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Chapter 1

Introduction

The material system of interest in this thesis are II-VI-semiconductors. As shown in �g.
1.1, the energy gap values of this material system cover an extremely wide range. Wide
bandgap II-VI semiconductors, especially on the basis of ZnSe, CdSe and CdTe, have
found great interest with regard to their opto-electronic properties and also because of
their suitability as basic material system for spintronics. For these applications generally
heterostructures are employed. Moreover, often the special features of quantum dots are
exploited.
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Figure 1.1: Fundamental bandgap energy Eg of binary compounds and the corresponding lattice
constant a0. The visible spectral range is indicated by the "rainbow coloured" region.

A quantum dot (QD) is a material object whose size is in the range of the wave-
function of electrons/excitons. This con�nement in three dimensions makes them perfect
candidates for fundamental research of a zero dimension system. The impact implies basic
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2 1. Introduction

research as well as numerous applications:

� The optical absorption properties of QD are of high interest in the construction of
solar cells with high e�ciency. As the material and size of a QD determines its
energy levels, it is possible to tailor them to a speci�c absorption wavelength.

This concept applies to the visible (Kam08) and also to the near-infrared energy
(LEEN+07). The implementation of QDs in solar cells also includes organic solar
cells and several concepts exist which take advantage of the possible positive ef-
fects on solar conversion (e.g. achieving up to 66% e�ciency) (Noz02). Some of
the envisaged improvements are still under discussion like overcoming the "phonon
bottleneck", which is a crucial aspect of hot exciton relaxation (KKP09).

� In contrast to the absorption also the emission of light can be exploited. For exam-
ple the application of QDs as active medium in Lasers for the telecommunication
market. In the wavelength region ≈ 1.15 - 1.25 µm used in medical application, QD
lasers play a prominent role (Led11).

� Besides the excitonic properties of a QD also the charging of a QD enables funda-
mental physics studies and applications. For instance in the case of a gated QD, it is
possible to operate that device in a way of a single electron transistor (GRuKE11).
This is a promising approach to keep Moores Law valid.

� Another striking feature of QDs concerns the spin of an included electron. For exam-
ple the spin relaxation time of an electron in a QD is signi�cantly enhanced and en-
ables the construction of devices with totally new properties. This ranges from spin
�lters (FSE04) via spin memory (RSL00) to entangled states of two QDs (KCG+11)
which enable quantum computing or can be used in cryptography (LKS08).

The �rst part of this thesis focuses on the formation of self-assembled CdSe-based
QDs on ZnSe. The lattice constants of ZnSe and CdSe di�er as much as about 7% (see
�g. 1.1) and therefore a CdSe layer grown on top of ZnSe experiences a huge strain. The
aspired strain relief constitutes in the self-assembly of quantum dots (QD) (i.e. a rough-
ened layer structure). This QD formation is by far less straightforward than the classical
Stranski-Krastanow growth mode of III-V compound systems, such as e.g. (In,Ga)As on
GaAs. Crucial e�ects in the II-VI QD formation are intermixing between the QD material
and the underlying layer, as well as a thickness-dependent surface roughening instead of
the canonical formation of QDs on a well-de�ned wetting layer in the Stranski-Krastanow
mode. For CdSe on ZnSe, in Molecular Beam Epitaxy (MBE), various QD growth pro-
cedures are applied, resulting in di�erent morphologies and areal densities of QDs, which
consist of the non-stoichiometric ternary (Zn,Cd)Se, in which the intermixing of the Cd
with the Zn from the underlying layer is an e�ective way to relieve the strain imposed on
the CdSe layer. Central questions regarding the QDs are the material composition, i.e.
the relative fractions of Zn and Cd, and the electronic band gap energy, as well as the
interdependence of these properties and their development with increasing nominal CdSe
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layer thickness.
ZnSe-based II-VI heterostructures are most commonly grown on GaAs substrates. As
seen from �g 1.1, these both compounds are almost ideally lattice matched, the relative
mismatch is as low as 0.27%. For the optimization of the ZnSe/GaAs interface two criteria
have to be considered: (i) the crystalline quality, (ii) the electronic characteristics. The
latter aspect is non-trivial because of the di�erent valences of the cations and anions on
both sides of this heterovalent interface. Di�erent growth start procedures of the ZnSe
epilayer may lead to di�erent interface con�gurations with characteristic band-o�sets and
carrier depletion layer widths. The optimum may well depend an the envisaged appli-
cation, i.e. the optimum con�guration for optoelectronic devices which require a rather
high current density may be di�erent from that for low-current spin-polarized transport in
spintronics applications. For these interfaces, a non-destructive analysis of the electronic
properties, especially the depletion layer on each interface side, is highly desirable. This
question is in the focus of the second part of this thesis.
The most prominent analysis method in this thesis is inelastic light scattering, Raman
spectroscopy. By this non-destructive optical technique information is obtained about var-
ious sample properties. The most common application is Raman scattering from phonons.
Besides material identi�cation and crystalline quality assessment, this type of Raman
scattering is also applied for the determination of strain and for compositional analysis
of non-stoichiometric compounds. Because of these abilities it is eligible for the study of
the intermixed and partially strained CdSe QDs on ZnSe. The successful application in
this case is based on the exploitation of resonant Raman scattering. Here the resonance
of the laser light excitation with an electronic transition yields the sensitivity which is
required for analysing extremely low scattering volumina like QDs. Moreover, it gives the
necessary selectivity for individual materials in heterostructures. Beside lattice-speci�c
information from phonon Raman scattering, also information on free electrons in doped
materials is obtained in scattering from coupled plasmon-phonon modes. They may yield
carrier concentration and mobility. In this thesis, plasmon-phonon (PLP) modes are stud-
ied in heterostructures of n-doped GaAs and n-doped ZnSe, grown with di�erent MBE
growth-start procedures. From these PLP modes together with the LO phonons at the
ZnSe/GaAs interfaces, the individual depletion layer widths at each side of the interface
are quantitatively evaluated.
As an additional optical method photoluminescence (PL) is applied. Its aim is twofold.
First, interband PL represents the bandgap energy, which is especially relevant for the
various QDs, while PL from local centers reveals the incorporation of di�erent atoms or
the formation of vacancies, defects etc. Secondly, the PL-derived bandgap energies are
applied in Raman spectroscopy for the appropriate choice of the laser line in order to
achieve optimum conditions for resonant Raman scattering.
This thesis is ordered as follows: After the introduction (chapter 1), the fundamental
aspects are discussed in part I, consisting of the chapters 2 and 3. They cover the Raman
scattering theory (chapter 2) and the lattice dynamics and electronic properties of the
relevant material systems (chapter 3). Subsequently, part II comprises in chapters 4 and
5 the presentation and discussion of the results. Chapter 4 addresses the epitaxial CdSe
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quantum dots grown on ZnSe with di�erent growth techniques, while chapter 5 deals with
the interface between n-ZnSe and n-GaAs with reference to the impact of the ZnSe growth
start procedure. Finally, the results are summarised in chapter 6.



Part I

Fundamentals

5





Chapter 2

Raman Scattering

2.1 Microscopic theory of phonon scattering

The principle of Raman scattering is described basically within the framework of the
microscopic theory (YC01). It consists of a three-step process:

� The incident photon ωi creates an excited state |a〉 in the medium (e.g. electron-hole
pair)

� The electron-hole pair looses energy via the creation of a phonon (or gains energy
by annihilation of an existing phonon) and is thus now in the state |b〉.

� Finally the electron-hole pair |b〉 recombines by emitting a photon ωs

As this is a quantummechanical description of the Raman scattering process, the uncer-
tainty principle applys. For the total process, energy conservation applies, but as the
process is happening on a fast timescale the single steps can also be virtual.

This is re�ected in the scattering probability which will be described here after the
energy and momentum description. When a phonon is created its energy amounts to

~ωph = ~ωi − ~ωs. (2.1)

As seen from eq. 2.1 the phonon frequency equals the energy di�erence of the two photons.
In the common case of the Stokes Raman process which creates a phonon in the medium,
the incident photon looses part of its energy. It is also possible that the incident photon
gains energy by annihilation of an existing phonon, this process is called anti-Stokes
scattering. The investigation of the anti-Stokes scattering is not very common, as Raman
scattering is generally regarded as an energy loss spectroscopy. The frequency shift of the
scattered photon with respect to the incident one is called Raman shift and is the abscissa
of a Raman spectrum. The ordinate is the scattered phonon intensity.

Besides the photon energy shift also the change in momentum q has to be regarded.
The maximum q change occurs in backscattering geometry. As the energy of the photon
in Raman scattering is only slightly changed, the following approximation is valid:

qph = ki − ks ≈ 2ki (2.2)

7



8 2. Raman Scattering

When assuming a refractive index n = 3, then for photons in the visible spectral range
the maximum momentum values of the phonon wavevector qph range from amount to
0.52·106cm−1 for λi = 760 nm to 0.94·106cm−1 for λi = 400 nm. This limits the creation
of a single phonon to the center of the Brillouin zone.

The scattering e�ciency is calculated in the framework of third order perturbation
theory and Fermis Golden Rule (Ric76). The main contribution to the susceptibility is
given by

χα,β(ωi, ωs) ∝
∑
a,b

〈0| ps |b〉 〈b|HEL |a〉 〈a| pi |0〉
(Eb − ~ωs)(Ea − ~ωi)

. (2.3)

With ps, pi being the vector components of the dipole operator of the scattered and
incident photon, HEL describes the Hamiltonian of the electron-phonon interaction and
Ea, Eb are the energies of the electronic states. The crucial consequence of eq. 2.3 is the
enhancement of the scattering intensity when the incident and/or scattered photon energy
is close to an electronic transition. The scattering e�ciency for a common experiment (o�
resonant conditions) is in the range of 1·10−6-10−7 (Lou63). This low scattering probability
can be enhanced by resonant Raman scattering about several orders of magnitude. Of
course Raman scattering with non-zero intensity only occurs for the numerator of eq.
2.3 being nonzero. This condition is determined by group theory rules. The possible
polarization con�gurations are comprised in the Raman tensors eq. 2.15. The above
statements only apply for �rst-order Raman scattering. The main di�erence for higher
order scattering is that the phonons do not only arise from the Brillouin zone center.
Two phonons with opposite q-vectors can be generated and thus full�ll the momentum
conservation. The density of states determines which phonons contribute mostly to the
Raman scattering intensity.

2.2 Macroscopic theory of light-wave interaction with

lattice vibrations

The macroscopic theorie describes Raman scattering on the level of the interaction of an
electromagnetic wave with a lattice deformation wave by means of a generalized model
of the dielectric susceptibility (YC01). The electrical �eld of an electromagnetic wave in
the medium can be described by

F(r, t) = Fi(ki, ωi)cos(ki · r− ωit). (2.4)

This �eld induces a polarization P(r, t) in the medium of the form of a sinusoidal wave:

P(r, t) = P(ki, ωi)cos(ki · r− ωit). (2.5)

For a rigid crystal without lattice vibrations the frequency and wavevector of the polar-
ization re�ect the corresponding values of the incident light wave. The proportionality of
the polarization and the electric �eld is given by the susceptibility χ.

P(ki, ωi) = ε0χ(ki, ωi)Fi(ki, ωi). (2.6)
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In the visible spectral range the dielectric susceptibility χ is governed by the electronic
excitations. Their eigenfrequencies are about two orders of magnitude beyond those of
the lattice vibrations. However, the susceptibility χ is in�uenced by some degree by the
phononic atom movement. In the presence of lattice vibrations the dielectric susceptibility
may be modulated by a contribution with the lattice vibration frequency. The atomic
displacement of such a lattice oscillation can also by described as a plane wave and has
the form:

Q(r, t) = Q(q, ω0)cos(q · r− ω0t). (2.7)

The variation of χ can be treated as a function of Q. As the displacement of the atoms
due to phonons is signi�cantly smaller than the lattice constant, χ can be expressed in a
Taylor series in Q(r, t) (YC01):

χ(ki, ωi,Q) = χ0(ki, ωi, ) +

(
δχ

δQ

)
0

Q(r, t) + . . . (2.8)

The �rst summand: χ0 is the electric susceptibility without atomic vibration. The sec-
ond summand describes the in�uence of the distortion wave Q(r, t) on the susceptibility.
With equation 2.8 the polarization 2.5 can be split into two parts:

P(r, t,Q) = P0(r, t) + Pind(r, t,Q). (2.9)

P0 describes a polarization wave, oscillating in phase with the incoming light wave:

P0(r, t) = ε0χ0(ki, ωi)Fi(ki, ωi)cos(ki · r− ωit) (2.10)

The second summand of eq. 2.9, is the induced polarization contribution by the atomic
vibrations of the lattice (e.g. phonons)

Pind(r, t,Q) = ε0

(
δχ

δQ

)
0

Q(r, t)Fi(ki, ωi)cos(ki · r− ωit) (2.11)

To analyze the features of Pind, it is converted to:

Pind(r, t,Q) =ε0

(
δχ

δQ

)
0

Q(q, ω0)cos(q · r− ω0t)

× Fi(ki, ωi)cos(ki · r− ωit) (2.12)

=ε0
1

2

(
δχ

δQ

)
0

Q(q, ω0)Fi(ki, ωit)

× (cos[(ki + q) · r− (ωi + ω0)t]

+ cos[(ki − q) · r− (ωi − ω0)t]) (2.13)
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The two contributions of Pind represent the Stokes-frequency ωS = ωi − ω0 and the
anti-Stokes frequency ωAS = ωi + ω0. They describe the process of the creation of a
phonon (Stokes) and the annihilation of a phonon (anti-Stokes), as discussed above in
the quantum-mechanical description of the scattering process. In Raman spectroscopy
the Stokes process is mainly of interest, because normally the measurements take place
at a low sample temperature to get the advantage of a narrow Raman linewidth. Low
temperatures also mean that only a very small number of phonons are present in the
sample and the anti-Stokes intensity is therefore vanishingly weak. Moreover, also for T
= 300 K the thermal occupation of optical phonon modes is rather low. This is also the
reason why Raman spectroscopy is referred to as an energy loss spectroscopy although it
can in priciple also be an enery gain spectroscopy as the anti-Stokes signal contains the
same degree of information.

2.3 Selection Rules

Throughout this thesis, Raman spectroscopy was performed in backscattering geometry
on (100) surfaces of zincblende crystals, namely GaAs and ZnSe. In this subsection
an excerpt of the selection rules for the tetrahedral crystal structure (e.g.Td) is given.
Scattering intensity is determined by

Figure 2.1: Cubic unit cell of the zincblende lattice, consisting of two fcc lattices, nested
with tetrahedral bond symmetry, from (DDA08).

Is ∝ |ei · <(j) · es|2 . (2.14)

With ei, es denoting the polarization vectors of incident and scattered photon and <(j)

being the Raman tensor with j=x,y,z representing the atomic displacement (elongation)
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Surface ei es TO LO
(100) [010] [001] - DP

[010] [010] - F
[001] [001] - F
[011] [011] - DP + F
[011] [011̄] - -

Table 2.1: Selection rules for optical phonons in backscattering geometry on the [100]
surface

direction. The distinction between longitudinal (LO) and transversal (TO) phonon follows
by additionally considering the propagation direction (k-vector) of the lattice vibration
wave.

For a scattering experiment on the (100) surface of a zincblende crystal the Raman
tensors, induced by the lattice deformations in the di�erent directions, are:

<(x) =

0 0 0

0 0 a

0 a 0

 ,<(y) =

0 0 a

0 0 0

a 0 0

 ,<(z) =

0 a 0

a 0 0

0 0 0

 . (2.15)

With the additional assumption of backscattering geometry, ki and ks have to be antipar-
allel, i.e. along the x- and the -x axis, respectively. Hence, because of the transversal
character of the electromagnetic waves, only the yy, yz, zz components of < are relevant
for the scattering and thus only <(x) has to be regarded. Finally the wavevector conser-
vation only allows a momentum transfer in [100] direction. Therefore the Raman tensor
<(x) which allows the Raman scattering belongs to the LO phonon, and TO phonons are
excluded in this scattering geometry.

2.4 Scattering Mechanisms

For undoped samples two scattering mechanisms, namely deformation-potential and Fröh-
lich scattering, can lead to a lattice vibration detectable by Raman spectroscopy.

Deformation-potential scattering

This scattering mechanism concerns polar and unpolar crystal lattices. As the bandgap
energy depends on the lattice constant, it may be modulated by the phonon-induced
modulation of the bond length or bond angle. Since the arrangment of the atoms in the
lattice is deformed by the phonon, this scattering is known as deformation-potential (DP)
scattering.

The exchange interaction of the DP can be described phenomenologically by the rela-
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tion (YC01):

HDP = Dn,k
∆a

a0
(2.16)

Dn,k describes the optical phonon deformation potential for the electronic band states
indexed by n and k. The distance of the two atoms of the primitive unit cell of the
zincblende lattice is a0 and its variation due to the phonon modulation is ∆a. As seen
from eq. 2.16 there is no dependence on the wavevector and thus the interaction is also
valid in the short-range regime. The Raman tensors which were introduced above apply
for this scattering mechanism.

Fröhlich scattering

While deformation potential scattering can happen in all semiconductors regardless of
the bond type, in polar semiconductor an additional scattering mechanism exists, which
is called Fröhlich scattering. An optical phonon with long wavelength can displace the
anion/cation lattice atoms resulting in a macroscopic polarization and thus resulting in
a macroscopic electric �eld ELO (YC01). This electric �eld oscillates with the phonon
frequency. The proportionality between the relative displacement of the positive and
negative Ion ∆aLO and the generated �eld is given by the Fröhlich constant F

ELO = −F∆aLO. (2.17)

The Fröhlich constant is de�ned by:

F = −
√

4πNµω2
LO(

1

ε∞
− 1

εS
)

1√
4πε0

(2.18)

The number of unit cells per unit volume is denoted by N and µ is the reduced mass of
the primitive cell de�ned by

µ−1 = M−1
1 +M−1

2 . (2.19)

The mass of anion/cation are M1,2. The longitudional electric �eld of eq. 2.17 can be
described by a scalar potential φLO:

φLO = (
F

iq
)∆aLO (2.20)

The Fröhlich interaction describes the interplay of an electron and the macroscopic
Coulomb potential φLO. The Hamiltonian of this interaction is given by:

HFr = (−e)φLO = (
ieF

q
)∆aLO (2.21)
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According to (YC01) by the theory of H. Fröhlich (H.54) the Hamiltonian can be written
as:

HFr =
∑
q

(iCF/q)
{
c+q exp[i(q · r− ωLOt]− c.c.

}
(2.22)

with the phonon creation operator c+q . The coe�cient CF comprises

CF = e

√
2π~ωLO
NV

(
1

ε∞
− 1

εS
)

1√
4πε0

. (2.23)

Two properties of CF should be mentioned: First, the Fröhlich interaction can be calcu-
lated by macroscopic parameters like ε∞ and εS. Their di�erence is a direct measure of
the bond polarity, whose value is considerable in many II-VI-compounds (LB99). Sec-
ondly the dependence of the Fröhlich coupling is inverse to the wavevector q. This has
important in�uence on the interaction strength of short- and longwavelength phonons.
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Chapter 3

Lattice dynamics and electronic

properties

3.1 Mode behaviour of ternary compounds

One essential aspect within the Raman analysis of II-VI layers is interdi�usion-induced
formation of ternary compounds during growth and their stoichiometry. This stoichiom-
etry is re�ected in the lattice dynamics. Therefore we start with a survey of the phonon
mode behaviour of ternary compounds.

Figure 3.1: Phonon modes of ternary compounds: Single mode behaviour of CdxZn1−xS (left

side) and the two mode behaviour of CdSe1−xSx (right side), from (CM68).

The energy of a lattice vibration of a ternary compound depends on the mode charac-
teristics. In principle it can be a single or two mode behaviour. As an example the mode

15



16 3. Lattice dynamics and electronic properties

behaviour of two II-VI ternary compounds are shown in �g. 3.1. The left hand side shows
the single mode behaviour with only one LO and TO frequency for each composition
ratio of the components. The other possibility is the two mode behaviour with two LO
and TO frequencies for each mixing ratio (right hand side). A systematic treatment of a
wide variety of mixed compounds was performed within the Modi�ed Random Element
Isodisplacement (MREI) Model by Chang and Mitra (CM68). However, there is some con-
troversy on the mode behaviour of the Cd1−xZnxSe system. According to Raman results
from Alonso et al. (ASR+89) and Gamacho et al.(CLC+03), the Cd1−xZnxSe compound
is not classi�ed in the classical scheme of 1 or 2 mode behaviour, as it shows a mixed
mode behaviour 3.2 with three possible lattice vibration energies. Other authors claim
that it indeed exhibits single mode behaviour ((MHB+96), (LSSF98), (LV04)). However,
the main LO mode frequency, also in the mixed mode characteristics, is continuously
redshifted from 256 cm−1 for ZnSe to 210 cm−1 for CdSe, so the main contribution to the
Raman scattering intensity is de�nitely single mode like.

Figure 3.2: Composition dependence of the zone-center optical phonons for zincblende

Cd1−xZnxSe, from (ASR+89)

Additionally, the ab-initio DFT calculations for biaxially strained pseudomorphic
Cd1−xZnxSe on ZnSe which were performed for the investigations of this thesis within
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a cooperation with Prof. Khellil Bouamama, yield single mode behaviour as shown in
�g. 3.3. The splitting of the LO phonons here only results from the biaxial strain. The
phonon energy values of in-plane and in growth direction are energetically shifted to each
other due to the distortion of the elementary cell.
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Figure 3.3: Ab-initio calculation by density functional theory of LO and TO phonon mode

energies for a pseudomorphic ZnCdSe layer with the lateral latttice constant impressed by the

GaAs substrate. LOa,TOa modes: atomic vibration in lateral direction (=in-plane movement).

LOc,TOc modes: atomic vibration in growth direction (=perpendicular to interface).

In principle the diagram 3.2 is su�cient for a stoichiometric analysis by Raman spec-
troscopy. But this only fully applies for bulk materials and not for pseudomorphically
grown strained epitaxial layers. In the samples which are investigated in this work the
ZnSe and CdSe are compressively strained on the GaAs. This induces a partially com-
pensating blueshift contribution in addition to the Cd-induced redshift of the LO phonon
frequency. This compensating contribution increases with increasing Cd-content as the
strain rises from 0.27 % (strain of the ZnSe on the GaAs substrate) to 7 % (lattice mis-
match of CdSe with respect to the GaAs lattice constant). The actual dependency of the
phonon frequency on the concentration of the Cd1−xZnxSe mixture will be deduced in the
following for two di�erent approaches as each bears some uncertainties. In the �rst ap-
proach, the frequencies are calculated, using the elastic constants and phonon deformation
potential constants. The second approach utilizes the experimental determination of the
phonon frequency from a calibration sample with a strained ZnCdSe layer of well-known
composition.
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3.2 Calculation of the strain induced phonon shift

When compressing a semiconductor the phonon frequency is increasing and vice versa. For
pseudomorphically strained epitaxial layers, the elementary cell is laterally compressed to
match the lattice constant of the substrate. This lateral compression induces an elongation
of the elementary cell in growth direction (z-axis). Both values are connected by the
material-speci�c Poisson number. For the LO phonon with elongation in growth direction,
the altered phonon frequency ωLO,strain due to the biaxial strain in pseudomorphic layers
is according to (Her96) derived by:

ωLO,strain = ω0 +
qε||
ω0

+
pε||S12

ω0(S11 + S12)
, (3.1)

taking into account the bulk phonon frequency ω0, the amount of strain ε||, the elastic
compliances S12,S12 (for ZnSe: 23.9· 10−12Pa−1 and -8.52·10−12Pa−1 (OSPC87), for CdSe:
25.1· 10−12Pa−1 and -9.51·10−12Pa−1 (LB99) and the phonon deformation potentials p, q
(for ZnSe: -0.97·ω2

0 and -2.21·ω2
0 (CG89). In the calculation the phonon deformation po-

tentials p, q for CdSe which are unde�ned in literature were substituted by the values for
ZnSe, because of the high similarity of these two compounds with adjacent constituents.
This leads for fully strained CdSe on ZnSe to a phonon shift of +22.3 cm−1 with respect
to the CdSe bulk LO phonon energy , for which values are reported between 208 and
211 cm−1 (LB99). The limitations of this approach and its linear extrapolation to the
concentration variation of Cd1−xZnxSe are the following:
-The elastic constants of CdSe are only tabulated for the bulk wurtzite phase and not for
the substrate-stabilized zincblende structure.
-Additionally the elastic constants are assumed to exhibit a linear dependency on the
concentration.
-The lattice constant is assumed to be linear between the values for ZnSe and CdSe ac-
cording to Vegards law (Veg21).
The most important fact is the applicability of the formula 3.1 when calculating the
phonon shift of epilayers in case of the enormously high strain of around 7 %. An-
other aspect is the possible temperature dependency of the elastic constants and phonon
deformation potentials when evaluating the low-temperature Raman spectra with the
calculation which was performed for the lattice parameters at 300 K.
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Frequency calibration by a ternary reference

In priciple the frequency calibration by ternary Cd1−xZnxSe reference samples with a
known ratio of mixture seems like the most eligible way to derive the phonon energy
dependence on the stoichometry. However this approach is hampered by the high lattice
mismatch of Cd-rich Cd1−xZnxSe layers with respect to the GaAs lattice constant. The
lattice mismatch of pure CdSe on GaAs amounts to 7 % and is the driving force for
the QD formation 4 and thus it is not possible to fabricate homogeneous Cd-rich layers
with a well-de�ned Cd-concentration. In contrast to Cd-rich samples it is indeed possible
to grow homogeneous layers when the Cd-concentration is su�ciently low. Respecting
this condition a 6 nm thick Cd0.33Zn0.67Se layer sandwiched between 55 nm thick ZnSe
layers was grown. The substrate was GaAs as for the other samples used within this
thesis, thus ensuring the same lattice constant and mismatch. The Raman spectrum
for 477 nm excitation wavelength and a sample temperature of 80 K is displayed in
3.4. The two prominent features are the scattering intensities of the LO phonon from the
Cd0.33Zn0.67Se and the LO phonon of the ZnSe. The small peak at 294 cm−1 is originating
from the GaAs LO phonon of the substrate. The shift between pure ZnSe on GaAs and

Figure 3.4: Raman spectrum of a pseudomorphic ternary Cd0.33Zn0.67Se layer sandwiched be-

tween ZnSe layers on GaAs(001) substrate, excitation wavelength: 477nm, sample temperature:

80K.

the ternary Cd0.33Zn0.67Se layer amounts to 5.9 cm−1, i.e. a redshift of 0.197 cm−1 per
percent Cd. Assuming a linear dependence, this extrapolates to a LO frequency of 239.8
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cm−1 for pseudomorphic CdSe on a ZnSe layer with a biaxial strain of 0.27 %, i.e. with the
lateral lattice constant of the GaAs substrate. The photoluminescence spectrum of this
reference sample shows a very narrow halfwidth (FWHM<10meV @80K) of the exciton
recombination in the Cd0.33Zn0.67Se layer. This indicates a very good homogeneity of
the layer concerning thickness and concentration. With this reference sample the phonon
energies from scattering in the Cd1−xZnxSe layer and quantum dots of the sample series in
this work can be linked with the actual Cd-concentration. As the sample layout is almost
equal to the samples in the forthcoming measurements and the measurement temperature
is identical, there are almost no uncertainties left, except the implementation of a linear
extrapolation for the other Cd-concentration values.

3.3 Plasmon modes

The phonon modes of a crystal are strongly in�uenced by the presence of free carri-
ers, this is due to the fact that the macroscopic E-�elds of phonon and plasmon are
coupling/interacting. The result are new elementary modes, the Plasmon-Longitudinal-
Phonon (PLP) modes. Their origin is considered in the following.

PLP-Modes

Both PLP oscillations ω± are longitudinal modes so their frequency position is deter-
mined by the roots of the dielectric function. The dielectric function is composed of the
contributions from the valence electrons ε∞, the phonons χPH(ω) and the free carriers
χFC(ω, q).

ε(ω, q) = ε∞ + ε∞
ω2
LO − ω2

TO

ω2
TO − ω2

− ω2
PL

ω2 − 3
5
v2F q

2
(3.2)

vF denotes the fermi velocity, q is the wave vector and ωPL is the plasma frequency from
eq. 3.8. In the equation above, no damping e�ects are considered.

The roots of the dielectric function are two frequencies, namely the Ω± modes. For
q=0, i.e. without considering dispersion e�ects, the roots are:

Ω± =

√
1

2

[
(ω2

PL + ω2
LO)±

√
(ω2

PL − ω2
LO)2 + 4ω2

PL(ω2
LO − ω2

TO)

]
(3.3)

The dependence of the Ω± modes on the doping level is shown in �g. 3.5. The graph was
calculated for GaAs.

The q-dependent dispersion of the PLP modes in the near-center range of the Bril-
louin zone and the half width of the PLP peaks are di�erent from those of the phonon
excitations. In the relevant q-vector range for backscattering with visible light, i.e. below
1% of the Brillouin zone width, phonon excitations are almost independent of the wave
vector transfer. However this approximation is not applicable to coupled Plasmon-phonon
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Figure 3.5: PLP-mode frequency dependence on doping level for GaAs. Dotted lines are the

LO and TO phonon frequencies. The dashed line represents the plasma frequency.

excitation modes. Their plasmonic contribution induces a non-vanishing dispersion. This
manifests itself as an increasing frequency due to the additional restoring force from the
spatial charge density modulation which occurs at a �nite wave vector of the collective
charge density oscillation (ABV+07).

Ωp(n, q)
2 = ω2

p +
3

5
v2Fermiq

2 =
ne2

meffε0
+

3

5
v2Fermiq

2 (3.4)

vFermi = ~/meff (3π
2n)1/3 (3.5)

Furthermore, with increasing wave vector the PLP-modes approach the dispersion
range of single particle excitations (SPE) in the conduction band. These constitute a
decay channel for the collective oscillations. This results in a leveling-o� of the PLP
dispersion curves (NRS81). A detailed description of the frequency dependence on the
wavevector can be found in (Bui10).

Another important property of the PLP modes are their half widths. Due to the
amphoteric plasmon-phonon character of the PLP modes, the full width at half maximum
(FWHM) of a PLP mode is governed by the phonon when this PLP mode is essentially
phonon-like, i.e. its frequency is close to the LO phonon frequency. In contrast, for
plasmon-like PLP modes, i.e. PLP frequencies far from the LO one, the FWHM value is
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substantially enhanced due to charge carrier damping. As a consequence, for low doping
levels a broad Ω−-mode and a narrow Ω+-mode are observed, while the opposite behaviour
applies for high doping levels.

Figure 3.6: Experimental results of the PLP-mode frequency from GaAs for three di�erent

doping densities. Beside the PLP-modes, the spectra also show the LO phonon from the depletion

layer (from (ATCP79)).

3.4 Plasmon-LO-Phonon coupling

Besides the elementary phonon excitation in a sample, as another elementary excitation
the plasmon has to be considered for a complete description of the interaction with light
in a doped sample. As the free charge carriers act collectivly they can be described
macroscopically. The following description of the plasmon is closely oriented at (Kli07).
In a sample with high free carrier density (above 1017cm−3 a collective oscillation of the
free carriers can occur. The subsequent illustration is shown for electrons (holes can be
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treated similar). If the electron gas is oscillating by a displacement ∆x a net charge occurs
at the sample surface:

ρs = ne∆x (3.6)

Thus creating the electric �eld Ex

Ex =
ne∆x

εε0
(3.7)

This consideration is true for a macroscopic 3D-sample. This case normally occurs if the
sample is not of a quantum well or wire design.

Figure 3.7: Schematic picture of the origin of the free-carrier plasmon eigenmode in a doped

semiconductor.

The equation of motion of this plasma oscillation is given by

eEx =
ne2∆x

εε0
= me

∂2

∂t2
(∆x) (3.8)

The movement of the electrons can be described by a common harmonic oscillator,
leading to the following dependence of the eigenfrequency on the carrier concentration n:

ω0
PL =

√
ne2

meεε0
= ωL, ωT = 0 (3.9)

Here the dielectric constant ε = εs which is valid for ωPL << ωLO. For ωPL >> ωLO, the
corresponding parameter is ε∞. Additionally the transverse frequency ωT = 0, this is an
obvious result as for gases there is no restoring force due to shear displacement.

The above consideration only deals with plasmons, but it is also possible that this
oscillation is interacting with phonons which leads to a new excitation: the Plasmon-
Longitudinal-Phonon (PLP) mode. The properties of the PLP excitation will be discussed
in the next subsection.



24 3. Lattice dynamics and electronic properties

3.5 Band bending at interfaces

As shown previously, doped semiconductors exhibit characteristic vibration spectra due to
the plasmon oscillation. While this situation applies for the bulk, at interfaces (or surfaces)
the free charge carrier density can be considerably di�erent. Especially surfaces with their
unsaturated bonds trap free charge carriers from the bulk, leaving the ionized donors
behind. This charge accumulation at the interface is accompanied with a perpendicular
electric �eld Es repulsing the remaining free carriers in the bulk from the surface. The
charge transfer can be described by the simple Schottky model. The volume density ρD
in the depleted layer is constant and zero in the bulk. This step like behaviour is in most
cases a good approximation, although in reality the step-like density of the free carriers
is smeared out. This carrier free region is the depletion layer dD. The depletion layer
thickness can be calculated as follows. The absolute value of surface charge QS equals
the charge in the depletion layer QD. So the charge density in the depletion layer is only
governed by the ionized donors.

ρD = eND (3.10)

For this situation Poisson�s equation is formulated as

d2Φ

dz2
= −ρ(z)

εsε0
= −eND

εsε0
(3.11)

Twofold integration of eq. 3.11 with the boundary conditions n = 0 for 0 < z < dD results
in the electric �eld Es and potential Vbb (Her96).

Es(z) = (1− z

dD
)

√
2eNDVbb
εsε0

(3.12)

Vbb(z) =
eND

2εsε0
(dD − z)2 (3.13)

The resulting depletion layer width dD amounts to

dD =

√
2εsε0Vbb
eND

. (3.14)

Fig. 3.8 shows the doping level dependence of the depletion width dD in GaAs for mid-gap
pinning of the Fermi level at the surface/interface, i.e. VBB = 0.7eV . A roundup of the
situation at the interface is shown in �g. 3.8. For an optical experiment this situation of
a sample having a depleted region and bulk doping enables the analysis of phonons from
the depleted region and PLP-vibrations from the bulk. It is obvious that in this case the
scattering intensity of the depleted region is directly correlated with the depletion layer
thickness dD (providing that the penetration depth exceeds the depletion layer thickness,
which is always ful�lled if the bulk PLP modes appear in the Raman spectrum.).
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Figure 3.8: Schematic plot of the impact of surface band bending. The diagrams show the

depth-dependence of band bending potential VBB (parabolic decrease), electric surface �eld Es
(linear decrease), free carrier density n (step function), and Raman contributions ILO from the

LO phonon and IPLP for the Plasmon-LO-Phononmode (complementary step functions).

Figure 3.9: Depletion layer thickness of GaAs at mid-gap pinning as a function of the bulk

free-carrier concentration.

Penetration Depth

For optical experiments on heterostructures, surfaces and interfaces the strength of the
interaction of the incoming light with the materials in the di�erent sample layers is crucial
for the sensitivity and selectivity. The light-matter interaction strength strongly depends
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on the material as well as on the incoming photon energy. This dependence originates
from the fact that in the visible spectral range the interaction is governed by resonant
excitation of electronic transitions between valence- and conduction band states, leading
to strongly material- and energy-dependent transition probabilities. The resulting values
of the light penetration depth range between > 10µm for photon energies immediately
above the fundamental band gap and a minimum value of about 10nm at higher energy
gaps (E1, E2).

The penetration depth δ is de�ned as the length after which the intensity is decreased
to 1/e. It is directly connected with the imaginary part κ of the complex index of refraction
ñ:

δ =
c

κω
=

λ

κ2π
(3.15)

For Raman spectroscopy where ωi ≈ ωs holds and additionally backscattering geometry
is ful�lled, the information depth is half of the penetration depth. This has to kept in
mind when choosing the appropriate excitation energy and interpreting the spectra. The
frequency dependence of the light penetration depth for GaAs is shown in �g. 3.10.

The dependency of the penetration depth on the photon energy of GaAs is of partic-
ular importance for this thesis as ZnSe is transparent for the employed photon energies
(hνmax = 2.71eV ) at a sample temperature of around 80 K.

Figure 3.10: Light penetration depth of GaAs at RT (AS83). Vertical lines indicate the main

visible Argon-ion laserlines
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3.6 Photoluminescence Spectroscopy

In the framework of this thesis the most important information from photoluminescence
measurements are the energies of the electronic transitions in the sample. The knowledge
of these energy values is not only of interest with respect to the characterization of the dif-
ferent samples, but also constitutes a valuable support for achieving resonance conditions
in the Raman experiment. To gain signi�cant Raman scattering intensity from sample
volumes in the monolayer range (e.g. quantum dots) the transition energies are vital
for resonant excitation and thus choosing the appropriate excitation wavelength. For an
undoped semiconductor with a direct bandgap the photoluminescence spectrum re�ects
the fundamental bandgap energy, or the corresponding exciton energy, respectively. The
situation is di�erent for a sample including quantum dots. The intuitive transition en-
ergy in a 3D con�ned space is the bulk transition energy of the QD material, enhanced
by the con�nement energy of the quantum dot levels. The energy level of an electron in
a quantum dot is de�ned by

Elmn =
~2π2

2m0

[
(
l

L1

)
2

+ (
m

L2

)
2

+ (
n

L3

)
2
]

(3.16)

with l,m,n being the energy level indices in the con�nement directions and L1, L2, L3

con�nement lengths. For realistic quantum dots, such as CdSe in ZnSe, the description
of the transition energy is not that simple. The lattice constant of the dot material is
dictated by the surrounding matrix lattice constant. This results in strain of the quantum
dot and thus the bulk bandgap value of the dot material is changed. Additionally the
quantum dot material is not necessarily pure. Especially in the CdSe/ZnSe system a
signi�cant intermixing occurs which also alters the bandgap. As seen from eq. 3.16 the
energy levels of a dot strongly depend on its dimensions. The lateral dimensions for the
quantum dots are in the range of 20 nm and the height is around 2 nm (derived by
AFM-studies for an uncapped quantum dot layer with a nominal coverage of 3 ML and
prepared by the in-situ annealing technique (Mah07)). Finally the dots are not uniform
in size and show a large spreading. Because of this size spread and the high areal density
of the dots (1011cm−2), the PL measurement performed with a laser spot size in the range
of some 100 µm diameter gives information about the averaged properties of the quantum
dot ensemble. This explains the high width of the recorded spectral features.
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Chapter 4

Epitaxial CdSe/ZnSe quantum dots

4.1 Quantum dot introduction

In this chapter the stoichiometry of self-assembled CdSe quantum dots (QD) embedded
in ZnSe is investigated with special reference to the impact of di�erent growth methods.
At the beginning a short outline of the measurement procedure, the fabrication process,
and nomenclature for their description used within this work is given.

The analysis of the QD samples usually starts with a photoluminescence measurement
followed by Raman spectroscopy. The photoluminescence spectra are employed to derive
the energy level distribution of the QDs thus enabling the choice of the appropriate exci-
tation energy for resonant Raman excitation. The PL halfwidth is basically an indication
of the size and Cd concentration homogeneity of the QDs. As will be seen in following the
inhomogeneous broadening e�ect due to the spatial variation of the Cd concentration by
far exceeds the thermal broadening at the measurement temperature of 80 K. With the
band gap information of the QDs derived by the PL measurements, the QDs are subse-
quently analyzed by resonant Raman spectroscopy (RRS). Although the Argon-ion Laser
only has discrete excitation energies (i.e. laserlines) it is still possible to resonantly excite
the QDs due to their broad band energy distribution and because the QD energies of the
examined CdSe QDs are located in the region of the Argon-ion laserlines. Due to the
macro-Raman setup and the high density of the QDs in the samples, the signal comprises
the weighted sum of contributions of QDs, including possible slight variations of size and
Cd-concentration. The weighting originates from the increased scattering e�ciency of
those dots for which the resonant excitation condition is most closely ful�lled.

The samples with the QD structures are prepared by the self-assembled growth of CdSe
on ZnSe during the molecular beam epitaxy (MBE) fabrication process. Self-assembly in
this context means that the QD structures are formed spontaneously during the epitaxial
growth process. This is in contrast to lithographically de�ned dots or nano particles which
also act as QDs.

One classic example of self-assembled growth of QDs is the InAs/GaAs system. When
depositing InAs on GaAs the growth consists of two stages. Until a critical thickness of

31
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1.5-1.8 ML is reached the InAs forms a �at layer on the GaAs (LPP94),(JKB+00). After
this wetting layer is completed, the additional InAs piles up in island shaped structures
whose size increases with increasing amount of deposited InAs. These uniform islands
are the QD structures as they con�ne excitons. This growth mode behaviour is called
Stranski-Krastanow. The driving force for the self-assembly into islands is the partial
strain relaxation in these islands albeit the accumulation of surface energy. On the sides
of the islands the compressed InAs cubic cell can extend itself a bit to the outside and
thus enhance to some degree its lattice constant, which was originally impressed by the
GaAs substrate. In �g. 4.1 a TEM image of a cut trough an uncovered InAs island is
shown. The enlargement of the lattice constant at the sidefaces is depicted by the slight
fanning-out of the bowed vertical lines.

Figure 4.1: TEM image of an InAs island cross-cut, self-assembled of 2.25ML InAs deposited on

GaAs(001). The vertical lines indicate the increasing lattice constant resulting from the elastic

strain relaxation (CABA99).

In principle the same growth mode behaviour can be expected for the CdSe/ZnSe
system. The lattice mismatch of InAs/GaAs of around 7 % (KML+00) is very similar to
the CdSe/ZnSe lattice mismatch. However, other material properties like ionicity or the
vapor pressure di�er signi�cantly. The bond polarity αp of II-VI materials (αp,ZnSe=0.75,
αp,CdSe=0.79) is around twice the value of GaAs (αp,GaAs=0.47) (Har89). As this results
in a decreased shear-sti�ness, the II-VI compounds are more prone to reduce strain by
formation of dislocations rather than by elastic deformation. The higher vapour pressure
of the II-VI materials entails a signi�cantly reduced growth temperature. This decreases
the surface di�usion length of the adatoms and thus humbles the creation of �at sur-
faces (GM93). Still, in literature the growth mode of CdSe on ZnSe is often referred as
Stranski-Krastanow (KJS+10),(SDH+00). This is due to the fact that at least for some
growth procedures, in-situ RHEED experiments reveal a Stranski-Krastanow growth mode
behaviour (PFG01). However, when dealing with samples for experimental application
purposes the CdSe-layer is usually capped and for capped samples all TEM pictures reveal
that the CdSe layer is of a varying thickness and Cd-concentration e.g. �g. 4.3.
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Figure 4.2: AFM image of 3 ML uncapped CdSe (left side) and a bright �eld HRTEM
cross section of 2 ML CdSe (right side). Both samples were grown by the conventional
MBE technique (Mah07).

Figure 4.3: TEM cross-section images of 3ML CdSe embedded in ZnSe. The left hand side shows

the Cd-concentration of a sample from (LSR+08) while the right hand side is the result for a

sample from (PRG+00). The colour coding represents the Cd-content in the heterostructure,

determined by high resolution lattice fringe images by the CELFA method. Noticeable are the

high di�erences in the Cd-content of those two examples.

So the resulting layer after overgrowth with ZnSe is adequately described as consisting
of a roughened ternary CdxZn1−xSe quantum well with thickness �uctuations and a locally
varying Cd-content. Albeit not owning the nice shape of canonical SK-islands, the areas
with a high Cd-content can still be called QDs as they for example bind excitons. Another
criterion against canonical SK-QDs are the PL-peak energy positions vs. the nominal
CdSe coverage. For QD structures resulting from pure SK growth, the position of the PL-
energy should exhibit a distinct redshift for coverages above the wetting layer thickness.
But for the CdSe QDs, the PL-energy is essentially only a monotonic progression with
increasing CdSe-coverage (LSR+08), (MYM+00), (IOY+08). Although the CdSe on ZnSe
clearly does not grow in Stranski-Krastanow mode, the morphology does depend on the
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applied growth procedure. The in�uence of the growth technique on the stoichometry of
the CdxZn1−xSe layer will be addressed in this chapter.

Another aspect should be mentioned as it is sometimes overlooked. The structural
arrangement of the CdSe layer before capping with the ZnSe is usually determined by
atomic force microscopy (AFM). Hereby, the size (diameter and height) and the density
of the QD formation are measured. In this way the e�ect of di�erent growth procedures
on the morphology can be compared. However, AFM can only detect the structural prop-
erties and is not element speci�c. So there is no information on the surface composition.
Another fact which has to be kept in mind is that the surface morphology and/or com-
position is altered during the capping with the ZnSe. Transmission electron microscopy
(TEM) pictures of the capped samples always reveal that there is a signi�cant intermix-
ing of Cd with the ZnSe-matrix. As this happens during the capping process of the QD
structures, the morphology and composition of the CdSe QDs are also changed.

In the following the nomenclature for describing the CdSe layer is:

� QDs are a synonym for Cd rich areas of the nominal CdSe layer, which actually also
contains intermixed Zn.

� Wetting layer is used to describe the rest of the nominal CdSe layer.

4.2 QDs from conventional growth

The conventional MBE growth process for CdSe Qds basically consists of quite elementary
fabrication steps. Before the growth of the II-VI material, the commercial GaAs substrate
is thermally deoxidized and is overgrown with a GaAs bu�er layer (thickness around 200
nm). This is an essential requirement for a good crystalline growth start of the subsequent
layers. This bu�er is then overgrown with a ZnSe layer (around 40-50 nm) at a substrate
temperature of 300 °C. The substrate temperature remains constant during the subsequent
steps. Without growth interruption a CdSe layer with the desired nominal thickness (1-4
ML) is grown atop the ZnSe. Due to the lattice mismatch this CdSe layer forms the CdSe
QDs. The growth rate in this case is in the order of 0.06 ML/s. The QD layer is �nally
covered with the ZnSe cap layer also around 40-50 nm thickness.

4.2.1 PL-Measurements

A conventionally grown QD sample series was �rst characterized by 300 K PL spec-
troscopy, �g. 4.4. The excitation energy in this case was 2.71 eV. All samples show a
PL-signal originating from the CdSe layer (i.e. QDs) already at 300 K. This is an impor-
tant fact for a possible commercial application. The PL intensity rises with increasing
nominal thickness up to 3 ML. For higher coverages the PL intensity is decreasing due
to the onset of dislocations which are non-radiative decay channels for the excitons. This
generation of defects drastically reduces the PL intensity, because it preferentially a�ects
the biggest QDs, i.e. those dots which are most essential for the exciton recombination,
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because they are sinks for the excitons in their vicinity due to their reduced bandgap val-
ues. For lower coverages than 3ML the PL intensity is also decreasing, to a point where
the PL and the Raman intensity are more or less equal, i.e. the 1 ML sample. The 1
ML sample shows a double peak structure. The additional peak originates from Raman
scattering, whose resonantly enhanced intensity is comparable with the PL peak. So the
observed spectrum is a superposition of both contributions. Thus the PL information of
the 1ML sample was not evaluated by �tting a Gaussian shape on the intensity pro�le as
it was done for the other CdSe coverages. The dependency of the peak position vs. the
nominal coverage is comprised in �g. 4.5. It shows a nice linear descent with increasing
nominal CdSe thickness which is explained by the reduction of the con�nement-induced
blueshift with increasing dot size, and possibly at the same time redshift of the gap energy
due to increasing Cd content.

Figure 4.4: 300K photoluminescence spectra of conventionally grown CdSe QDs on ZnSe
with di�erent nominal thickness of the deposited CdSe.



36 4. Epitaxial CdSe/ZnSe quantum dots

Figure 4.5: 300K PL peak energy position and corresponding FWHM of conventionally
grown CdSe QDs on ZnSe with di�erent nominal thickness of the deposited CdSe

For 80 K measurements the PL peak positions are shifted as expected to higher energies
�g. 4.2.1. Here the peak intensities of the sample series are normalized to each other as
the evaluation does not focus on the maximum luminescence e�ciency but rather on the
position and halfwidths. The energy position is correlated with the size and Cd-content
of the QDs 4.2.1 and the halfwidth is an indication of their homogeneity 4.2.1. The
morphological and stoichiometric �uctuations make up the high FWHM values of the
sample series which by far exceeds the thermal broadening e�ect at 80 K. For comparison
the PL of the ternary Cd0.33Zn0.67Se reference sample was recorded at the same sample
temperature and excitation energy 4.8. The halfwidth of this ternary layer only amounts
to less than 7 meV which is a factor of three smaller than the narrowest halfwidth of the
QD sample series.

Apart from the high values of the halfwidth of the QD samples, the FWHM derived for
both measuring temperatures shows a linear increase with higher nominal CdSe coverages.
Only the FWHM of the sample with 2 ML CdSe thickness does not follow this linear trend.
This could be interpreted as the starting point for QD formation as low CdSe coverages are
consumed in the wetting layer construction and thereafter the additional CdSe material
could be arranged in the self-assembled QDs. However, this assumption is not backed by
the PL peak position vs. the nominal CdSe coverage and it leads to the conclusion that
the high FWHM values indicate an inhomogeneous CdSe layer and the growth process
is not of the Stranski-Krastanow type. To which extent the CdSe layer is additionally a
ternary compound will be analyzed by Raman spectroscopy in the following section.

4.2.2 Raman results

After the evaluation of the gap energy distribution of the QDs by the PL characterization
the Raman spectra were recorded in order to assess the Cd concentration of the QDs. The
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Figure 4.6: 80 K PL spectra of conventionally grown QDs with di�erent nominal thickness,

normalized to the same peak intensity.

Figure 4.7: 80 K PL peak energy position and corresponding FWHM of conventionally
grown CdSe QDs on ZnSe with di�erent nominal thickness of the deposited CdSe
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Figure 4.8: 80 K PL spectrum of the ternary Cd0.33Zn0.67Se calibration sample.
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spectra were all collected in backscattering geometry from the (001)-surface, thus allowing
Raman scattering from LO phonons, while for ideal backscattering geometry contributions
from TO phonons are excluded due to symmetry selection rules. The incident polarization
was along the [110]-axis of the samples and no polarization analyzer was applied. For
this polarization setup the LO phonon may appear from deformation-potential as well as
from the Fröhlich scattering mechanism, because both are allowed in the 001(110, 110)001

con�guration (Porto notation) (CG82). The excitation wavelength was varied stepwise
from 514 nm (2.41 eV) to 457 nm (2.71 eV). The sample temperature was kept at around
80 K. As an example, all spectra from the 4 ML and 2 ML samples are shown in �g. 4.9
and �g. 4.10.

Figure 4.9: Raman spectra of a 4 ML CdSe / ZnSe-sample for di�erent excitation wavelengths.

The resonant excitation condition is best explained for the 4 ML sample. For the
highest excitation energy of 2.71 eV the spectrum consists of the GaAs LO phonon and
the asymmetric and slightly shifted ZnSe LO phonon signal. The asymmetry most likely
originates from areas of the sample in which a low Cd content is intermixed into the ZnSe
e.g. the shell of the QDs. A low concentration of Cd results in a decreased bandgap
of the ternary ZnCdSe. As the photon energy of 2.71 eV is only slightly below the
fundamental bandgap of 2.8 eV of ZnSe (@ 80 K) these regions get resonantly excited and
they contribute disproportionally to the spectra. With longer wavelength excitation the
ZnSe intensity vanishes whereas the QD vibration signal is increasingly dominating the
spectra. In the case of the 514 nm wavelength (2.41 eV) excitation the spectrum basically
only shows the QD vibration and the GaAs signal virtually vanishes with respect to the
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Figure 4.10: Raman spectra of a 2 ML CdSe / ZnSe-sample for di�erent excitation wavelengths.

QD intensity, although the Raman scattering of the QDs is only from a layer with a
nominal thickness of 4 ML. This is a consequence of the resonant excitation of the QDs
as the excitation energy of 2.41 eV is only slightly above the mean band gap energy of
the QDs of 2.27 eV.

Whereas the Raman scattering for the 2 ML sample shows distinct di�erences. For
high energy excitation the spectra comprise the vibrations of GaAs, ZnSe, and the CdSe
QDs. The spectrum for 477 nm excitation wavelength is totally dominated by the PL
signal and is not shown. For 488 nm excitation the spectrum lacks the phonon signal of
the QDs and the ZnSe as this photon energy of 2.54 eV is already below the bandgap of
ZnSe (2.81 eV) and the QDs (2.56 eV) and therefore it is a non resonant condition for
both. Only the GaAs signal is visible as for the other excitation wavelengths.

Already from the both excerpts shown in detail it is clear that there is no ZnSe-CdSe
interface phonon present, although this could be expected (Her96). If this interface vibra-
tion existed there should be a phonon observable which is �xed in energy and occurring
in all samples regardless of the nominal CdSe coverage. The dependence of the lattice
vibration frequency of the QDs on the nominal CdSe coverage is illustrated in �g. 4.11.
Even for the highest coverage of 4 ML there is no signal saturation which is a clear in-
dication that the Cd concentration and/or the QD size are increasing. The maximum
Cd-concentration reached in the 4 ML sample however is only around 50 % Cd. This
value seems to be very low but there is no plausible explanation for a higher Cd-content
without including unlikely scenarios, e.g. assuming a locally increased lattice mismatch
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Figure 4.11: Dependence of the QD- and ZnSe-LO phonon frequency on the nominal CdSe

coverage.

(beyond 7 %) as this is the only way to shift the LO frequency from a ternary layer with
a Cd-content in excess of 50% to the vibration frequency measured in the experiments. If
this scenario would apply, it would also be observed in the X-ray di�raction patterns of
the samples as it would also contradict the �nding that the samples are all pseudomorphic.

4.3 QDs from in-situ annealing

The basic idea for this growth process is given by Rabe et al (RLH98). Albeit there is
one di�erence in the sample design. Their approach is to grow the CdSe layer on top of
a thick and thus relaxed ZnSe bu�er whereas here the ZnSe layer is pseudomorphically
grown on the GaAs substrate.

The growth process itself consists of growing the ZnSe bu�er at 280°C and cooling it
down to 230°C under Zn �ux. Subsequently the CdSe layer with the desired thickness
is deposited. The growth of the CdSe is stopped by only closing the Cd cell shutter but
leaving the Se cell open and thus keeping the sample in a Se-�ux. The temperature is then
increased to the annealing temperature of 310°C and is kept constant for an annealing
time of 20 minutes. Subsequently the substrate temperature is decreased to 280°C and
the �nal ZnSe cap (≈50 nm) is grown.
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4.3.1 PL-Measurements

In spite of the modi�ed growth procedure for this sample series the PL spectra are essen-
tially similar to the ones gained from the conventional fabrication method showing the
same trend. However there is one obvious di�erence. The PL energy values are through-
out the sample series higher than those derived from the conventionally grown samples.
For the nominal CdSe coverage value of 4 ML, the PL blueshift of the in-situ annealed QD
with respect to those from conventional growth amounts to ≈ 60 meV. This is astonishing
as it was expected that with the in-situ annealing the QDs should become larger and thus
exhibiting a lower PL energy. The FWHM value for the 3ML sample matches the FWHM
from the conventional QDs but the FWHM of the 4ML coverage is signi�cantly higher
meaning that there is a broader CdSe QD variation in size and/or composition. More
importantly if there were large QDs in the CdSe layer then they should be a sink for the
excitons in the proximity and thus should contribute disproportionally high to the PL
signal resulting in a redshift. This redshift is not measured, so there are two explanations
left: 1. there are no large QDs in the CdSe layer or 2. the large QDs already have stack-
ing faults incorporated and thus the energy transition from the excitons in these QDs
are non-radiative. A possible insight into this hypothesis can be gained with the Raman
results as the phonon signal is more resistant against crystalline defects.

Figure 4.12: Photoluminescence of in-situ annealed QDs for di�erent nominal CdSe coverage,

recorded at 80 K.
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Figure 4.13: 80 K photoluminescence of in-situ annealed QDs: peak energy and corre-
sponding FWHM dependence on the nominal CdSe coverage.

4.3.2 Raman results

In the paper by Rabe et al (RLH98) giving the idea for this growth procedure, the authors
found three Raman phonons leading to the phonon replica in their PLE studies. The high
energy phonon (31.8 meV = 256.5 cm−1) can be unambiguously identi�ed as the ZnSe
LO vibration. The other two sample dependent modes have an energy of 26 meV (209.7
cm−1) and 23.3 meV (188.0 cm−1). It is appealing to assign the �rst value to the CdSe
LO phonon, which amounts to 209 cm−1 at 300 K (LB99). However, this is only true
at the �rst glance. In their sample the CdSe should not be completely relaxed and it is
doubtful that the CdSe QDs consist of pure CdSe so the vibration energy should be much
higher. Another fact but with minor impact on the phonon energy is the measurement
temperature which is in their case 5 K, whereas the literature value applies for 300 K. The
third vibration energy they detected was 188.0 cm−1. This value can not be explained in
terms of a TO vibration from the CdSe (literature value: 169 cm−1 (LB99)) nor can it be
a combination of the other two values (ZnSe LO phonon and the phonon at 209 cm−1).
This means that the phonon signature of their measurements is not really understood and
it is very interesting to see if in our samples series similar phonons are detectable.

The vibration signature of this sample series clearly shows that there is no phonon
signal of 209 cm−1 visible for the 2-5 ML CdSe coverage. This is in contrast to the results
from Rabe et al. This is a bit puzzling as the major di�erence to their sample series lies
in the lattice mismatch di�erence for the CdSe layer of around 0.27%, resulting from the
discrepancy between pseudomorphic and relaxed ZnSe. Another important aspect is the
position of the QD vibration signal in comparison to the conventionally grown samples
�g. 4.15. The two sample series are alike for coverages up to 3 ML. Beyond this thickness
the trend diverges to a degree where the average QD phonon energy for the 5 ML sample
is still higher than for the 4 ML sample grown by the conventional process. This means
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Figure 4.14: 80 K Raman spectra of the QD sample series prepared by in-situ annealing.
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Figure 4.15: Phonon frequency dependence on the nominal CdSe coverage for the in-situ an-

nealed samples series (ISA) and for the conventionally grown Dots (CGD)

that the Cd concentration of the QD for the high coverages is signi�cantly lower and/or
partial strain relaxation has occurred.
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4.4 QDs formed by a-Se assisted growth

Following an idea of (RAB+06), the growth procedure of these QDs involves the following
steps. The CdSe layer is grown at a substrate temperature of 230°C. Subsequently, the
sample is cooled down to approx. 50°C (in 45-50min). In the following step, a 45nm thick
amorphous Se-cap layer is grown. During the subsequent temperature ramp up to 280°C
for the ZnSe overgrowth, the Se is desorbed while the QD structures are formed. For
samples without the ZnSe cap, the AFM analysis reveals large and isolated QDs which
however show a signi�cant size spreading (heights vary from 4 to 15nm) (MKA+07).

4.4.1 PL-Measurements

The PL spectra were recorded at a sample temperature of around 80 K and the excitation
energy was 2.71 eV (457 nm). The sample series shows a nice linear correlation between
the nominal CdSe coverage and the corresponding PL peak energy. The FWHM reveals
a monotonic increase with rising CdSe coverage, the only exception is the value for the 2
ML sample. One possible explanation could be a broader size and/or Cd-concentration
distribution than for 3ML sample. This broadening has to be symmetric to the high and
the low energy side as the PL peak energy of the 2 ML sample �ts nicely in the linear
trend. For the 3 ML sample the decreased FWHM denotes a better homogeneity.

Figure 4.16: PL spectra of samples with di�erent CdSe coverages prepared by the amorphous

Se method.
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Figure 4.17: 80 K PL peak energy position and FWHM of samples with di�erent CdSe
coverages prepared by the amorphous Se method.

4.4.2 Raman measurements

The Raman spectra were also recorded at 80 K. For the 1 ML CdSe sample the evaluation
of the Raman spectra is hampered by the dominating underlying PL intensity for the
457 nm excitation wavelength and by the strong straylight intensity for the remaining
excitation energies (�g. 4.18 part (a)). The derivation of the peak position basically only
reveals the ZnSe LO phonon. The analysis of the QD-phonons of the 2ML sample is
performed for the 457nm and the 477nm laserline. Both excitation energies yield spectra
with phonons from the QDs and also the GaAs LO phonon is visible. The occurrence of the
GaAs phonon in spite of the light absorption in the QDs is due to the very small thickness
of the QD layer and possible areas of low Cd content. For the remaining excitation energies
no signi�cant phonon scattering intensity from the QDs are visible. This behaviour is
di�erent for the 3 ML sample. Here the only excitation energy which is below the QD
layer gap is the 514 nm laserline. However a QD phonon signal and the GaAs phonon are
marked. Usually an excitation far below the PL emission energy results in negligible QD
phonon contribution to the Raman spectra. This is a �nding from the samples produced
by the other fabrication methods. However the spectra for the other excitation energies �t
well in the framework of the resonant Raman spectroscopy, as the signal intensity of the
QD vibration is increasing with the excitation energy getting closer to the PL energy of
the QD layer. Best seen when comparing the spectra of the 457 nm excitation wavelength
consisting of ZnSe, QD and GaAs phonons with the other wavelengths (477, 488 and 496
nm). Here the spectra are dominated by the QD vibration signal. This characteristic
is unchanged for the 4 ML sample, except for the fact that no excitation below the QD
PL energy is possible with the employed Argon-Ion laser. The evaluation of the phonon
energies in this case involved subtracting the background signal of the spectra by a linear
function or by an exponential function depending on the course of the background signal.
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The background signal can originate from the PL of the QDs or from laser straylight
entering the monochromator resulting in an exponential signal increase towards the laser
line at zero wavenumber.
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Figure 4.18: 80 K Raman spectra of the sample series with di�erent nominal CdSe cov-
erages prepared by the amorphous Se method.

4.4.3 Cd-"loss" and nominal coverage

This subsection describes the analysis of a series of samples, grown by the a-Se decap
method, which were designed for the purpose of determining the possible Cd di�usion by
the X-ray interference method. The basics of this concept are described as follows: The
thickness of an MBE grown layer is normally determined by the time the cell shutter is
open. The relation between growth time and layer thickness is achieved with a very high
accuracy by calibration samples, in which the MBE layer of interest is overgrown by an
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Figure 4.19: Phonon energy dependence on the CdSe coverage of samples prepared by the

amorphous Se method (T = 80 K).

epitaxial cap layer. With X-ray di�raction, the thickness of the layer of interest is deter-
mined from the X-Ray interference (XRI) pattern, which originates from the interference
of the X-rays, which are di�racted from the epitaxial cap layer and those from the mate-
rial below the layer of interest. The thickness of the latter layer of interest determines the
phase di�erence of both interference contributions, and thus the di�raction pattern. In
this way, layers with very precise nominal thicknesses in the submonolayer range can be
produced. When growing these QD samples and analyzing the CdSe coverage afterwards
there was a signi�cant discrepancy between the nominal deposited CdSe amount and the
actual thickness, determined by interference fringes in XRI. As it became clear that this
was a systematic deviation the question arose where the Cd "went". In principle there
are di�erent possibilities of the Cd "loss".

� The Cd desorbs during growth of the QDs.

� During the QD growth or overgrowth the Cd is incorporated in the ZnSe layer
beneath or above the QDs. It is also possible that the Cd is incorporated in both
ZnSe layers.

� Another possibility is that the XRI method has its limits when analysing dot layer
thicknesses (Esc07),(Mah07).
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To analyze this deviation a sample series with �ve di�erent CdSe thicknesses dCdSe was
grown 4.1. The desorption temperature for the amorphous Selenium in this case was
chosen to 230°C which was also the temperature for the ZnSe cap growth.

sample: nominal dCdSe (ML)
CB3205 0,9
CB3206 1,7
CB3207 2,2
CB3208 2,6
CB3209 3,0

Table 4.1: Nominal number of deposited CdSe monolayers in a-Se decap sample series,
grown for X-ray interference analysis.

The Cd-loss of these samples is depicted in �g. 4.20. In the �gure the ordinate is
de�ned by ∆d = dnominal − dmeasured.

Figure 4.20: Nominal deposited CdSe thickness and the CdSe de�cit (in monolayers of
CdSe) (from (Esc07)).

In Raman spectroscopy, as already observed on other QD samples the ZnSe-phonon
showed a slight shift in its frequency (esp. for high CdSe coverages). So the idea was to
investigate whether there was a link between the determined Cd-loss and the ZnSe-phonon
shift. With this information it is easy to conclude whether the Cd desorbs during growth
or is at least partly incorporated into the ZnSe matrix. Raman spectra were recorded
from the sample series, listed in tab. 4.1 with all available excitation wavelengths. As
the focus of the evaluation here concerns the small shift of the ZnSe LO phonon, special
attention has to be paid to the wavenumber accuracy. Therefore, the analysis of the peak
position was performed in the following way. The peaks from the ZnSe, GaAs and CdSe
were �tted with Lorentzian pro�les and the energy distance between ZnSe/CdSe and the
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GaAs signal was determined �g. 4.21. The GaAs signal position was used as a reference
position of the spectrum so that also possible small inaccuracies in the monochromator
calibration were compensated. The peak �ts were performed for all laserlines whenever
possible as the evaluation needs a visible GaAs and ZnSe signal. This can be hindered by
the photoluminescence background or too weak Raman signal intensity from the ZnSe or
GaAs depending on the excitation energy. The determined phonon position are comprised
in 4.23. The dependency of the QD phonon position on the nominal CdSe thickness shows
the expected linear course. However the shifted ZnSe LO phonon position has a minimum
in its vibration energy for the nominal CdSe coverage of 2.6 ML. For the higher coverage
the vibration energy is increased again, however it is still signi�cantly lower than the bulk
ZnSe LO phonon energy.

Figure 4.21: Exemplary 80 K Raman spectra of the 0.9 and 2.6 ML sample. For the 2.6

ML spectrum the �t (violet) of the LO phonon peak structure, consisting of the sum of two

lorentzians, representing the LO-ZnSe (green) and the LO-QD (red) is also shown.

In conclusion the Cd-loss derived by XRI is consistent with the ZnSe-phonon shift
measured by Raman spectroscopy. This is a clear indication of Cd-embedding in the
ZnSe matrix. The loss of 0.7 ML of Cd for the 2.6 ML sample results in a local Cd-
concentration of around 15% in the ZnSe-matrix, indicating an inhomogeneous alloying
of the ZnSe matrix by segregated Cd. As the 3ML sample reveals a decreased Cd-loss
and a decreased Cd-embedding in the ZnSe, this suggests a stabilization of the QDs. This
hypothesis is backed by the fact that for conventionally grown samples with high QD
density, the CdSe islands do not grow to the size wich is required for the stabilization of
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Figure 4.22: Comparison of the intended nominal CdSe coverage θnominal and the thickness
θXRI derived by X-ray interference (from (Mah07)).

Figure 4.23: Phonon frequencies vs. nominal CdSe coverage
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the QDs. This results in a monotonic increase of the Cd-concentration in the ZnSe-layer.
The assumption of segregation is supported by the low surface di�usion length of Zn/Cd
and the high strain between ZnSe/CdSe.

4.5 QDs formed by a-Te assisted growth

4.5.1 PL-Measurements

This section describes a samples series in which the QD formation was achieved by utilizing
an amorphous Tellurium layer, which was subsequently desorbed. Thus, this sample series
is an analogon to the amorphous Selenium assisted growth method. After the desired CdSe
coverage was deposited, the sample was cooled down to approx. 50°C and a 10 nm thick
amorphous Tellurium layer was applied. Subsequently, during the temperature ramp up
to desorption temperature of TD = 280°C, the tellurium was desorbed and "assisted"
in the meantime the QD self-assembly. Finally, an epitaxial ZnSe cap layer was grown,
whose thickness was around 45 - 50 nm.

Figure 4.24: 300 K photoluminescence spectra of amorphous Te assisted QDs

The RT PL (�g. 4.24) of this sample series reveals some considerable di�erence to the
other sample series concerning peak positions and halfwidths. This will be discussed in
detail in the following.

The PL spectrum of the 1 ML CdSe sample consists of a single gaussian peak at an
unexpected low energy of 2.28 eV and a signi�cant ascent towards the excitation energy
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of 2.71 eV. This strong rise is only seen in the 1 ML sample. The singular intensity
maxima in the high energy part of the spectra are due to Raman scattering from phonons
whereas the origin of the remaining background intensity is unclear. The halfwidth of the
gaussian peak amounts to the very high value of 252 meV. This is around a factor of 10
higher than for conventionally grown QDs. At �rst glance, this might suggest completely
di�erent properties of this QD structure.

Figure 4.25: Gaussian �ts of the 300 K PL of amorphous Te assisted 1 ML QDs

The 2 ML sample also gives a rather broad PL peak, as shown in Fig. 4.26. In contrast
to the 1 ML case, now at least three gaussians are required for an accurate �t of the PL
structure. The corresponding parameters of the gaussian �ts are listed in 4.2. Interestingly
the energy position of the peak with predominant intensity (nr. 2) corresponds to the
single peak of the 1 ML sample, although with a decreased halfwidth. The low energy peak
at 2.20 eV was not seen before and additionally is also very broad (FWHM = 0.279 eV).
The high energy peak 2.48 eV only has a small but non-negligible intensity. The energy of
this peak coincides with the position of conventionally grown QDs. As this peak is seen at
300 K where the excitons can perform a higher lateral di�usion before recombination, this
indicates substantially extended regions of the layer without QDs with low gap energy.
Otherwise virtually all excitons would di�use into these energetically favourable dots and
the recombination would occur at the corresponding energy levels.

The PL spectrum of the 2.3 ML sample basically consists of two gaussian shaped
peaks. The high energy peak comprises the main intensity. Its position (2.19 eV) matches
the low energy peak of the 2 ML sample. This is reasonable as the energy levels should
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Coverage (ML) Peaknumber Peakposition (eV) FWHM (eV) rel. intensities
1 1 2.28 0.252 1
2 1 2.20 0.279 0.508

2 2.29 0.156 0.468
3 2.48 0.110 0.024

2.3 1 2.08 0.244 0.169
2 2.19 0.187 0.831

2.5 1 2.09 0.291 0.449
2 2.17 0.182 0.515
3 2.40 0.139 0.036

Table 4.2: Compilation of the peak positions, halfwidths and relative intensities of the
gaussian peaks, which constitute the PL spectra of the samples prepared by the Te-assisted
growth process itemised by the amount of the nominally deposited CdSe (1-2.5 ML)

Figure 4.26: Gaussian �ts of the 300 K PL of amorphous Te assisted 2 ML QDs

decrease with increasing CdSe thickness. The additional low-intensity peak at 2.08 eV
owns a high halfwidth of 0.244 eV. The PL spectra of the 2.5 ML sample also owns the
two peaks at 2.09 eV and 2.17 eV already seen in the 2.3 ML sample but surprisingly
additionally contains a new high energy peak of 2.40 eV.
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Figure 4.27: Gaussian �ts of the 300 K PL of amorphous Te assisted 2.3 ML QDs

Figure 4.28: Gaussian �ts of the 300 K PL of amorphous Te assisted 2.5 ML QDs
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Figure 4.29: PL peak position dependency on CdSe coverage. The dot size indicates the peak

height. The green dot indicates the center position of the spectral weight.

In graph 4.29 the PL peak positions of the sample series are illustrated. The peak
heights of the �ts are indicated by the dot size. This does not allow the comparison of
the intensity between di�erent samples but visually represents the intensity ratio for each
sample separately.

The green dots in �g. 4.29 represent the center position of the spectral weight. They
clearly con�rm the trend of a decreasing PL energy with increasing CdSe coverage. The
very broad PL signatures persist also at low temperature, even down to 1.6 K (Kie). This
essentially T-independent broad PL will turn out to hamper the Raman experiments
considerably (section 4.5.2). When evaluating the PL spectra of this sample series, it
is insu�cient to consider for the assignment of the PL peaks only recombination at the
gap of the QDs. In fact the Tellurium incorporation in the ZnSe and additionally in
the CdSe has to be taken into account. Tellurium atoms or clusters in ZnSe act as
isoelectronic centers with a distinct photoluminescence signature. Pairs of Te atoms
give rise to the S1 emission around 2.64 eV (also called blue-emission) and clusters with
more than two atoms emit the so called S2 intensity around 2.50 eV (also referred as
green emission). For low temperature PL unequivocally a strong intensity of these peaks
was reported, while the temperature dependent intensity seems to be sample-dependent.
Claims imply persistence of the S1 beyond 95 K and of S2 up to 200 K (DGH+92),
persistence of both peaks up to 180 K (CCS+08), and of S2 up to 300 K (SKI+08).
The reasons for this di�erent behaviour are unclear but it could be for example the
crystalline quality as the samples from (DGH+92) are grown by MOVCD and the others
by MBE. Nonetheless the common property of the reported results is the remarkably
high FWHM of the PL signal from the isoelectronic centers (in excess of 100 meV for all
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measurement temperatures and regardless of originating from the S1 or S2 luminescence
(SKI+08),(TIT+95),(GKvdV+05)). For this reason the PL signature of the sample series
is analyzed with regard to additional PL intensity from Tellurium atoms in ZnSe. For the
1 ML CdSe sample which shows two features: a pronounced broad peak at 2.28 eV and
also luminescence in the range from 2.6 eV to 2.71 eV, the broad peak is assigned to the
Tellurium, as from the other growth procedures 1 ML CdSe never gave intensity at such
low energy values. Also it would be quite surprising if the 1 ML CdSe in this case is not
consumed to build up the wetting layer for the QDs. Also seen from �g. 4.29 the peak
position does not �t in any way in the dependency of the nominal coverage vs. peak energy
position. The conclusion is the following: The broad peak is Tellurium based and the
signal from the wetting layer is in the range of 2.6 eV to 2.71 eV and may be additionally
reduced or even quenched if the excitons from the wetting layer are recombining in the
neighbouring Tellurium doped ZnSe layer. For the higher CdSe coverages there can be
in principle four recombination channels. CdSe luminescence may arise from the wetting
layer and from the QD structures. Moreover, the Tellurium can contribute by S1 and S2
isoelectronic centers. For the 2 ML sample, the main peak at 2.29 eV, which was also seen
on the 1 ML sample is explained in terms of the S2 luminescence of Tellurium. The weak
high energy peak (2.48 eV) of the spectrum is most probably due to the S1 luminescence.
The QD luminescence can explain the small peak at 2.20 eV. As the coverage is rather
low only few large QD-like structures can develop. Because of the low QD density, for a
considerable part of the S2 centers the associated wave functions have no spatial overlap
with a QD, and the PL of the S2 is not totally quenched and the spectrum consists of
both signals. For the 2.3 ML sample the peak at 2.19 eV is only slightly shifted to lower
energy, meaning that the size of the QDs does not signi�cantly change but the density
increases. The density increase can also explain the quenching of the S2 luminescence as
the QDs "steal" its intensity and circumvent the S2 signal contribution. In addition, it
is likely that some Tellurium is incorporated in the QDs, this results in a lowering of the
QD PL energy. This could explain the peak at 2.08 eV and is also backed by the fact
that the low energy tail of this peak reaches down to the bulk bandgap value of pure and
unstrained CdSe. In the examined pseudomorphic samples a total relaxation to the bulk
values of CdSe is highly unlikely as it should be detected by the X-ray measurements and
also result in crystal defects. So the Tellurium incorporation in the QD is more or less the
only possible way to shift the energy to such low values. For the 2.5 ML sample this trend
continues. The QDs tend to be a bit bigger and their energy is redshifted. Although, the
main di�erence to the 2.3 ML sample is that the luminescence contribution of the QDs
is increasing. The small peak at 2.40 eV may be assigned to S1 and/or the wetting layer
luminescence. Te incorporation in the QD is probably favoured by their larger extent
and also by some degree of relaxation. Therefore the lattice mismatch is reduced. So for
higher coverages it is reasonable to conclude that the CdSe dots contain some Tellurium.
This explains the low-energy tail of the PL spectrum.
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4.5.2 Raman results

As seen in the previous section, the PL of this sample series is very broad and almost
totally covers the energy range which is accessible with an Argon Ion excitation source.
For the 1 ML and 2.3 ML coverage this means that for the measuring temperature of 80
K the excitation energy values coincide with the PL energy. Therefore the Raman spectra
�g. 4.5.2, 4.5.2 are completely obscured by the strong PL signal. For the 2 ML and 2.5
ML samples it was possible to get Raman spectra for the 457 nm excitation wavelength.
They show two partially overlapping peaks, which are representing the lattice vibration
of the ZnSe matrix and the QDs (�gs. 4.31). With the 477 nm excitation wavelength, the
2.5 ML sample also shows a Raman signature (251.3 cm−1) on top of the quite strong PL
background which is in the range of the QD vibration. Due to the interfering PL intensity
this Raman result should be treated with care. The other excitation energies overlap with
the PL signal and yield no evaluable phonon information of the samples. The results of
the 457 nm and 477 nm excitation are listed in �g. 4.32. For this sample series it was not
possible to employ resonant Raman conditions and derive vibration information of wetting
layer and QDs separately. Nevertheless, the spectra con�rm a clear similarity with the
Raman spectra of the former series. Although the morphology and the PL results are
quite di�erent to the other growth methods, the determined vibration energies are in the
same range. However a quantitative assessment of the possible Tellurium incorporation in
ZnSe oder CdSe can not be given, due to the fact that Tellurium and Cadmium both shift
the ZnSe LO frequency in the same direction. If the Tellurium is included in the QDs then
it most likely should be in the top region of the lesser strained part. This is accompanied
by a low local bandgap therefore resonant Raman conditions are not applicable because
of the strong PL background.

Figure 4.30: 80K Raman spectra of the Te-assisted growth of 1 ML (left side) and 2.3
ML (right side) CdSe QDs.
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Figure 4.31: 80K Raman spectra of the Te-assisted growth of 2 ML (left side) and 2.5
ML (right side) CdSe QDs.

Figure 4.32: Phonon frequency dependence on the nominal CdSe coverage at 80 K measurement

temperature

An alternative way to derive Raman results from this sample series was to increase
the measuring temperature to 300 K. This is an uncommon way but in this special case
the PL redshift was higher than the halfwidth increase and so it was possible to gain
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Raman spectra without the interfering PL background signal. For the 457 nm excitation
the spectra of the di�erent CdSe coverages mainly consist of the resonant excitation of
the LO-phonon of the ZnSe matrix �g. 4.33 . This is seen by the triangular lineshape and
the peak position at 253 cm−1. The resonance is so high that the GaAs LO signal in this
case is completely covered by the PL background and the ZnSe LO-signal. Besides the
ZnSe vibration there are no indications of other Raman signals. The excitation with 477
nm wavelength photons reveals the GaAs LO-phonon and a shifted ZnSe-like LO-phonon
at around 250 cm−1 �g. 4.34. As the peak position spreading in the sample series is only
0.7 cm−1 (analyzed by �tting the GaAs LO and the ZnSe-like phonon and determining
the energy di�erence between both values), one can safely conclude that this is not a
vibration signal of the QDs. The di�erent size and/or composition of the QDs results in a
changed phonon energy and this should be seen in the Raman measurement if the signal
is from the QDs. However, it is rather di�cult to ascertain whether this is the Raman
signature of the wetting layer (which should stay more or less the same in between the
sample series) or a signal from either Cd or Te incorporation in the ZnSe matrix.

Figure 4.33: 300 K Raman spectra of the Tellurium assisted growth sample series, excited by

457 nm laserlight.
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Figure 4.34: 300 K Raman spectra of the Tellurium assisted growth sample series, excited by

477 nm laserlight.
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4.6 Uncapped QDs

All the optical investigations which were reported in literature up to now for CdSe quan-
tum dots on ZnSe were performed on QDs with an epitaxial overlayer, whereas the AFM
studies were carried out on samples with uncovered QDs which were transported to the
AFM setup in air. This bears for the AFM studies some uncertainty whether the QD
layer undergoes changes under the environmental in�uence of air and moreover, for the
optical studies it is unclear whether the morphology was changed due to the overgrowth
with ZnSe as this impresses additional strain from the top on the CdSe layer. Besides,
during the ZnSe epitaxy process also di�usion of Cd in the ZnSe can occur as shown in
TEM-pictures of this material system (�g. 4.3). In order to bridge this gap between opti-
cal spectroscopy and AFM analysis and avoid the imponderabilities mentioned above, one
aspect of this thesis is Raman spectroscopy on uncapped QDs. This approach requires
UHV conditions, for which purpose a dedicated UHV-optics vessel is employed. The aim
of this Raman analysis is the observation of various stages of the development from a
CdSe-layer towards the QD structure by annealing steps. Among the various procedures
for QD formation, which were discussed above, the amorphous-Te or a-Se assisted QD
formation procedure is the most eligible for this purpose. The a-Te or a-Se layer now has
an additional function: beside its original role in the QD formation, it also protects the
CdSe from environmental in�uences during the transfer under ambient conditions from
the MBE to the UHV-optics vessel. As an additional protection, a double cap may be
applied, e.g. an amorphous Selenium layer may be deposited on top of the a-Te layer
(depicted in �g. 4.35). The amorphous Se or Se/Te double cap method for the sample
transport in air was already successfully employed for BeTe(001) surfaces (WWH+03) and
for ZnSe(001) (DSZ+96).

GaAs-substrate 

GaAs-buffer 

60nm ZnSe 

60nm α -Te cap 
1 μm α-Se cap 

3ML CdSe 

GaAs-substrate 

GaAs-buffer 

60nm ZnSe 

1 μm α-Se cap 

Figure 4.35: Sample layout employed for the UHV Raman analysis of uncapped CdSe-layers.

The Te/Se or Se single cap are environmental protection during transfer and assist the QD

formation during the decapping process.

Prior to the Raman analysis of the QDs, the cap is removed by thermal desorption
under UHV-conditions in the optics vessel. The accomplishment of the desorption is
checked by Raman spectroscopy, utilizing the Raman-active phonons of Se and Te.

Here, the description of the Raman analysis starts with the observation of the decap-
ping, followed by the monitoring of the quantum dot formation in a series of annealing
steps.
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4.6.1 Decapping procedure

The sample structures for the Raman analysis of uncapped QDs (CdSe-thickness 3 ML)
are shown in �g. 4.35. In both cases the Se-cap thickness is 1 µm, while for the double-cap
additionally an underlying 60 nm Te layer is employed.

After their transfer to the UHV-optics vessel, the capped samples were analyzed by
Raman spectroscopy before starting the decapping procedure. For recording this Raman
spectrum a single-channel detector (photomultiplier) had to be applied instead of the
OMA-based multichannel detection mode, as the rough surfaces of the cap layers induced
too much straylight for the OMA detector, especially in the range below 200 cm−1, which
is required for the Raman detection of Te. This single-channel recording resulted in
a signi�cant enhancement of the acquisition time. Moreover, the maximum excitation
power of the laser was limited by the requirement of avoiding local decapping in the focus
area by laser heating. These restrictions led to Raman spectra with an enhanced noise
level, �g. 4.36.

Figure 4.36: 300 K Raman spectrum of the double cap layer sample before annealing (left
side) and after thermal removal of the Se cap (right side). Excitation wavelength in both
cases: 514nm.

Nevertheless the phonon vibration of the Se at 236 cm−1 (LMT+67) and the A1 mode
at 124 cm−1 and the E-mode at 143 cm−1 (PD71) of the Te cap are clearly visible. The
peaks are assigned to crystalline Tellurium, because for amorphous Te vibration energies
around 157 cm−1 were reported (BGSY72). The slight shift (3 cm−1) of both observed
mode frequencies with respect to the reported values for single crystal Te in (PD71) is
attributed to the micro- or nanocrystalline character and possible local strain of the very
thin Te layer. The photon energy for this spectrum was chosen to be as low as possible to
ensure a high penetration depth. However it is obvious from the spectrum that only the
Se and Te layer are probed as there is no detectable Raman signal from the underlying
CdSe, ZnSe and GaAs. Therefore no PL spectrum of the capped sample was recorded.
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Figure 4.37: 300 K Raman spectrum of the double cap layer sample after thermal removal of

the Se and Te cap layer, excited by 514 nm laserlight.

For desorbing in the �rst annealing step the protective Se cap layer, the sample was
heated to a temperature of 130°C for about an hour. During this annealing step the
surface changed from a dull to a glossy look indicating the removal of the Se-layer. This
assumption is backed by the spectrum �g. 4.36 where there is no indication of remaining
Se as it only consists of the crystalline Te vibration signal.

Subsequently, the Te cap was removed by annealing the sample at the elevated tem-
perature of 230°C for an hour.

The Raman spectrum after this second annealing step con�rms the removal of the
Te layer �g. 4.37. The di�erence with the reported Te desorption temperature of 260°C
(WWH+03) is most probably due to the limited accuracy of the coupling of the thermal
sensor. In detail, the successful Te desorption is con�rmed by the clear occurrence of the
GaAs LO phonon, and even more accurately by the absence of any Raman signature
of Tellurium. The latter criterion is a very strict one, because the pronounced Raman
activity of Te vibrations even allows the observation of a single monolayer, as shown
previously for Te-dimers on a BeTe surface (WWG+02).
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4.6.2 Annealing-induced QD formation

In the following, Raman spectra are discussed which were taken to evaluate the CdSe-
and ZnSe-phonon behaviour during a series of annealing steps. For reasons of accuracy,
these spectra were taken at liquid nitrogen temperature after each annealing step.

Figure 4.38: 80 K Raman spectra of the decapped sample for all Argon-laserlines normalized

on the GaAs LO phonon.

As an introduction, �g. 4.38 shows a series of Raman spectra of a decapped sample,
taken with laser lines from 2.71 eV to 2.41 eV. The essential result is the twin peak in the
range 250 -260 cm−1 in the spectrum of the 2.71 eV laser line. The upper peak at 257.1
cm−1 originates from the ZnSe layer. Much more interesting for the QD formation is the
lower peak at 253.4 cm−1, which originates from the CdSe, as shown also in the previ-
ous sections. Its occurrence here for the uncapped CdSe is crucial, because this surface
layer is not accessible by conventional optical analysis by photoluminescence because of
nonradiative surface recombination processes.
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Figure 4.39: 80K photoluminescence spectrum after the decapping procedure (left hand
side). Detailed section of the ZnSe PL signal (right hand side
.

The absence of the CdSe-induced PL is clearly shown in �g. 4.39, which is in strong
contrast to all former PL-results on capped QDs, which showed an extraordinary high PL
e�ciency, centered in the green spectral range between 2.4 eV and 2.5 eV for 3 ML CdSe
coverage. Therefore, the Raman signature constitutes the only optical tool for analysing
the uncapped CdSe.

When comparing the various spectra in �g. 4.38, note the extraordinary resonance
behaviour of the CdSe-induced peak. Its intensity is strongly coupled to its twin partner,
the ZnSe-LO-peak. Both appear prominently for excitation at 2.71 eV, and strongly
reduced at 2.60 eV, and even weaker for the other laser lines. This is the typical ZnSe
resonance pro�le and in strong contrast to the behaviour of the capped QDs, discussed
above, which have their own maximum in resonant Raman e�ciency, coinciding with their
PL peak energy.

The ZnSe-related Raman resonance behaviour of the CdSe-derived phonon and the
absence of the PL-signature of the uncapped QDs have a common explanation: Because
of the surface-induced non-radiative decay of the QD-excitons, the Raman scattering
process of the CdSe-related phonon can only occur when the virtual electronic transitions
in the underlying ZnSe act as mediators in the photon-phonon interaction. This spatially
indirect process occurs due to the non-vanishing penetration of the ZnSe orbitals into the
CdSe-layer.

Prior to discussing the behaviour of the CdSe- and ZnSe phonon during annealing,
�rst the PL spectrum (left hand side of �g. 4.39) is considered in more detail. Its essential
features are the GaAs-peak around 1.5 eV and the ZnSe PL structure, centered at about
2.8 eV. The latter has a multiple peak shape, shown in more detail on the right hand
side in �g. 4.39. Two of these peaks are assigned to excitonic recombinations XLH and
XHH , split due to strain in the ZnSe layer. Biaxial strain in a zincblende semiconductor
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layer results in a splitting of the heavy and light hole exciton (RCC+91). With the lattice
parameters of ZnSe and GaAs (MBH+94), the thermal expansion of ZnSe and GaAs
(LB99),(S.82), the sti�ness constants of ZnSe (H.70), the hydrostatic potential and the
deformation potential (SOVdW88) the calculated energy splitting amounts to 12 meV
at 80 K. This value almost matches the energy di�erence of the peaks XLH and XHH ,
which is about 13 meV. The small deviation of 1meV can be mainly explained by the
uncertainties of the parameters employed for the calculation, e.g. the lattice parameter of
ZnSe at 80 K (only linearly approximated) or the temperature dependence of the sti�ness
constants.

The remaining four peaks P4-P1 belong to LO phonons. They originate from high-
order Raman scattering of the incident laser light (406 nm, 3.05 eV). Their intensity is
resonantly enhanced, because of the proximity of the outgoing photons to the exciton
energy (outgoing Raman resonance). This assignment is underscored by the temperature
dependence of the peak positions in the range between 80 K and 140 K. The peaks XLH and
XHH have a temperature coe�cient of 0.33 meV/K and 0.38 meV/K, respectively, while
the coe�cient of the other peaks is below 10−2 meV/K. This �ts well with the expected
values for excitonic and phononic anharmonicity e�ects. The very strong enhancement of
high-order LO Raman scattering at the exciton energy is a consequence of the pronounced
polarity of the LO-phonon in II-VI compounds. The high FWHM of the phonon peaks
(about 5 meV) re�ects the spectral width of the exciting laser diode. It inhibits the
deconvolution of the peaks into ZnSe-induced and possible ZnCdSe-induced contributions.

Now, the attention will be focused on the annealing behaviour of the CdSe- and ZnSe-
phonon, which constitutes the main objective of this section. Because of the resonance
enhancement, which was shown in �g. 4.38, the 457 nm laser line is applied for this pur-
pose. The results for the Se-cap sample are shown in �g. 4.40 for annealing temperatures
up to 310°C.

Starting from the �rst annealing step at 80°C, the twin peak with its narrow con-
stituents appears. This structure persists up to the highest applied annealing tempera-
ture. The ZnSe phonon position amounts to 257.3 cm−1 and remains constant throughout
the annealing. The initial CdSe phonon position is 255 cm−1. This peak is actually shifted
during the annealing. In �g. 4.41, its spectral position is plotted, together with the ZnSe
LO-phonon position. Obviously, a step-like redshift of 0.7 cm−1 occurs between 200°C
and 230°C.
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Figure 4.40: 80 K Raman spectra of an a-Se-capped 3ML CdSe sample at RT and after decapping

and application of various annealing steps. Laser wavelength: 457 nm.

Figure 4.41: Peak positions (left side) and FWHM (right side) of the CdSe and ZnSe
phonon peaks after removal of the Se-cap and application of di�erent annealing steps.

In principle, such a peakshift may be a �ngerprint of a change in composition and /
or strain. Considering the impact of a composition change, the observed redshift would
imply an decrease of the Zn-content in the (Zn,Cd)Se layer, i.e. a decrease of the inter-
mixing. In view of the temperature enhancement, this seems highly improbable. If any
thermally induced compositional change, one would expect an increased interdi�usion,
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step heat treatment
1 decapping of Te at 230°C for 1h
2 annealing at 280°C for 0.5h
3 annealing at 310°C for 0.5h
4 annealing at 310°C for 4.5h

Table 4.3: Synopsis of the heat treatment steps for the double cap layer sample

i.e. an enhanced Zn-content, re�ecting itself in a blueshift. Considering as the second
candidate for the peakshift a change of strain, one has to be aware that the starting po-
sition is a pseudomorphic CdSe-layer, i.e. a compressive strain, resulting in a blueshifted
peak. Then the frequency shift actually is a reduction of this blueshift, i.e. a partial
release of the compressive strain in the (Cd,Zn)Se layer. This e�ect is highly plausible in
the given sample situation. It may be considered as a result of an increased undulation
of the sample surface, the onset of QD formation. Finally, it should be noted that this
QD onset might also imply a combination of both e�ects discussed above: for a strong
undulation-induced strain relaxation together with a moderate increase of the Zn-content
by intermixing, the net e�ect may well be a redshift, as observed in the spectra.

An investigation along the same line was also performed for the double cap (a-Te
and a-Se) sample. However, in this case the study of the impact of the subsequent
annealing steps is hampered by the Te-desorption temperature, which is as high as 230°C.
By the inevitable exposure of the sample to this desorption temperature, the QD formation
process may well occur prior to the subsequent systematic annealing steps at more elevated
temperatures. Actually, this concern is con�rmed by the results, shown in 4.42. This plot
shows the CdSe- and ZnSe peak position after four consecutive annealing steps, whose
conditions are described in tab. 4.3. Obviously, already at the �rst stage the CdSe peak
has reached its �nal position, which value coincides with the high-temperature value of the
single-cap sample. Therefore it is concluded that the QD formation already has occurred
before, i.e. below 230°C.
When considering the peak widths, whose annealing dependence is also plotted in �g.
4.41 and �g. 4.42, the narrow shape of the CdSe peak is striking. Its FWHM values
for almost all spectra for the single-cap and the double-cap sample are below 3.3 cm−1

and 3.8 cm−1, respectively. These values are very close to the ZnSe peak width, and,
moreover considerably narrower than all values, registered for the ZnSe-overgrown QD
samples in the previous sections, which are about 7 - 13 cm−1. This indicates that the
inhomogeneous broadening due to Cd concentration �uctuations in the ZnSe-overgrown
samples essentially develops by intermixing during the epitaxial ZnSe overgrowth.
Finally, attention is paid to the broad background structure in the frequency range 200 -
250 cm−1 of 4.38. It appears very weakly, essentially only in the 514 nm spectrum. Thus,
its resonance behaviour is complementary to the CdSe- and ZnSe peaks. Therefore, the
systematic study of its development with annealing, is shown in �g. 4.43 from a series of
spectra which were recorded with the 514 nm laser line.

The peak structure corresponds to amorphous Selenium, its maximum originates from
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the A1-mode of trigonal Se (LMT+67), (BAM+91). The temperature dependence in the
range up to about 140°C compares with the report of the desorption of an a-Se cap
from ZnSe(001) (DSZ+96). Remarkably, the signature persists throughout the whole
temperature range up to the highest annealing temperature of 310°C and even increases
after the high-temperature annealing steps, although the Se cap layer should have been
completely desorbed by then. For possible explanations of the prominent occurrence of
the Se signal it must be considered that for the applied laser line the light absorption in the
Se is very strong (Eg = 2 eV (Fis72)), and resonant scattering by the Se vibrations occurs,
while the CdSe and ZnSe-modes are far o�-resonant. Besides, the sharp peaks of the CdSe-
and ZnSe-modes in the spectra of 4.40 do not give any indication for a deterioration of
the crystalline quality. Polarization dependent experiments also con�rm, that they ful�l
the Raman selection rules very well, which is not the case for the Se signature. Therefore,
the latter may be probably assigned to a very small fraction of Se inclusions and/or
(nano)-droplets, which cause no detectable deterioration of the remaining crystal volume.

Figure 4.42: Peak positions (left side) and FWHM (right side) of the CdSe and ZnSe
phonon peaks after removal of the Se- and the Te-cap and application of di�erent annealing
steps.



72 4. Epitaxial CdSe/ZnSe quantum dots

Figure 4.43: 80 K Raman spectra of an a-Se-capped 3ML CdSe sample at RT and after decapping

and application of various annealing steps. Laser wavelength: 514 nm.
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4.7 Comparison growth methods

Figure 4.44: Comparison of 80 K ZnSe and QD LO-phonon frequencies of the QD samples from

the di�erent growth techniques. The abbreviation in the legend denotes: MBE are from samples

by conventional MBE growth, ISA are samples from in-situ annealing, a-Se are samples from the

amorphous Se-cap layer, Cd-loss are the samples also prepared by a-Se and investigated in the

framework of the Cd-loss, and a-Te are from the amorphous Te-cap layer technique.

When concluding this chapter with a comparison of the results for the several investi-
gated series of samples with di�erent CdSe QD growth modes, �rst it can be stated, that
all those QDs which were overgrown with epitaxial ZnSe show a remarkably strong pho-
toluminescence e�ciency, notably already at 300K. The optimum e�ciency is achieved
at about 3 ML CdSe nominal coverage. The subsequent reduction is attributed to a
relaxation-induced formation of defects, which act as non-radiating centers. The photo-
luminescence peak position essentially shows a pronounced redshift with increasing CdSe
thickness. In addition, the FWHM-values re�ect a pronounced inhomogeneous broaden-
ing, attributed to the distribution of QD size and composition. All these features are
similar for the various epitaxially ZnSe-overgrown CdSe QD series, essentially indepen-
dent of the growth mode. The only exception are the QD samples produced by the a-Te
procedure. Here in addition to the photoluminescence signal of the QDs, a prominent
contribution of the PL intensity is the result of the isoelectronic Tellurium centers, incor-
porated in the ZnSe.

The Raman-derived peak position of the CdSe vibration mode from the QD and that
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of the ZnSe phonon for all growth techniques are summarized in �g. 4.44. Also in this
case a universal trend is observed for the several growth techniques: The CdSe-derived
mode shows a clear redshift with increasing CdSe thickness, while the ZnSe mode also
shows a redshift, although less pronounced. The evaluation of the QD phonon frequency
in terms of the (Cd,Zn)Se composition yields for the 5 ML sample a maximum Cd-content
of 45%. The Cd-concentration for the 3 ML samples from the di�erent growth methods
ranges between 21% and 37%. These values are in contrast to the high TEM-derived
Cd-concentration for nominally similar CdSe QDs from (LSR+08) but are consistent with
the Cd-concentration from TEM, derived by (PRG+00) shown in �g. 4.3.

By the Cd-"loss" analysis it was found that there is a correlation between the missing
Cd in the XRI measurements and the phonon shift of the ZnSe. Therefore it can be
concluded that the missing Cd is not solely desorbed during the ZnSe overgrowth but is
incorporated in the ZnSe. This results in the formation of ternary (Zn,Cd)Se with locally
up to 15% Cd intermixing.

For the uncapped samples the QD photoluminescence is quenched by surface traps.
Therefore only the Raman spectrum gives optical information from these QDs. During
step-annealing of Se-desorbed QDs (3ML), an obvious redshift of the QD LO phonon
occurs at annealing temperatures of 200 - 230°C, which is explained by a reduction of the
strain in the CdSe layer. This is interpreted as a morphology change of the layer towards
more distinct QD structures. A compositional change due to increased intermixing with
Zn or a thinning of the CdSe would result in a blue shift of the QD phonon frequency. So
the e�ect of the morphology change at least constitutes the main if not solely contribution
of the phonon redshift. This interpretation is underscored by the stability of the ZnSe
LO frequency against the annealing steps: it remains constant and approximately at the
bulk ZnSe frequency. This �nding also implies that the moderate ZnSe phonon redshift
which is observed for the capped QDs originates from the upper ZnSe epilayer due to Cd
intermixing during overgrowth.



Chapter 5

n-ZnSe/n-GaAs Interfaces

5.1 Introduction

After having studied in the previous chapter the stoichiometry of quantum-dots by means
of Raman spectroscopy from the lattice vibrations of the ternary CdxZn1−xSe, this method
will be applied in this chapter for studying the interface between doped ZnSe and GaAs
for di�erent procedures of the ZnSe growth start, which result in a large impact on the
interface. Electrically this manifests itself by a drastic change of the resistance value.
Raman spectroscopy o�ers the unique ability of a non-destructive analysis which gives
besides speci�c information of each side of the interface. This possibility is applied in the
framework of the investigation of the in�uence of the di�erent growth start procedures
of ZnSe on GaAs on the electronic properties of this doped heterolayer system. The
focus is on the band potential characteristics, as this is of fundamental importance for
spin dependent applications like the spin injection from a dilute magnetic semiconductor
(DMS) into GaAs (RMG+99),(GAK+07), or for optical studies of coupled quantum wells
in II-VI/III-V heterostructures (TSS+05),(TSS+06). These spin dependent devices are
very sensitive to the electronic band characteristics (band o�set and band bending) at the
interface.

ZnSe on GaAs is serving as a prototypical system as it has been thoroughly investigated
for more than 20 years. Raman spectroscopy has taken a prominent place in these in-
vestigations, which include samples from di�erent growth methods like MBE (BBLG93),
hot-wall epitaxy (JYH+03), (YNO+02), metal-organic vapor-phase epitaxy (MOVPE)
(KAC+99), (PRB+91), pulsed Laser deposition (PLD) (GI99) or chemical vapor depo-
sition (CVD) (LKK+94). Additionally, Raman spectroscopy was also applied for in-situ
growth monitoring (RZ98), (DLRZ94).

The electronic characteristics were analyzed by the band bending (ZTHH01), (WHW+02)
or the doping of the layers (KJL+97), (SOP92), and by the generation of photocarriers
(HCLLL+97). The optical properties were addressed by photoluminescence while X-ray
characterisation and Raman spectroscopy were employed to analyze structural properties,
strain and relaxation (BBLG93), (Bra92), (BDK92).

However, no systematic study of the in�uence of the ZnSe growth start procedure (i.e.

75
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the formation of the ZnSe/GaAs interface) on the band bending and carrier depletion
layers in the interface region has been reported up to now.
From the viewpoint of fundamental physics, the heterovalent interface between a III-V
and a II-VI layer poses a major challenge as the bonds from the two layers can not be
perfectly matched. Additionally thermodynamic considerations reveal that a consum-
mately abrupt interface of heterovalent layers is unstable. (FTdM+91). Depending on the
initial conditions, di�erent atomic rearrangement and intermixing e�ects take place. The
resulting atomic con�guration at the interface determines the interface dipole moments,
which have a strong in�uence on band alignment and depletion layers (KN94). Therefore
the electronic properties may highly depend on the interface stoichiometry which can be
intentionally altered by the growth start conditions of the interface. In order to study the
e�ect of the growth start conditions on the electronic properties, i.e. the depletion layers
and the conduction band barrier, a series of n-doped ZnSe/GaAs(001) heterostructures
was grown by molecular beam epitaxy (MBE) with a controlled pre-deposition of di�erent
amounts of Zn or Se in the fractional monolayer range at the growth start of the ZnSe
layer on the GaAs.

Figure 5.1: Schematic layout of the ZnSe/GaAs(001) sample series employed for the ZnSe-

growth start in�uence on the electrical properties.

The sample layout is depicted in 5.1, it consists of an epiready n-doped GaAs-substrate(001)
(Nd =1-5·1018 cm−3) which was overgrown with a 200 nm thick GaAs-bu�er layer (Nd

=3·1018 cm−3). The growth start conditions for the n-ZnSe layer was varied by a prede-
position of Zn or Se. For Se-predeposition the amount of Se was additionally stepwise
increased by the time (7 s, 11 s and 15 s) the GaAs surface was exposed to the Se �ux.
Afterwards a 200 nm n-ZnSe layer (Nd =5·1018 cm−3) and a 30 nm n+-ZnSe (Nd =2·1019
cm−3) cap layer were grown. All samples are pseudomorphic, as con�rmed by HRXRD. In
an additional sample, the Zn-predeposition was followed by a ZnSe growth start in atomic
layer epitaxy (ALE) mode. However this sample did not show the excellent crystalline
quality as the samples grown by the conventional MBE process and thus it is not included
in the optical experiments. The detailed growth parameters and the detailed description
of the experimental aspects of the various analysis methods can be found in (FBM+10).
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5.2 Electrical Properties

The relevance of the growth start procedure for the electronic properties is illustrated in
Fig. 5.2, showing the electrical transport characteristics across the interface, obtained
from current vs. voltage (I-V) experiments (FBM+10).

Figure 5.2: 300K current vs. voltage characteristics for di�erent growth start procedures of the

n-ZnSe on n-GaAs (adapted from (FBM+10)).

There are two remarkable aspects within the sample series:
- The asymmetric curve shapes with respect to the bias voltage polarity immediately reveal
that a potential barrier at the ZnSe/GaAs interface is limiting the transport. Forward-
biased diode characteristics occurs for a positive potential on the GaAs-side. This con�rms
the positive o�set of the ZnSe conduction band with respect to GaAs, as expected for
type-I band alignment, because the ZnSe band gap value is about twice the GaAs one.
The asymmetry is less pronounced for increasing Se-predeposition. The potential barrier
height was addressed by temperature dependent I-V measurements. They reveal that
there is a substantial reduction of the potential barrier height Φb by the Se-pre-deposition
growth start, see tab. 5.1. The Φb value is reduced from 550 meV for the Zn-rich growth
start down to 73 meV for a 15 s Se-pre-deposition.

- The second di�erence is the striking current increase, which is high as about �ve
orders of magnitude, within the sample series. The highest current is recorded for the
longest Se-predeposition time. However, even for the sample with a Se-predeposition time
of 15 s, the resistivity is still orders of magnitudes higher than expected by the intended
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growthstart Φb (meV)
Zn-start 550
7s Se 300
11s Se 280
15s Se 73

Table 5.1: Potential barrier Φb derived from temperature-dependent I-V measurements
at the ZnSe/GaAs interface for di�erent growth start conditions (from(FBM+10)).

doping density and the size of the employed mesas for the I-V characterization.
In order to check, whether this current increase within the series is purely interface-

related and, moreover, to identify the reason for the remaining considerable resistance,
the possibility of sample-to-sample doping level di�erences of the ZnSe- and GaAs-layer,
was checked by two independent techniques:
(i) As a non-destructive carrier-density analysis, far-infrared re�ectance (FIR) spectroscopy
was applied within this work.
(ii) In-depth carrier density pro�les were derived from capacitance-voltage pro�ling (etch-
CV) (FBM+10).

Figure 5.3: FIR re�ectance of the growth start samples series (left hand side) and in-depth

carrier density pro�les derived by etch-CV (right hand side, adapted from (FBM+10)).

Their results are comprised in �g. 5.3. The IR spectra show that all samples nearly
identically have a high re�ectance level in the frequency range between 0 and 300 cm−1,
only interrupted by dips directly below the TO phonon frequencies of ZnSe and GaAs.
Since this high re�ectance is due to screening of the FIR electric �eld by free carriers,
it can safely be concluded that all samples have about the same carrier concentration.
This �nding is con�rmed by the etch-CV results. Apart from the highly doped capped
ZnSe layer, the carrier density remains constant and approximately at the projected level
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intended by the doping in the ZnSe/GaAs layers. However for all samples a depletion
layer with an overall extent of about 50 ± 10 nm occurs, which is essentially constant
for all growth start procedures. Within the accuracy of the etching depth scale, the in-
depth location of this layer corresponds to the interface region. However, an allocation of
contributions from the ZnSe-side and /or the GaAs side to the depletion layer is de�nitely
impossible due to the large error bar of the etching depth scale.

These two �ndings from FIR and etch-CV con�rm the exclusive relevance of the
interface region for the electrical characteristics. For a better understanding of the
strong growth-start-induced potential barrier variation together with the constant elec-
tron de�cit, the knowledge of the individual depletion layer widths wd at both sides of
the interface, wd,ZnSe and wd,GaAs, is highly desirable. This goal was addressed by Raman
spectroscopy in the following.

5.3 LO-Phonon and Plasmon-LO-Phonon modes

Figure 5.4: Raman spectrum of ZnSe/GaAs(001)with the longitudinal optical (LO) phonon and

plasmon-longitudinal-phonon (PLP) contributions of the di�erent layers of the sample structure.

The principle of the detection of the individual depletion layers on the ZnSe- and
the GaAs side by Raman spectroscopy is illustrated in Fig. 5.4. In the frequency range
of the ZnSe and GaAs lattice vibrations, the essential Raman peaks originate from the
longitudinal optical (LO) phonon modes (LOZnSe = 256 cm−1, LOGaAs = 294 cm−1) and
from the coupled plasmon-LO-phonon modes (PLP), located at PLPZnSe = 207 cm−1
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and PLPGaAs = 272 cm−1. These peaks allow the determination of the individual deple-
tion layer widths wd,ZnSe and wd,GaAs because only these depletion layers give rise to the
phonon modes LOZnSe and LOGaAs, respectively. In the bulk-like doped ZnSe epilayer
and in the bulk-like doped GaAs behind the hetero-interface, coupled plasmon-LO-phonon
modes PLPZnSe and PLPGaAs arise below the LO frequency, as discussed in section 3.3.
Their downshifts with respect to the LO frequency originate from a partial screening of
the restoring forces of the polar LO vibrations by the free carriers (CG82). Additionally,
plasmon-like upshifted coupled PLP modes occur. However, the latter are not subject
of this analysis, because already the downshifted PLP modes give su�cient information
for an unambiguous analysis of the depletion at boths sides of the interface. For the
quantitative analysis, calibration procedures are required in order to take into account
the consequences of the material-dependent Raman scattering e�ciencies and possible
signal attenuation by light absorption in case of �nite penetration depth. In this re-
gard, the transparent ZnSe and the opaque GaAs show complementary optical behaviour.
Therefore the depletion layer thicknesses wd,ZnSe and wd,GaAs are derived separately along
di�erent quantitative procedures, and the Raman-experimental details, such as e.g. laser
wavelength, are optimized for each of them individually, as described in the following
sections. Common for the measurements are the sample temperature which was kept
at liquid-nitrogen temperature in a cold-�nger cryostat and the scattering con�guration:
001(010,100)00-1 (Porto notation), thus only allowing the Raman signal from deformation
potential scattering (details in section 2.3).

5.3.1 Raman analysis of the ZnSe-side of the interface

In the ZnSe layer, the LO-phonon Raman intensity is directly proportional to wd,ZnSe,
because in this transparent material (Eg = 2.8 eV at T = 80 K) no light attenuation has
to be considered. The LO scattering e�ciency was obtained from calibration with an
undoped ZnSe layer of known thickness (d = 109 nm), using the same laser line (477 nm)
and the same experimental conditions as for the ZnSe/GaAs (input laser power, Raman
collection optics aperture, monochromator slit widths etc.). An LOZnSe contribution
from the surface depletion layer is negligible in the investigated sample series. This layer
is extremely thin due to the high doping level of the 30 nm n+-ZnSe top contact layer
with Nd,ZnSe = 2·1019 cm−3.

Thus by the direct comparison of the LO intensity from the undoped ZnSe sample with
well-know thickness and the LO intensity from the doped ZnSe epilayer with a carrier-free
depletion layer, the thickness of this depletion layer is derived. As the samples are cooled
for the optical experiments, care has to be taken when comparing absolute intensities as
the focus can migrate during prolonged measuring time due to i.e. the change in the
liquid nitrogen level in the cold�nger cryostat. All e�orts were undertaken to keep the
measuring time as short as possible to minimize this e�ect. This also implies the choice
of the light polarization direction. The grating monochromator which was employed here
has in the blue spectral range by far the highest sensitivity for vertical light polarization.
Therefore the incident photon polarization was turned to horizontal polarization as the
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scattered photons are then in vertical polarization because of the o�-diagonal scatter-
ing Raman tensor characteristics, resulting from the symmetry selection rules, described
in 2.3. However, this approach also implies a Raman scattering contribution from TO
phonons. This contribution is forbidden for strict (001) backscattering geometry (i.e.
perfect normal incidence and zero aperture angle). It appears here, because the employed
quasi-backscattering geometry (slightly oblique incidence and �nite aperture angle) gives
rise to a small partial projection onto the (110) backscattering geometry, in which Raman
scattering from the TO phonon is allowed for the polarization employed here. However,
this scattering contribution is not interfering with the evaluation as the position and the
FWHM of the TO-phonon signal are known and thus it can (simply) be subtracted in the
spectrum. (Additionally, for this evaluation of the depletion layer thickness in the ZnSe,
the only relevant scattering intensity is from LO-phonons and they are unperturbed either
from TO signals from the ZnSe and/or the GaAs.)
For excitation the 477 nm laserline was chosen in order to take into account a possi-
ble bandgap variation due to the doping. Therefore the excitation energy should be o�
resonance to enable a comparison of the scattering intensities of the undoped reference
sample with the doped sample series as the scattering e�ciency is very sensitive when the
excitation energy is near an electronic transition, see equation 2.3.
The Raman spectra of the ZnSe reference and the sample with 11 s Se predeposition are
shown in �g. 5.5. Also plotted are the �ts of the LOZnSe and the PLP and TO signal
of the GaAs. As stated above the quantitative evaluation of the depletion layer thick-
ness wd,ZnSe under these experimental conditions is done by comparison of the scattering
intensities of the LOZnSe signal of the reference and the sample series.

growthstart wD,ZnSe (nm)
Zn-start 20
7s Se 50
11s Se 41
15s Se 37

Table 5.2: Depletion layer thickness on the ZnSe-side of the ZnSe/GaAs interface for
di�erent growthstart conditions

The depletion layer thicknesses in the ZnSe layer for the di�erent growth start condi-
tions are listed in tab. 5.2. For the Se-growth start the depletion layer thickness decreases
from 50 nm (7 s Se) down to 37 nm (15 s Se). However for the Zn-growth start it only
amounts to 20 nm. Thus, we observe a signi�cant enhancement due to Se predeposition
but only a limited dependence on the quantitative amount of predeposited Se.

5.3.2 Raman analysis of the GaAs-side of the interface

In contrast to the depletion layer thickness evaluation of the ZnSe, for the GaAs-side anal-
ysis of the depletion layer light attenuation must be considered as the excitation energies
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Figure 5.5: Comparison of the 477 nm @ 80 K Raman spectra of the intrinsic ZnSe layer and

from the sample with a 11 s Se predeposition before ZnSe-growth. The intensity of the ZnSe

LO-phonon signal directly re�ects the depletion layer width wd,ZnSe when compared with the

intensity of the LO-phonon from the reference sample with known ZnSe thickness of 109 nm.

Additionally the �ts for the ZnSe LO-phonon, the GaAs TO-phonon, and the GaAs PLP mode

are shown in green.
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are all above the bandgap of the GaAs of 1.4 eV. In order to guarantee a su�cient pene-
tration depth, the 514 nm Ar ion laserline was used for excitation. This laserline allows
an information depth in the GaAs of around 70 nm. Following the method described in
detail in (JG93) the intensity ratio ILO/IPLP is considered in order to take appropriately
into account the light attenuation in�uence on the analysis of the depletion layer thickness
of the GaAs-side of the interface. The principle of this evaluation can be brie�y described
by the determination of the intensity ratio of ILO/IPLP of a sample with known depletion
layer thickness. This intensity ratio is then the gauge for the depletion layer thickness and
thus allows the derivation of the scattering intensity ratio vs. depletion layer thickness.
For the calibration of the ILO/IPLP ratio with the depletion layer thickness a bulk doped
epiready GaAs (001) substrate served as a reference sample. For uncovered GaAs the
surface Fermi level is midgap pinned and thus the surface potential amounts to Vbb = 0.7
eV (Her96). This surface potential leads to a depletion layer at the surface (see section
3.5). For the calculation of its thickness (ref. 3.14) the knowledge of the doping level ND

is mandatory. This was addressed by an IR re�ectance measurement of the epiready sub-

Figure 5.6: FIR re�ectance spectrum of the epiready GaAs(001) substrate at 300 K. The re-

�ectance decline at 597 cm−1 due to the plasma frequency of the free carriers directly re�ects

the actual doping density of the substrate of ND of 2.9·1018 cm−3.

strate, shown in �g. 5.6. With the program Re�t the course of the re�ectance was �tted,
yielding a plasma frequency of 597 cm−1 which equals to a doping level ND of 2.9·1018
cm−3. Herewith the surface depletion layer of the reference sample was calculated to 18.2
nm. For this sample the experimentally obtained intensity ratio for excitation wavelength
λ = 514 nm amounts to ILO/IPLP = 0.225. This value comprises the overall e�ect of the
scattering e�ciency ratio of LO and PLP and the absorption-induced light attenuation
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for this excitation wavelength. In the following, it will be used for the quantitative evalu-
ation of the GaAs intensity ratios ILO/IPLP of the ZnSe/GaAs series in terms of the GaAs
depletion layer widths.

Figure 5.7: 514 nm @ 80 K Raman spectra and �ts of the LO-phonon and PLP-mode of the

GaAs for the sample with 7 s Se predeposition and the epiready GaAs(001) substrate reference.

Therefore, the comparison of ILO,GaAs/IPLP,GaAs of the various growth-start samples
with this reference value yields their depletion widths wd,GaAs. Fig. 5.7 shows an ex-
emplary Raman spectrum of the sample with tSe=7 s Se-predeposition and the GaAs
reference sample. Its GaAs-peak intensity ratio is ILO,GaAs/IPLP,GaAs = 0.319, yielding
the GaAs depletion width wd,GaAs = 26 nm.
The depletion layer thicknesses of the remaining samples are comprised in tab. 5.3.

growthstart wD,GaAs (nm)
Zn-start 25.8
7s Se 15
11s Se 16.3
15s Se 16.1

Table 5.3: Depletion layer thickness on the GaAs-side of the ZnSe/GaAs interface for the
di�erent ZnSe growthstart conditions
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Conclusions

The corresponding depletion-layer values are listed in tab. 5.2 and 5.3. Thus, throughout
the sample series the determination of the individual depletion layer thicknesses wd,ZnSe
and wd,GaAs by Raman spectroscopy reveals a partial shift of the depleted interface region,
which is for the Zn-start sample symmetrically shared by the ZnSe and the GaAs, towards
a dominating contribution on the ZnSe side for the samples with Se pre-deposition. A
modeling of possible interface con�gurations according to di�erent scenarios and the re-
sulting depth pro�les of the conduction band energy and electron density are presented
in ref. (FBM+10). In the modeling procedure not only the band o�set and the interface
state density, but also atomic interdi�usion and segregation, as well as the possible occur-
rence of continuous in-depth doping pro�les are considered. As the quintessence of this
procedure the following e�ects of the Se-predeposition were obtained:
(i) the reduction of the conduction band o�set to a value below 0.1 eV, i.e. modi�ed
interface dipole moments,
(ii) an interface-state density below 2·1012 cm−2,
(iii) a modi�ed carrier-density pro�le, that may be explained by a change of the inter-
di�usion of atoms across the interface, which may act as compensating acceptors in the
ZnSe and the GaAs interface regions.
In summary, the impact of the growth start procedure on the electronic properties of
MBE-grown n-type ZnSe/GaAs(001) hetero-interfaces was studied, focusing on the con-
duction band barrier and the depletion layers wd on both sides of the interface. This
study reveals that Se pre-deposition drastically reduces conduction band barrier from 550
meV for Zn-rich start to 73 meV for the highest Se pre-deposition, indicating strongly
modi�ed interface dipole moments. Raman spectroscopy analysis of the depletion layer
widths wd shows upon Se pre-deposition a reduction of wd,GaAs and an enhancement of
wd,ZnSe. This shift may be explained in terms of a changed interdi�usion of atoms, which
act as compensating acceptors in the n-doped layers.
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5.4 Photoluminescence results

Apart from the Raman investigation also PL spectra from the sample series were recorded
to gain additional informations by their luminescence properties. As an exemplary spec-

Figure 5.8: Left side: PL spectrum for λi = 405 nm @ T = 80 K of the 15 s Se predeposition, the

red dots show the PL signal from the sample in the energy range from the GaAs and the broad

luminescence peaks related to zinc-vacancies, the signal indicated by the blue dots is from the

ZnSe bandgap emission (the signal intensity was reduced by a factor of 40 to enable comparison).

Right side: Waterfall plot of the PL spectra of all samples with the di�erent applied growthstart

conditions.

trum the PL from the sample series with 15 s Se-predeposition is shown in �g. 5.8. The
spectrum was taken at a sample temperature of 80 K and by excitation with 405 nm
laserlight. Besides the strong bandgap related signal of the ZnSe at 2.8 eV (indicated by
the blue dots) and the GaAs PL signal at 1.5 eV, there are two very broad peaks centered
at an energy of 2.0...2.1 eV and 2.4...2.5 eV. The origin of those two peaks will be derived
individually in the next two passages and the di�erence in the luminescence intensity
within the sample series will be analyzed in terms of the changed growth start conditions.
By the energy position it is intuitive that the origin of this luminescence lays in the ZnSe
or in the interface of the heterosystem. For the evaluations, the peaks are assigned along
the lines of a review article by Gutowski et al (GPK90) on the luminescence properties
of ZnSe.

5.4.1 Luminescence band at 2.4 eV

In literature there are two possible explanations for the luminescence band around 2.4 eV.
The common explanation for the origin of this band is the unintended incorporation of
Copper-atoms into the ZnSe during the manufacturing process of the layer. Corresponding
to its energy position this luminescence is thus denoted Cu-green emission. However,
even if this Cu-incorporation is in principle possible it is still highly unlikely for the
samples investigated here. The only parts in the MBE setup with copper are the seals
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at the CF-�anges. As those �anges are not at an elevated temperature, a desorption and
incorporation of copper can thus be virtually excluded. Additionally, for the other samples
with a ZnSe layer characterized within this work, the PL characterization never revealed
any signal intensities in this spectral range. Therefore the second possible explanation for
the luminescence origin seems way more reasonable. This luminescence can also result
from an exciton which binds to a zinc vacancy VZn. This hypothesis is backed by two
important experimental �ndings:
- The luminescence intensity of this peak strongly depends on the excitation energy as it
vanishes for excitation energies below the bandgap of ZnSe. This behaviour is shown in
�g. 5.9. In principle an exciton creation at a Zn vacancy is possible for excitation energies
above 2.4 eV but in this case the incoming photon must hit the VZn directly and so the
conversion e�ciency is low. In the case of excitation above the bandgap of the ZnSe the
luminescence intensity is way higher because then the Zinc-vacancies can trap the free
excitons in their vicinity and thus are an e�cient recombination channel for the excitons.

Figure 5.9: 80 K luminescence of the 15 s Se predeposition sample for two di�erent excitation

energies (above and below the bandgap of ZnSe).

- The second aspect which makes the exciton recombination at a VZn even more likely
is the fact that a VZn acts as an acceptor. For high doping of a semiconductor, self-
compensation is energetically favorable (CHA94). Thus the formation of VZn acceptor
like states is a possibility for self-compensation. This also explains why the intrinsic
samples in this work did not show this luminescence.
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5.4.2 Luminescence band at 2.0 eV

The luminescence band around 2 eV is often referred to as the self-activated (SA) emission
of ZnSe. However this description is not very precise as the emissions in this energy
range are often called SA without a possible explanation of the origin. One source is the
luminescence from a Gallium atom at a Zn-place accompanied by a VZn-neighbour. This
molecule-like complex also acts as an acceptor and thus is also a possible way for the
self-compensation of the doped ZnSe. The excitation energy dependence of this band is
clearly di�erent from the 2.4 eV peak, already shown in �g. 5.9. The 2.0 eV luminescence
intensity is below the perception threshold for excitation wavelengths longer than 496
nm (2.50 eV). The di�erent absorption behaviour for sub bandgap excitation may be
attributed to the spatial extend of the complex as compared to the strongly localized,
essentially Frenkel-like, exciton at the Zn vacancy.

Figure 5.10: 80 K PL spectra for di�erent excitation energies (2.54 eV, 2.50 and 2.41 eV) of the

sample with 15 s Se predeposition. For excitation line λi= 514nm (2.41 eV), the PL signal at

2.0 eV is below the perception limit.

5.4.3 In�uence of the growth start conditions on the luminescence

bands

The self-compensation of a highly n-doped ZnSe leads to the formation of Zn-vacancies.
This is an intrinsic mechanism for doped ZnSe. However the additional intermixture
with Ga, leading to the SA-emission, is a di�usion process which can be a�ected by the
growth start conditions. When comparing the intensity ratio between GaZn-VZn and VZn

emission, a trend within the sample series is ascertainable, see tab. 5.4.
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Figure 5.11: Intensity ratio of GaZn-VZn-complex to the exciton at a VZn emission for the

di�erent Se-predeposition times derived by the PL-measurements at 1.2K and UV excitation.

The employed spectra for this evaluation are shown on the right hand side.

growthstart Zn 7 s Se 11 s Se 15 s Se
(GaZn-VZn)/VZn 1.42 2.77 1.83 1.70

Table 5.4: Ratio of GaZn-VZn-complex to the exciton at a VZn emission for the di�erent
Se-predeposition times, derived by the PL-measurements at 1.2K and UV excitation.

For the Se predeposition the ratio is decreasing with increasing Se-predeposition time
indicating a reduced di�usion of Ga-atoms in the ZnSe-layer. However the smallest ratio
is derived for the Zn-start of the ZnSe layer. This result reproduces the course of the
depletion layer thickness gained for the ZnSe. Therefore it could be assumed that the
SA-signal is originating from near the interface or is even constricted to the depletion
layer thickness in the ZnSe. For a complete analysis by the PL signal of sample series
the energy range below the bandgap of GaAs would be necessary. This is however not
feasible in the employed setup due to implemented detector and gratings.
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Chapter 6

Summary

The subject of this thesis was the analysis of II-VI quantum dots (QD) and II-VI/III-V-
hetero-interfaces, grown by molecular beam epitaxy (MBE). Speci�cally, the QD studies
were performed on CdSe QDs, grown on ZnSe(100), while ZnSe/GaAs(100) was employed
as a prototype hetero-interface. For the QDs, the aspects of composition, intermixing
and residual strain were in the focus, while the ZnSe/GaAs(100) interface the electron
depletion layers were the object of study. In both cases the impact of various MBE
growth procedures was analyzed. The main experimental technique for both systems
was Raman spectroscopy. In the QD studies, the elementary excitations in the Raman
spectra were phonons, while for the hetero-interface analysis besides LO-phonons also
coupled plasmon-LO-Phonon modes were studied.

The CdSe QD studies comprised several series of epitaxially overgrown QDs with var-
ious thicknesses and from di�erent growth procedures. Moreover, uncapped QDs were
investigated under UHV conditions. Notably, all the overgrown QDs gave a particularly
high photoluminescence emission, covering the range from blue (2,68 eV) to green/yellow
(2,26 eV) with increasing CdSe thickness up to 5 ML. Its high spectral width is explained
in terms of a QD size and composition distribution. The in�uence of the various growth
technique on the PL spectrum turns out to be low, apart from the samples from the
amorphous Tellurium procedure. Here distinct Te-derived contributions occur due to its
incorporation in the ZnSe as isoelectronic centers. The LO-phonon Raman peak positions
follow a universal trend: a clear redshift of the CdSe-QD-derived mode with increasing
coverage and a less pronounced redshift of the ZnSe LO phonon are observed. The eval-
uation of the QD phonon frequency in terms of the (Cd,Zn)Se composition yields for
the 3 ML samples a Cd-content between 21% and 37%, while for 5 ML a maximum Cd
percentage of 45% is determined. The above mentioned small redshift of the LO ZnSe
phonon reveals the incorporation of Cd from the CdSe layer, leading to ternary (Zn,Cd)Se
regions with a Cd content up to 15%. For the uncapped samples Raman spectroscopy
turned out to be the only optical technique for QD analysis, because the photolumines-
cence from excitonic recombination is quenched by nonradiative channels at the surface.
A morphology change due to local strain relief during annealing is re�ected in a step-like
CdSe phonon frequency redshift for 200 - 230°C annealing temperature. This process is
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interpreted as the signature of QD formation.
The second system of interest was the n-ZnSe/n-GaAs interface as an exemplary case

of II-VI/III-V heterovalent interfaces. The central question was the impact of various
ZnSe growth start procedures with predeposition of di�erent amounts of Zn or Se in the
monolayer range. In the analysis, special reference was given to the interface-induced
depletion layers at both sides of the interface. Their individual identi�cation and the
determination of their widths wd,ZnSe and wd,GaAs were successfully performed by Raman
scattering from the LO phonons and the coupled Plasmon-LO-Phonon modes of ZnSe and
GaAs, respectively.

Throughout the sample series the total depletion width turned out to be nearly inde-
pendent of the growth start procedure. It amounts up to 65 nm. However, the Raman
results reveal a partial shift of the depleted interface region, which is for the Zn-start sam-
ple symmetrically shared by the ZnSe and the GaAs, towards a dominating contribution
on the ZnSe side in the range of 37 - 50 nm for the samples with Se pre-deposition.

This behaviour �ts in the total scenario of interface formation, which was established
with additional consideration of electrical transport properties (FBM+10). They show a
drastic reduction of the conduction band barrier from 550 meV for Zn-rich start to 73
meV for the highest Se pre-deposition, due to modi�ed interface dipole moments. The
depletion layer shift may be explained in terms of a changed interdi�usion of atoms, which
act as compensating acceptors in the n-doped layers.

Additional information about the atomic di�usion was obtained by photoluminescence
from localized states. Two types of states were considered: (i) Zinc-vacancies VZn, con-
nected with the intrinsic trend towards self-compensation in heavily n-doped ZnSe, and
(ii) complexes of VZn with GaZn (Ga atom on Zn-site). The PL intensity results are ex-
plained in terms of a reduced Ga-di�usion into the ZnSe with increasing Se predeposition.



Chapter 7

Zusammenfassung

Das Thema dieser Dissertation war die Analyse von II-VI Quantenpunkten (QP) und
II-VI/III-V Heterogrenzschichten die mittels Molekularstrahlepitaxie (MBE) hergestellt
wurden. Als Materialsysteme für die Untersuchung wurden QP aus CdSe auf bzw. in
ZnSe(100) verwendet, während ZnSe/GaAs(100) für die Grenz�ächeuntersuchungen zum
Einsatz kam. Bei den QP lag der Augenmerk auf der Komposition, der Durchmischung
und der Restverspannung, wohingegen bei der ZnSe/GaAs Grenz�äche die elektronis-
chen Eigenschaften, insbesondere der Verarmungszonen, bestimmt wurden. In beiden
Fällen wurde der Ein�uÿ des Herstellungsprozesses auf die optischen Eigenschaften un-
tersucht. Als experimentelle Untersuchungsmethode für beide Analysen kam hauptsäch-
lich Ramanspektroskopie zum Einsatz. Für die QP-Untersuchungen wurden Phononen
als Elementaranregung vermessen während die Eigenschaften der Heterogrenz�äche durch
Phononen und auch gekoppelte Plasmon-LO-Phononen bestimmt wurden.

Die CdSe QP-Studien umfassten mehrere Probenserien von epitaktisch überwachse-
nen QP mit verschiedenen Dicken, die nach verschiedenen Prozeduren gewachsen wurden.
Zusätzlich wurden ungecappte QP im Ultrahochvakuum untersucht. Erwähnenswert ist
hierbei die ausserordentlich hohe Intensität der Photolumineszenz (PL) der überwachse-
nen QP, die vom blauen Spektralbereich (2.68 eV) mit steigender nomineller CdSe-Dicke
bis in den grün/gelben Spektralbereich (2.26 eV bei 5 Monolagen (ML) CdSe-Bedeckung)
verschiebt. Die Breite der PL-Emission erklärt sich hierbei aufgrund der QP-Gröÿen- und
Kompositions-Verteilung, wobei der Ein�uÿ der verschiedenen Herstellungsprozeduren auf
das PL-Spektrum eher gering ist. Die Ausnahme bildet hierbei die Probenserie die mit-
tels einer amorphen Tellur Opferschicht hergestellt wurde. Die zusätzlichen PL-Beiträge
im Spektrum konnten durch den isoelektronischen Einbau von Telluratomen in die ZnSe-
Schicht erklärt werden.

Die Peakposition der LO-Phonon der QP folgte einem einheitlichen Trend: Mit steigen-
der CdSe-Bedeckung zeigten die QP-Phononen eine signi�kante Rotverschiebung, während
diese Verschiebung für die ZnSe-LO-Phononen deutlich geringer war. Die Auswertung der
Phononenfrequenz im Hinblick auf die Komposition der (Zn,Cd)Se-QP ergibt für 3 ML Be-
deckung eine Cd-Konzentration im Bereich zwischen 21% und 37%, die Cd-Konzentration
erreicht einen Höchstwert von 45% für 5 ML CdSe-Bedeckung. Die erwähnte leichte
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94 7. Zusammenfassung

Rotverschiebung des ZnSe-LO-Phonons ist die Folge des Einbaus von Cd in die ZnSe-
Schicht, diese Durchmischung ergibt Bereiche im ZnSe mit einer Cd-Konzentration bis
zu 15%. Ramanspektroskopie erwies sich als einzige optische Untersuchungsmethode bei
den ungecappten Proben, da die Photolumineszenz-Emission durch die nicht-strahlenden
Rekombinationskanäle an der Ober�äche unterdrückt wird. Eine Morphologie-Änderung
durch den Abbau von Verspannung äuÿerte sich hierbei in einer stufenförmigen Rotver-
schiebung der CdSe-Phononen bei Temper-Temperaturen von 200-230°C.

Im zweiten Teil wurde die Grenz�äche von n-ZnSe/n-GaAs als beispielhafte II-VI/III-
V heterovalente Grenz�äche untersucht. Die zentrale Fragestellung betraf hierbei den
Ein�uÿ des ZnSe-Wachstumsstarts auf die Verarmungszonen an der Grenz�äche. Hi-
erzu wurde die ZnSe-Wachstumsstartbedingung durch die Abscheidung von Zn oder Se in
verschiedenen Mengen im Monolagen-Bereich variiert. Die individuellen Verarmungszo-
nenweiten auf beiden Seiten der Grenz�äche wd,ZnSe und wd,GaAs konnten durch Raman-
Streuung an LO-Phononen und den gekoppelten Plasmon-LO-Phonon Moden bestimmt
werden. Innerhalb der Probenserie zeigte sich daÿ die kombinierte Verarmungszonen-
weite (ca. 65 nm) nahezu unabhängig vom Wachstumsstart ist. Allerdings konnte durch
die Raman-Messungen eine partielle Verschiebung des verarmten Bereiches, der für den
Zn-Start symmetrisch zwischen ZnSe und GaAs aufgeteilt ist, in einen dominierenden
Beitrag der ZnSe-Schicht (37 - 50 nm) für die Selen-Abscheidung nachgewiesen werden.
Dieses Resultat bestätigt das Modell der Ausbildung der Grenz�äche, das aus zusät-
zlichen elektrischen Messungen gewonnen wurde (FBM+10). Diese zeigen eine drastische
Reduzierung des Leitungsbandbarriere, von 550 meV bei Zn-reichen Wachstumsstartbe-
dingungen hinab zu 73 meV bei Se-Vorabscheidung, durch modi�zierte Grenz�ächendipol-
momente. Die Verschiebung der ladungsträgerverarmten Schicht kann hierbei durch eine
Änderung der Di�usion der Atome erklärt werden, die als kompensierende Akzeptoren in
den n-dotierten Schichten wirken. Zusätzliche Information über die Di�usion der Atome
konnte durch die Photolumineszenz von lokalisierten Zuständen gewonnen werden. Hi-
erbei wurden zwei Zustände betrachtet: (i) Zink-Fehlstellen VZn, verursacht durch den
intrinsischen Trend der selbst-Kompensation in hochdotierten n-ZnSe-Schichten, und (ii)
Komplexe aus eine Zink-Fehlstelle VZn und einem Ga-Atom auf einem Zinkgitterplatz
GaZn. Die PL Intensitäten deuten auf eine reduzierte Ga-Di�usion in die ZnSe-Schicht
mit steigender Selen-Vorabscheidung hin.
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