-relaxed ZnSe epilayers grown on GaAs substrates. They found that the energy
difference between heavy- and light-hole excitons in strained ZnSe film initially decreases as
applied pressure increases. When the pressure is increased to around 2.9 GPa, the crossover of
heavy- and light-hole excitons energy is observed, revealing that strain in the ZnSe film

transforms from a compressive to tensile strain. Smith and Martin [12] demonstrated that



ZnSe undergoes a crystallographic phase transition from a four-fold coordinated zincblend
(ZB) structure into a six-fold coordinated rocksalt (RS) structure at about 13.5 GPa, as
determined by x-ray diffraction. Itkin e al. [13] examined the marked decline in resistance
from 10*' to 10* Q in ZnSe at 13.5 GPa, which indicates that pressure-induced metallization of
ZnSe occurs when the crystalline structure is transformed from ZB into RS. High-pressure
optical studies by Cardona’s group [14] showed that the direct energy gap of ZnSe
monotonically increases as the pressure is increased. At 13.5 GPa the sample becomes opaque,
indicating the metallic phase transition. Moreover, Arora et al. [15,16] demonstrated that
Raman scattering is another approach to exam high-pressure phases of semiconductors. The
disappearance of Raman signals at high pressure is evidence of semiconductor-to-metal phase
transition due to changes in the Raman selection rule or extremely poor scattering efficiency
in the metallic phase.

In the recent decade, high-pressure investigations by Chou’s group have analyzed the
physical properties of epitaxial-grownill=VIsemiconductors, such as undoped ZnSe [17] and
ZnSe-based ternary compounds ZnMnSe [18],ZnFeSe [17], ZnCdSe [19] and ZnSeTe [20].
Energy-dispersive X-ray diffraction (EDXD), Raman scattering and photoluminescence (PL)
have been extensively applied to elucidate the structural stability, vibrational modes, and
electronic transitions of these semiconductors. The authors observed that phase-transition
pressure in ternary compound semiconductors decreases as the substituted element content
increases. The reduction behavior in phase-transition pressure of the ZnSe-based ternary
semiconductors depends on the fractional volume change (AV/V)), not the kinds of impurity
ions doped. Furthermore, the authors suggest that the disappearance of longitudinal optical
phonons at which the phase becomes metal is due to the extremely thin penetration depth
(skin depth) for incident light.

In 2003, Mujica et al. [21] reviewed the high-pressure structures of group-IV elements,



and III-V, and II-VI compound semiconductors. Although this investigation presents
sufficient experimental and theoretical results for binary II-VI and III-V semiconductors, the
physical properties of n-type and p-type semiconductors and ternary compounds under
pressure when one element is replaced by a third element remain unclear.

Chapter 3 discusses in detail the PL and Raman scattering of Zn;_,Cd,Se under high
pressure because the semiconductor-to-metal phase transition and crystalline stability of
Zn;,Cd,Se at hydrostatic pressure remain controversial. Chapter 4 describes the effect of
applied pressure on physical properties of Zn; ,Mn,Te using the resonance Raman Scattering
approach. Analytical results are useful when investigating the magnetic properties of p-doped
Zn;Mn,Te under high pressure. Chapter 5 discusses comprehensively LO-phonon-plasmon
coupling as a function of applied hydrostatic pressure in n-type ZnSe:Cl with a carrier

concentration of 8.2 x 10" to 1.8 x 10" cm™ using'rRaman spectroscopy.



1.2 Optical Properties of Isoelectronic Semiconductors

In addition to donors, acceptors, and electrically inactive impurities in semiconductors,
there exists a fascinating subset designated as isoelectronic [22]: an impurity that replaces a
host atom with the same valence orbital is labeled isoelectronic. Localized states in the
forbidden band generally exist because of the excitons that are bound to such centers.
Nitrogen that replaces phosphorus in GaP is an example of such a trap [23]. The bonding
scheme of substitutional donors or acceptors in the tetrahedrally coordinated semiconductors
is based on the sp® hybridized covalent bond. For example, consider GaP that is doped with
Zn and S. Zn that replaces Ga is an acceptor and S that replaces P is a donor. As well as
acceptor-bound holes and donor-bound electrons, such crystals contain donor-bound and
acceptor-bound excitons [24], which are bound to the neutral donors and acceptors by a van
der Waals interaction. However, N and Bi, replacing P in GaP, have the same number of
valence electrons as P, but they-can trap a charge carrier by a non-Coulombic, short-range
impurity potential, which arises from the'substantial difference between the electronegativity
of N and that of P (or Bi and P). The impurity, originally neutral, then acquires a charge
relative to the lattice. The impurity N (Bi) is called an isoelectronic acceptor (donor), based on
the type of the charge carrier (electron or hole) that is bound to it [25]. Bound excitons arise
when the Coulomb field of this charge binds a second charge carrier of the opposite sign. The
exciton binding energy of isoelectronic impurities ranges from tens to hundreds of meV,
depending on the impurity and the host. Isoelectronic impurities have been fascinating
subjects of investigation with photoluminescence, absorption, PL excitation, and localized
vibrational modes; they play an important role in optoelectronic device applications.

The number of investigations of isoelectronic ZnSe;_,Te, ternary compound
semiconductors has increased remarkably. The surge in activity has been a response to their

unique and interesting physical properties. These properties include, for example, the unusual



spontaneous formation of a superlattice [26], large band-gap bowing [27], and a broad
emission linewidth [27,28]. The band anticrossing (BAC) model [29,30] based on the Green’s
function calculation [31,32] has been proposed to elucidate the large band-gap bowing and the
broadening of the emission linewidth. Additionally, the transfer of excitons among the Te
localized sites in ZnSe;—,Te, with a low Te concentration has been studied [28]. The
self-trapped excitons that are bound to various isoelectronic centers (ICs) dominate the optical
properties of ZnSeTe. Akimova et al. utilized cathodoluminescence to obtain direct
experimental evidence of Te-bound emissions [33].

Of all of the fascinating optical properties, however, little attention has been paid to the
decay dynamics of isoelectronic ZnSeTe semiconductors. Chapter 6 will discuss in detail the

decay dynamics of isoelectronic traps in ZnSe;_, Te, semiconductor alloys.



1.3 Electronic Energy Transfer in Semiconductor Nanocrystals

In addition to semiconductor heterostructures, highly luminescent colloidal quantum dots
(QDs) or semiconductor nanocrystals (NCs) are attracting increasing interest in science, with
potential for use in diverse fields, including light-emitting diodes [34], photodetectors [35],
biosensing [36], and biolabeling [37]. Very recently, increasing research effort has been
devoted to the new generation of solar cells which contain NCs as active materials [38-40].
Colloidal QDs are easily synthesized with low energy and material consumption [41]. They
are perfect building blocks for controlled nano assemblies on a molecular scale, such as
spatially ordered structures [42] or colloidal supercrystals [43]. The typical length scale of
QDs is responsible for chemical and physical properties that differ markedly from those of
both their bulk and molecular counterparts. The properties of QDs depend on their size, shape
and surface effects. Over the last‘two decades, extensive studies that have applied optical
techniques to CdSe QDs.

Energy transfer between semiconductor NCs has attracted substantial interest in recent
years [44-51]. Forster resonance energy transfer (FRET) is a nonradiative process that is
driven by dipole—dipole interactions [52-54]. The efficiency of FRET depends on the degree
of spectral overlap between the emission spectrum of the donor and the absorption spectrum
of the acceptor, and on the sixth power of the separation between the donor and acceptor pair.
The rate of nonradiative energy transfer according to the Forster theory is given by the

formula [54],

k :(LH&j , (1)
7, r

where 7 represents the excited-state radiative lifetime of the donor in the absence of transfer

and Ry is the Forster critical radius. Ry (in angstrom) is given by

; 2
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where «° is the orientational factor and depends on the relative orientation of the donor and
acceptor dipoles. The values of x° range from 0 (perpendicular) to 4 (collinear). @, denotes
the fluorescence quantum yield of the donor in the absence of transfer; n is the average

refractive index of the medium in the wavelength range where spectral overlap is significant;
Ip(2) is the fluorescence spectrum of the donor normalized such that J.: I, (/1) dA=1;¢e42) 1s

the molar absorption coefficient of the acceptor, and 4 is the wavelength in nanometers.
The transfer efficiency is given by

®, = ke _ ! .
UVt 14(r/R,)

€)

According to Eq. (3), the dipole-dipole coupling mechanism is most sensitive to the
donor-acceptor distance when this distance is comparable to the Forster critical radius. The
characteristics of FRET can be adgpted assa “spectroscopic ruler” [55]. FRET has been widely
employed in vivo and in vitro biglogical studies, such as the monitoring of DNA hybridization
and sequencing, protein conformation:studies,-and diffusion dynamics [55].

In contrast, radiative transfer is a ‘twao-step process: an acceptor absorbs a photon that is
emitted by a donor. This process occurs when the average distance between the donor and
acceptor exceeds the wavelength. Such a transfer does not involve any interaction between
particles. Radiative transfer results in a decrease of the donor fluorescence intensity in the
region of spectral overlap. The fraction a of photons emitted by donors and absorbed by

acceptors is given by

23 °
a:q)_DcAle 1,(A)e,(2)dA, 4)
where C, is the molar concentration of acceptors [54].

The FRET process in semiconductor nanocrystals has recently attracted great interest.

Bawendi’s group was the first to demonstrate the FRET process between close-packed CdSe



QDs [44,45]. Crooker et al. elucidated FRET dynamics in monodisperse, mixed-size, and
layered assemblies of CdSe/ZnS QDs using time-resolved and spectrally-resolved PL [46].
They all found an enhancement in luminescence and lifetime of the acceptor that was
accompanied by a reduction of both of the donor. These phenomena are direct evidence of
energy transfer from small to large QDs, eliminating the reabsorption effect, which would not
increase the decay rate from small QDs. Very recently, Feldmann’s group also studied the
cascaded FRET in a funnel-like structure and FRET in layer-by-layer assemblies of CdSe and
water-soluble CdTe QDs [47-51]. The FRET process in an aqueous solution of QDs, which
holds much promise for use in biological studies, is limited by the inter-dot distance and the
spectral overlap between the donor emission and the acceptor absorption. Chapter 7 compares
in detail the electronic energy transfer behavior of mixed CdTe QDs solution with that of the

solid using time-resolved and spectrally-resolved PL.
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Chapter 2 Experimental Details

This chapter elucidates experimental approaches for the use of the diamond-anvil cell,
and for performing Raman scattering studies of phase stability and electronic transition in
ZnCd,Se;.,, ZnMn,Te;,, and chlorine-doped ZnSe epilayers. The photoluminescence and
time-resolved photoluminescence optical setups for examining ZnSe;_, Te, epilayers and CdTe
colloidal quantum dots are also depicted. Section 2.1 describes in detail the diamond-anvil
cell that is adopted herein and the related techniques. Section 2.2 describes the optical

spectroscopy, Raman scattering, photoluminescence, and time-resolved photoluminescence.

2.1 High-Pressure Techniques

I. Diamond Anvil Cell

The diamond-anvil cell (DAC) is.currently the most popular instrument for studying
materials under static high pressure. It has'revolutionized high-pressure research, not only
because it can easily reach the pressures that exist close to the center of the earth, but also
because it allows the use of various measurement methods for the study of matter under such
conditions. Before the DAC was developed, high-pressure studies of materials were
conducted mostly using large hydraulic presses [1]. Although such hydraulic presses
commonly occupy a full room and weigh several tons, they generate maximum pressures of
only a few hundred kilobars (1 kbar = 0.1 GPa). In contrast, the modern DAC fits in the palm
of one’s hand and gives laboratory access to very high static pressures in a relatively easy and
safe manner, allowing experimental measurements to be made at pressures above 100 GPa.

The DAC was first developed by J. C. Jamieson ef al. [2] and Weir ef al. [3] in 1959.

Figure 2.1 presents the components of the diamond anvil cell. In Fig. 2.1(a), “A” denote the
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hemispherical rockers on which the diamond anvil is mounted, “B” are the diamonds and “C”
represents the gasket. The force is applied by turning the screws shown in Fig. 2.1(b),
pressing together the two opposing diamonds. A uniform pressure is thus continuously
applied as the screw is rotated.

The principles on which all types of high-pressure cells are based are similar. A force F is
applied to a small surface of area A, generating a pressure P = F/A, which can be increased by
reducing the size of the area of contact. The anvil flat (culet) is typically set parallel to the
(100) or (110) plane of the diamond. The culet is removed by grinding a flat, octagonal
surface with a vertex-to-opposite- vertex distance of approximately 0.10 to 0.60 mm;
diamonds are typically sized from 1/8 to 1/2 carat. The DAC used herein is 1/3 carat and the
cutlet has a diameter of 0.50 mm.

The selection of diamonds and:their sizes depends on the type of DAC and the purpose
of the investigation. Diamonds-are. classified into two types based on their UV excited
fluorescence and their IR absorptionispectra-Lype I diamonds contain nitrogen impurities,
and Type II are relatively pure and rare in nature.” Both types are subdivided into (a) and (b)
subgroups. Type I (a) diamonds contain nitrogen impurities in pairs or larger aggregates, and
Type 1 (b) diamonds contain single substitution impurities. Type Il (a) are regarded as pure
and Type II (b) contain boron impurities, and are commonly semiconducting. Diamonds with
very low fluorescence should be adopted for light scattering studies in the DAC. Type 11
diamonds typically have lower fluorescence. The selected Type I diamonds have low
fluorescence and are used for both Raman and photoluminescence measurements because of
their plentiful supply and low cost. Type II diamonds are required for infrared absorption
measurements in the range 6 to 13 um [4,5].

In the DAC, the sample is placed between the flat faces (culets) of two brilliant-cut

diamonds. The culets are separated by a thin metallic foil (gasket) which has previously been
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indented by the diamonds. In the middle of the indented zone a small hole forms the pressure
chamber into which the sample is placed. The sample is usually immersed in a fluid, which
fills the chamber and acts as a pressure medium, maintaining hydrostatic and homogeneous
conditions. The deformation and eventual fracture of the material that forms the pressure
device limits the generation of very high pressures. The DAC can generate very high
pressures because of the exceptional hardness of diamond, but even high-quality diamonds
shatter under sufficiently high loads. The transparency of diamond over a wide range of
frequencies from the near ultraviolet (~ 5.5 eV) to the infrared is the most important property,

which is exploited in optical measurements.

I1. Metallic Foil (Gasket)

The introduction of a metals gasket to contain the pressure medium is key to the
generation of hydrostatic pressureiin the DAC. Early work on the operation of DAC was
conducted on solids that were pressed between a pait of diamonds without the use of a gasket.
This setup provided a seriously non-hydrostatic environment for the solids. Accordingly, a
gasket must be introduced into the DAC apparatus, to make it an effective tool for
high-pressure research.

The metal gaskets not only prevent the damage to the diamonds but also maintain
hydrostatic conditions for samples surrounded with a pressure medium. The hydrostatic state
is highly desirable because a non-hydrostatic environment prevents precise control of the
pressure, and makes measurements difficult to make. The gasket with a hole (~ 150 um in
diameter) in the center of the indentation zone (~ 500 um, depending on the culet of the
diamonds) is drilled using an electric discharge machine. As shown in Fig. 2.2, typical gaskets
have a thickness of about 0.3 mm, reduced to approximately 0.1 mm in the indented zone.

The gasket is placed on the lower diamond culet, and then samples and ruby chips are loaded
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into the hole. Then, the hole is filled with pressure medium and sealed immediately by

covering the upper anvil.

I11. Pressure Medium

The pressure-transmitting medium markedly affects conditions within the sample
chamber. Samples and ruby chips in the sample chamber must be maintained under
hydrostatic conditions by the use of an appropriate pressure-transmitting medium. Ideally, the
medium should remain fluid at high pressure; however, at high enough pressures, all materials
solidify and develop shear strength, producing non-hydrostatic conditions. Piermarini et al.
discovered that a mixture of four parts methanol to one part ethanol by volume is a good
pressure medium for hydrostatic experiments [6]. Fluids such as 4 : 1 methanol - ethanol
mixture, 16 : 3 : 1 methanol - ethanol - water, and deionized water [7] are widely used to
make high-pressure measurements.;Moreover; heliumsy nitrogen, hydrogen, argon, and xenon
are excellent pressure transmitters [8-11];and-are usually used in the Mbar (1 GPa ~ 10* bar)
range and at cryogenic temperatures. However, they require the use of cryogenic or
high-pressure gas loading techniques which complicate the experimental setup.

In the experiments herein, deionized water or 4 : 1 methanol — ethanol mixture was
utilized as the pressure medium. Although water is considered to be a bad pressure medium
because it transforms to ice VI and VII at 0.6 and 2.1 GPa, respectively, Lin et al
demonstrated that the R1-R2 splitting in ruby fluorescence was maintained up to 36 GPa [7].

Therefore, deionized H,O seems to be a suitable pressure medium for high-pressure study.

IV. Pressure Calibration

The use of the fluorescence of ruby for pressure calibration was a breakthrough in the

development of the DAC. Before that time, pressure in the DAC was estimated using many
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methods including directly calculating force per unit area [12], relying on the well-established
freezing points of numerous liquids or the known “fixed points™ of various solid-solid phase
transitions [13], and, in X-ray studies, recording the lattice constant of internal markers such
as NaCl or silver [14]. These methods commonly proved to be either inconvenient or
inaccurate [15].

Forman et al. initially calibrated the shift in the R-line ruby fluorescence peaks as a
function of pressure in the DAC, and demonstrated that this shift could be used as a
convenient internal pressure-calibrator [15]. Ruby consists of Al,Os that is doped with Cr,0Os3,
in which some of the Al’" ions are replaced by Cr’". Although the full site symmetry is Cs,,
the crystal field is dominated by its cubic component, splitting the states of the Cr’™ ion,
forming an A-symmetric quartet ground state and a doubly degenerate first-excited state with
E-symmetry, as displayed in Fig. 2.3. The combined effects of the trigonal field and spin-orbit
coupling further splits the first exeited into Es;» and Ey/, states such that they are separated by
3.6 meV [16]. The electronic transitions-Ejs-—- A and E;, — A give rise to the R1 line at
6942 A and the R2 line at 6928 A’ “These R-lines are the active transitions in a ruby laser.
Using X-ray diffraction, Barnett et al. [16,17] measured the unit volume of NaCl while
concurrently monitoring the ruby fluorescence. They found that the R-lines shift linearly to
longer wavelength as the pressure increased, and demonstrated that this linear relation holds
up to 30 GPa with an accuracy of 3 %. The accepted value for the ruby R-line shift in this
pressure range is 3.65 A / GPa or -7.53 cm™' / GPa. Above 30 GPa, nonlinear terms in the
pressure-dependence of the R-line frequencies become important. Mao and Hemley have

shown that a more accurate relation [18,19] for the R1-line shift is

P(GPa)—%[(Aﬂ—lHj —1]. (1)

where A = 1904 GPa, B = 7.665, A = wavelength of the ruby R1 line at pressure P, and Ay =
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wavelength of the ruby R1 line at ambient pressure. The inaccuracy of Eq. 1 is about 5 %
below 1 Mbar and probably at least around 10 % above 2 Mbar. Figure 2.4 plots the R-line
wavelength shift as a function of pressure. The circles represent the experimental results from
the X-ray studies of Hemley et al. [19], the solid [20] and dashed [21] lines represent the
experimental results from the X-ray studies of Mao et al.. The dotted line plots the results of
Aleksandrov et al. [22]. Figure 2.5 exhibits the pressure-dependent R-lines up to 25.4 GPa at
room temperature.

The ruby lines are also sensitive to temperature and shift to longer wavelength as the
. . . ) dA o
temperature increases, but this dependence is substantially weaker (d_T =0.068 A / °C) than

the dependence on pressure [23,24]. Hence, below 30 GPa, the linear R-line pressure scale
holds well at any temperature from 300:K 'déwn to 4.2 K, with the rate of the pressure shift
essentially constant over this range of temperatures. The thermal population of R2 and R1
follows Boltzman statistics, and:consequently the intensity ratio R2 to R1 declines sharply as
the temperature decreases, when'.kT "is of the order of the R2-R1 splitting. Weinstein
demonstrated that this property of the intensity ratio allows the R-lines also to be used as an

in-situ thermometer in the DAC with reasonable accuracy over 10 — 100 K [25].

V. Sample Preparation

The thin-film samples studied herein were all grown on semi-insulating GaAs substrates.
However, the presence of thick GaAs substrate may affect the transition pressure of each thin
crystal. The final conclusions and the transition pressure may include some systematic errors,
because the strain is not uniform. Moreover, if GaAs remains, precisely determining the
semiconductor-to-metal phase transition pressure (whether the thin crystal becomes opaque at
high pressure) is rather difficult. For these reasons, before the sample was loaded into the

diamond cell, the GaAs substrates had already been removed from all of the samples by
20



mechanical polishing and then were chemically etched using H,O : H,O, : NaOH =30 ml : 21
ml : 4 g. Therefore, the intense Raman singles from GaAs at 267 and 292 cm™ for TO and LO,

respectively, were absent.
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(a) Schematic depiction o

FIG. 2.1.

(b) Diamond anvil cell as used in this thesis.

FIG. 2.1.
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2.2 Optical Spectroscopy

I. Introduction to Raman Scattering

All of the Raman parameters, such as frequencies, peak intensity, lineshape,
linewidth, and polarization behavior, can be applied to characterize the lattice, impurities
and free carriers in semiconductors. Intensity yields information about crystallinity.
Raman phonon frequencies can reveal the composition of elements in a ternary material.
The linewidth increases when a material is damaged or disordered because of phonon
damping or changes to the selection rules.

Raman scattering is the interaction of the incident light with optical phonons. When
the polarization of a phonon is transverse (longitudinal) relative to the wavevector of
incident light, it is described as being in the TO (LO) mode. In terms of the corpuscular
theory of light, Rayleigh scattering corresponds to‘an elastic collision process between the
phonon and the crystal, whereas Raman scattering corresponds to an inelastic collision in
which the phonon either loses one or more-quanta (Stokes shifts) or acquires one or more
quanta (anti-Stokes shifts). Figure 2.6 ‘plots the transition associated with Rayleigh
scattering, first-order Stokes scattering, and anti-Stokes scattering. As shown in Fig. 2.6, v;
(K;) is the frequency (wavevector) of incident photon, v, (Kj) is the frequency (wavevector)
of the scattered phonon, and v, (K,) represents the frequency (wavevector) of the optical
phonon that is involved in the scattering process. Energy and momentum are conserved
between the initial and final states of the system. The conservation conditions are
hvy = hv; £ hy, (2)
K=K+ K, )
where the plus sign refers to an anti-Stokes shift and the minus sign stands for Stokes shift.
However, the conditions for Rayleigh scattering are v; = vy and K; = K;. Generally, the

intensity of the anti-Stokes modes is much weaker than that of the Stokes components.
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Raman scattering is inherently a weak process, but lasers provide sufficient power to

enable the spectra to be routinely measured.

I1. Micro-Raman and Micro-PL Systems

Figure 2.7 depicts the experimental setup of the micro-Raman (PL) measurements which
were made using a Jobin-Yvon microscope system. Raman and PL spectra were obtained at
room temperature and collected in the backscattering configuration using 514.5 or 488.0 nm
lines of an Ar'-ion laser as the excitation source. An incident beam from an argon-ion laser
was focused to about 5 um in diameter on the sample using a 20x long-working-distance (~ 20
mm) microscope objective.

To eliminate Rayleigh scattering, a 514.5 or 488.0 nm holographic super notch plus filter
was used to filter it out of the laser. The_spectra were analyzed using a SPEX 1404 double
grating 0.85 m spectrometer- that was -€quipped with a multichannel LN,-cooled
charge-coupled device (CCD). The spectfometerwas controlled using a computer, which was

used to store and plot the collected data.

I11. Time-Resolved PL System

Figure 2.8 presents the experimental setup of the time-resolved PL (TRPL) system. The
300 ps GaN pulsed laser diode (405 nm / 2.5 MHz) and a 200 fs mode-locked Ti:sapphire
laser (400 nm / 76 MHz) were used as an excitation source. The laser light is focused on the
sample by a convex lens (L1). The combination lenses (L2 and L3) guide the luminescence
into the spectrometer. The signal is dispersed using a SPEX 1403 double-grating 0.85 m
spectrometer and detected using a high-speed photomultiplier tube. The signal is further

analyzed by a computer with a plug-in time-correlated counting card.
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Chapter 3 Pressure-Dependent Raman Scattering and

Photoluminescence of Zn, ,Cd,Se

This chapter discusses Raman and photoluminescence of cubic Zn; xCd,Se (0 = x =

0.32) epilayers at high pressure. The impurity mode / observed in the phonon Raman spectra
at low temperature confirms the intermediate phonon mode behavior. A split transverse optical
phonon mode was found in the down-stroke high-pressure Raman scattering. Additionally, the
pressure-dependent longitudinal optical phonon frequencies and the Griineisen parameter
were obtained by quadratic polynomial fitting. Pressure-driven resonant Raman scattering
effect was observed in samples with a high Cd concentration (x = 0.18). The pressure at the
onset of semiconductor-to-metal phase transition (Pt) decreases as the Cd content increases.
As the Cd concentration increases from 0 to 0.32, Pt falls from 13.6 to 9.4 GPa, according to

Pt (GPa) = 13.6 — 6.8x — 20.3x.

l. Introduction

Wide-band-gap I1-VI ternary compound semiconductor, Zn; Cd,Se, has attracted much
attention because its tunable band gap covers the visible spectrum. The physical properties of
Zn; ,Cd,Se have been extensively studied over the last decade because the material is
extensively employed as an active layer in ZnSe-based laser diodes [1-4]. The crystal
structure of bulk Zn; ,Cd,Se is zincblende (ZB) for x < 0.3, wurtzite for x > 0.7, and is a

mixture of both for 0.3 = x = 0.7 [Ref. 5 and 6]. A single-phase ZB crystalline structure

over the entire Cd composition range from ZnSe to CdSe [6-8] can be grown on (001)
GaAs substrates by molecular beam epitaxy (MBE). Furthermore, the energy-dispersive
X-ray diffraction (EDXD) and Raman scattering of ZnSe-based II-VI ternary compounds
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[9-12] were investigated at high pressure to study the phase transformations. However, the
pressure-induced phase transition and the crystal stability of ZB Zn; Cd,Se epilayers
under hydrostatic pressure still remain unexplored. The phase transitions from
semiconductor to metal and the ZB (Bs phase) to rocksalt (RS), (B; phase), were found to be
consistent with the disappearance of the LO phonon from the Raman spectra [10-13].

This work discusses the phonon Raman and photoluminescence (PL) spectra of ZB
Zn;_,Cd,Se epilayers (x = 0, 0.06, 0.11, 0.18, 0.25, and 0.32) at room temperature and high
pressures. The optical phonon mode behavior, pressure-dependent LO phonon frequencies,
LO phonon line broadening, the splitting of the TO mode in the down-stroke pressurized
process and the Griineisen parameter (y o) of Zn; ,Cd,Se epilayers were determined.

Moreover, samples with a high (x = 0.18) Cd content exhibit pressure-driven resonant

Raman scattering (RRS) enhancement. Additionally, the pressure at the onset of

semiconductor-to-metal phase (Pt):transition-wasplotted as a function of Cd content (x).

I1. Experiment

The Zn; 4Cd,Se epilayers (x = 0, 0.06, 0.11, 0.18, 0.25 and 0.32) were grown on
semi-insulating GaAs (001) substrates with a Veeco Applied EPI 620 MBE system using Zn
(6N purity), Se (6N purity) and Cd (6N purity) solid sources. The substrate temperature was
maintained at 300 °C, and the thickness of the Zn; «Cd,Se epilayers was fixed at around 0.5
um. The Cd content was determined by energy-dispersive X-ray (EDX) analysis.

High-pressure measurements were taken in a gasket diamond anvil cell (DAC). The
culets of the diamond anvils are 500 um in diameter. The sample chamber was a circular hole
with a diameter of about 170 um, which was predrilled on the stainless steel gasket using an
electrical discharge machine. A methanol-ethanol 4:1 mixed liquid was used as a

pressure-transmitting medium in order to maintain the hydrostatic conditions. The hydrostatic
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pressure was determined by the spectral shift of the ruby R1 line, which is widely used in
high-pressure Raman and PL measurements [14,15]. The pressure gradient was less than 0.5
GPa, as determined by measurements made at various positions of the sample chamber.
Before the Zn; xCd,Se sample was loaded into the DAC, the GaAs substrate was removed by
mechanical polishing and chemical etching with H,O : H,O,: NaOH =30 ml : 21 ml : 4 g.
Raman and PL spectra were performed at room temperature and collected in
backscattering configuration using a 514.5 nm line of an Ar -ion laser as the excitation source.
The spectra were analyzed by a SPEX 1404 double grating spectrometer equipped with a
multichannel LN;-cooled charge-coupled device (CCD). The 514.5 nm holographic notch

filter was used to filter out the Rayleigh scattering.

I11. Results and Discussion

Figure 3.1 presents the first-order Raman’'spectra-of Zn;_,Cd,Se (x = 0, 0.06, 0.11, 0.18,

0.25, and 0.32) epilayers. The spectra were all obtained at room temperature and ambient
pressure under z(x+y,x+ y); backscattering geometry. The Raman selection rule for this

geometry forbids the TO and allows the emission of LO only. However, a weak TO feature
which appears at 205.4 , 203.3, and 201.6 cm’! for x =0, 0.06, and 0.11 samples, respectively,
can be attributed to a slight deviation from perfect backscattering geometry. Table 3.1 presents
the LO and TO phonon frequencies and the linewidth of the LO phonons of all Zn; ,Cd,Se
samples. As the Cd content increases, the LO and TO phonon frequency decreases.
Asymmetric broadening of the peaks of the LO phonon at high Cd content (x = 0.18) is
observed, attributed primarily to the disorder of the alloy [16], and becomes more evident
under pressure. Figure 3.2 shows the dependence of LO phonon frequencies and the full width
at half maximum (FWHM) on the Cd concentration (x), respectively. The LO phonon
frequency falls as x increases, and is accompanied by an increase in FWHM.
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The zone-center optical phonon mode of ZB Zn, ,Cd,Se was controversial in previous
studies. Alonso ef al. [17], Avendano-Lopez et al. [5], and Camacho et al. [18] found that in
addition to the LO and TO phonon modes, an impurity mode / was present, and could be
attributed to the impurity modes of Zn in CdSe for x close to 1 and to that of Cd in ZnSe for x
close to 0. Therefore, they concluded that Zn,Cd; xSe exhibited mixed-mode behavior.
However, Meredith et al. [16] and Li et al. [19] indicated that Zn,Cd; xSe exhibited single
mode behavior because they observed no impurity mode and their experimental results were
consistent with the mass criterion of one mode behavior [16]. Although at room temperature,
only LO and TO phonons of Zn; ,Cd,Se (x = 0 to 0.32) are observed in the Raman spectra, as
shown in Fig. 3.1. However, the low-temperature Raman scattering measurements exhibit the

impurity mode / (Fig. 3.3). In particular, at x = 0.25, under the RRS condition, the impurity

mode / is clearly present. Moreoyer, the_frequency, of the / phonon falls as the Cd content
increases, supporting the results given in Ref. 17. Accordingly, the vibration mode of
7Zn;_,Cd,Se is an intermediate.

Figure 3.4 presents the up-stroke pressure-dependent Raman spectra of Zn; ,Cd,Se
epilayer (x = 0.06) at room temperature. A strong LO phonon and a weak TO feature are
observed at ambient pressure, while the TO phonon becomes more intense as the pressure
increases. The x = 0 and 0.11 samples exhibit the same behavior because the sample chips
deviate from the perfect backscattering geometry when the samples are pressured in the
diamond cell. The applied pressure reduces the lattice constant and the crystal volume.
Therefore, the frequencies of the LO and TO phonons shift to higher frequencies,
accompanied with decreasing in intensity. The LO phonon disappears and the sample
becomes opaque at approximately 13.0 GPa. These facts are evidences of the phase transition
from the semiconductor to the metal phase. However, a TO phonon is still observed in the

Raman spectra when the semiconductor becomes metallic. It can be ascribed to the fact that
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transverse surface lattice vibrations are allowed in both semiconductor and metal, even if the
skin depth (or penetration depth) of the metal into which the laser penetrates is merely several
tens of angstroms [10,11]. Similar experimental results were obtained from our samples with
low Cd content (x = 0.18) and in earlier investigations of nonmagnetic and magnetic II-VI
ternary compounds, ZnFeSe [10], ZnSeTe [11], and ZnMnSe [12] crystals.

In our previous investigations, the TO phonon splitting occurred in the up-stroke
pressure process and was attributed to the pressure-induced formation of an additional phase.
Despite numerous careful search; however, no TO splitting observed in any of the studied
Zn;_,Cd,Se samples during the up-stroke process, which were examined several times by
reloading them and changing the pressure medium to de-ionized (DI) water. Nevertheless, in
the down-stroke process of Zng 94Cdy.0sSe, shown in Fig. 3.5, a split TO phonon mode begins
to develop as the pressure is reduced to around 11.5 GPa. It becomes more pronounced at 8.3
GPa. The split TO phonon mode-is slightly blueshifted and its intensity falls as the pressure is
released. The splitting of the TO mode in-the-down-stroke process also implies the formation
of an additional high-pressure phase./Recent:EDXD experiments by Pellicer-Porres et al.
[20,21] demonstrated that ZnSe and ZnSe, Te; x exhibited a cinnabar structure between the ZB
and RS structures, becoming apparent only in the down-stroke process. Coté et al. [22] also
theoretically calculated the existence of a fourfold-coordinated cinnabar phase between ZB
and RS phases, which could be found in the down-stroke process. Accordingly, this work
presents the observation of a cinnabar phase in Zn; Cd,Se by Raman scattering in the
down-stroke process.

Table 3.2 lists the pressure-dependent LO phonon frequencies obtained by fitting a
quadratic polynomial equation to our measurements,
wLo=wo+ ap + bp’, (1)

where wy is the LO phonon frequency at ambient pressure, p is the pressure in gigapascal, and
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a and b are the vibrational pressure coefficients for this mode. The pressure dependence of a
mode frequency wyocan be defined in terms of the dimensionless Griineisen parameter (yi0),

which is given by [23]

dinaw,, l e, K, |[do,
Ywo="| "Tiv 1T R = ; (2)
dInV £ Op @, dp

where K, i1s the bulk modulus, defined as the inverse of the isothermal volume

compressibility (8), and V is the molar volume in cm’/mol. Since the bulk modulus (K) of
Zn;_,Cd,Se is unknown, K znse) = 62.4 GPa is used [24]. Table 3.2 presents the yro values of
all samples at ambient pressure. dw/dp = 3.31 cm™/GPa, and y.o= 0.82 and dw/dp = 4.53
cm'/GPa, and y o= 1.18 are obtained for ZnSe and Zn,.Cd,Se (x = 0.32), respectively.
Camacho ef al. [18] noted that no pressure-dependent Raman results for bulk CdSe or epilayer
had been published. However, Alivisatos ef al. [25] found dw/dp = 4.30 cm™/GPa and y o=
1.1 for ZB-phase CdSe nanocrystals. The ionization of the lattice can be deduced from yo
[26], and the ionicity (f)) of CdSe (0.70)"1s larger than that of ZnSe (0.63) [Ref. 27]. By
contrast, higher Cd concentration samples exhibit larger lattice ionization and higher pressure
variation on the phonon frequency. In Table 3.2, we can see that the applied pressure tends to
reduce the variation of phonon frequency and the lattice ionization due to the second negative
term of dw/dp.

Figure 3.6 shows the pressure-dependent Raman spectra of Zn,_,Cd,Se epilayer (x = 0.25)
at room temperature. The TO phonon is not found and the intensity of LO phonons does not
monotonously decline as the pressure increases. Samples with a high Cd content (x = 0.18,
and 0.32) exhibit a similar trend, because of the pressure-driven RRS effect, which occurs
when the incident laser energy is sufficiently close to the energy of the electronic excitations,

described as

hvlaser _mthO (X, p) ~ Eexc(xa p) H (3)
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where hv, . 1is the photon energy of the incident laser (2.41 eV). E . (x,p) and

exc

hv,,(x, p) are the electronic transition energy and the LO phonon energy, respectively, as

functions of Cd content (x) and applied pressure (p). The m denotes the overtone order of LO
phonons. The exciton energy of Zn; ,Cd,Se was controlled by tuning the Cd concentration
during the growth, or by manipulating the pressure and temperature of the sample chamber. In

this investigation, Av, . was fixed at 2.41 eV and the exciton energy increased with pressure.

As the external pressure was gradually tuned toward 6.6 GPa, the exciton energy approached
the laser energy and an increase in intensity of LO phonon was observed. By further
increasing the pressure, the exciton energy exceeds the incident laser energy (at around 7.5
GPa in Fig. 3.6) and begins to move away from the RRS condition, and the intensity of LO
phonon decreases monotonously as the, pressure increases. At around 11.0 GPa, the LO
phonon disappears, revealing the:phase-transformation from the semiconductor to the metal
phase.

Figure 3.7 displays the pressure-dependent PL.spectra of the Zn, ,Cd,Se epilayer (x =
0.25) at 300 K. At 0.2 GPa, the broad peak at 2.08 eV is attributed to the near band edge
(NBE) emission. As the pressure is increased to 2.2 GPa, the NBE emission shifts to higher
energy. Further increasing the pressure causes the NBE emission to overlap the LO phonon
peaks. The intensity of the LO phonon peaks of the Stokes side increases and the RRS effect
occurs. The inset in Fig. 3.7 plots the peak energies of the room-temperature PL spectra
before the phase transition as a function of pressure. The PL spectra were excited using an Ar"
488 nm laser line (2.54 eV) to observe the NBE emission above the 2.41 eV energy of the Ar"
514.5 nm laser line, which was used to excite phonon Raman scattering. As the pressure
further increases to above 6.6 GPa, far from the RRS condition, the intensity of the 1LO
phonon decreases abruptly and the PL spectra disappears because the NBE energy exceeds the
excitation laser energy. When the pressure reaches the value for the phase transition (11.0
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GPa), the LO phonons at both sides of Raman spectra disappears. This result is a strong
evidence of the semiconductor-to-metal phase transition. The phase transition pressure of this
sample, at which the LO phonon disappeared, was also verified using a 632.8 nm ruby laser
as an excitation source, this wavelength is far from the RRS effect.

The pressures at the onset of semiconductor-to-metal phase transition of all
Zn;Cd,Se epilayers discussed herein are listed in Table 3.2. As the Cd concentration
increases to 0.32, the phase transition pressure falls from 13.6 to 9.4 GPa. Figure 3.8 plots the
decline in the phase transition pressure as a function of x. The solid line represents a quadratic
fit, given by Pt (GPa) = 13.6 — 6.8x — 20.3x". The fall of Pt with x suggests a reduction in
structural stability. The structure becomes destabilized as the substituted element content
increases; in addition, this relationship has been observed in other ZnSe-based ternary
semiconductors. For instance, Yang et al. found that for ZnSe; xTe, epilayers with x up to 0.54,
the pressure at the onset of semiconductor-to-metal phase transition decreased from 13.7 to
7.3 GPa. For Zn, , Mn,Se crystals, the structural transition from zincblende (B3) to rocksalt

(B1) occurred at about 11.8 and 9.9 GPa for x=0.07 and 0.24, respectively [11,12].

IV. Conclusions
The pressure-dependent Raman and PL spectra of Zn;_Cd,Se epilayers (0 = x = 0.32)

were investigated. Low-temperature experiments reveal that the optical phonons of
Zn;_,Cd,Se exhibit intrinsic intermediate-mode behavior. The splitting of the TO mode in the
down-stroke pressurized process may have been caused by the formation of an additional
high-pressure phase. The pressure-dependent LO phonon frequencies are fitted with a
quadratic polynomial equation and the Grilineisen parameters are obtained. The
pressure-driven RRS effect was observed in samples with a high Cd concentration (x = 0.18).

Both the Stokes and anti-Stokes sides of the LO phonons disappear as the crystal phase
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changes from semiconductor-to-metal phase. The pressure at the onset of

semiconductor-to-metal phase transition is found to decrease as the Cd content increases.
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Table 3.1 LO and TO phonon frequencies and FWHM of LO phonon for Zn; ,Cd,Se

epilayers.

LO phonon TO phonon

Cd content FWHM of LO
frequency frequency
(x) phonon (cm™)
(cm™) (cm™)

0 2522 205.4 9.3
0.06 248.4 203.3 10.1
0.11 2479 201.6 10.9
0.18 2446 - 14.3
0.25 242.1 - 16.4

0.32 239.1 - 17.7
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Table 3.2 Pressure-dependent LO phonon frequencies (wro), dwio/dp, calculated mode

Griineisen parameters (yLo) and phase transition pressures for Zn,;.,Cd,Se epilayers.

Phase
Griineisen
Cd content Lo deO / dp transition
parameter
() (em™) (cm"/GPa) pressure
(yLo)
(GPa)

0 2522 +331p=0.04p" ~3.31-008p 082  13.6=02
0.06 248.4+3.99p — 0.O6p2 3.99-0.12p 1.00 12.9+0.1
0.11 2479+ 4.26p — 0.O9p2 426 -0.18p 1.07 12.6 £ 0.1
0.18 244.6+4.51p—0.06p2 4.51-0.12p 1.15 12.0+0.2
0.25 242.1+3.82p— 0.O9p2 3.82-0.18p 0.98 10.6 0.4
0.32 239.1 +4.53p — 0.O9p2 4.53-0.18p 1.18 94+0.2
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FIG. 3.1 Raman spectra of Zn; ,Cd,Se epilayers (0 = x = 0.32) at 300 K and ambient

pressure.
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FIG 3.3 Raman spectra of Zn; ,Cd,Se epilayers (0 = x = 0.32) at 100 K and ambient
pressure. The impurity (/) modes, indicated by black arrows, appear at low temperature. The

LO and TO phonons of the GaAs substrate are also labeled.
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FIG. 3.4 Up-stroke pressure-dependent Raman spectra of Zn;_Cd,Se (x = 0.06) at room
temperature. The LO phonon disappears at around 13.0 GPa, revealing a phase change from

semiconductor to metal.
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FIG. 3.5 Down-stroke pressure-dependent Raman spectra of Zn; ,Cd,Se (x = 0.06) at room
temperature. The splitting of the TO phonon, labeled by black arrows, was observed clearly as
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Chapter 4 Pressure-Induced Metallization and Resonant

Raman Scattering in Zn,,Mn,Te

In this chapter, pressure-induced resonant Raman scattering is adopted to analyze the

zone-center optical phonon modes and crystal characteristics of Zn; Mn,Te (0 = x = 0.26)

thin films. The pressure (Pt) at which the semiconducting undergoes a transition to the
metallic phase declines as a function of Mn concentration (x) according to the formula, Pt (x)
= 157 — 254 x + 19.0 x> (GPa). Pressure-dependent longitudinal and transverse optical
phonon frequencies and the calculated mode Griineisen parameters were adopted to
investigate the influence of Mn”" ions o théficonicity. The experimental results indicate that
the manganese ions tend to increase the iconicity.of ZnTe under ambient conditions, whereas
an external hydrostatic pressure tends .to- reduce the iconicity and the bond length of

Zn Mn,Te.

l. Introduction

Dilute magnetic semiconductor (DMS) Zn; Mn,Te, in which a fraction of Zn element

are replaced by Mn atoms, crystallizes in the zincblende (ZB) structure for x = 0.8 under

ambient conditions [1]. Magnetic properties of Zn;..Mn,Te-related materials are currently a
focus of research activities in numerous interesting investigations [2-6]. Magnetic ordering in
semiconductors can arise from the super-exchange interaction or free carrier-mediated
exchange interaction between magnetic ions. Long-range ferromagnetic orderings, mediated
by holes, were observed in Ga; ,Mn,As [7] and In; ,Mn,As [8], in which manganese ions act

as acceptors. Alternatively, p-doped Zn;Mn,Te, in which magnetic ions are not dopants,
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exhibits ferromagnetism that is induced by the exchange interaction of free holes with the
localized spins of Mn®" ions [3-6]. Moreover, our recent high-pressure study of n-doped
ZnSe:Cl demonstrated that the hydrostatic pressure tends to reduce the carrier concentration,
and that doping influences the metallic phase transition [9]. Therefore, the effect of applied
pressure on the physical properties of DMS Zn;..Mn,Te will be of interest in future studies of
the pressure-dependent magnetic properties of this material.

Pressure-induced phase transitions of ZnTe bulk crystal have been widely studied
[10-13]. So far, all of the evidence has shown that the application of pressure to a
semiconducting ZnTe exhibits a unique transition sequence. As the pressure is increased, the
semiconducting ZB ZnTe phase (ZnTe I) first transforms to the other semiconducting cinnabar
phase (ZnTe II), and then undergoes a transition to a metallic orthorhombic (Cmcm) phase
(ZnTe III). These high-pressure.tphase behaviors differ from those of most II-VI
semiconductors [14-16], which transform from+ZB (or wurtzite) first to the cinnabar structure
and then to the rocksalt (NaCl) structure as-external pressure is applied. Even though the NaCl
phase is unstable and has not been observed inZnTe at room temperature under any pressure,
it has been revealed to be stable only at high temperature [17]. This result is attributed to the
fact that ZnTe is the lowest ionic semiconductor in the II-VI family [18]. The transition
pressure from nonmetallic ZnTe to metallic ZnTe III (Cmcm) phase is controversial.
Optical-absorption measurements yield a transition pressure of 11.9 GPa [10]. The electrical
resistance approach yield a transformation of 13 ~ 15 GPa [11]. The metallic phase of ZnTe,
as revealed by Raman scattering, forms at above 14.2 GPa [12]. Moreover, the crystalline
structure of the ZnTe phase III is determined to be 16 GPa using angle-dispersive
powder-diffraction techniques with synchrotron radiation [13]. To resolve these unusual and
controversial phase transitions at high pressure, Raman scattering under high pressure was

performed to investigate ZnTe and Zn; , Mn,Te thin films up to 17.0 GPa. Furthermore,
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resonant Raman scattering (RRS) was adopted to enhance the Raman signal to identify more
clearly semiconductor-to-metal phase transition pressure. The crystalline stability, iconicity,

and Griineisen parameters (y;) of Zn;,Mn,Te (0 = x = 0.26) thin films were also studied.

I1. Experiment
Zn;_Mn,Te samples with various Mn contents (0 =< x = 0.26) were deposited at 300 °C

by molecular beam epitaxy on (001) oriented semi-insulating GaAs substrates. The samples’
thicknesses were fixed at about 0.7 um, and the Mn composition was determined by
energy-dispersive X-ray analysis. Raman spectra under ambient pressure were all recorded at
300 K and excited using the 514.5 nm line of an Ar" laser, while the 488.0 nm line from the
Ar' laser was used in high-pressure experiments. High-pressure Raman measurements were
all made at room temperature using a ruby-calibrated diamond anvil cell (DAC) [Ref. 9]. A
liquid methanol-ethanol 4:1 mixture was utilized as the pressure-transmitting medium, and the
pressure gradient was less than 0:2.GPa‘throughout.the sample chamber. Before loading the
Zn;  Mn,Te crystal into the DAC, the GaAs'substrate was removed by mechanical polishing
and chemical etching. Spectra were all obtained in backscattering configuration and analyzed
by a SPEX 1404 double grating spectrometer equipped with a multichannel LN;-cooled CCD.
The high-pressure experiments are reproducible for each specimen. The PL energies were

obtained at 300 K, using the 488.0 nm line of an Ar" laser.

I11. Results and Discussion
Figure 4.1 presents the zone-center Raman spectra of Zn;. . Mn,Te ( x = 0.00, 0.09,
0.14, 0.22, and 0.26), measured at room temperature and ambient pressure under

z(x+y,x+ y)E backscattering geometry. In this configuration, transverse optical (TO)
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phonons are forbidden and longitudinal optical (LO) phonons are allowed. As the Mn content
increases, the 1LO and its overtone (2LO) phonon frequencies increase. Figure 4.2 plots the
dependence of the 1LO phonon frequency and the PL energy on the Mn concentration (x).
The increase in the LO phonon frequency with Mn content is due to the difference between

atomic masses, my, (55) < myz, (65). As the Mn concentration increases, the PL energy is

blueshifted and slowly approaches the incident laser energy. When the energy of the
electronic transition energy is sufficiently close to the incident laser energy, the RRS effect

occurs, enhancing the intensity of LO phonons. Based on the RRS condition,
hvlaser - thLO (x’ p) ~ Eexc (x7 p) > (1)
where hv, . is the photon energy of the incident laser. E_ (x,p) and hv,,(x,p) are the

electronic transition energy and the LO ;phenon energy, respectively, as functions of Mn
content (x) and applied pressure (p). Them denotes the overtone order of LO phonons. Under
ambient conditions, when the laser is fixed at 2.41 eV, the Raman scattering of the larger
overtone phonon comes into resonance-first (Fig. 4.1). As shown in Fig. 4.1, besides the LO
mode, an impurity (/) mode and its overtone (2/) at the lower-frequency side of the LO

phonon in Zn;_Mn,Te (x > 0) are also visible. As the Mn content increases, the impurity (/

and 2/) modes shift to lower frequencies and become intense. Similar phenomena are also
found in Zn; ,Mn,Se [15] and Zn,.,Cd,Se [16] II-VI ternary compounds. Since the impurity
mode discussed herein lies between the LO and TO modes and can also be apparently
observed at high pressure, it can be identified as the impurity mode of Mn in ZnTe.
Accordingly, the zone-center optical phonon mode of Zn; xMn, Te can be concluded to exhibit
mixed-mode behavior. This finding is consistent with an earlier work [1].

Figure 4.3 shows the up-stroke pressure-dependent Raman spectra of the ZnTe thin film
at up to 17.0 GPa. The TO mode, which is not allowed under ambient conditions before

pressurization, appears at high pressure. The emergence of the TO mode can be attributed to
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the pressure-induced RRS enhancement and the deviation of the sample chip from the perfect
backscattering geometry in the DAC. The LO and TO phonon both shift to higher frequencies
with increasing pressure, wherein the shift is accompanied by clear changes in their intensities.
The reduction in the lattice constant and the crystal volume under external pressure increases
LO and TO phonons frequencies. The pressure-driven RRS effect, according to Eq. (1),
causes the intensity of LO phonon to increase abruptly at first and then to decline smoothly.
As the pressure increases, the LO phonon disappears and the sample becomes opaque at 15.7
+ (0.2 GPa, indicating a semiconductor-to-metal phase transition [9,14-16]. This phenomenon
is distinct from that revealed by the Raman results of Camacho et al. [12], in which the LO
phonon was invisible above 9.6 GPa - far below the pressure obtained under the RRS
condition discussed herein. The metallic phase transition pressure of ZnTe, measured by the
RRS experiment, is consistent with the experimental results of Nelmes et al. [13], who
determined, using angle-dispersive diffraction.techniques with synchrotron radiation source,
which the crystal structure changed to.the-Znle phase III at 16 GPa. Recently, Shchennikov
and Ovsyannikov revealed that the sharp.drop of resistance from 10° to 10' Q in ZnTe at
about 13.0 ~ 15.0 GPa is related to the transformation into the orthorhombic Cmcm phase [11].
The difference between the phase-transition pressures obtained by X-ray and electrical
resistance methods is attributable to the fact that X-ray techniques determine the phase
transition pressure closer to the completion of the transformation, whereas the electrical
resistance measurements reveal the beginning of the transition [11]. In Fig. 4.3, the TO mode
does not disappear until at about 17.0 GPa. Other II-VI compounds exhibited similar
phenomenon because transverse surface lattice vibration is allowed in both semiconductor and
metal, even though the skin depth (or penetration depth) of the metal for a laser is only several
tens of angstroms [9,14-16]. In the down-stroke high-pressure process, only hysteresis is

observed, and no additional phonon appears.
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Figure 4.4 displays the up-stroke pressure-dependent Raman spectra of Zngo;MnggoTe.
In addition to the LO and TO modes, a Mn-related impurity mode (/) and a double structure
associated to LO + TA (transverse acoustic) phonon appear between LO and TO phonons and
at the higher-frequency side of the LO phonon, respectively. As the pressure increases, the
impurity mode, the LO phonon, and the TO phonon shift to high frequencies which can be
fitted by a quadratic polynomial, listed in Table 4.1. Since Zn is partially replaced by Mn, the
intensity of the Raman spectra is lower than that of ZnTe, because the 3d orbital of Mn*" ions
hybridizes into tetrahedral bonds, causing distortions and altering the overall ZnMnTe crystal
symmetry. Furthermore, the LO phonon becomes opaque and disappears at 13.6 = 0.2 GPa.
When the pressure is 15.7 GPa, the TO and 7 modes become invisible. As the Mn content is
increased from 0 to 0.09, the semiconductor-to-metal phase transition pressure falls from 15.7
to 13.6 GPa.

Figure 4.5 plots the phase transition pressure as a function of the Mn content. A decline
in the semiconductor-to-metal phase transition-pressure (Pt) versus x is shown and is fitted
using a quadratic curve, given by Pt/(¥)=.15.7=25.4 x + 19.0 x* (GPa). As the Mn content
increases from 0 to 0.26, the phase transition pressure falls from 15.7 to 10.3 GPa (Table 4.1),
indicating that the substituted Mn”" ions tend to reduce the stability of the crystal. The Mn*"
ions in Zn;.,Mn,Te may alter the overall symmetry and soften the lattice by generating large
distortions. As the substituted element content increases, the structure becomes less stable.
This dependence is similar to other DMS II-VI ternary compounds. Yang et al. [15] found that,
for Zn; ,Mn,Se compounds, as x is increased from 0.07 to 0.24, the pressure of the metallic
phase transition falls from 11.8 to 9.9 GPa. For the Zn;_,Fe,Se semiconductor, the existence of
Fe ions (x = 0.16) in the ZnSe reduces the semiconductor-metal phase transition pressure from
14.4 to 10.9 GPa [14]. Table 4.1 summarizes the pressure-dependent LO, TO, and / phonon

frequencies derived from quadratic polynomial fits to our measurements. Moreover, the
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pressure dependence of a mode frequency w; can be defined using the dimensionless

Grilineisen parameters (y;) [Ref. 19],

dInow, lohho [ K, |l do
71 = = = — | (2)
dinV ) B op . )\ dp

where K, is the bulk modulus, defined as the reciprocal of the isothermal volume

compressibility (8), and V is the molar volume in cm’/mol. Since the bulk modulus (Kj) of
Zn; yMn,Te is unavailable, Ko zate) = 50.5 GPa is used [20]. As shown in Table 4.1, several
conclusions can be drawn. At ambient pressure (p ~ 0), (i) the LO phonon frequency increases
and the TO phonon frequency decreases as the Mn composition increases: the LO-TO
splitting increases with Mn content; (ii) yLo < yr0 1S observed throughout all the specimens,
and the ratio, y1o/ yLo, rises from 1.38 to 1.77 as the Mn concentration increases from 0 to
0.26. At high pressure, (iii) dw o/dp < dwro/dpi.such that the LO-TO splitting falls under
external pressure for all samples herein; (iv) dwy/dp and y; follow no consistent trend over the

entire Mn range of interest (0.09;= x,=70.26).“These results demonstrate that under ambient

conditions, the manganese ions slightly..increase the iconicity of ZnTe. Nevertheless, an

externally applied pressure reduces the iconicity and bond length of Zn; ,Mn, Te crystals.

V. Conclusions

Resonant Raman scattering can enhance the LO and TO phonon intensities in studying
pressure-dependent vibrational spectra of Zn;.,Mn,Te thin films. Intermediate optical phonon
mode behavior was identified. The disappearance of the LO phonon, which accompanies a
semiconductor-to-metal phase transition in ZnTe occurs at about 15.7 + 0.2 GPa. As the Mn
content increases from 0 to 0.26, the metallic phase transition pressure falls from 15.7 to 10.3
GPa. Based on the pressure-dependent LO and TO phonon frequencies and Griineisen

parameters (y;), externally applying pressure reduces the iconicity of Zn; ,Mn,Te.
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Table 4.1 Pressure-dependent LO, TO, and / phonon frequencies (w;), dw;/dp,

calculated mode Griineisen parameters (y;), and phase transition pressures of Zn;..Mn,Te.

Phase
Griineisen
Mn content mode w; da)i/ dp transition
parameter

®) (em™) (cm"/GPa) pressure

()
(GPa)

LO  203.6+3.42p—0.10p°  3.42—0.20p 0.85

0 15.7+0.2
TO 1792+4.16p—0.11p° 4.16-0.22p 1.17
LO 2063+334p—0.11p° 3.34-0.22p 0.82

0.09 TO  177.0 + 426p — 0:09p> 4.26 —0.18p 1.22 13.6+0.2
1 193.4 +3.15p - 0.08»°  3.15-0.16p 0.82
LO 207.4+329p=0.10p> 329-0.20p 0.80

0.14 TO 176.1 +4.30p -0.06p° 4.30—0.12p 1.24 12.4+0.2
1 192.0 +2.90p — 0.06p°  2.90-0.12p 0.76
LO 208.7+3.15p-0.03p> 3.15-0.06p 0.76

0.22 TO 175.5+443p—0.14p° 4.43-0.28p 1.27 11.2+£0.2
1 189.7+3.02p— 0.05p°  3.02-0.10p 0.80
LO 209.7+3.06p—0.08p" 3.06—0.16p 0.74

0.26 TO 1748+4.55p—0.07p° 4.55-0.14p 1.31 10.3+0.2

I 187.4+3.18p-0.08°  3.18-0.16p 0.85
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FIG. 4.1. Raman spectra of Zn; . Mn,Te (0 = x = 0.26) at 300 K under ambient pressure.

The excitation source is a 514.5 nm line from an Ar " laser.
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on Mn concentration (x) at room temperature. The solid curve is a quadratic polynomial fit for

the LO phonon.
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FIG. 4.3. Up-stroke pressure-dependent Raman spectra of ZnTe at 300 K. Black arrows
indicate the LO and the TO phonons. The excitation source is a 488.0 nm line from an Ar’

laser. The pressure-induced RRS enhancement occurs as the external pressure is increased.
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FIG 4.4. Up-stroke pressure-dependent Raman spectra of Zng9;Mng g9Te at 300 K. LO, TO,

LO + TA, and impurity (/) modes are labeled.
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Chapter 5 Raman Scattering of Longitudinal Optical
Phonon-Plasmon Coupling in CI-Doped ZnSe under High

Pressure

This chapter, the vibrational, electronic, and crystalline properties of n-type
chlorine-doped ZnSe (ZnSe:Cl) layers with a carrier concentration from 8.2 x 10" to 1.8 x
10" cm™ will be studied by Raman spectroscopy. The spectral lineshapes of the
longitudinal-optical-phonon and plasmon coupling (LOPC) mode are analyzed using the
Raman scattering efficiency and the dielectric function to obtain the electron densities and
mobility. The splitting of the tramsverse-optical. (TO) phonon and the redshift of the
chlorine-related impurity vibration mode are clearly observed when pressure is applied. The
semiconductor-to-metal phase transition-pressute of ZnSe:Cl layers declines as the carrier
concentration increases, indicating that n-type doping reduces crystal stability. Additionally,
the pressure-induced weakening of the longitudinal-optical-phonon-plasmon coupling
efficiency suggests that pressure tends to degrade the n-type characteristic of ZnSe:Cl because

of the emergence of the new deep donor-like state.

l. Introduction

Materials at high pressure exhibit interesting phenomena. For example, Mao et al. made
optical measurements at ~250 GPa and observed that hydrogen becomes metallic due to band
overlap [1]. Water (H,O) molecules under high pressure cleave and form O, and H; bonds [2].
Semiconductors at high pressure also exhibit fascinating behavior. Smith ez al. [3] found that

ZnSe undergoes a crystallographic phase transition from a fourfold coordination zincblend
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(ZB) structure to a sixfold-coordinated rocksalt (RS) structure at about 13.5 GPa. Itkin et al.
studied the sharp drop of resistance from 10*' to 10* Q in ZnSe at 13.5 GPa [4], which
indicates that pressure-induced metallization of ZnSe occurs when the crystalline structure is
transformed from ZB to RS. The high-pressure resistance measurement is consistent with the
optical measurement, yielding a monotonic energy blueshift with pressure and an abrupt
transformation to opaque at 13.5 GPa [5]. Our earlier studies investigated the physical
properties of undoped ZnSe [6] and ZnSe-based ternary compounds, ZnMnSe [7], ZnFeSe
[6], ZnCdSe [8,9], and ZnSeTe [10], at high pressure using energy-dispersive x-ray
diffraction (EDXD), Raman scattering and photoluminescence measurements. The
disappearance of the LO phonon at high pressure is caused by the metallization of the
ZnSe-based ternary compounds.

Recently, longitudinal-optical-phonon and plasmon coupling (LOPC) was investigated
using Raman scattering to characterize the hole concentration of GaMnAs [11,12]. The strong
interaction between LO phonons and. collective. excitations (plasmons) via their associated
macroscopic electric fields has also ‘been extensively studied [13] in other compound
semiconductors such as SiC, GaAs, and GaN [14-16]. According to related works, the free
carrier concentration and mobility can be obtained by analyzing the lineshapes of the
measured Raman spectra. A question arises: based on the powerful high-pressure approach for
tuning the physical properties of semiconductors, can the applied high pressure significantly
alter the interesting LO phonon and plasmon coupling? The applied pressure modifies the
vibration frequency of the LO phonon and the carrier concentration by contracting the lattice.
A notable change in LOPC under the applied high pressure might be expected. In particular,
little attention has been paid to the LOPC of the II-VI semiconductors because of their low
electron mobility and large plasmon damping. Furthermore, the pressure-induced

semiconductor-to-metal transition and the crystal stability of n-type ZnSe:Cl layers, which
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are affected by the doping concentration, remain unexplored.

In this work, Raman scattering is adopted to investigate the LOPC as a function of
applied pressure for n-type ZnSe:Cl layers. Based on the Raman scattering efficiency and the
dielectric function, the spectral lineshape is analyzed to obtain the free carrier concentration
and mobility. Moreover, the semiconductor-to-metal phase transition of n-type ZnSe:Cl layers

1s studied.

I1. Experiment

ZnSe:Cl layers were grown by molecular beam epitaxy on semi-insulating GaAs (001)
substrates, which were chemically etched and thermally desorbed to remove residual oxide
just prior to growth. The CI beam was supplied in situ from a ZnCl, compound source, using
the conventional effusion cell. The Cl-doping.level was controlled by adjusting the ZnCl,
effuse temperature (7). The Substrate temperature- was maintained at 300 °C, and the
thickness of the ZnSe:Cl layers-was fixed atrabout 0.9 um. The samples were electrically
characterized using conventional Hall'measuréments at room temperature (RT) in the Van der
Pauw configuration. The undoped sample was highly resistive with carrier concentration of
under 10" cm™ at RT, and net n-type carrier concentration from 8.2 x 10" to 1.8 x 10" cm™

for T¢; between 110 and 140 °C were discussed.

High-pressure measurements were made in a gasket diamond anvil cell (DAC). A
methanol-ethanol 4:1 mixed liquid, loaded under high pressure, was used as a
pressure-transmitting medium to maintain the hydrostatic conditions. The hydrostatic pressure
was calibrated by the spectral shift of the ruby R1 line. The pressure gradient was less than
0.2 GPa, as determined by measurements made at various positions of the sample chamber.
Before the ZnSe:Cl sample was loaded into the DAC, the GaAs substrate was removed by

mechanical polishing and chemical etching.
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Raman spectra were obtained at RT and collected in the backscattering configuration
using a 514.5 nm-line of an Ar -ion laser as the excitation source. The spectra were obtained
using a SPEX 1404 double grating spectrometer equipped with a multichannel LN;-cooled
charge-coupled device (CCD). The reproducibility of the Raman peak frequencies was
better than + 0.1 cm™. The photoluminescence (PL) spectra were obtained at RT, using the

325 nm-line of an He-Cd laser, and detected with a photo-multiplier tube (PMT).

I11. Results and Discussion

Figure 5.1 presents the Raman spectra of n-type ZnSe:Cl layers for various carrier

concentration and an undoped ZnSe layer. The spectra were all obtained at room temperature
and ambient pressure under z(x+ y,x+ y); backscattering geometry. In this configuration,

based on the selection rule, scattering fromjEO phonon is allowed, while that from transverse
optical (TO) phonon is forbiddén. However, a weak- TO feature, which appears at around
203.5 cm’, is attributable to a slight deviation from perfect backscattering geometry. As the
carrier concentration increases from less than 10> cm™ (undoped) to 1.8 x 10'® cm™ (T, =

140 °C), the LO-phonon line shifts from 252.2 cm™ to 248.8 cm™ due to coupling of the LO

phonons and plasmons (LOPC). This LOPC mode behavior is characteristic of
semiconductors with low carrier mobility or large plasmon damping. Therefore, only one
overdamped phononlike LOPC mode near the LO phonon is observed, rather than two
coupled LOPC modes [11-13,17]. Also, the linewidth, which is the full width at half
maximum (FWHM), of the LOPC mode broadens from 10.4 cm™ to 25.6 cm™, and the peak
intensity ratios (I opc / I10), which are given in Table 5.1, drop from 6.7 to 1.3. A lineshape
analysis of the LOPC mode is performed and displayed as solid lines in Fig. 5.1 to examine
further the correlation between the vibrational and the electronic properties of n-type ZnSe:Cl
for various carrier concentration. The lineshape fitting analysis is based on the Raman
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efficiency and is given by [18]
I (w)=S A(w)Im[-1/ & (w)] (1)
where w represents the Raman shift and S is an w-independent proportionality constant. 4(w)

is a coefficient, given by
A(0)=1+2Co}[wy(; —0”) - o'T(@* +y* - 0))]/ A

+CH (@} 1 0)x (X[} — @) + T (@0 ~207)]+ 0T (@ + 1)} (@] — @}, @)
A= 0 [(@} - ) + (DY 1+ 0T (@} - )@ +77). 3)

Here, the dimensionless Faust-Henry coefficient (C) can be deduced from the intensity ratio

of LO and TO phonon peaks from an undoped ZnSe layer [19].

4 2 2)?
Lo _[@=0 | & A @)
Iro w,—wr ) @ Co;
In Eq. (4), w; is the incident photon frequency. The Faust-Henry coefficient used in the

analysis is C =— 0.21. The dielectric function with the-plasmon damping term (y) is given by

g(a)):é‘w(l+ o -0 ___ 5 ], (5)

2 2 . 2 .
w; —o" —iol’ o —ioy

where ¢, is the high-frequency dielectric constant; w; (w7r) are the LO (TO) phonon

frequencies of undoped ZnSe; I" is the phonon damping constant, wp is the plasmon

frequency,
drne’
= ©

where m* is an electron effective mass. Hence, the free electron density, n, can be estimated
using Eq. (6) with lineshape analysis. Table 5.2 gives the fitting parameters, and y > wp is
clearly observed, revealing that the plasmon is overdamped. The overdamped plasmon
strongly influences the linewidth of the LOPC mode and yields only one observable

phononlike mode [13,17].
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Table 5.2 presents the carrier concentration obtained from Raman (nz) measurements at
300 K as a function of ZnCl, effusion cell temperature. Figure 5.2 plots the carrier
concentrations obtained from the Hall (ny) and Raman (nz) measurements. The figure
demonstrates that the carrier concentration obtained from the two methods agree closely,
revealing that the Raman scattering is an effective and nondestructive approach for
determining the free carrier density in n-type ZnSe:Cl layers. The slight deviation between
these two experimental results has several causes. Firstly, the GaAs TO phonon near the
high-frequency side of the LOPC mode may influence the accuracy of the lineshape fitting.
Secondly, the Cl-related impurity mode, which is only clearly identified at high pressure
appears at the low frequency side of LOPC and will be discussed later. However, it may
slightly affect the lineshape analysis. Finally, m* = 0.16 m and ., = 6.1 [20], were used in Eq.
(6) to calculate the free carrier density. Because of the polaron effect [21], it is rather difficult
to determine the electron effective mass .properly. The possible values of electron
concentration and mobility calculated by-using different values of effective mass and
dielectrics were expressed by the error-bars in Fig."'5.2 and 5.3.

Figure 5.3 compares the mobility obtained from the Hall measurements (uy) and the

lineshape analysis of Raman spectra (ug) using the equation 4, - ¢ The mobility ratio
m

(ur/ur) is between 2.0 and 3.4, depending on the electron concentration. Similar experimental
results were reported in p-type GaAs with lower mobility. For instance, Fukasawa et al. [22],
Gargouri et al. [23], Mlayah et al. [24] and Irmer et al. [25] respectively obtained uy/ug = 1.5
to 2.6, 3.7, 2.0, and 2.3. The difference between uy (Hall mobility) and ur (optical Raman
mobility) is reasonable because the optical Raman mobility is calculated from the plasmon
damping due to individual excitation, while the Hall mobility originates from electron
scattering with phonons and ionized impurities.

Figure 5.4 (a) shows the up-stroke pressure-dependent Raman spectra of n-type ZnSe:Cl
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layer (8.2 x 10" cm™) at room temperature. The applied pressure reduces the lattice constant
and the crystal volume, shifting the LOPC and TO phonons to higher frequencies,
accompanied with a decrease in intensity. As presented in Fig. 5.4 (a), the TO phonon splits
into two peaks at 7.6 £ 0.3 GPa, and the peaks depend differently on pressure. Investigations
of nonmagnetic and magnetic II-VI ternary compounds have shown that pressure-induced TO
phonon splitting contributes to the formation of an additional (cinnabar) phase [6,7,10].
Furthermore, a weak feature, which is assigned to a Cl-related impurity mode (/), appears at
the low-frequency side of the LOPC mode. As the pressure increases, this phonon mode tends
to exhibit negative dependence on pressure and becomes more intense. At 3.0 + 0.3 GPa, the /
mode overlaps with the TO phonon. As the pressure increases further, the two modes cross
each other. Figure 5.4 (b) plots the Raman-shift versus the pressure of all of the phonon
modes, with quadratic polynomial fitting. The LO phonon disappears and the sample becomes
opaque at 13.6 £ 0.2 GPa. These_facts are evidence of the semiconductor-to-metal phase
transition. The transition pressure, which-is-almost identical to that of the undoped binary
ZnSe crystals [9,10], can be attributed to.the lower doping concentration. However, two TO
phonon modes and the / mode are still observed in the Raman spectra when the
semiconductor-to-metal phase transition occurs, because the Cl-related and TO modes are
transverse vibration modes and can exist on the surface of metal even if the depth of
penetration by the excitation laser beam into the metal is merely several tens of angstroms
[6,9].

Figure 5.5 (a) displays the up-stroke pressure-dependent Raman spectra of ZnSe:Cl layer
(1.8 x 10" cm™). Figure 5.5 (b) summarizes all of the phonon modes. As can be seen in Fig.
5.5 (a), the Cl-related impurity mode (/) is more clearly identified than that of the samples
with lower concentration. The mode / and the TO phonon are found to overlap at 3.4 + 0.3

GPa. Additionally, at 7.6 £ 0.4 GPa, pressure-induced TO phonon splitting is observed.
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However, as the applied pressure is increased to 12.5 + 0.1 GPa, the LO phonon disappears
and the sample becomes opaque. The semiconductor-to-metal phase transition pressure is
lower, 12.5 GPa, than that of the sample with the lower concentration (8.2 x 10" cm™), 13.6
GPa, discussed above.

Figure 5.6 plots the phase transition pressure versus the carrier concentration of all
studied ZnSe:Cl layers. As the carrier concentration is increased from 8.2 x 10" to 1.8 x 10'®
cm”, the phase transition pressure falls from 13.6 to 12.5 GPa, indicating that n-type doping
tends to reduce the stability of the crystal. The inset in Fig. 5.6 presents the PL spectra of all
samples excited by the 325 nm line of a He-Cd laser at room temperature, to understand the
source of the decrease in the phase transition pressure as carrier concentration increases. The
sharp peak at 2.68 eV is the near band edge (NBE) emission, arising from a Clg. donor to
valence band transition. The broad midgap band.in the 1.8 to 2.4 eV range is typically
assigned to the donor-to-acceptor pair (DAP) recombination or self-activated (SA) emission
[26]. The SA emission is caused-by recombination from the intentional shallow donor (Cls.)
to the deep acceptor state (zinc vacancy).. The oscillations are interference fringes associated
with the thin-film nature of the specimens. As the carrier concentration increases, the SA
emission becomes more pronounced: the density of shallow donor (Cls.) and deep acceptor
state (zinc vacancy) pairs increases. Such a crystal defect serves as nucleation sites for the
structural phase transition. This result corroborates the work of Poykko et al. [27], who found
that defect complexes that are formed by Cl-impurity atoms and the native defects in ZnSe
soften the lattice by producing large distortions. Muratov et al. [28] claimed that the zinc
vacancies in ZnSe result in large lattice relaxation and alter the overall symmetry of a ZnSe
crystal because of the relative shift in the distances of the first and second neighboring atoms
from each vacancy. Therefore, the Cl-donor and zinc vacancy pairs in n-type ZnSe:Cl layers

are very likely to reduce the crystalline stability and the semiconductor-to-metal phase
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transition pressure.

Figure 5.7 plots the dependence of undoped ZnSe LO phonon and ZnSe:Cl (ny = 8.2 %
10" cm™ and 1.8 x 10" ¢cm™) LOPC mode frequencies on pressure, to further elucidate the
pressure-dependent LOPC mode of n-type ZnSe:Cl layers. The solid curve shows a quadratic
polynomial fit to the undoped ZnSe LO phonon results and the dashed line displays the same
fitting curve but shifted downward to capture the assumed behavior of the LOPC mode of
ZnSe:Cl (ny = 1.8 x 10" cm™) under pressure. Apparently, when the applied pressure is less
than 2.5 — 3.0 GPa, the behavior of the LOPC mode of ZnSe:Cl (ny = 1.8 x 10'® cm™) follows
the dashed curve. However, it deviates and turns to follow undoped behavior as the pressure
increases further. Similar results are observed for other samples with different carrier
concentration. Moreover, as the carrier density increases, this behavior becomes pronounced.
In addition to the blueshift of the LOPC mode, the.decline in the FWHM in the LOPC mode
when pressure is applied (inset-in_Fig. 5.7) is also a signature of a decreasing in electron
concentration, as discussed in Fig. 5.1.-This-behavior could also be associated with the
pressure-induced weakening of LO-phonon-plasmon coupling that is caused by the fall in
electron concentration.

Photoluminescence measurements made by Ritter et al. also revealed the degradation of
n-type behavior in ZnSe at high pressure [26]. They indicated that applied hydrostatic
pressure destabilizes the deep acceptor ground state of the zinc-vacancies-donor complexes
and cause a new deep donor-like state (D) to enter the band gap of n-type ZnSe, modifying
the rate of pressure shift of the SA emission, and degrading the n-type behavior of n-type
ZnSe. Ritter et al. concluded that the D state, which is located at 0.15 — 0.18 eV above the
conduction band edge (CBE) at ambient pressure (Fig. 5.8), is very likely to be an excited
state of the zinc-vacancies-donor complex. The pressure at which the LOPC mode deviates

and turns to follow the undoped LO phonon is identical to the change in pressure of the SA
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emission in Ref. 26. Accordingly, the pressure-induced weakening of LO-phonon-plasmon
coupling can be interpreted as being related to the emergence of the new deep donor-like state.
The D state exhibits a much weaker dependence on pressure than the CBE [26]. Consequently,
the energy difference between the D state and the conduction band minimum (at I" point), AE
(Ep — Ec), varies with the applied pressure. As can be seen in Fig. 5.8, AE is positive at
ambient pressure. Under compression, AE decreases and eventually becomes negative. As AE
becomes negative at about 2.5 — 3.0 GPa, the D state becomes entirely trapped with the
transfer of electrons from the conduction band, degrading the n-type behavior of ZnSe:Cl, and

reducing the LO-phonon-plasmon coupling efficiency.

V. Conclusions

This work studied the vibrational, electronic, and crystalline properties of n-type
ZnSe:Cl layers with carrier concéntration from’8.2 x 10" cm™ to 1.8 x 10'® cm™ using Raman
spectroscopy. The spectra are well-modeled by taking into account the phononlike coupled
mode of the electron plasmons and the EO;phonon. The Raman scattering efficiency and the
dielectric function were calculated for the spectral lineshape fittings. Carrier concentration
obtained from the Hall and optical Raman measurements agree well. The
semiconductor-to-metal phase transition pressure of n-type ZnSe:Cl layer declines as the
carrier concentration increases. As the carrier concentration increases from 8.2 x 10'° to 1.8 x
10'® cm?, the phase transition pressure falls from 13.6 to 12.5 GPa, suggesting that n-type
doping tends to reduce structural stability. Additionally, high-pressure Raman measurements
revealed degradation of n-type behavior in ZnSe under compression. This behavior is

attributable to the emergence of deep donor-like states.
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Table 5.1 Hall carrier concentration (ny) and mobility (u«y), LOPC mode frequencies,

linewidth (FWHM) and peak intensity ratio (/.opc / Iro) of all studied ZnSe samples with

various ZnCl, doping temperatures (7¢;).

FWHM
Hall Hall LOPC -
of Intensity
Ter concentration ~ mobility mode ,
LOPC ratio
(o C) ny )27z frequency

mode Iopc
o) P, ) e

Undoped — — 252.2° 10.4° 6.7
110 8.2 x 10" 154 251.3 19.8 5.2
120 2.4 x 10" 141 250.5 24.4 3.0
130 6.8 x 10" 106 2492 25.3 1.3
140 1.8x 10" 67 248.8 25.6 1.3

“Phonon frequency, FWHM, and intensity ratio of undoped ZnSe LO phonon.
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Table 5.2 Carrier concentration (ng), mobility (u«z), and mobility ratios (uy / ug) obtained by
optical Raman measurements. Plasmon frequency (w,), plasmon damping constant (y), and

phonon damping constant (/") are derived by the calculated lineshape analysis.

Mobility Fitting parameters
Carrier .
from Mobility
Tcr concentration ]
Raman Ratio
(°C) from Raman np @p ’ r

o) A ) ) )
[ 53)

110 73 %107 76 2.0 26 770 23
120 2.1 x 10" 45 3.1 140 1300 29
130 4.8 x 10" 32 3.3 210 1800 50
140 7.1 x 10" 20 3.4 255 2890 53
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FIG. 5.1. Raman spectra (open circles) with calculated lineshape analysis (solid lines) of
n-type ZnSe:Cl layers for various carrier densities at 300 K and ambient pressure, including

Lorentzian fit for the TO phonon.
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FIG. 5.4. (a) Up-stroke pressure-dependent Raman spectra of the ZnSe:Cl layer (ny = 8.2 X
10" e¢m™) at 300 K. The behavior of mode 7 and the TO phonon are indicated by solid and
dashed arrows, respectively. (b) Pressure dependence of Raman shifts for LO, TO, TO split,
and mode 7 of ZnSe:Cl layer (ny = 8.2 x 10" cm™). The solid curves are quadratic polynomial

fits.
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FIG. 5.5. (a) Up-stroke pressure-dependent Raman spectra of the ZnSe:Cl layer (ny = 1.8 X
10" c¢m™) at 300 K. The LO phonon disappears at about 12.5 GPa. (b) Pressure-dependent
Raman shifts of ZnSe:Cl layer (ny = 1.8 x 10'® cm™). The solid curves represent quadratic

polynomial fits.
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FIG 5.6. Carrier concentration (ny)-dependent semiconductor-to-metal phase transition
pressure of n-type ZnSe:Cl layers. The dashed curve represents a quadratic polynomial fit.
The inset displays the PL spectra of undoped ZnSe and the n-type ZnSe:Cl layers at 300 K,

excited by an He-Cd 325 nm laser.
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FIG 5.7. Pressure-dependent LO phonon of undoped ZnSe (full squares) and LOPC mode
of n-type ZnSe:Cl for ny = 8.2 x 10" cm™ (open triangles) and ny = 1.8 x 10" ecm™ (full
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(b) With compression, AE (Ep — Ec¢) declines and eventually becomes negative.
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Chapter 6 Time-Resolved Photoluminescence of

Isoelectronic Traps in ZnSe, Te, Semiconductor Alloys

In this chapter, the Kohlrausch’s stretched exponential law is adopted to analyze the
photoluminescence (PL) decay profiles of ZnSe; . Te,. As the Te concentration increases, the
stretching exponent £ initially declines and then monotonically increases. This result can be
understood using the hopping-transport and energy transfer model. The increase in the
number of isoelectronic Te localized traps can reduce the PL decay rate and increase the
linewidth, whereas the hybridization of the Te localized states with the valence-band edge

states causes a reduction in both the lifetime and linewidth.

l. Introduction

The wunique and interesting. . physical properties of isoelectronic ZnSe; Te,
semiconductors have motivated extensive study. These properties include, for example, the
unusual spontaneous formation of a superlattice [1], large band-gap bowing [2], and a broad
emission linewidth [2,3]. The band anticrossing (BAC) model [4,5] with the Green’s function
calculation [6,7] was proposed to elucidate the large band-gap bowing and the emission
linewidth broadening. Additionally, the transfer of excitons among the Te localized sites in
ZnSe;_,Te, with a low Te concentration has also been studied [3]. To investigate further
energy transfer behaviors, experiments were performed to determine the photoluminescence
(PL) decay time as a function of Te composition. The PL decay profiles are well-fitted by the
stretched exponential function, as in the so-called Kohlrausch law [8]. Although the
Kohlrausch law closely fits donor-acceptor pair luminescence decay, Kuskovsky et al.

concluded that it has no fundamental significance [9]. However, Phillips, who reviewed the
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decay dynamics of numerous material systems, summarized a few microscopic models based
on the Kohlrausch law and concluded that this law is nature’s best kept secret [10]. The
hopping-transport model has also been proposed to explain the stretched exponential
relaxation in complex condensed-matter systems [11]. Therefore, the applicability of the

stretched exponential function to the decay dynamics of ZnSe;_,Te, is of interest.

I1. Experiment

The samples were grown on (001) GaAs substrates using an EPI 620 molecular beam
epitaxy system, and the thicknesses were all fixed at about 0.5 um. Samples were all of good
crystalline quality since they exhibited intense phonon peaks in both Raman scattering and
Fourier transform infrared reflectance spectra [12]. The Te concentration was determined by
energy-dispersive X-ray analysis. PL and _time-resolved PL (TRPL) was excited by either a
200 fs mode-locked Ti:sapphire-laser (400 nm/76 MHz) or a 300 ps pulsed laser diode (405
nm/2.5 MHz). The PL (TRPL) signal ‘wasrdispersed by a Spex1403 double-grating 0.85 m

spectrometer and detected using a (high-speed) photomultiplier tube.

I11. Results and Discussion

Figure 6.1 shows the PL spectra of ZnSe; ,Te, (0 = x = 1) measured at 13 K. The sharp
near-band-edge emission of ZnSe;-, Te, (x = 0) at about 2.80 eV comprises a free exciton (X),
a donor-bound exciton (X/D), and an acceptor-bound exciton (X/A). When approximately 0.5
% Se 1s substituted by Te, the sharp excitonic emission disappears. A broad band, generally
attributed to excitons that are bound to isoelectronic Tes. atoms and/or clusters (X/Te,=»),
dominates the spectrum at around 2.65 eV. The emissions in the range from 2.78 to 2.70 eV
are assigned to an exciton bound to a Te atom (X/Te) and its phonon replicas [13]. As the Te

concentration is further increased, the PL emission shifts to lower energy, from 2.65 eV for x
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= (.005 to 2.13 eV for x = 0.680. On the Te-rich side, as the Se content is increased, the PL
energies are also red-shifted, from 2.39 eV (x = 1) to 2.13 eV (x = 0.680). The dependence of
the large band-gap bowing on the composition can be explained using the BAC model in
which the interaction between the Te (Se) localized states and the ZnSe (ZnTe) valence
(conduction) band causes the reduction in the band-gap energy [4,5].

Figure 6.2 presents the TRPL spectra monitored at the peak positions and 13 K. At low
temperature, the PL is dominated by the radiative recombination, and the nonradiative
recombination could be neglected. Clearly, the following two conclusions can be drawn. (i)
The PL lifetime initially increases with the Te content up to 10 %. However, if x is increased,
the lifetime monotonically decreases; (i) None of the TRPL spectra could be fitted by a
mono-exponential decay. These experimental profiles indicate complex decay dynamics in
ZnSe;-,Te,. To make a more quantitative analysisrof the decay behavior, as displayed in the

inset in Fig. 6.2, the decay curves are fitted by the stretched exponential function [10],
I()=1,-¢" (1)

where S is the stretching exponent and 7 s ‘the exciton lifetime. The gradient of the double
natural logarithm versus the natural logarithm, plotted in the inset, yields the stretching
exponent f. Sturman et al. suggested that the origin of the stretched exponential behavior in
complex condensed-matter systems can be well understood using a geometric random site
hopping-transport model [11]. The concentrations of both transport and trapping sites
determine the value of the variable stretching exponent f. Stretched exponential decay
behavior has also been observed in single colloidal semiconductor nanocrystals [14], because
of the presence of multi-nonradiative decay channels that surround the single nanocrystal. In
this study, the stretched exponential decay is attributed to the presence of Te localized states,
which provide multi-decay paths in ZnSe;_,Te,.

Figures 6.3(a) — 6.3(c) display the measured full width at half maximum (FWHM), PL
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lifetime and stretching exponent f as functions of x. As shown in Fig. 6.3(a), the initial
broadening of the linewidth can be attributed to the increase in concentration of Te localized
states at several hundreds meV above the ZnSe valence band maximum. The increase in the
number of isoelectronic Te traps provides alternate recombination paths for the excitons [11],
resulting in an initial increase in the PL lifetime to about 78 ns and a decline in the stretching
exponent f, as plotted in Figs. 6.3(b) and 6.3(c), respectively. However, as the Te content is
further increased, the FWHM monotonically falls. This result follows from the hybridization
of the Te localized states with the valence-band edge states. Wu et al. fitted the BAC model to
the dependence of the linewidth on composition [6]. The drop in the linewidth is accompanied
by decreases in both lifetime and f. The stretching exponent £ falls to approximately 0.5 at x
~ 0.2, indicating that excitons are still transferred among Te traps.

Based on these observations, the energy transfer model is applied to ZnSe;,Te,. The
transfer of excitons from shallow-to.deep Te localized states explains the initial increase in the
PL lifetime, the large linewidth broadening,-and.the decline in f. As the localized states and
the valence band hybridize, the PL lifetime and the linewidth decrease. Wu et al. found that,
on the Te-rich side, however, the Se localized states lie 2.85 eV above the valence-band edge
of ZnTe [6], such that no transfer of excitons among Se localized states could be observed.
Accordingly, the decay profiles of ZnSe; ,Te, with high Te concentrations have short
lifetimes and decay in a manner that closely approximates mono-exponential decay. Restated,
on the Te-rich side, the stretching index f rises and approaches one, as presented in Fig.
6.3(c).

To verify the suggested energy transfer process, the TRPL measurements of
ZnSepgoTeo 10, were made with an interval of 10 meV and a fixed period of exposure from
2.16 to 2.51 eV. As can be seen in Fig. 6.4(a), the PL decay rate at the high energy side

exceeds that at the low energy side. The lifetime (~ 140 ns) at 2.25 eV exceeds that (~ 78 ns)
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at 2.37 eV. The ZnSeTe superlattice yielded similar experimental findings [15]. Cheung et al.
attributed this result to the formation of type-II ZnTe/ZnSe quantum dots (QDs), in which the
spatially separated electrons and holes were responsible for the long lifetime. Generally, the
band-bending and the electron/hole filling effect in type-II semiconductor systems can induce
a large PL peak energy blueshift as the excitation intensity increases [16]. Nevertheless, the
samples yielded no obvious PL energy blueshift over a range of excitation intensities of three
orders of magnitude. Hence, the long lifetime herein is not associated with the formation of
type-11 ZnTe/ZnSe QDs, induced by the self-segregation of ZnTe and ZnSe.

The PL peak is red-shifted as the detection time passes. Figure 6.4(b) displays the overall
evolution of TRPL results. It is clearly seen that within the first 10 ns after excitation the
emission peak is at about 2.40 eV. As time passes, the emission peak dramatically shifts
towards the low energy side and is.asymmetric, revealing that some of the localized excitons
of higher energies are transferred to.the deep traps.at the low energy side, resulting in a slow
decay on the lower energy side. The period-oftransfercan exceed several tens of nanoseconds.
The transfer of excitons among localized states creates an alternative recombination route.
Consequently, the decay curves can only be fitted using the stretched exponential function

instead of the mono-exponential function.

V. Conclusions

In summary, the TRPL of isoelectronic ZnSe;-,Te, semiconductors was studied. The
decay curves are well-fitted using the Kohlrausch law. As the Te concentration is increased,
the stretching exponent f initially declines and then monotonically increases. This result,
consistent the increase in PL lifetime and linewidth, shows strong evidence of the transfer of
excitons from shallow to deep Te trap states. On the Te-rich side, since the Se localized states

lie above the conduction-band edge and the Te localized states hybridize with the
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valence-band states, the decay profiles of ZnSe;, Te, exhibit short lifetimes and an increase in

the stretching index £.
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Chapter 7 Electronic Energy Transfer in CdTe

Colloidal Quantum Dots

This chapter addresses the transfer of electronic energy between CdTe colloidal quantum
dots (QDs) using time-resolved photoluminescence (PL) spectroscopy. The efficiency of
energy transfer in QDs depends not only on the spectral overlap of small dots emission and
large dots absorption, but also on the inter-dot distances. The quenching of the PL intensity
(lifetime) of small dots, as well as an enhancement of large dots in mixed solution and a solid
film are evidence of a resonant transfer of energy due to dipolar coupling between proximal
QDs. In a solid with mixed QDs, the stretching exponent f increases as the probe-energy

declines, and approaches one, implying efficient energy transfer from smaller to larger QDs.

l. Introduction

As a nonradiative process, Forster resonant energy transfer (FRET) is driven by
dipole-dipole coupling and transports excitation energy between semiconductor quantum dots
(QDs) [1-3]. The efficiency of FRET depends on the degree of spectral overlap between the
emission spectrum of the small QDs (donor) and the absorption spectrum of the large QDs
(acceptor), and on the sixth power of the separation between the donor and the acceptor [1-3].
Bawendi’s group [4,5] was the first to demonstrate the FRET process between close-packed
CdSe QDs. Crooker et al. elucidated FRET dynamics in monodispersed, mixed-size and
layered assemblies of CdSe/ZnS QDs using time-resolved and spectrally-resolved PL [6].
They identified an enhancement in the luminescence and lifetime of large QDs, accompanied
by a reduction in those of small QDs. These phenomena are direct evidence of the transfer of

energy from small to large QDs. Recently, Franzl et al. investigated cascaded energy transfer
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in a funnel-like structure [7] and observed a very efficient energy transfer process in
layer-by-layer assemblies of oppositely charged CdTe QDs without any linkers between them
[8]. Komarala et al. demonstrated a surface plasmon-enhanced energy transfer process
between CdTe QDs that are close to gold nanoparticles [9].

Improved spectral overlap of emission from small dots and absorption by large dots, and
reduced inter-dot distances between small and large QDs can improve the efficiency of energy
transfer between QDs. This work explores the electronic energy transfer in CdTe QDs as a
function of concentration of QDs. Moreover, a mixture of CdTe QDs in water and in a solid
film was studied using photoluminescence (PL) and time-resolved PL (TRPL). Observations
demonstrated that the mixed solid film with short inter-dot distance provides efficient dipolar

coupling and electronic energy transfer.

I1. Experiment
CdTe QDs with diameters of 2.3 nm (=-1:2 X 10* mol - L") and 3.4 nm (~ 2.2 x 107
mol - L") were synthesized directly in water using mercaptopropionic acid (MPA) as a

stabilizer [10]. The water-soluble CdTe QDs with diameters of 3.3, 3.7, and 4.0 nm were
purchased from PlasmaChem. The QD concentration and diameter were calculated from the
extinction spectra, as described elsewhere [10]. The room-temperature absorption spectra
were recorded in air using a Cary 50 spectrometer (Varian). PL and TRPL were excited by a
300 ps pulsed laser diode (405 nm/2.5 MHz) at room temperature, and signals were dispersed
using a Spex1403 double-grating 0.85 m spectrometer and detected using a (high-speed)
photomultiplier tube. The decay traces were recorded using the time-correlated single photon

counting approach (Time-Harp, PicoQuant). The overall temporal resolution was about 0.4 ns.
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I11. Results and Discussion

Figure 7.1(a) presents the PL spectra of 3.3 nm CdTe QDs in water at various

concentrations, which ranged from 1 to 1.0 x 10* mol - L. Clearly, the emission peaks were

redshifted and the asymmetrical linewidth became narrower as the concentration of the QDs
increased. Similar experimental results were observed from 3.7 and 4.0 nm CdTe QDs. Figure
7.1(b) plots the PL peak energy against concentration. The energy shift over the entire
concentration range is about 35 meV. The magnitude of the energy shift depends on the
homogeneity of QDs and not on their size. According to Fig. 7.1(b), a marked change in the

gradient of the energy redshift against concentration occurs at approximately 1.0 x 10" mol -

L. The above phenomena can be understood by considering the electronic energy transfer
process, which quenches the emission from small dots, and the enhancement of emission from
the large dots. The rapid redshift-at high'coneentration occurs because the distance between
the QDs dramatically falls as the density of the solution increases, promoting energy transfer.
Kagan et al. and Crooker et al. made similar-experimental findings using CdSe QDs [5,6]. To
confirm the energy transfer process, TRPL measurements were made. Figure 7.1(c) displays

the dynamic evolution of the PL spectra for CdTe QDs (3.3 nm, 1.0 x 10" mol - L™). Initially,

the peak energy is at 2.20 eV; as time passes, it shifts to the red. Beyond 150 ns, the PL
energy remains constant at about 2.18 eV, suggesting that the energy transfer process ceases
and the probability of further transfer is suppressed.

This study also investigated the dynamics of electronic energy transfer between QDs by
fabricating a mixed system of 50 % 2.3 nm (small) and 50 % 3.4 nm (large) CdTe QDs. In the
mixed system, the small and large QDs acted as the donors and acceptors, respectively. Figure
7.2(a) and 7.2(b) present the room-temperature absorption and PL spectra of pure small (D)
and pure large (A) QDs in water, indicating sufficient spectral overlap between the emission

spectrum of donors and the absorption spectrum of acceptors, and a minor overlap between
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their emission spectra. Figure 7.2(b) displays the PL spectrum of the mixed solution. The
mixture exhibits an increase in the ratio of the PL intensities of the large to small QDs, which
is attributable to the electronic energy transfer from the small to large QDs. The spectral
overlap of two distinct QDs was excluded since it would reduce the intensity ratio. To verify
the suggestion, Fig. 7.3(a) presents the TRPL spectra of pure donors and a mixture in solution
monitored at peak (537 nm) energy. The decay rate of the mixture obviously increases over
that of pure donors. However, in Fig. 7.3(b), the decay rate of the mixture recorded at the
peak (618 nm) decreases, as compared with pure acceptors. The pronounced increase in donor
decay rate and decrease in acceptor decay rate of the mixture can be observed by monitoring
the blue (red) side of the donor (acceptor) emission, eliminating the PL crosstalk associated
with spectral overlap. The multi-exponential PL decay for CdTe QDs results from a
dispersion in trap energy levels, which originate from Te surface atoms [10,11].

To measure more quantitatively the decay.dynamics, the decay curves are analyzed using

Kohlrausch’s stretched exponential law.{12];
I()=1,-¢" (1)

where f is the stretching exponent and 7 is the exciton lifetime. The 7 and f of the mixture, as
obtained at 537 nm, fall from 19 to 16 ns and from 0.75 to 0.72, respectively, as compared
with pure donors. Conversely, 7 and £ of the mixture, recorded at 618 nm, increase from 20 to
23 ns and from 0.72 to 0.77, respectively, as compared with pure acceptors. The decrease in
PL lifetime and the intensity of the small QDs and the increase in those of the large QDs are
direct evidence of electronic energy transfer from the small to the large QDs, eliminating the
reabsorption effect, which would not increase the decay rate from small QDs [3,6].
Furthermore, the decrease in the £ of donors and the increase in the £ in acceptors reflect the
transfer of excitons from donors to acceptors, enhancing the emission intensity of the

acceptors and reducing the probability of nonradiative trapping.

107



Reducing the inter-dot separation would increase the efficiency of energy transfer
between small and large QDs. Figure 7.2(c) presents the PL spectra of close-packed pure
donors, pure acceptors, and mixed solid films. The PL peak energy of solids is redshifted
from that of the mixture in solution [Fig. 7.2(b)] because of electronic energy transfer
presented in Fig. 7.1. Additionally, a substantial increase in the PL intensity ratio of large to
small QDs in the mixed solid over that in mixed solution is observed, revealing an efficient
electronic energy transfer. To verify the proposed energy transfer process, the time-resolved
and spectrally-resolved PL of mixed solid were obtained with an interval of 10 meV and a
fixed period of exposure from 2.53 eV (490 nm) to 1.85 eV (670 nm). As shown in Fig. 7.4(a),
the PL decay rate at the high energy side exceeds that at the low energy side. The lifetime at
2.27 eV (546 nm) of small dots is about 8 ns, which increases steadily with the dot size,
reaching 27 ns at 1.95 eV (636 nm): The decay euryes of the double natural logarithm versus
the natural logarithm of PL, plotted.in the mset-of Fig- 7.4(b), yield the stretching exponent £.
A sharp increase in £ from 0.57 (ati2:27-eV)-to 0.93 (at 1.95 eV) is observed, reflecting
efficient energy transfer from small to large QDs as well as a huge suppression of
nonradiative recombination. Figure 7.4(b) plots the overall evolution of the TRPL results.
Initially after excitation, the emission peak of the acceptors is at approximately 610 nm. As
time passes, the emission intensity of donors falls sharply and the emission from acceptors
dominates the entire spectrum. Moreover, the emission peak of acceptors shifts dramatically
towards the low energy side. Beyond 10 ns, the emission peak is roughly constant at 632 nm,
revealing the suppression of further energy transfer. These experimental results are strong
evidence of electronic energy transfer, which results from a dramatic decline in the inter-dot
distance of the solid mixture.

Figure 7.5 shows true-color images of the pure small, pure large and mixed samples in

water and solid films, excited by a 405 nm laser. The color directly reflects the spectral
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changes in each sample. The images of pure small (large) QDs in both solution and solid
films appear green (red). Energy transfer is responsible for the slight difference between the
colors of the images of QDs in solution and those in the solid. The image of the mixed QDs in
the solid is almost the same color (red) as that of the pure large QDs in the solid, but the
image of the mixed QDs in solution is yellow or orange (a color between green and red),
reflecting limited energy transfer. The above observations demonstrate that the electronic
energy transfer efficiency of the mixed CdTe QDs in solid films exceeds that of the QDs in

solution.

V. Conclusions

In summary, this work elucidated the electronic energy transfer between CdTe QDs
using time-resolved PL. As the concentration of €dTe QDs increases, a redshift in the PL
peak energy is accompanied by-a decrease in-linewidth, because of the energy transfer from
small to large QDs. The mixed €dTe QDsrsolid exhibits more efficient energy transfer than
that in solution, because the inter-dot‘distance drastically declines as the mixture is dispersed
in solid film. Additionally, a significant enhancement in PL intensity as well as in the
stretching exponent S for large dots in mixed QDs reveals the suppression of nonradiative

recombination.
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FIG. 7.1. (a) PL spectra of 3.3 nm CdTe QDs in water at various concentrations - 1 mol - L'
(solid), 5.0 x 102 mol - L (dashed), and 1.0 x 10™ mol - L™ (dotted). (b) PL peak intensity
versus concentration of QDs. (c) Temporal evolution of PL spectra of QDs (1.0 x 10™ mol -

L.
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FIG. 7.2. (a) Absorption spectra of pure small (donor) and pure large (acceptor) CdTe QDs in
water. PL spectra of pure donors (D), pure acceptors (A), and mixed (M) CdTe QDs (b) in

water, and (c) solid.
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FIG. 7.3. TRPL spectra of (a) donors in pure and mixed solution probed at 537 nm, and (b)

acceptors in pure and mixed solution probed at 618 nm.
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FIG. 7.4. (a) Dependence of TRPL measurements on probing energies of mixed CdTe QDs
solid. (b) Time-resolved PL image of mixed CdTe QDs solid. Inset plots the TRPL data

obtained at 2.27 eV (open squares) and 1.95 eV (open circles) on a double logarithmic scale.
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FIG. 7.5. True-color images of pure small, pure large and mixed QDs in solution and solid.
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Chapter 8 Conclusions

This thesis studied the pressure-dependent physical properties of ZnCdSe, ZnMnTe and
n-type ZnSe:Cl thin films and CdTe colloidal QDs. The decay dynamics of isoelectronic traps
in ZnSeTe semiconductors were also discussed. Raman scattering and PL experiments were
performed to investigate the high-pressure behavior of Zn; ,Cd,Se. Low-temperature Raman
measurements indicate that ZnCdSe exhibits an intermediate phonon mode. The

pressure-driven RRS effect was observed in samples with a high Cd concentration (x = 0.18).

Both the Stokes and anti-Stokes sides of the LO phonons disappear as the crystal phase
changes from the semiconductor to the metal. The pressure at the onset of the
semiconductor-to-metal phase transition declined asrthe Cd content increased.

To examine the vibrational ‘and-crystalline characteristics of Zn;.,Mn,Te, the RRS effect
was induced under external pressure; Thedisappearance of the LO phonon, which
accompanies a semiconductor-to-metal jphase transition in ZnTe occurs at about 15.7 £ 0.2
GPa. As the Mn content increases from 0 to 0.26, the metallic phase transition pressure falls
from 15.7 to 10.3 GPa. Based on the pressure-dependent LO and TO phonon frequencies and
Griineisen parameters (y;), an application of external pressure reduces the iconicity of the
Zn;Mn,Te compound semiconductors.

The vibrational, electronic, and crystalline properties of n-type ZnSe:Cl layers were also
studied. The spectra are well-modeled by taking into account the phononlike coupled mode of
the electron plasmons and the LO phonon. The Raman scattering efficiency and the dielectric
function were calculated for the spectral lineshape fittings. The carrier concentrations
obtained from the Hall and optical Raman measurements are mutually consistent. As the

carrier concentration increases from 8.2 x 10" to 1.8 x 10'® cm™, the metallic phase transition
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pressure declines from 13.6 to 12.5 GPa, suggesting that n-type doping tends to reduce
structural stability. Moreover, high-pressure Raman measurements revealed the degradation of
n-type behavior in ZnSe under compression, which is attributable to the emergence of deep
donor-like states.

The decay dynamics of isoelectronic ZnSe;-,Te, semiconductors were studied using
time-resolved photoluminescence. The Kohlrausch law closely fits the decay curves. As the
Te concentration is increased, the stretching exponent /S initially decreases and then
monotonically increases. This result, consistent with the increase in PL lifetime and linewidth,
represents strong evidence of the transfer of excitons from shallow to deep Te trap states. On
the Te-rich side, since the Se localized states lie above the conduction-band edge and the Te
localized states hybridize with the valence-band states, the decay profiles of ZnSe;_,Te,
exhibit short lifetimes and an increase in the stretching index f.

Finally, the electronic energy. transfer.between CdTe QDs was elucidated using
time-resolved PL. As the concentration-of-CdTe QDs increases, a redshift in the PL peak
energy is accompanied by a decrease in linewidth, because of the energy transfer from small
to large QDs. The mixed CdTe QDs solid exhibits more efficient energy transfer than that in
solution, because the inter-dot distance drastically declines as the mixture is dispersed in solid
film. Additionally, a significant enhancement in PL intensity as well as in the stretching
exponent S for large dots in mixed QDs reveals the suppression of nonradiative

recombination.
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