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Introduction

Zinc oxide material, II-VI semi-conductor, has an extensive research history dating back to the
early beginning of the 20th century. This is due to its attractive features such as deposition as a
crystalline material at room temperature, relatively low cost compared to most oxides. ZnO is a
wide and direct bandgap II-VI semiconductor (Eg=3.37 eV at room temperature). The powder of
zinc oxide is moreover used as additive in very numerous products, for example, plastic arts,
ceramic, paints, pigments, cosmetics, etc. The growth of thin layers and low-dimensionality
hetero-structures (quantum wells, nano-columns, etc.) with a good crystalline quality recently
revived the effort of research on ZnO, in particular with the aim of obtaining effective devices
for optoelectronics in the blue and the ultraviolet as a complement to the nitride of gallium. In
this objective, the main advantage of the ZnO in front of GaN is a lower cost, allowed by the

relative abundance of zinc compared with gallium.

In materials science, another major advantage of zinc oxide is its strong exciton binding energy,
which allows preserving the excitonic properties up to ambient temperature. The cohesion
energy of the exciton is indeed twice as great in ZnO (60 meV) than in GaN (25 meV) and more
than ten times higher than in GaAs (4.8 meV). Excitonic transitions also have a large force of
oscillator in ZnO, which enhances the light-matter interaction. These characteristics make of the
zinc oxide an excellent material for the study of the effects resulting from the coupling between
the photon and exciton, as the condensation of Bose-Einstein and polaritons laser and this until
room temperature. In these perspectives, the crystalline good quality realization of
nanostructures is essential. The first samples of quantum wells of ZnO/(Zn, Mg)O were
developed by L-MBE (laser molecular beam epitaxy) in 2000. The epitaxy by molecular jet
technique quickly turned out to be an excellent method of growth of the quantum wells of
Zn0/(Zn, Mg)0. Our study takes place within the framework of the characterization of such

structures by the optical ways.

One of the peculiarities of zinc oxide lies in its hexagonal crystalline structure, called wurtzite.
This crystalline structure is at the origin of several original properties of hetero-structures

based on this material, which will be listed in the first chapter of this manuscript. We will see in




Introduction

particular that arguments of symmetry predict the existence of an internal electric field in
quantum wells of ZnO/(Zn, Mg)O elaborated along the principal axis of the ZnO, said axis c. The
presence of this internal electric field has been observed experimentally in 2005. It has several
detrimental effects on the optical properties. One of the main effects is the spatial separation of
electrons and holes due to their opposite charge. We will see that the radiative lifetime of the
electron-hole pairs is greatly increased in wide quantum wells. The effective lifetime resulting
from the competition between radiative and non-radiative processes is quickly degraded in
such samples. The binding energy of the exciton is also decreased under the effect of the electric
field. They are actually less stable, which means is harmful for the achievement of the two

objectives presented above.

There are two solutions to this problem. The first is the growth of quantum wells along non-
polar axes. These axes, perpendicular to the c axis, allow to get rid of the internal electric field.
The main axes used in growth are the a and m axes. The first quantum well samples of
Zn0/(Zn, Mg)0 non-polar plane A were grown in 2007 on sapphire substrates. Another way of
improving the radiative efficiency of these hetero-structures is to decrease the density of the
crystalline defects, responsible for non-radiative losses. Most of non-radiative centers are
dislocations of the crystal, which arise from the lattice mismatch inherent in the heteroepitaxy
method. Homoepitaxy, and therefore the use of bulk ZnO substrate, theoretically promises a
clear improvement in the crystalline quality. A significant improvement was observed only

recently.

The first chapter introduces some general information about the properties of zinc oxide and

crystal structure and lattice parameters of wurtzite II-VI semiconductors.

The next one presents the most standard growth techniques used for elaborated ZnO hetero-
structures. After, we review the experimental and theoretical work about the optical properties

of excitons in ZnO/(Zn, Mg)0-based QWs published in the past twenty years.

The third, fourth and fifth chapters are dedicated to the study of the optical properties of
homoepitaxial non-polar (A plane) ZnO/(Zn, Mg)O quantum wells growth by MBE. According to
the studied physical information, we used three types of experiments: reflectivity, continuous

wave photoluminescence (CW-PL) and time-resolved photoluminescence (TRPL).

We dedicate a chapter to the presentation of the optical properties of the ZnO substrate and the
(Zn, Mg)O barriers. In this last case we present a detailed study of the lifetime of the exciton in
this alloy. A model is proposed to report experimental results including the non-radiative

recombination and the effects of localization.

The next one is devoted to the results obtained by continuous wave optical spectroscopy,

including the effects at the same time of the polarization and the temperature, on a single
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Zn0/(Zn, Mg)0 quantum well growth by MBE on A-oriented ZnO substrate. The various lines of
photoluminescence observed are attributed to the radiative recombination of excitonic

complexes.

In the last chapter, we present the results of time-resolved investigation of the non-polar
quantum well. This technique allows us to characterize the dynamic of the recombination of the
exciton complexes. The analysis leads to the determination of the behavior of the optical
properties according to the temperature among which the evolutions of the radiative and non-
radiative contributions in the photoluminescence. We can also get information about the

localization of the exciton complexes.
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Properties of zinc oxide

Chapter 1

Properties of zinc oxide (ZnO)

1.1 Introduction

Zinc oxide has an extensive research history dating back to the early beginning of the 20th cen-
tury due to its attractive features such as its capability of growth as a crystalline material at
room temperature, relatively low cost compared to most oxides. It is a wide and direct bandgap
[I-VI semiconductor (Eg =3.37 eV at room temperature). Moreover, it has a great interest in op-
toelectronic devices, such as light emitting diodes or laser diodes, due to a large exciton binding
energy of 60 meV.[mor09 Another benefit of ZnO is that its components are earth abundant mate-

rials, as opposed to gallium or indium, moreover its cost is low compared to GaN.
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Figure 1.1: Bandgap variations of compounds taken from different columns of the periodic table. Values are
presented for room temperature bandgap.[chil1]
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ZnO0 is part of a broader family of semiconductor binary compounds including elements from
group II and group VI of the periodic table. This group includes metals such as zinc (Zn), cadmi-
um (Cd) and mercury (Hg) in binary compounds with elements of chalcogens (O, S, Se, Te).
Overall, these compounds tend to have lower band gaps than metal-oxides and alkali-halides
and larger band gaps of the elementary semiconductors, Si and Ge.[Yu2010] Figure 1.1 presents the
band gap of some widespread semiconductors plotted as a function of their chemical composi-
tion going from elementary semiconductors to binary semiconductors. The band gap of ZnO is
larger than the one of the semiconductors usual (Si, Ge, GaAs). Its value is comparable to that of

the GaN.

1.2 Crystal Structure

The organization of a solid as well as the nature of the atoms forms the imprint of the material. It
ensues from these elements all its properties; their knowledge thus takes on a major importance
that we summarize here. In the natural state, the zinc oxide meets under the shape of an ore
bearing the name of zincite the preferential morphologies of which are needles of hexagonal sec-
tions.[pal44l ZnO crystallizes (fig. 1.2) according to three different allotropic forms (cubic centered
faces, cubic centered blende, and hexagonal of type Wiirtzite). The crystalline form depends up-

on the thermodynamic conditions of the environment.[des98], [ski92]

(a) (b) (©)

Figure 1.2: Schematic representation of the crystalline structures of ZnO (a) cubic centered faces, (b) zinc of
blende, (c) hexagonal Wiirtzite. The large and small spheres represent respectively the atoms of zinc and oxy-
gen.

Zn0 with most of the group II-VI binary compound semiconductors crystallize in either cubic
zinc blende or hexagonal Wiirtzite (Wz) structure where each anion is surrounded by four cati-
ons at the corners of a tetrahedron (fig. 1.3), therefore characterized by two interconnecting
sublattices of Znz+* and 02-, such that each zinc ion is surrounded by a tetrahedral of oxygen ions,
and vice versa.mor09] Furthermore ZnO is a II-VI compound semiconductor whose ionicity re-
sides at the borderline between the covalent and ionic semiconductors. In this structure, this tet-

rahedral coordination is typical of sp3 covalent bonding nature, but these materials also have a
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substantial ionic character that tends to increase the bandgap beyond the one expected from the
covalent bonding. The ionicity of ZnO is estimated at 51,4 %, which confirms the iono-covalent

character of the connection Zn-O.

[0001]

KZinc

§s  [10-10]

Figure 1.3: The hexagonal Wiirtzite crystal structure of ZnO.

During our study, we shall be interested exclusively in the hexagonal structure Wiirtzite of the
zinc oxide because it is the structure that is the most thermodynamically stable under ambient
conditions.laf3l Consequently, it is the commonly crystalline structure observed for zinc oxide

samples fabricated using different growing techniques.

Wiirtzite structure. The Wiirtzite structure has been resolved in 1914 by W. L. Bragg through
the analysis by X-Ray diffraction.[bra20l The Bravais lattice corresponding to this structure is an
hexagonal lattice of space group CZ, in the Schoenflies notation and P6smc in the Hermann-
Mauguin notation. It defines itself by the hexagonal shape of its unit cell (a=b#cand a = =
90°,6 = 120°), and by the lattice constants (a and c). The values of these constants are closely
linked to the chemical nature of the constituent atoms of the lattice. The distance d separating
two reticular plans of index (h, k, 1) deducts of the relation:

— = M F— (1.1)

e v R .
The following relation give the u parameter for a Wiirtzite crystal, which is a measure of the

amount by which each atom is displaced with respect to the next along the c-axis:

Moreover, in an ideal Wiirtzite crystal, the axial ratio ¢/a and the u parameter are correlated by
the relationship uc/a=(3/8)'/2, where ¢/a=(8/3)1/2 and u= 3/8 for an ideal crystal.

In the ZnO the values of lattice constants are: a=0.32495 nm and ¢=0.52069 nm. The value of
the ratio of c/a = 1.60 is close to the one of an ideal Wiirtzite structure. A schematic representa-

tion of the wurtzitic ZnO structure is shown in figure 1.3. The structure can be thus described
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(fig. 1.4) as a succession of perpendicular plans from the [0001] direction of quotation z equal in

0, 1/8, 4/8, 5/8, ... alternately populated with ions Zn2+ and ions oxygen 0% (type ABABAB's
pile).

B

Figure 1.4: Representation of the hexagonal structure Wiirtzite, the highlighting of the pile of type ABABAB...

One of the fundamental points concerning the ZnO Wiirtzite is that it does not possess a plan of
symmetry perpendicular to the axis c. Two arrangements are thus possible for the atoms of zinc
and oxygen, defining the polarity of the structure. Surfaces are either of polarity Zn, if the con-

nection Zn-0 is directed to the surface, or of polarity O should the opposite occur.

The tetrahedral coordination gives rise to polar symmetry along the hexagonal axis. This polari-
ty is responsible for a number of the properties of ZnO, including its piezoelectricity and sponta-

neous polarization, and is also a key factor in crystal growth, etching and defect generation.lsru06]

Miller indices and planes in Wiirtzite symmetry. The different crystal orientations of the unit
cell can therefore be indexed in the Wiirtzite structure (figure 1.5), with four Miller indices (hkil)

for the four vectors (ai, az, a3) and c spanning the unit cell. The a; vectors are not linearly inde-

pendent thus the value of “i” is given by {i=-(h+k)}.

Polar Semi-Polar Non-Polar

c-plane (0001) R-plane (1102) m-plane (1100)  a-plane (1120)

Figure 1.5: The most planes used in Wiirtzite symmetry. C plane (0001) is a polar plane, R plane (1102) plane
is a semi polar. The M plane (1100) and A plane (1120) orthogonal to the C plane are non-polar planes.
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The four most common face terminations of Wiirtzite ZnO (figure 1-5) are: the polar Zn termi-
nated (0001) and O terminated (0001) faces (C-plane), and the non-polar faces (1120) (A-
plane) and (1010) (M-plane) which both contain an equal number of zinc and oxygen at-

0ms_[des98]

However, it is important to note, before finishing this paragraph, that several factors can affect
the value of the lattice constants:

* The concentration in defects and impurities incorporated, because of the difference of
length existing between their ionic beam and that of the constituent atoms of the ionic
matrix of ZnO.

* The external constraints applied to the crystal.

* The temperature of the material.lree70]

1.3 Band structure of ZnO

The optical properties of semi-conductors report their electronic structure which results itself
from the crystalline structure of the material. Thus it seems essential to possess a good
knowledge of the structure of band of ZnO to interpret the results of optical spectroscopy. ZnO is

a direct band gap semiconductor, its highest valence band and lowest conduction band are lo-

J

cated at the I'-point of the Brillouin zone (fig. 1.6).[mor09]
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Figure 1.6: Band structure of Zn0.[mor09]

The conduction band is s-like and the valence band is p-like of ZnO. The valence band of ZnO is

split by the combined action of the hexagonal crystal field and the spin-orbit interaction, result-




Properties of zinc oxide

ing in a band structure as shown in the following diagram in (Fig. 1.7 and 1.8). More clearly, in
bulk ZnO the valence band is split by the crystal field and spin-orbit interaction into three states,
labeled A, B and C, as depicted in figure 1.8. The highest energy A band has 'y symmetry whist
the B and C bands, as well as the conduction band, have I'; symmetry.lrey99] For electric fields po-
larized perpendicular to the c-axis only the three I's excitons (A, B and C) are optically active,
whereas for electric fields polarized parallel to the c-axis only the two I'1 excitons (B and C) are

optically active.[rey99]
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Figure 1.7: Band structure and selection rules Wiirtzite Figure 1.8: Schematic diagram repre-
symmetry. senting the crystal-field and spin-orbit

splitting of the valence band of ZnO
into 3 subband states A, B and C at 4.2
K [col06]

In ZnO quantum wells that are grown c-axis oriented, only the three I's excitons are observed for
emission perpendicular to the plane of the well, with the A exciton typically dominating the opti-
cal spectrum. Excitons formed with holes in the A band can have I's or I's symmetry, which are
optically allowed and forbidden, respectively. Excitons formed with holes in the B or C band can
have I's, I'1 or I'; symmetry, the first two of which are optically allowed and the I'; exciton is opti-

cally forbidden.[rey99]

Moreover, there has been a controversial discussion about the symmetry of the uppermost A
subvalence band (I'7[tho60] or ['glraréé]) since the first studies on bulk ZnO. The symmetry of the
uppermost A subvalence band, which appears to be currently determined in favor of the I'7

symmetry, presented by Puls et al.lpul12]

Three upper bands occur at the valence top band, leading to three corresponding intrinsic exci-
ton states denoted free exciton A, B and C. Exciton series exists for all three combinations of va-
lence band (VB) and conduction band (CB). The binding energy of the electron with the hole is

called excitonic binding energy. This energy varies slightly depending on whether the hole in the

10
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exciton is built from the valence band stats A, B or C. The exciton binding energies are taken to

be equal to the same value for the three excitons Ex = 60 meV.

1.4 Properties of zinc oxide

1.4.1 Electrical properties

Zn0 with a bandgap of 3.37 eV at room temperature acts as an insulator in absence of foreign
atoms or electric active defects. However, ZnO is most of the time an n-type material. It is at-
tributed to defects in the material such as interstitial zinc atoms or oxygen vacancies. The hy-
drogen that is present in the majority of the growing technics can be also at the origin of the n-
type conductivity of nid ZnO material. The control of the conductivity has been subject to many
investigations. For example, one of the stakes is the realization of transparent electrodes for the

photovoltaic applications.[chu95]

The p-type doping is much more difficult to be obtained. Indeed, the elements of the columns IA
and IB that by substitution in zinc atoms would play acceptors' role tend because of their low
size to be located on the interstitial sites, so not playing acceptors' role anymore but that of the
donors. The p-doping remain one of the most important issues for the development of electronic

devices with ZnO related material

1.4.2 Dielectric function

The macroscopic optical properties of materials are described by the tensor of the dielectric

function, linking the vector of the electric flux density to the electric field:

B=80E+13=£08 (1.3)

T

It is possible to demonstrate that the dielectric tensor ¢ of a transparent non-magnetic envi-

ronment is symmetric real, and thus diagonalizable. By choosing an axis z parallel to the axis c,

we obtain in the case of a Wiirtzite structure:

L

& 0
e el (1.4)
0 o &

Thus the optical properties of the ZnO Wiirtzite are in essence anisotropes uniaxial, of optical
axis parallel to the c axis. According to this axis, a plane wave propagates with the same velocity
whatever is the polarization. For waves propagating according to any other direction, the veloci-

ty is dependent on the polarization. By using the equations of Maxwell, it is possible to demon-

11
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strate that the vector refractive index is connected with the dielectric tensor via the equation of

Fresnel:

(nz—sf)(si/ n§+sf(ni+n§)—srl si/)=0 ....................................................................... (1.5)

Both solutions of this equation form two surfaces of ellipsoids:

The ZnO Wiirtzite is consequently birefringent: two types of plane waves can propagate. In the

case of a propagation according to the optical axis, the crystal is considered isotropic with a re-

fractive index n, = 4/ &+ (ordinary index). Otherwise, the refractive index depends on the angle

between the direction of propagation and the optical axis. It is between n, and n, = ’sﬂ/ (ex-
traordinary index). We see that in the zone of transparency of the ZnO the optical properties

present a light anisotropy.

1.4.3 Physical parameters of ZnO

The most important chemical and physical parameters of the ZnO are summarized in table 1.1.

Chemical and Physical parameters Values

Crystal Structure Hexagonal & Cubic
Color White

Density 5.6760 g/cm?
Stable phase at 300K Wiirtzite

Melting point 1975 °C

Thermal conductivity 100 mW/cm.K at 300K
Molecular weight 81,38 g.mol-1
Hardness 4-5 on the Moh scale
Static dielectric constant 8.656

Refractive index 2.008

Energy gap 3.37 eV, direct
Exction binding energy 60 meV

Electron effective mass 0.24m°

Electron Hall mobility at 300K for low n-type conductivity 200 cm2/Vs

Hole effective mass 0.59

Hole Hall mobility at 300K for low p-type conductivity 5-50 cm2/Vs

Table 1.1: The most physical properties of the material Zn0.[Pea05]

1.4.4 Optical properties and luminescence

The optical properties of a material are related to the interaction between the light (electromag-

netic wave) with the material (electrons of the material). The photoluminescence (PL) is the op-

12
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tical radiation from a physical system, it is the re-emission of light after absorbing a photon of
higher energy.lfox14l In a compound semiconductor system like ZnO, the thermal equilibrium is
broken by the external optical excitation, from which the electrons are excited from the valence
band to the conduction band. The system tends to return to its equilibrium state through the re-
combination of electron-hole pairs. This process is usually achieved by either band-to-band
transitions, or transitions through discrete levels in the band gap related to dopants or defects.
The spectrum is then recorded, and peaks with different energies are related to different recom-
bination processes. The electronic band structure of the material can be investigated by analyz-
ing its PL spectrum. Detects radiative transition from an excited electronic state to a lower elec-
tronic state. Also, it allows having information about the presence of certain impurities in the

characterized material, but only impurities that produce radiative transitions can be detected.

The sample is excited with an optical source, typically a laser with hv > Eg, which is for an exam-
ple, for example a HeCd laser emitting at a wavelength of 325 nm in the case of ZnO. A photon
allows an electron promotion from a bound state in the valence band, to a free state in the con-
duction band, this phenomenon is named fundamental absorption, as shown in following figure
1.9.[mor09], [mako2b], [1il03] This figure also illustrates the different recombination processes of the elec-

tron-hole pairs.

Excitation Radiative Transition
®
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Figure 1.9: Schematic diagrams the band transition of the photoluminescence.

Inter-band transition: Intrinsic emission corresponding in energy to the band gap.

Higher energy emission involving energetic or hot carriers, sometimes related to avalanche

emission.
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Excitonic transitions due to the A, B or C exciton. These emission energies are corresponding

very close in energy to the band gap.

Transitions involving chemical impurities or physical defect. Conduction band to acceptor,

donor to valence band, donor to acceptor, and deep level.
Intra-band transitions involving hot carrier, sometimes called deceleration emissions.

In pure ZnO, the photoluminescence at low temperature is usually dominated by the excitonic
transitions. When an electron-hole pair is created, coulomb attraction can lead to the formation
of an excited state, in which an electron and hole remain bound to each other. This excited state
is referred as a free exciton, with slightly less energy than the band-gap energy. The exciton can
be bound to a donor or acceptor and recombine to yield neutral donor or acceptor exciton tran-

sitions.

1.4.4.1 Excitons (X)

Excitons are electron-hole pairs bound together in stable orbits by the mutual Coulomb attrac-
tion between them. Excitons are mainly important for the optical properties of a material. Usual-
ly optical recombination causing the emission of photons from a semiconductor occurs between
free electrons and holes. For both there is a continuum of possible energies and therefore will
also get a rather broad range of photon emission energies. In a semiconductor, the absorption of
a photon creates an electron in the conduction band and a hole in the valence band. The oppo-
sitely charged particles are created at the same point in space and can attract each other through
Coulomb interaction. This attractive interaction increases the probability of the formation of an
electron-hole pair, and therefore increases the optical transition rate. Moreover, if the right con-
ditions are satisfied, a bound electron-hole pair can be formed. This neutral bound pair is called
an exciton. In the simplest picture, the exciton may be conceived as a small hydrogenic system
similar to a positronium atom with the electron and hole in a stable orbit around each oth-

er.[fox14]

There are two common forms of excitons that are observed in many crystalline materials.

* Wannier-Mott excitons, often known as free excitons.

* Frenkel excitons, also known as tightly bound excitons.
If the electrons and holes are only weakly bound, these excitons are known as Wannier-Mott
excitons. While, as in ionic crystals, the electron and the hole are tightly bound to each other by
strong attraction, such excitons are known as Frenkel excitons. In this case the two carriers are

localized within the same or nearest-neighbor unit cells. Frenkel excitons, occurs in large band

gap materials with small dielectric constants and large effective masses. The Wannier-Mott exci-
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tons are often observed in semiconductors, whereas the Frenkel excitons are observed in insula-

tor crystals and molecular crystals.

In the case of Wannier-Mott excitons or weakly related excitons, the problem is reduced to that
of an hydrogenoic system in which the effective mass p and total mass M are written as a func-
tion of the effective masses of the electron and of the hole (equations 1.7).

L*+ —; L L N (1.7)
l’rle m

T -

h
The solutions of such a system are well known and the relation of dispersion of Exciton it is writ-
ten by equation (1.8).

2 1,2

EX(£)=E +E + 1K
2T T M

. . o . h2k? L
Where E, is the exciton binding energy for the (nth) excited state and i the kinetic energy of

the center of mass, mo is the rest mass of the electron, ¢ the background dielectric constant and
Ery=13.6 eV is the Rydberg energy of the hydrogen model.[tho60], [lia67] [ ,jke any hydrogenic system
the exciton is characterized by two primitives parameters the binding energy of the exciton state
1s (n=1), otherwise noted EX = 60 meV and a}; denotes the Bohr radius including in the formula
(1.9).
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which amounts for ZnO with ¢ ~ 6.5 to a value of ay = 1.8 nm. Consequently, the excitons in ZnO
are therefore Wannier excitons, because their radius is considerably larger than the lattice con-

stant.[tek04] Table 1.2 summarize the parameters of excitons in different semiconductors.

GaAs CdTe GaN ZnO
ag (nm) 13.6 7 2.8 1.8
E¥ (meV) 4.8 10.8 25 60

Table 1.2:Parameters of excitons in different semiconductors.

We indicated in this section the definition of the free exciton (X). But if a further charge binds to
such an exciton, it forms a charged exciton, which is likewise referred to as a Trion. They are
classified into two types, negative (X-, with two electrons and one hole) and positive (X*, with
two holes and one electron) trions depending on whether an electron or a hole is added to the
exciton. It should be noted that more complex exciton states can also exist like, Biexciton

(XX) [pee02]
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1.4.4.2 Trion (X)

During the past few years, the three-particle bound state, as proposed by Lambert,[lam58] of an ex-
citon with an additional carrier (X-, electron trion or hole X+, hole trion) has been subject of nu-
merous works. The experimental signatures of trions are more clearly in semiconductor quan-
tum wells because of an enhanced binding energy due to the confinement effect.less00%al Since the
pioneering work by Kheng et al.[khe93] both types of trions (X- and X*) have been found in PL and

absorption experiments on quantum wells in [II-V compounds as well as in [I-VI materials. [fin95].

[man96], [pag98], [Ciu00], [pee02],

The formation of (X-) by a neutral exciton (X) and a free electron (e-) can be described by an

atomic or chemical equation:

The concentration of free excitons in the quantum well depends on the excitation energy.
J. Siviniant et allsiv99] explain the dependence of the ratio of X to X- densities on the excitation
power with a chemical law of action of masses (equation 1.11). He connects the densities of neu-

tral exciton (ny), charged excitons (ny_), and free electrons (n,), by the relation:

_4m kT E}

= —K(T) = wp—kBT ............................................................... (1.11)

X~ B

n

Here, m. is the electron effective mass in the QW, T is the temperature, and Eg' is the binding

energy of the negatively charged exciton.

By comparing experimental data for different semiconductor QW and for the wide range of Lz
R.A. Sergeev et allser05] propose a universal formula (equation 1.12) to calculate the trion binding

energy in quantum wells.

.
L (1.12)
Ry LZ
L2
aB

Where Ez~ is the trion binding energies, Ry is exciton Rydberg, L, is the width of QW and ag is

the exciton Bohr radius.

1.4.4.3 Biexciton (XX)

Excitons are mainly important for the optical properties of a material. It is well established that,
at high density of excitation, two excitons with opposition spins may interact and form a bound
state known as biexciton. Moreover, the biexcitons can play an important role in optical proper-
ties such as threshold density for stimulated emission of laser action and gain coefficient. The
relation between (Ix) intensity of exciton and (Ixx) intensity of biexciton can be described by the

simplest relation:[sun00]
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Where Gy = (n*1xx/413)(1 + 7. / Ty ) is the characteristic generation rate that separates the
exciton-dominant from the biexciton-dominant region. G is the generation rate, Ty and Tyxx are
the exciton and biexciton lifetimes, and 7. is the characteristic interconversion time when

nX = nXX = n*.

1.5 ZnO alloys

In the framework of development of electronic devices, band gap engineering is a crucial issue
especially in reference to optoelectronic devices. By alloying the starting semiconductor with
other material of different band gap, the band gap of the resultant alloy material can be fine
tuned, thus affecting the wavelength of exciton emissions. Alloying with Mg0 and/or CdO, in the
same way that the GaN that may be alloyed with AIN and/or InN in order to respectively in-
crease or decrease the bandgap, may carry out bandgap engineering in ZnO. One of the differ-
ences between the nitride and the oxide families is that AIN and InN have the same Wiirtzite
crystal structure as the GaN, whereas Mg0 and CdO have a rock-salt structure. This crystal struc-
ture is not the same that the one of ZnO, which is Wiirtzite structure. As a consequence, phase
separation is expected to occur for ZnO based alloys with high content of MgO or CdO.[0ht98], [oht00],
[mako4al, [gru04] [n summary, the bandgap of ZnO can be increased by alloying with MgO and can be
reduced as well by alloying with CdO.leru03] Some of the main properties of ZnO, MgO and CdO are

shown in table 1.3.

Zn0 MgO Cdo
Eg (eV) 3.37 7.8 2.2
m*e (m0) 0.28 0.35 -
m*hh (m0) 0.78 1.60 [001],2.77 [111] -
m*lh (m0) - 0.35[001],0.31 [111] -
a (4) 3.2 4.2 4.7
c (A) 52 -
Stable crystal structure Wiirtzite Rocksalt Rocksalt

Table1.3: Some properties of the binary I1I-VI oxides compounds.[Peal2]
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These Zn0, Mg0, and CdO isoelectronic materials span the entire blue ultraviolet spectral range
(fig. 1.10).Mmak04a] These alloys are potentially good candidates for the realization of quantum
wells. However, the change of crystalline structure limits the possibilities of incorporation of the
magnesium (colbat) in the alloy. The main idea behind the invention of heterostructures was to
create artificial potential wells and barriers for electrons and holes combining different semi-
conductor materials. The crystalline quality and the separation of the phases are consequently
the main problems that must be overcome for making a device. Moreover, the complication of
the lattice mismatch, which strongly affects the electronic states and the valence band offset,

must be taken into consideration.
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Figure 1.10: Energy gap at 300 K versus lattice constant for a few relevant II-VI-oxide semiconductors, [mak04]

Experimental and theoreticallhuz015] researches on Mg incorporation into ZnO have achieved an
affordable understanding of the action of incorporating on both the crystalline structures and
the electronic properties.[oht98l, [mako1] The first results on the synthesis of Mg,ZnixO material on
ScAlMgO4 substrates using pulsed-laser deposition has been reported by Ohtomo et al.loht98bl The
band-gap increases up to 3.99 eV for 33% of Mg. Accordingly, the lattice parameter a increases
and c decreases with increasing Mg concentration.loht99] Since this pioneering work, several
teams have reported on the grown of (Zn, Mg)O alloy.[mako1], [gru04], [hei07] An increase of the band
gap of 20 meV by percent of Mg in the alloy has been reported.imakol], [gru04] The Mg incorporation
into ZnO can increase the width of band gap from 3.37 eV to 4.1 eV, so (Zn, Mg)O0 is a promising
candidate for the optoelectronic devices.lozg05] For the growth of ZnO quantum well (QW)
structures, (Zn, Mg)O was used as a barrier material, due to its larger bandgap compared to ZnO.
Usually, the ZnMgO are grown at relatively higher temperatures in order to achieve epitaxial
layers with good crystal quality. Accordingly, the increase in the exciton binding energy in
(Zn,Mg)0/Zn0 quantum well leads to an even higher stability of the excitons well above room tem-
perature, and will improve the performance of ZnO based excitonic devices.lgru04]. [sha%9] [n hetero-

structures the optical properties of (Zn, Mg)O are usually not investigated directly, but it is evi-
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dent that the optical characteristics of the barriers influence the optical performance of ZnO

quantum wells, so there is a need to explore (Zn, Mg)O features separately as an alloy sys-

tem.[sha99], [mak04], [pie99], [des98]
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Figure 1.11: Optical bandgaps of CdyZniyO and MgxZn1 xO alloys as a function of Cd and Mg composition in
the ZnO lattice on to different representation left panellmak01] right panel.[mor09], [oht98]

In the case of CdZnO, both lattice parameters a and c increase with the Cd content, consistent
with the larger atomic size of Cd compared with Zn. For example Makino et allmak0l] reported on
the grown of the CdZnO alloys with Cd concentrations of 7% and band gap of 3.0 eV were grown
on sapphire (0001) and ScAIMgO. substrates using pulsed-laser deposition.

1.6 Conclusion

We have presented the main properties of ZnO and its related alloys. In the next chapter, we re-
view the main results reported in literature on optical characterization of ZnO/(Zn, Mg)O quan-

tum wells.
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Chapter 2
Optical properties of ZnO/(Zn, Mg)O quantum wells

2.1 Introduction

Since the paper of Ohtomo et all°ht98al in 1998, Zn0O/(Zn, Mg)O QWs have ben successfully grown
by different techniques such as laser pulsed deposition (LPD), metal-organic chemical vapor
deposition (MOCVD), and Molecular Beam Epitaxy (MBE). Sapphire (0001) oriented substrates
were originally used.loht9%9a] The resulting structures are oriented according to the c-axis. To grow
Zn0 and its related alloys, other substrates such as SCAM, Si(111), GaN and bulk ZnO have been

successfully used since then.

ZnO0 has been research attention for a long time because of its applications in many scientific and
industrials areas. All these applications have boosted research related to the growth of high
quality ZnO thin films by a lot of different techniques that need high quality substratesltril4l. The
main technique for the growth of ZnO bulk crystals is the hydrothermal method (growth from
aqueous alkaline solutions). Optical and structural properties have been improved when the

Zn0/(Zn, Mg)0 heterostructures were grown using ZnO substrates.[chal0]

As for nitride, the more stable structure for the Zinc Oxide is the wurtzite. In strained group III-
nitride based quantum structures grown along the c direction internal electric fields were found
to appear naturally. In spite of the fact that theoretical calculationsleor06]. (malo7] predict value of
spontaneous and piezoelectric constants for the ZnO comparable to those of the GaN, the first
experimental results reported on ZnO/(Zn, Mg)O QWs, do not mention the presence of such a

field.

In order to prevent the detrimental effects of the internal electric field, it is possible to grow the

quantum heterostructures along the non-polar directions, i.e., with the polar c-direction of ZnO
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lying in the growth plane. ZnO/(Zn, Mg)O based QWs have been successfully grown on the A-
plane (1120) or the M-plane (1010).

In this chapter, we present the most standard growth techniques used for elaborated ZnO heter-
ostructures. After, we summarize the experimental and theoretical work about the optical prop-

erties of excitons in Zn0/(Zn, Mg)0-based QWs published in the past twenty years.

2.2 Excitons in quantum wells

2.2.1 Quantum wells

The techniques of growth allow building heterostructures mono-layer by mono-layer. It is thus
possible to achieve artificial materials where the carriers will be confined according to one or
several directions. Here we have studied 2D systems, where the carriers are free in two direc-
tions of space. In the third directions the barriers confine the carriers. The quantum wells are
the simplest 2D system; they can be obtained by superimposing the layers of semiconductors
with different bandgap. However, in order to get a good crystalline structure the lattices param-
eters of the semiconductors must be close. If the thickness of the layer of the semiconductor with
smaller bandgap is thin enough (i.e. weak in front of the de Broglie wavelength of the carrier) a
quantification of the energy is observed. It results in an increase of the effective bandgap when
the width of the quantum wells decreases. In 1974 Dingle et al ldin74] report the first observation

of the quantification in 2D-system in GaAs/(Ga, Al)As heterostructures.

By adding magnesium in the zinc oxide the bandgap of the alloy increases. A linear increase of
the bandgap has been reported with a slope of around 25 meV by percent of magnesium in the
alloy until a composition of about 40 %.[oht9%b], [koi05] Furthermore, the lattice parameters remain
close enough for avoiding interface constraints. Thus the Zn0O/(Zn, Mg)O0 is a good candidate for

the realization of UV devices.

2.2.2 Excitons

In a quantum well the coulombic interaction between the hole and the electron gives birth to
excitons as in the case of the 3D materials. As a consequence of the two-dimensional character of
the quasi particle the bounding energy of the exciton is more important in quantum well than in
the bulk material. In pure 2D material, the exciton bounding energy is four times the one in 3D
material. In practice, quantum wells are not pure 2D systems, however the exciton bounding
energy is higher than in the bulk material.ldin74] The excitons are consequently more stable in
quantum wells than in bulk material, which is an advantage for optoelectronic devices operating
at room temperature. This is not always true, in particular in quantum wells when an internal

electric field is present.
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2.2.3 Excitons in quantum wells with internal electric field

In polar material such as GaN or ZnO the polarization is neutralized by the free carriers and the
surface charges, this is not the case in the heterostructures. Thus the polarization field created
gives birth to an internal electric field, which is profoundly going to modify the optical proper-
ties. We are going to illustrate these effects by considering a layer of thickness Lw (well) of polar-
ization Pw sandwiched between two layers of thickness Lg (barriers) and polarization Pg grown
according to the [1000] direction. Assuming the same value for the dielectric constant for the
wells and the barriers, it can be easily demonstratedller9%al that the electric field resulting from

the polarization shift (in the wells and in the barriers) is given by:

E = -
YL +L, e L, +L (2.1)

The first obvious remark is that the electric field in the well will be of opposite sign to that of the
barrier. Furthermore, we see that the electric field inside the quantum well depends on the ge-
ometry of the sample. The maximum of the electric field in the quantum well is obtained when

the width of the barriers are large enough (Lg>>Lw).

(a) (b) (c) (d)
CB /\
= D A
e;h,
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F=0KkV/cm F#0kV/cm F=0KkV/cm F#0kV/cm

Figure 2.1: Schematic representation of band structure for narrow (a) and (b) and wide (c) and (d) QW with-
out (a) and (c) and with (b) and (d) internal electric field.

The effect of such an internal electrical field is known as the quantum-confined Stark effect
(QCSE). It has been investigated in detail in heterostructures based on wurtzite group-III ni-
tridesllefl] GaN/(Ga,Al)N. They are type I quantum well, where both electron and hole are con-
fined in the same layer. This is illustrated in figure 2.1, which shows the calculated transition

energies and electron and hole wave functions without (a and c) and with (b and d) electric field
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for narrow (a and b) and wide (¢ and d) quantum wells. The quantum-confined Stark effect
(QCSE) red shifts the fundamental optical transition. In addition, it induces spatial separation of
electron and hole. As a consequence, there is a decrease of the overlap between the electron and
hole ground state wave functions. Thus the oscillator strength of the fundamental transition
reduces. From the experimental results on group-III nitrides QW two regimes can be defined: (a)
for narrow QWs the emission energy is above the material bandgap and the excitonic lifetimes
are in the range of nanoseconds, the quantum confinement dominates; (b) for wide QWs the
emission energy is below bandgap and decreases almost linearly with increasing QW width

(Lw), whereas the exciton lifetime increases exponentially, the QCSE dominates.

2.3 Growth techniques

Different type of growth techniques have been used to growth ZnO/(Zn, Mg)O quantum wells.

The technique the most used so far is the Pulse Laser Deposition.

The Pulsed Laser Deposition (PLD)is991 or Laser Molecular-Beam Epitaxy (LMBE) gave the first
multi-quantum wells.loht98a] In this method, a polycrystalline target is ablated by a pulse laser in
an ultrahigh vacuum chamber. When the laser is absorbed by the target surface a strong plasma
plume is generated which then condenses onto the substrate surface. The growth process is
monitored in situ by reflection high-energy electron diffraction (RHEED). In order to form the
targets high purity ZnO and MgO powders are mixed, calcined, and sintered in a predetermined
amount. The important parameters in the PLD technique are the deposition temperature, back-
ground gas pressure, target to substrate distance, laser fluence, and pulse repetition rate. Single-
phase thin film of Zn;.\Mg.0 c-oriented has been successively growth with a magnesium concen-
tration up to x=0.33.cht98b] ZnO/(Zn, Mg)O heterostructures such as superlattices,oht99al

MQW!mako0] or single QWImako8] have been also successfully elaborated.

Metalorganic vapour-phase epitaxy (MOVPE) is a very important industrial epitaxy standard and
offers the advantages of controlled growth and large-scale production.leru04l. [zha05] Different com-
binations of precursors were chosen to fabricate this structures. For example Gruber et allsru04]
used diethylzinc (DEZn), bis(methylcyclopentadienyl)magnesium (MeCp2Mg), and nitrous oxide
are used as the zinc, magnesium and oxygen precursors, respectively. N,O, DMZn:TEN and
(MCP);Mg have been used as oxygen, zinc and magnesium precursor, respectively by Thi-

andoume et ql.[thi10]

In 1996, a team of the North Carolina State University have investigated the growth of ZnO using
molecular beam epitaxy (MBE).lich%] The modified set-up called plasma-assisted MBE[mor05a], [lu05]
or radical-source MBE[s2d051 has been successfully used to growth high quality quantum wells.

Here the metals (Zn and Mg) being evaporated using Knudsen cells and atomic O being activated
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in a radio-frequency plasma cell. The oxygen gas flow rate is controlled by a leak valve. As in PLD

the growth process is monitored in situ by reflection high-energy electron diffraction (RHEED).

For the heteroepitaxy of ZnO and related alloys the choice of the substrate is crucial, he must be
chosen so as to minimize the lattice-matched. Table 2.1 summarises the lattice properties and
lattice mismatch of several materials used as substrate for the growth of ZnO heterostructures.
Sapphire substrate (0001) are regularly used for the growth of ZnO according (0001)[cht98a],
[moro5a] or (1120). Non polar structure (A-plane (1120) and M-plane (1010) ZnO) can be grow
using r-oriented[cha07l and m-orientedIcha08] sapphire substrates respectively. In addition, ZnO

polar heterostructure have been grown on SCAM (ScAIMg0,),[makoo] Sj (1111),[84071 GaN and SiC.

Lattice parameters  Lattice mismatch  Orientation

Material Crystal structure a (4) (%)
c(4)
3.252
Zn0O Hexagonal 5213 0 c,m,a
3.189 1.8 c
GaN Hexagonal 5185
4.757 o (0001) ¢
a-AI203 Hexagonal 12.983 (18.4 after 3Q in (10-12) a
plane rotation)
3.246 0.09 ¢
ScAIMgO4 Hexagonal 25105
. 3.080 3.5 c
6H-SiC Hexagonal 15117
Si Cubic 5.430 40.1 c

Table 2.1: Lattices parameters of different substrate material for ZnO.

2.4 Polar Zn0/(Zn, Mg)O based quantum wells

In strained hetero-layers in wurtzite structure grown along the c-axis both piezoelectric and
spontaneous polarization effects are expected. But even though the ZnO presents coefficients of
spontaneous and piezoelectric polarizations comparable to those of wurtzite I1I-V nitrides only
few experimental papersimakoz]. [gru04] suggest the presence of internal electric fields between
1998 and 2005. The magnitude of the electric field has been a subject of controversy. For exam-
ple, we can read in a paper published in 2005: “Zn0/MgZn0O QW structures with relatively low Mg
composition (x<0.2) and thin well width (Lw<46 A) have the negligible internal field effect due to
the cancellation of the sum of piezoelectric and spontaneous polarizations between the well and
the barrier.”Ipar05] In the same time, the calculations of excitonic transition in quantum wells

(QWSs)leol0l], [sen03] have neglected the presence of such internal field.
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For quantum well large enough, the presence of built-in electric fields in the QWs can be evident
in the pump-power dependence of the emission energylmorosbl as illustrated in Figure 2.2(left). In
this figure a shift of the PL peak to higher energy of ~80 meV is observed by increasing the
pump power density over six orders of magnitude. To demonstrate the effect of the carriers den-
sity on both transition energy and overlap of the electron and hole wave function we performed
calculation for a 7.1 nm wide QW, solving the Schrodinger and Poisson equation. Figure
2.2(right) show the change in potential profile of the QW and wave function. The corresponding
transition energy and electron-hole overlap integral are indicated on the figure. The shift of the
photoluminescence line results from the screening of the internal electric field by densities of
electron-hole dipoles. Such effects can also be produced for the wider QWs at moderate excita-

tion densities because of the large recombination time as discussed below.
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Figure 2.2: Continuous-wave PL spectra of the 7.1 nm QW recorded at low temperature, for various pump-
power densities.

To determine the magnitude of the internal electric field it is necessary to measure unambigu-
ously both transition energy and lifetime of the system in its lowest excitation state whatever
the wide of the QWSs. That is to say, it is necessary to quantify as precisely as possible the mini-
mum PL energy that the system can reach. To that end time-resolved photoluminescence (TRPL)
measurements are very helpful.lbreosbl Figure 2.3 gives an illustration of the evolution of the PL
spectrum over time. The most noticeable feature is the energy move of the peak with time after
the pulsed laser excitation. Firstly, the spectrum peaks around 3.08 eV and, with time, and a shift
to lower energy is observed down to a value of 3.02 eV. This comportment is attributed to the
screening and de-screening of the internal electric field due to the electron-hole pairs concentra-
tion change along time. Immediately after the pulse laser excitation, the density of electron-hole
dipoles induces an effective electric field that opposes the internal one. The latter is thus partial-
ly screened and the PL line is shifted to higher energy in comparison to the very low excitation

regime. The progressive loss of carriers after the pulse due to recombination processes induces
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a de-screening of the electric field and, hence, a shift to lower energy of the transition energies

by restoration of the QCSE.

WAVELENGTH (nm) ——

T=10K jJ\ #Z

400 410 420 430 440 450

n
E
Z
D by 16 nm ™=
200 | 3 g : f\ ;\
4wl ] < ! 26nm
2 > //\
¥ o ] = (2n,Mg)0
F =z 52nm ,
800 |- q = |71 nm '
£ _ : - E Z 1 1 : 1 -
1000 e S e Ll 2.6 2.9 3.2 35 3.8
3.1 30 29 28
ENERGY (eV) ENERGY (eV)
Figure 2.3: Image of the TR-PL of the 7.1 nm Figure 2.4: Time-integrated PL spectra of single
thick ZnO/(Zn, Mg)O QW measured at low tem- Zn0/Zno7s Mgo.22 0 QWSs. The inserts illustrate the
perature (T=10 K).[bre14] effect of internal electric field on electron and

hole wave function.[breoéa]

The real value of the transition energy is obtained more accurately from time-integrated PL
(TIPL) instead of CW-PL. The time-integration window is restricted to delays large enough to
ensure the constancy of the PL line energy. Moreover, the repetition rate is adapted to the slow-
ness of the observed decay, in order to get a full de-excitation between two consecutive pulses.
Using this careful procedure, the excitonic transition energy and exciton lifetime are measured.
Figure 2.4 shows the TIPL spectra, recorded at 10K, of a serie of ZnO/ Zn75Mgo.250 single quan-
tum wells with different width (Lw). The PL lines of the two wider QWs lie below the ZnO exci-
tonic gap. Furthermore, it can be noted that the QW PL lines are accompanied by a series of lon-
gitudinal-optical phonon replicas separated by 72 meV. The ratio of the intensities of the first
phonon replica line and the zero-phonon line increases when the width of the QW increases. The
internal electric field separates the electron and hole wave functions toward either side of the
QW. Consequently, for wide QW a strong dipole is formed, which enhances the coupling with

polar phonons_[makOZ], [sun02], [mak05], [lan12], [beal3]

The results of such measurements are presented in figure 2.5. For wells with width smaller than
3 nm, the exciton transition energies are higher than of the ZnO bulk, and the exciton lifetimes
are in the range of nanosecond. For these narrow QWs, the quantum confinement effects domi-
nates the exciton properties. For wide QWs, with widths larger than 3 nm, the exciton transition
energies are lower than those of the ZnO bulk. The transition energy decreases linearly with the
well width while the lifetime increases exponentially. The exciton properties are governed by
the QCSE. The energy of the fundamental transition, the binding energy, and the oscillator
strength of the ground-state exciton can be calculated by a variational method[moro5bl that in-
cludes the electric field. The calculation taking into account an electric field of 0.9 MV/cm is in a

very good agreement with the experimental energies and lifetimes (Fig. 2.5).
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Before going further, let us now comment the influence of the built-in electric field on the exci-
ton binding energy. The exciton binding energy is higher than the bulk value in a QW without
internal electric field. This is the normal effect of quantum confinement. The interaction between
the two particles increases, consequence of the reduction of the distance between the electron
and the hole. In polar QW, for wider one the electric field pushes the electron and the hole to-
wards either side of the QW, thus weakening their Coulombic interaction. Consequently, the ex-

citon binding energy decreases when the width increases (Fig. 2.6).
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Figure 2.5: Comparison of experimental PL peak Figure 2.6: Calculated binding energy and pseu-

energies and PL decay times to the result of vari- do-Bohr radius versus well width, obtained by

ational calculation.[mor05b] assuming an electric field of 0.9 MV /cm.[mor05b]

In a first approximation, the built in electric field in ZnO/(Zn, Mg)O single QW varies linearly
with the magnesium concentration in the barrier, x (fig. 2.7), with a coefficient of A = 3.95
(MV/cm).[breo7l [Tn MQW, the distribution of electric field among the well and barrier layersler99al

should be taken into consideration. Then the resulting electric field in the QW is given by:

FW = FMAX LB / (LB # LW), coeteesetevsseserssssissssesssssesisssesissssssssssssssssssssssssesssssesssssssssssssssans (2.1)
where Fmax is the maximum electric field. It is obvious from this formula that the electric field
in the well layer is close to Fmax for samples having very thick barriers (LB >> LW). In contrast,
relatively narrow barrier layers will significantly reduce the effective field in the QW. The mod-
elling illustrated the effect of the barrier width on the transition energy in MQW having a con-
stant barrier width (Fig. 2.8). The energies shift are calculated in three different situations: no
electric field (as a reference), taking in consideration the distribution of the field in well and bar-
rier layers and maximal electric field (thick barriers). In the last situation, for QW width wider
than 3 nm the energy falls below the ZnO excitonic gap, whereas the same crossing it obtains
only for QW wider than 4 nm in the second situation. Indeed, the effective field in the QWs de-
creases steadily with LW (see insert in Fig. 2.8). In the such MQWs the electric field declines in
the layers with increasing QW width and therefore the QCSE is reduced if compared to SQW
designs. It could be an explanation why the magnitude of piezoelectric and spontaneous polari-
zation in ZnO/(Zn, Mg)O0 hetrostructures has been underestimated in MQWs.[mak04], [koi06] Gener-

ally, in MQWs, the electric field in the well layers decreases with increasing LW and therefore the
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QCSE is reduced if compared to SQW designs. In summary, the polarization effects are under-
estimated in analysing the experimental results, if the barrier width dependence of FW is not

taken into account.
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Figure 2.7: Dependance of the internal electric Figure 2.8: Calculated energy shift of the exciton-
field in ZnO/(Zn, Mg)O with contration of Mg in ic transition for (a) no electric field, (b) a width-
the barriers.[bre07] dependent electric field (shown in insert for con-

stant barrier width) (c) the maximum value of
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The Quantum Confined Stark Effect is damaging for the performance of optoelectronic devices
based on these structures. From the study of the variation of the PL integrated intensity as a
function of temperature a comparison between the radiative efficiency of two QW separated by a
barrier of 200 nm width has been achieved.lbre14l In a simple model the radiative efficiency (1),

which is proportional to PL intensity (Ip.), is given by:

YL L (2.2)

where Tnonrad and Traq are, respectively, the non-radiative and radiative decay times. In a 7.1 nm
width QW, the intensity of photoluminescence decreases by two orders of magnitude between 8
K and 50 K. In a 1.6 nm width QW it is necessary to increase the temperature to 300 K to reach
the same variation in intensity (Fig. 2.9). Both quantum wells are in the same sample thus the
non-radiative phenomena are even in both wells. This observation is simply understandable if
we take into account the fact that in the wide well the radiative lifetime is very long in compari-

son with that of the narrow well.

The profits of the homoepitaxie on the optical properties of these wells have been also demon-
strated.llaull] The intensity is almost constant for a homo-epitaxial sample while it divided by a

factor ten (fig. 2.10) for a hetero-epitaxial sample.

Despite the high value of the polarization induced electric field exciton complexes have been
observed in multi-quantum wells growth along the c-axis. Biexciton formed by two excitons in

interaction or charged exciton (negatively charged trions) have been detected in these systems.
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Figure 2.9: Photoluminescence intensity norma-
lysed as function of temperature for two
QWS_[bre14]

Figure 2.10: Temperature-dependent PL decay
times for the homo- (full circles) and heteroepi-
taxial SQW (full squares) with a well width of 2.0
nm. The corresponding normalized PL intensities
are shown in the inset by the open symbols.[laull]

In Zn0/Zno.74Mgo260 multi-quantum wells, grown by PLD on SCAM substrate, luminescence due
to the radiative recombination of biexcitons has been observed at low temperature.lsun01] The
identification of the biexciton PL line is supported by their relative energy positions and intensi-
ty dependence as a function of the excitation power density (Fig 2.11). The binding energy of
biexcitons in multi-quantum wells is enhanced by quantum confinement effect and it is a mono-
tonically decreasing function of well width (Fig. 2.12).[¢hi03] [ts value is comparable to the ther-
mal energy of room temperature for the MQWs with Lw smaller than 2.5 nm. The high value of
the binding energy is confirmed by the observation of the emission associated to biexciton at the

room temperature reported by Davis et alldav06] in narrow MQWs.
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Figure 2.11: Exciton and biexciton spectral
weights at a temperature of 5 K asfunctions of ex-
citation power densities for a Zn0/Zno.74Mgo.260
MQWs sample with well width of 1.75 nm. The
inset plots the spectrally integrated intensity Ixx
as a function of Ix. The solid line denotes the
square-power law relation.[sun01]
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Figure 2.12: Well-width dependence of biexciton
binding energy (open squares). Binding energies
of free excitons (open circles), and the Exx/Ex ra-
tios (filled circles) as a function of the Lw, are al-
so shown. We plotted the corresponding values
of bulk ZnO for comparison at the right part of
graph.[chio?)]

Magneto-optical studies of ZnO/(Zn, Mg)O multi-quantum wells provide clear evidence of nega-
tively charged excitons (trions, X-).lpull2l The sample here is grown on c-plane sapphire sub-

strates by radical-source molecular-beam epitaxy. The width of QW is 3.5 nm. However, the dis-
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tribution of the field in well and barrier layer and the low concentration of magnesium in the
barriers (x = 0.09) leads to a very low value of the effective electric field. Biexcitons are also evi-
denced in these quantum wells (Fig 2.13) by increasing the excitation power density. The PL
polarization reflects the occupation of the split-off angular momentum state of the I'; hole (Fig
2.13). Trion transition scheme in magnetic field with optical selection rules is also presented in
figure 2.14. In agreement with the widely accepted situation for bulk ZnO a I'; symmetry is

founded for the uppermost band in the quantum well.
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Figure 2.13: Solid blue lines: PL and absorbance Figure 2.14: Upper black solid and dashed curve:
derived from the measured transmission T and circular absorption difference spectrum at B = 3.5
reflectivity R, where d is the total thickness of all T and T = 1.5 and 9 K, respectively. Lower solid
QWs. The indices A and B refer to the incorpo- blue and dashed red curve: circularly polarized
rated hole(s) from the A and B subvalence band, PL spectra for o+ and o-polarization taken at B =
respectively, in the exciton (X), charged exciton 6 T. Inset: Derived trion transition scheme in
(X-), and biexciton (XX). Dashed (magenta) line: magnetic field with optical selection rules.[pul12]

PL spectrum at excitation intensity 10xlo.[pul12]

2.5 Non polar Zn0/(Zn,Mg)0 based quantum wells

In order to prevent the detrimental effect of QCSE, it has been proposed the growth the quantum
heterostructures along so-called nonpolar directions. Here, there is no component for spontane-
ous fields of polarization in growth direction as the polar c-axis is contained in the growth plane.

Sapphire substrates were first used in to grow nonpolar ZnO and its related alloys. Indeed it is

possible to make grow a—(llEO) Zn0 and m—(lOiO) Zn0 using r-orientedIcha07], [1i10], [ko10], [lau10],

[chen2015] and m-orientedlcha08], [kim09], [bealla] sapphire substrates respectively. However, nonpolar
growths on sapphire substrates give rise to a large density of defects.lven08] A drastic improve-
ment of the optical and structural properties has been obtained when using bulk ZnO sub-
strates.[zip10], [chal0] [n this paragraph, we focus only on the optical properties of homoepitaxial

Zn0/(Zn, Mg)O0 single quantum wells (QW) grown on A-plane and M-plane ZnO substrate.

The transition energies are plotted in figure 2.14 as a function of the thickness of the QW grown

on A-planelchal®] and M-plane oriented ZnO.[beallal Here, the most important feature is that the exci-

31



Optical properties of Zn0O/(Zn, Mg)O quantum wells

ton transition energy is above the value of that of the bulk material, independent of the well

width. This results indicate that there is no QCSE in these structures.

36F ZnO /(Zn,Mg)O - SQW 1 [ mptane 20020, Mg, O £
T=10K 27 zno:C,, L=17om | 3
s "ﬂ}“ 5 I E 1/ [0001] 'r%
i g 78’ o8
> 35F & s Z
o € M-plane > 8 H
g % O A-plane E i § E
] B [ELoon € £
B, T 3 ¢
34F G SR « g é
L I L L o =
" " " I I I I I 33 34 35 36 E
o 1 2 3 4 5 6 7 8 Energy (eV) = Polarization angle
Well width (nm)
Figure 2.15: Exciton energy in a serie of QW Figure 2.16: (a) Low temperature polarized (red
growth on A planelchal0l (open symbols) and and green plots) reflectance spectra of single quan-
M planelbealla] (closed symbols). tum well grown on an M-plane oriented ZnO sub-

strate showing the excitonic selection rules.lbealla]
(b) Normalized PL intensities for a-plane
Zn0/ZnMg0 MQWs as a function of the polarizer an-
gles at low temperature.[ko10]

As predicted by group theory, the CW-PL and reflectance spectralke10l [beallal of non-polar QW re-
veal strong in-plane optical anisotropies. In reflectance, confined states analogous to A and B bulk
excitons are detected in experiments performed using light polarized perperdicular to the c-axis.
The spectral signature of confined excitons built from spin-orbit split-off band in the valence band,

analogous to C-exciton in bulk ZnO, is detected in orthogonal polarization is detected.
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Figure 2.17: Evolution of the PL lines corre- Figure 2.18: (a) Evolution of the ITRPL. (b) Evo-
sponding to confined free and localized excitons lution of the intensities in CW-PL (ITRPL) meas-
in case of a single quantum well grown on an M urement of free, open (full) square and localized
plane oriented ZnO substrate.[bealla] open (full) circle exciton bands together with the

total photoluminescence intensity open (full) di-
amond with temperature.[bealla]

As it has pointed out before, the optical properties of the QW are improved by the used of ZnO
substrate. An illustration in given in figure 2.17 that shows a series of CW-PL spectra of non po-
lar ZnO QW measured at different temperatures.lbeallal [t is interesting to note the intensities
reversal between the two peaks associated with free and localized excitons, which indicates an
efficient de-trapping of the bound exciton. The intensity of the two peaks is extracted from a

deconvolution procedure of the photoluminescence band. It is remarkable that the total intensi-
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ty (Fig. 2.18) does not collapse with increasing temperature. This result is a clear indication that
non-radiative processes in this sample are not efficient even beyond room temperature, which is

extremely promising for optoelectronic devices.

This property is confirmed by measurement by time resolved photoluminescence (TRPL) of the
lifetime of free and localized excitons. Both decay times show identical behavior with tempera-
ture (Fig. 2.19). They increase linearly from ~750 ps to ~2.4 ns when the temperature increases
from 100 K to room temperature. This linear increase, with a slope of about 7 + 1 ps/K,[bealla] of

the decay time is typical of free excitons in 2D-system.
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Figure 2.19: Evolution of the PL decay Figure 2.20: Photoluminescence spectra of (a) ho-
times of the localized (full symbol) and free moepitaxial A-plane QWIcha10l (b) heteroepitaxial M-
excitons (open symbol) versus tempera- plane QW.lche16]

ture.[bealla]

The most remarkable feature in the published results of non-polar QW is the presence of two
peaks in the optical response of the quantum well (Fig. 2.17, Fig. 2.20). Different interpretations
of the two lines are given. In M-plane the low energy line is attributed to exciton recombination
in localized stateslbeallal or excitons bound to plane stacking faults (BSFs).lcee1él [n A-plane QW,
the dominant PL peak is attributed to exciton localization due to the interface fluctuations such
as well-width variations, local strain modulations or Mg inhomogeneities.[chal0] On the basis of
our results on non-polar quantum wells we shall discuss again these interpretations in the chap-

ter three.

2.6 Conclusions

In this chapter, the optical properties of ZnO based QWs were presented. For single quantum
wells grown along the (0001) axis, the drastic effect of QCSE on recombination energy the exci-
ton and oscillator strength as well as radiative efficiency has been illustrated through the discus-
sion of CW-PL and TRPL experimental results published by several authors. The detrimental
effect of QCSE could be avoided by using QWs grown on non-polar planes (A-plane or M-plane).
Here, reflectance, CW-PL and TRPL properties of single quantum wells grown on non-polar sub-

strates reveal strong in-plane optical anisotropies. In non-polar M-plane QW, the temperature
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dependence of the intensity of the photoluminescence indicates a very moderate contribution
from non-radiative recombination channels in. Above 100 K, the radiative decay times of the
excitons show linear increase as a function of temperature characteristic of 2D-system. Such
high-quality QWs open up possibilities for UV optoelectronic devices. However, an important

obstacle still remains: the attainment of p-type conductivity in ZnO.

Other directionslerul6l more exotic are possible for the growth of the wells of ZnO; they are semi-

polar plane as the plane R.[hal3] However very few results were published on semipolar QW.
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Chapter 3

Optical properties of the (Zn, Mg)O barriers

3.1 Introduction

In order to avoid the disastrous effects of the internal electric field in the ZnO/(Zn, Mg)O hetero-
structure it is possible to grow them along the non-polar directions, ie., with the polar c-
direction of ZnO lying in the growth plane. Zn0O/(Zn, Mg)O based QWs without QCSE have been
successfully grown on the A-plane (11-20) or the M-plane (10-10). Before exposing the results of
our investigation of the optical properties of the quantum well on an A-plane, we dedicate this
chapter to the presentation of the optical properties of the ZnO substrate and the (Zn, Mg)O bar-

riers.

Figure 3.1 presents two spectra of the sample taken at low density of excitation in two different
conditions for the energy of the excitation photon. With high-energy photons (4.3 eV) the barri-
ers and the quantum well are excited. Whereas with low energy photons (3.8 eV) the quantum
well and the substrate are excited. The energy range presented on the figure can be divided in
three zones. The low energy part (3.34-3.37 eV) corresponds to the substrate response. The
high-energy part (3.65-3.9 eV) corresponds to the signal arising from the barriers. Between the-

se two signal we find the response of the quantum well.

In the second paragraph we gathered the results obtained on the luminescence of the substrate
in the various experiences made to characterize the quantum well. In the third part, we examine
the optical properties of (Zn, Mg)O barriers by using CW and time resolved photoluminescence

spectroscopies.
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Figure 3.1: PL spectra measured at low temperature in two excitation conditions, with 4.3 eV photons (red
and purple) and 3.8 eV photons (blue). The spectra are normalized to the QW PL line.

3.2 Optical properties of the ZnO substrate

In the case of excitation with photons at energy below the bandgap of the barriers (Figure 3.2)
the PL spectra present three lines at 3.360, 3.362, and 3.365 eV below. These lines of photolumi-
nescence present a maximum to energies lower than those attributed to the recombination of
the free exciton in ZnO (3.376 eV). In agreement with Meyer et allmey04] we attribute these peaks
of photoluminescence to the recombination of excitons bound to the donors in the substrate,

which is n-type material.

' 0 ZnO substrate
m 330 30 T=8K
= ; )
2 n
2 £
o 5
= o
2 g
s H
g £
2 s
= >
c 5
3 8
£ E
3.35 3.36 3.37 150 D°X2 (X2)
Energy (eV) 180 0
D"X,
Figure 3.2: PL spectrum measured at 10K as a Figure 3.3: Representation in polar coordinates
function of the angle between the c-axis of the of the intensity of photoluminescence measured
structure, chosen as zero, and the electric field of at 10 K according to the angle of polarization of
the outgoing light. the electric field of the emitted light. The c-axis of

the structure is chosen as zero.
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We present (Fig. 3.2 and Fig. 3.3) the experimental measures of the anisotropy of the optical
response of the substrate. To determine the rate of anisotropy, we analyze the photolumines-
cence spectra collected in the perpendicular direction to the growth plane. We polarize linearly
and in a selective way the electric field of the emission of photoluminescence by means of a po-
larizer consisted by two birefringent crystals. The regulation of crystals is made according to an
angle associated with the orientation of the electric field of the light (perpendicular to the axis of
propagation). This orientation is called direction of linear polarization. A first conclusion is that
the whole spectrum associated to the substrate presents the same anisotropy. The degree of

polarization (DOP) of the signal is calculated from the data using the following formula:

I -1
DOP = 190+10 ............................................................................................................................. (3.1)

90 0

The degree of polarization for three peaks is of the order of 95 %. These results correspond to
the value waited for a non-polar material for which the c axis of the structure wurtzite is con-

tained in the plan of growth.

Intensity of the photoluminescence. The emission of photons is due to the radiative recombi-
nation of carriers, its rate is inversely proportional to T, the radiative lifetime. Besides the radia-
tive processes, non-radiative processes can involve the carriers such as phonons emission or
Auger process. These processes affect the carrier lifetime by a contribution, which is inversely
proportional to tng, the non-radiative lifetime. Then, under optical injection condition the evolu-

tion of the exciton population is given by:

Where n is the density of exciton concerned, G is the generation rate. The non-radiative recom-
bination rates are mostly thermally activated whether they correspond to the activation of a
non-radiative recombination center or to level depopulation. It may be written in the following

form:
T (T) = Tao SXP(Ep/KT) o (3.3)

Where twro is a constant and Ea the activation energy of the non-radiative process. Under steady

state condition, such as in CW-PL measurement, we get:

dt T, Tw

d—n=O=G—n(L+L)=G—n(FR+FNR)=n=— ............................... (3.4)

where I'r and I'ng are respectively the radiative and non-radiative rate. Moreover the PL intensi-

ties are proportional to n/1:R =n I',, one obtains the following expression for PL intensity:[ler9%l
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(ﬂ= GI, G _ [
I+, 1+ /T,

0 ) (3.5)
1+A exp(—kiﬁ)

where A=1, /‘t . The temperature dependence of exciton radiative lifetime is determined by

NRO
thermally induced exciton redistribution in momentum space and depends on dimensionality of

the investigated structure,[fl87], [and91], [cit92a], [cit92b] jt can be written:
T. =7

where n is an integer between 0 and 3, corresponding to the degree of freedom of the excitons.

The constant tro is depending of the studied material.

Let us consider now the decrease in intensity of the DX; and D%X; lines (Fig. 3.4-a), it is due non-
radiative process. The dashed lines are least-square fits to their variations using expression 3.5.
Here, A is independent of T because we deal with localized excitons on the donors (n=0). Activa-
tion energy of 9.5 meV and 8.5 meV are found for respectively D0X; and D%X,. This low activation
energy quenching is due to the thermal detrapping of the bound excitons towards the free A

exciton band in ZnO substrate.
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Figure 3.4: (a) Intensity of the PL lines D%X1 and D%X; according to temperature the dashed lines correspond

to formula 3.3. (b) Energies of the D0X1 and D9Xz PL lines. The dashed lines correspond to the model of Varshni
(3.4).

Energy of emission of the photoluminescence. The model of Varshnilvar¢7l is a good approxi-
mation to model the low-temperature dependence (T <300 K) of the energy of an electronic

band-to-band transition. The expression is the following:

T (L
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where Eg is the energy of the bandgap at 0 K. This phenomenological formula takes into account
two main physical effects responsible for the variation of the gap of a semiconductor with the
temperature, i.e. the temperature dependence of both the dilation of the lattice and the electron

lattice interactions.

To reproduce the variation of the transitions energy with the temperature we use the low-

temperature value as parameter Eo in the formula of Varshni. A good agreement with the exper-
imental values is obtained (Fig. 3.4-b) using the parameters a=4.710" (eV/K) and

B =900 (K) these values are close to the ones proposed by Meyer et al. [mey04]

3.3 Optical properties of the (Zn, Mg)O barriers

3.3.1 Introduction

Several studies have been done on the incorporation of magnesium in ZnQ.[cht98b], [mako1], [oga03],
[sch03], [hei07], [was09], [neull], [laul3], [kam16] The main result is an increase of the bandgap of the alloy with
the magnesium incorporation. However, the growth of this alloy with an important concentra-
tion of magnesium is difficult because the stable structure of the binary MgO is the cubic struc-
ture.[oht98b], [mako1] [t has been reported on the growth of films with a good crystalline quality with
magnesium concentration up to 36 %.[loht98bl, [kamlé] Moreover, due to the difference in the lattice
parameters the layers are strained when their thickness is less than 600 nm.kam16] The observed
dependencies of the photoluminescence energies, measured at low temperature, with magnesi-
um content follow a linear behavior. The slope of the line is 18 meV by percent of magnesi-

um.[heio7]

Localization of excitons in the alloys. Studies on the solid solutions of semiconductors evi-
denced the phenomenon of localization of the excitons at low-temperature.lkim00], [che10] [n the
case of an alloy the exciton is sensitive to local variation of potential resulting on the local con-
centration and/or arrangement of the substituting elements. This effect is larger in ZnO alloys
than in III-V semiconductors due to the small radius of the exciton (1.8 nm in ZnO), they are
therefore more sensitive to local inhomogeneity. As a consequence, the Stockes shift between
luminescence and absorption edge increases with x in Zni.x\Mgx0 alloys.loht98b], [was09] This is trans-
lated by a behavior in S shape of the position of the maximum of the peak of photoluminescence
when the temperature increases.was09 This behavior is simply understandable in term of locali-

zation of excitons on the fluctuations in potential as illustrated in Fig. 3.5.

At very low temperature (kT<<AE), the excitons are trapped by potential fluctuations (Fig. 3.5-
a). These localized excitons do not have enough thermal energy to be mobile. They recombine in

the minima of potential occupied. A small increase in the temperature (kT*AE) drive a migration
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of the excitons toward the minima of potential (Fig. 3.5-b), which leads to a decrease in the
emission energy. A further increase in the temperature (kT>AE) allows the excitons to migrate
toward others potential minima in the crystal (Fig. 3.5-c). Therefore an increase of the emission
energy is observed. Above a certain temperature (kT>>AE), the excitons are no longer localized

(Fig. 3.5-d). Then the emission energy follows the temperature dependence of the bandgap.

(a) kT<<AE (b) kT=AE

Free excitons

Figure 3.5: Schematic representation of the behavior of the excitons in the fluctuation of the potential result-
ing from the disorder of the alloy (for the details see text below).

3.3.2 CW photoluminescence investigation

Figure 3.6 presents a photoluminescence spectrum of the barriers measured at low temperature.
The luminescence was excited at 4.3 eV using a monochromator. Three Gaussians of the same
full width at half maximum (FWHM) are used to fit the signal. The energy of the maximum of the
main line give an estimation of the magnesium content, which is about 25 %.[ei07]1 The two com-
panions lines, separated by 71 meV, are identified as the phonons replicas of the main line. The
strength of the phonon replicas confirm that we are dealing with localized excitons.lkon08] The
large value of the FWHM (65 meV) compared to the one of the PL line in ZnO (3-4 meV) is at-
tributed to the alloy disorder.[scho3]

Polarization of the signal. The variation of the intensity of the PL line as a function of the out-
going light electric field orientation is summarized in figure 3.7. The zero of the polar graph cor-
responds to light electric field oriented parallel to the [0001] axis. The maximum intensity is
obtained when the light electric field is perpendicular to the c-axis. The DOP is 88 %, this value is
much smaller than the one determined from the luminescence of the substrate. The difference
could be explained taking in consideration the strainlkam1él in the barrier, which mixes the differ-

ent states of the valence band.[gil00]

40



Optical properties of the (Zn, Mg)O barriers

' 1.0

:g T=10K i
c
=
> 05 -
15
©
=
2
s . 0.0 -
>
x
g
[T 05 -
et
c o
— S50

36 38 4.0 1.0 -

Energy (eV)

Figure 3.6: PL spectrum of the (Zn, Mg)O barriers Figure 3.7: Representation in polar coordinates
measured at 10 K. Lines blue correspond to the of the intensity of photoluminescence measured
deconvolution of the signal in Gaussian, the red at 10 K according to the angle of polarization of
one is the sum of three contributions. the electric field of the emitted light. The c-axis of

the structure is chosen as zero.

Temperature investigation. The figure 3.8 gathers the normalized spectra measured in various
temperatures. The position of the maximum of luminescence begins by moving towards the high
energies when the temperature increases. Beyond 70 K its energy decreases with the tempera-
ture. This behavior is waited for the localized excitons as it has been discussed before. The figure
3.9 groups the variations of the parameters used in order to replicate the behavior with temper-

ature of main line of photoluminescence of the barrier.

When the temperature increases the energy of the transition (Fig. 3.9-a) first increases before
decreasing for temperatures superior to 70 K. The dotted line corresponds to the formula of

Varshni. This expression reproduces correctly the high-temperature behavior. The values of the
parameters are: E = 3.871eV, a=9.14 10 (eV/K) and B =560 (K). A difference of 11 meV is

obtained in 10 K between the measure and the curve of Varshni. In a first explanation this differ-

ence can be interpreted as an effect of localization of the excitons

Thermal broadening of the photoluminescence line is generally interpreted as a consequence of
the exciton-phonon interaction. The temperature dependence of the full width at half maximum

(FWHM) presented in figure 3.8-b can be approximately described by the following equa-

tion:[hel93], [one93], [gru09]

r
FWHM(T)= T +v, T+ L (3.8)

h exp(h o, /k, T)—l

where I’ and I, are the inhomogeneous line-width at zero temperature and the strength of

the exciton-LO-phonon coupling, respectively. # w  is the LO-phonon energy we take its value
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to be 71 meV. y_ is the coupling strength of the exciton-acoustic phonon. The dashed line repre-
P!
sents the fitted result based on equation 3.8. The best fit is obtained for the parameter values:

[,=0647meV, I =716¢eVandy, =275ueV.

‘%i

Intensity (arbitrary units)

My
(zn, Mg)O 1 :
1 1 1
3.6 3.8 4.0
Energy (eV)

Figure 3.8: Normalized photoluminescence spectra of the (Zn, Mg)O barrier recorded at temperatures range
from 10 to 100 K.
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Figure 3.9: Energy of the transition, full width at half maximum (FWHM) and intensity of the line according to
temperature.

The intensity of the photoluminescence stays nearly constant until 70 K (Fig. 3.8-c). For temper-
atures above this value it decreases rapidly. The decrease of the intensity is associated to the
disappearance of the excitons, which can be due to its dissociation or its diffusion toward non-
radiative centers. The parameters of the equation 3.3 are deducted from the variation of the in-

tensity with the temperature. Here, A is dependent of the temperature because we deal with free
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excitons in bulk material (A= A T3/2). The dashed lines is calculated for Ap=1.136 and an acti-

vation energy Ea of 72 meV.

3.3.3 Time-resolved photoluminescence

The time-resolved photoluminescence spectroscopy is also help to understand better the behav-
ior of the excitons in material. In this paragraph, we present the results of this study and pro-
pose a model to account the observed properties. For it, we shall keep in mind on the results
obtained by photoluminescence in continuous wave excitation. In particular on the fact that
those results demonstrate that at low temperature regime we have to deal with localized exci-

tons. At the contrary at high temperature regime we deal with free excitons in 3D system.

For the time-resolved photoluminescence experiment, the excitation was provided by a mode-
locked frequency tripled titanium-sapphire laser, with a 2 ps pulse width and a wavelength of
266 nm. Due to the slow photoluminescence decays, we have adapted a laser repetition rate of
800 kHz by using an acousto-optic modulator. The photoluminescence signal was dispersed by

an imaging spectrometer and then temporally resolved by a streak camera.

3.3.3.1 Experimental results

The TRPL experiments can give different information. If we integrate temporarily the signal on
all the time-window (ITRPL) one can get similar information as CW photoluminescence experi-
ment. The spectral integration of the signal on the window (TRPL) gives information about the
time-dependence of the decline of the intensity. From the spectra one get the PL time decay,
which give information about the different process involved in the recombination of the exci-

tons.

Integrated time-resolved photoluminescence (ITRPL). ITRPL spectra are presented in Fig.
3.10-a. These spectra and the CW-PL spectra present a similar dependence on temperature. The
energy of the line moves toward higher energy when the temperature increases. The intensity
stays nearly constant until 90 K, then decreases monotonously with temperature (Fig. 3.10-b).
The independence of the intensity with temperature at low temperature regime (T<90K) is a
clear indication that the excitons recombinations are dominated by radiative process. On the
other hand, at high temperature regime (T>150K) most of the carriers recombine through non-
radiative channels. In the following, we will consider these two temperature domains, then we

will merge them in a model.

The energy of the transition shows the same behavior at low temperature as the one we have
discussed in the previous paragraph. However for the temperatures in the range 200-300 K a
new S-shape appears. This behavior is attributed to the delocalization of the excitons with tem-

perature.
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Figure 3.10: (a) Normalized integrated time-resolved photoluminescence spectra of the (Zn, Mg)O barrier
recorded at different temperatures. (b) Dependence of the intensity of the integrated time-resolved photolu-
minescence spectra of the (Zn, Mg)O barrier with the temperature. (c) Energy of the transition according to
temperature.

From these results we can propose the following scenario. At very low temperature the excitons
are localized. When the temperature increases, they can occupy a second localized state separat-
ed by 11 meV from the fundamental state. The energy of the transition increases, after which the
energy decreases and follow the classical behavior of the bandgap until 200 K. For higher tem-
perature the excitons start to delocalize. At room temperature the majority of the excitons are

free excitons. The energy of localization can be estimated from these data to be 60 meV.

PL decays. The photoluminescence decays are non-exponential until 90 K (Fig. 3.11). They be-
come mono exponential at higher temperatures. The low-temperature decays shows two re-
gimes: at the short time the decline is fast; on the other hand it is much slower at the long time.
The slow regime accelerates when the temperature increases. For temperature above 90 K both
decays seem to decrease with the same time constant. Non-exponential photoluminescence de-
cays at low temperature have been previously reported in alloys such as (Al, Ga)NIkim00], [onu04] or
(Zn, Mg)0.[che10] The non-exponential behavior is attributed to the fact that in this case we are in

the presence of a mixed population of localized and free excitons.
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Figure 3.11: Normalized photoluminescence decays measured at different temperatures. Note that, the time
scale goes from 100 ns to 5 ns from left to right.

The PL decay curve, for temperature below 90 K, can be well fitted using a biexponential line

shape:
I(t)=yo+la exp(—t/1:a)+1b exp(—t/'cb) ........................................................................... (3.9)

where I(t) is the PL intensity at time t, yo the background, I; and <; represent the initial intensity
and the decay constant of the ith component. An example of the decomposition of the decay of
photoluminescence in two components is presented on the Fig 3.12. Monoexponential line shape
is used for the others. The results are shown in Fig. 3.13. The shorter decay time constant (t.) is
nearly constant in a range of temperature from 18-90 K. The second decay time constant (t) is
substantially longer than the first decay time constant in the same range of temperature. After
90 K, only one decay time constant is required to fit the PL decay. Subsequently the time con-

stants decline with the temperature.

The localized excitons are known to present a long lifetime independent of the temperature in
the range of 0.5 to 5 nanoseconds.lcor1] [ros14] This correspond to the dependency according to the
temperature and value of the t, lifetime, so it is attributed to recombination of localized exciton.
The T, lifetime shows a decrease in temperature. Moreover, the value at low temperature is large
as compared to the value reported in the literature. At 17 K, its value is about 130 ns. Of such
important values are observed very often in a system with an internal electric field, which sepa-
rate the electron and hole wave-function.[mor05b] Similar observations are reported for the indi-

rect excitonslzhul?] or dark excitons.lsme15l In the first case, the carriers have different space locali-
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zation. The long lifetime of dark exciton are related to “forbidden” transitions. This second life-

time is also attributed to the recombination of localized excitons.
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Figure 3.12: Example of the decomposition of the
decay of photoluminescence in two exponential
decays.

3.3.3.2 Low temperature domain (T<90 K)
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Figure 3.13: PL decay time according to the tem-
perature. For temperature below 90 K, two decay
times constant are required to fit the PL decay.

The experimental data show that: the recombination processes are radiative, and the energy of

the PL peak shift toward higher energy with temperature. The PL decays are biexponential, then

we will have to consider the localized state is a system with two levels. The transition energy

dependence with temperature indicated that the two levels are separated by 11 meV. The pro-

posed model for the recombination of the localized excitons at low temperature is schematized

in figure 3.14.

Localised exciton

\le

E12

Figure 3.14: Schematic representation of the different recombination phenomena taking into account for lo-

calized excitons at low temperature.

The evolution of the population of each level after the excitation pulse are governed by the fol-

lowing system of coupled equations:

dn, _n_n
dt T T,
dn n, n
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dt T, T
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where ny, 2 and T4,z are respectively the density and radiative lifetime of exciton on level 1 and 2.
112 is the transfer time between the two levels. The latter parameter is thermally activated and

can be written in the following form:

T120 is a constant and Ei is the energy separation of the two levels. From the equations (3.10) we

get temporal evolution of the populations as:

n, (t) =A, exp(—t/reff)

......................................................................... (3.12)
n, (t) =A, exp(—t/teff) +A, exp(—t/tz)
where Ter is given by:
1 I 1 T T
—=—+—=>reff=1 1/ = eSS (3.13)
11120 kB T
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Figure 3.15: Decay times according to the temperature deduced from free fitting (open symbols) and con-
straint fitting (closed symbols). The red dash line corresponds to the calculated values of teff (equation 3.13).
The blue and black dash lines indicate the value of respectively t: and 2.

These hypothesis allow us to explain the experimental observations: biexponential decays and
the long-lifetime (t,) dependence with temperature. From the PL decay times measured in the
range 17-80 K we deduced the parameters of equation 3.13. Figure 3.15 shows the calculated
value of t.r compared with the measured value. The effective lifetimes are calculated using for-
mula 3.13 with 1.2 ns, 131.5 ns and 11.7 meV for respectively ti20, tT1 and E12. The value of E1; is
very close to the one deduced from the temperature dependency of the transition energy. More-

over, we can notice that the formula fit the experimental data until 100 K. However for tempera-
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ture above 100 K the decay lifetimes still decrease, indicating that other phenomena are involve

in the photoluminescence decay.

The open symbols (fig. 3.15) are the 1. values obtained from free fitting of the PL decays. In or-
der to get more valuable determination of T, we have also done fitting with a constraint. Here we
use the value of tesr calculated from equation 3.13 for the one of tp. The lifetime is nearly inde-

pendent of the temperature as expected. We can fixe its value at 1.4 ns.

3.3.3.3 High temperature domain (T>150 K)

In this paragraph we compare the experimental results with the "classical” model of competition
of radiative and non-radiative recombination. First we present how one can get the different
parameters from the data. As it has been mentioned before, the non-radiative recombination
process dominates at elevated temperature. Here we consider the measured lifetimes for tem-

peratures above 150 K.

Determination of the radiative and non-radiative lifetimes. The free exciton emission is ex-
pected to have a single decay time determined by interplay of radiative and non-radiative re-
combination processes as, where I'r and I'vg denote the intrinsic radiative and defect-mediated
non-radiative rate of the free exciton, respectively. During the pulse the intensity of photolumi-

nescence can be write in the following form:

T
I=£=G L O OO OO (3.14)
I‘R+I“NR

where m is the radiative efficiency of the recombination and G is the rate of photo-generation of

the carriers. After the pulse (G=0) the population of excitons is governed by:

o R AR R SRR AR R AR E R ORE R R RE R R 3.16
¢ T +D, (3.1¢]
The photoluminescence decay is given by:
GT
I(t)=—R exp(—t [FR+FNR])=G M exp(—t/tpL) ............................................ (3.17)

I‘R + I‘NR

At low-temperature the exciton recombination is dominated by the radiative process. As a con-
sequence we can fix the value of the radiative efficiency to be almost one hundred percent. The

integrated time-resolved photoluminescence can be then to write as follow:
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I _ (1) = O LG 3.18
1(0) (7) T (T)+ T (T) T (T) (318

where T, =1/1:PL is the photoluminescence decay rate. Using this set of equations, from the

temperature dependency of the normalized intensity we calculate the radiative lifetime and non-

radiative lifetime.

I (T)= ! =I(T)F —I(T)L=>1: T)=1 m .................................. 3.19
w0 i) T @12
L I (3.20)

Free excitons radiative and non-radiative lifetimes. In this temperature domain we will as-
sume that the photoluminescence signal arise from recombination of free excitons. From the
equations (3.19) and (3.20) we calculated the radiative and non-radiative lifetimes (Fig. 3.16)
for the temperatures above 150 K. Then these values are compared with the formula (3.3) and
(3.6) in order to get the parameters of the dependency with temperature (Table 3.1). Here we
set n=3 in the formula (3.6). The activation energy found for non-radiative process is compara-

ble to the one deduced from CW-PL data.

Radiative lifetime Non radiative lifetime
TNRO = 5.9 ps
TRO = 1.8 ps
P Ea=71 meV
Table 3.1: Temperature-dependency parameters for the radiative and non-radiative lifetimes of the free exci-
tons.
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From formula (3.18) and (3.20), one can calculated the intensity of the photoluminescence as
well as the photoluminescence decay time on the whole range of temperature. The experimental
results are compared with the experimental values on the figure 3.17. A good agreement is ob-
tained as regards the intensity of photoluminescence. That is not the case for the PL lifetime.
However, one can notice here that for temperatures below 125 K the non-radiative process do

not have influence on the PL lifetime and intensity.

The discrepancy in PL time decay between the model and the experimental results is not sur-
prising. In the low temperatures domain, the excitons are localized. The model should be com-

pleted in order to take into consideration the localization phenomena.

3.3.3.4 PL intensity and lifetime model

For this purpose, we used a model originally proposed in the case of localized excitons in quan-
tum wells potential fluctuations. It has been successfully tested in different systems such as GaN
QW.[cor11], [ros14] After presenting the model, we discuss the changes necessity to adapt this one to
the case of localization in 3D material. And then we compare the model with the experimental

data.

Photoluminescence decay model. The hypotheses of the model are a following one: only the
free excitons recombine non-radiatively; the lifetime of localized excitons is independent from
the temperature. Fig. 3.18 presents a schematic description of the various phenomena consid-

ered.

Free exciton - ng,

Localized exciton - n,,, Eioc

T
TN R_fr R_fr

h 4

Figure 3.18: Schematic representation of various taken into account recombination phenomenon

The total population of excitons (nex) is the sum of the density of the free excitons (nfee) and of

the localized excitons (nioc).

LT § B | (3.21)

exc free loc

The total recombination rate of the excitons can be written as:

e e (3.22)

n n

exc exc
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In this equation I is the radiative recombination rate of localized excitons, which is independ-
ent of the temperature. The recombination rate of the free excitons (I'x) is given by the sum of
radiative (I'r ) and non-radiative (I'ng) rates. The temperature dependencies of these two
rates are deduced from photoluminescence decay time and from the intensity as it as been ex-
posed before. So we get the following expressions for radiative and non-radiative rate of the

exciton as function of the densities of localized excitons and free excitons.

n n
Qo i = (NS N S (3.23)
rad loc R_fr loc " loc free © R_fr
n n
exc exc
T — nfree T =A T (3 24)
nrad N NR _fr froe T INRff **FF e .

exc

where Agee and Al are the fraction of free and localized excitons. The photoluminescence decay

rate is obtained by:

T, =(Aloc T, +A, rU)+A r

1 free NR _fr =
PL

Under non-degenerate excitation conditions, the densities of excitons follow Boltzmann distribu-

tions;
ETTE N 1L
and
n_~N_ exp|- Poe () B BeT)) (3.27)

1
k, T

where M is the exciton mass (M =m_+m, ), Nioc is the areal density of localization centers in the

QW, Efree(T) is free exciton recombination energy, and Ei is the localization energy determined
from energy of the transition temperature dependency. The exciton fractions Agee and Aioc can
thus be expressed as a function of a single unknown parameter Niqc.

Development of the model. First, here we deal with a 3D system then the densities of excitons
should be adjusted to this situation, i.e. the temperature dependency of the density of state var-
ies with T3/2, The localized excitons in the model have a lifetime independent of the temperature.
Moreover only one state is considered. Here the localized excitons states have different lifetimes.
However, they radiatively recombine in the low temperature domain. At very low temperature,
their lifetime is t1. When the temperature increases the excitons start to populate the second
level and part of them recombine with T, lifetime. As we have demonstrated, the effectif time

decay of the photoluminescence varies with temperature. At very low temperature, tef is close to
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1. When the temperature increases, Tt decreases and become closer and closer to 2. Tes is then
representative of the population repartition of localized excitons on the two levels. In the calcu-
lation we used Te(T) as radiative lifetime for the localized excitons. A schematic representation

of the model is presented figure 3.19

Free exciton
Localised exciton

loc

T.
nrad \ 12 E12

E

T,

Figure 3.19: Schematic representation of the different recombination phenomena taking into account for the
recombination of the excitons in ZnMgO barriers.

The adjustment of the experimental data with the model is presented in Fig. 3.20. The energy of
localization is fixed at 60 meV, these value is deduced from the transition energy dependency
with temperature. Fig. 3.21 summarizes the temperature dependency of all lifetimes used in the
model with the calculated value of the PL lifetime. The best fit is obtained for a value of
5x1014 cm-3 for the density of localization centers (Nioc). A good agreement is obtained for both

PL decay time and PL intensity.
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Figure 3.20: Comparison of the calculated PL life- Figure 3.21: Temperature dependency of the dif-
time and PL intensity with the measures. ferent lifetimes considered in the model.

3.4 Conclusion

In this chapter, we resume the results obtained during this study on the ZnO substrate and the
(Zn, Mg)O0 barriers of the quantum well. The PL signal of the substrate is polarized as expected
for non-polar A plane. The degree of polarization is 95 % close to the limit of the apparatus. The

polarization of the barrier is less around 88 % indicating that the barriers are constrained. At
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very low temperature, the excitons in the barriers are localized and exhibit a very long lifetime,
about 130 ns. The study in temperature of the lifetime showed that the localized exciton can
occupied two different states, one with the very long lifetime the other one with a lifetime of
1.4 ns. These two states are in thermal equilibrium. At higher temperature the photolumines-
cence is dominated by non-radiative recombination of free excitons. Based on the model of local-
ized exciton in quantum wells we proposed a model for the dependency with the temperature at

the same time of the intensity and the time of decline of the photoluminescence
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Figure 3.22: Photoluminescence time decays of the barrier (black open circle) and QW (red open square) ex-
cited with photon having an energy of4.13 eV and QW (blue open diamond) excited with photon having an en-
ergy of 3.76 eV.[beallb]

To finish this chapter we want to point out the influence of the properties of the barrier on the
measures of the decline of photoluminescence of the quantum well. For this purpose we plot
different photoluminescence decays with different conditions of excitation in figure 3.22. Two
decays are recorded with energy of 4.3 eV for the excitation photon. The first one (black open
circle) is the barrier response. The decay shows a non-exponential behavior with a component
in time very long. The second one (red open square) recorded at the QW emission energy pre-
sents a similar behavior. For PL decay recorded with excitation energy below the bandgap of the
barrier (blue open diamond) do not present the long lifetime component. These results are a
clear demonstration that the real PL decay of the QW does not have a component with a long
lifetime. The apparent component of the decay of the QW at long time could be due to the exci-
tons diffusion from the barrier, or to photons recycling. In the following chapters the experi-
ments of time-resolved photoluminescence of the quantum well are acquired with photons hav-

ing energy below the barrier bandgap.
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Chapter 4

Exciton complexes in Zn0O/(Zn, Mg)O quantum well

4.1 Introduction

High quality quantum wells on non-polar surface are grown successfully since a few years by
using different technics. What is remarkable in the results publishedlchal0l, [beallal on this kind of
hétérostructure is that a peak at an energy , which is not the one of the free exciton, dominates
the photoluminescence spectra measured at low-temperature. This peak is assigned to the radi-

ative recombination of localized excitons in potential fluctuations.

This chapter is devoted to the results obtained by continuous wave optical spectroscopy, includ-
ing the effects at the same time of the polarization and the temperature, on a single
Zn0/(Zn, Mg)0 quantum well growth by MBE on A-oriented ZnO substrate. To understand the

observed trends we compare them with models of exciton complexes.

Figure 4.1.a gives a schematic representation of the sample. The width of the quantum well is
3.5 nm and the Mg concentration in the barrier was measured to be ~20%. The figure 4.1.b show
a schematic representation of an hexagonal wurtzite structure with the crystallographic axis.
The A plane (11-20) is represented in green. In addition, the (x, y, z) coordinate system linked to
the plane is indicated. It is important here to notice that the z-axis is parallel to the c-axis [0001]

of the crystallographic system.

In a first part, we describe the properties of the main excitonic complexes observed in the quan-
tum wells. The experimental results are the object of two paragraphs. In the first one we includ-
ed the results obtained in the case of low density of excitation. To understand the observed opti-

cal properties we compare them with a model of delocalized and thermalized trions. The other
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part is dedicated to the results obtained in the case of strong density of excitation. The most im-

portant result here is the formation of biexcitons in this quantum well.

@) T Zny Mg, 0 (50 nm)

ZnoaMgozo (200 nm)

ZnO substrate

Figure 4.1: (a) Schematic representation of the sample. (b) Orientation of a-plane in hexagonal wurtzite struc-
ture, crystallographic axis is indicated. In green, we show the adapted coordinate system linked to a-plane
composed by x out-plane axis, and y and z in-planes axis.

4.2 Exciton complexes

4.2.1 Introduction

When the concentration of excitons obtained by optical excitation is sufficiently high or in pres-
ence of free carriers (electrons or holes) or foreign atoms in the material exciton complexes can
be formed. Here, we consider only two types of excitons complexes. The first one is the biexciton
(XX), which consists in two excitons in interaction in a similar way to the H; molecule. Biexciton
can be observed when the concentration of excitons is high enough. The second one is the trion,
in this case it is an exciton in interaction with a free carrier. Consequently two kinds of trions can
be formed, negatively charged exciton (X- exciton in interaction with electron) or positively
charged trions (X* exciton in interaction with a hole). Moreover, in 2D system like quantum
wells the reduction of spatial extension of the wave function leads to an increase the interactions

among carriers and to stronger Coulomb-correlation effects.

4.2.2 Biexcitons

Biexcitons has been theoretically predicted in 1958 by Lampertllam58] and by Moskalenko.[mos58]
Evidence for the existence of biexcitons has been found experimentally several years later in
CuCl. [mys68] Since this time, biexcitons have been characterized in several bulk materials for ex-
ample GaAs, [bri73] GaNlkaw96] and ZnO. [ko00], [yam01], [haz03] [t has been also experimentally demon-
strated that when the excitons are confine in quantum wells the binding energy of the biexciton

increases over the bulk value. [cha03], [yam95b]

In photoluminescence experiment the biexciton luminescence arises from the radiative recom-

bination of one of its two electron-hole pairs, leaving behind an exciton. The energy of the emit-

ted photon Exx is given by E . =E, —E>*. Where Ex and E.* are respectively the energy of the
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exciton recombination and the binding energy of the biexciton. From photoluminescence exper-
iments, in bulk ZnO the biexciton binding energy was estimated to be 15-16 meV. [ko00], [yam01],
(haz03] Tn ZnO/(Zn, Mg)O quantum wells, with 26 % Mg contents in the barriers, the biexciton
binding energies varied from 19 to 28 meV when the well width goes from 3.7 to 1.75 nm.[sun01],
[chi03]

At low temperature, the population evolution of excitons (nx) and biexcitons (nxx) can be de-
scribed by a chemical equilibrium model.lsou79] [kim94] This model leads to the pair of coupled dif-

ferential equations:

2
d§x=G_n_x+h_ Ny b, M
t T T n Tt T
R s (4.1)
anX = _ nxx 1’lX i nXX
*
dt Ty DT, T,

where G is the continuous-generation rate (proportional to the density of excitation), Tx and Txx

are the exciton and biexciton lifetimes. t¢, is the characteristic interconversion time when

n,=n, = n". The two equations take into account the generation of the excitons, the decays of

the excitons and biexcitons, and the interconversion between them. The steady-state solutions

to this system of equations are:

where G, = (n* ‘CXX/4 ri)(1+-cc/rx) is the characteristic generation rate. These equations indi-

cate that for low generation rates (G < Go) the exciton population grows linearly and the biexci-
ton population grows quadratically. For high generation rates (G > Go ), the biexciton population
grows linearly and the exciton population grows as the square root of the excitation. In sum-

mary, Go separates the exciton-dominant from the biexciton-dominant region and the biexciton
population is proportional to the square of the exciton population (n,, ocni).The intensity of
the bi-exciton, Ix, thus varies according to that of the exciton, Ix, according to a law of the type:
I o 1" where f=2.

The biexciton photoluminescence line exhibits a nearly Lorentzian line shape.lcho73], [kim94] This is

because even a biexciton of large wave vector may recombine, the mismatch in wave vector be-

tween the biexciton and the photon being given to the remaining exciton.
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4.2.3 Trions

The three-particle bound state of an exciton with an additional electron (X-) or hole (X*) has
been also proposed by Lampert.llam58] The rather small value of binding energy of third particles
makes difficult the observation of such complexes in bulk materials. Two-dimensional confine-
ment is strongly enhanced this energy and subsequently the trions have been observed in quan-
tum well in photoluminescence or absorption spectra.lkheds] [shi%5] The effect of the carriers locali-
zation on the trion formation in quantum well was previously highlighted.leyt98] [bri%9] [ndeed, in
real quantum wells, electrons and holes are subject to random potential fluctuations. These can
be due to interface roughness, or alloy disorder. It is also due to the presence of remote ionized
impurities in the barrier that induces electrostatic potential fluctuations. These can localize the
electrons (holes) and the negatively charged trions X- (positively charged trions X+), but do not
affect much the exciton which are neutral complexes. In such case the trion radiative lifetime is
almost independent of the temperature as it was found in single GaAs quantum wells between 2

and 10 K.[fin%8]

On the contrary, the concept of delocalized trions is the most appropriate way to describe the
broad range of experimental results on trions in quantum wells.[man96], [ess00a], [ess00b], [ciu00] [n this
model the trions are assumed to be in thermodynamic equilibrium with excitons and free carri-
ers. If we consider the k-vector conservation when a trion X- radiatively recombines the electron
takes away the k-vector of the trion as the photon momentum is small enough to be neglected.
Thus X- with k-vector different from zero can also recombine radiatively. From the point of view
of the experimental observations it implies that the peak of photoluminescence is asymmetrical.
He has to present a spreading towards low energies corresponding to the recombination of tri-
ons with high value of k. Furthermore, this tail is a function of the temperature and has to extend

when this one increases.

To understand quantitatively these effects Esser et allesso0al, [ess00b] proposed a model. Here we
shall satisfy us with considering only the negative trion because our samples are n-type.[%illl [n
this model the X- thermal distribution is approximate by a Bolzman distribution. The intensity of

the photoluminescence is then given, if we neglect the broadening mechanism, by:

S
N ;4“;) o(€) -

2

exp

where € is givenby €E=E_ (k = 0) -ho= h2k2MX/(2meMX_),®(E) is the Heaviside step func-

tion. M(k) is the optical matrix element, which can be approximated by ‘M(k)r =~ exp(— E/El).

My, Mx- and me. are respectively the exciton, trion and electron masses. The spectral decay con-

stant (Erai) is deduced from equation (4.3) and is given by:
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1 1 m

E.. k7TM

Tail

X 1
To take into account the broadening effect, the trion contribution is obtained from the convolu-
tion of the equation 4.3 with the same profile used to fit the exciton line. This procedure is illus-
trated by the figure 4.2 for two temperatures. It should be noted here that the maximum of the
peak does not correspond to the energy of recombination of the trion. The experimental deter-
mination of this energy has to be made not on the maximum of the peak but a better choice is the

inflexion point on the high-energy part.

A chemical law of action of masses connects the concentration of free electron (n.) and neutral

(nx) and negatively charged (nx’) excitons.[siv99]

n.n 4m k, T EX
1;( e = T:th exp| - ” BT ....................................................................................... (4.5)

X~ B

where E7 the trion binding energy.
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Figure 4.2:.Calculated photoluminescence spectra (black line) in the framework of delocalized trion model at
two different temperatures. The spectra are obtained by the convolution of equation 4.3 (red line) by a Gaussi-
an (blue line). The convolution shifts the peak maximum slightly to lower energy.

4.3 Low density of excitation experimental results

4.3.1 Photoluminescence at low temperature

Let us first consider the results obtained in low density of excitation condition. Figure 4.3 pre-
sent a photoluminescence spectrum of the sample measured at low temperature. The excitation
is obtained using a white lamp and the energy (4.3 eV) is selected using a mono-chromator. In
such experimental condition the density of excitation is very weak. A peak at 3.399 eV (QW1)
dominates the spectrum. At higher energy a second peak at 3.85 eV is related to the recombina-
tion of excitons in the (Zn, Mg)O barrier. This value is consistent with a concentration of 20 % of

magnesium in the barriers.lvam01l [t has been noticed that no line in the spectra can be attributed
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to recombination of exciton in the ZnO substrate. However, the main line presents a shoulder at

high energy, around 3.43 eV (QW2).
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Figure 4.3: Photoluminescence spectra recorded Figure 4.4: PL spectra recorded at 8 K for weak

at 8 K. The luminescence was excited at 4.3 eV us- density of excitation and incoming photons ener-

ing a monochromator. gy of 3.81 eV.

In the case of excitation with photons energy below the barrier (Figure 4.4), the PL spectra pre-
sent two extra lines at 3.360 eV and 3.365 eV. In such condition, both quantum well and ZnO
substrate are excited. The two PL lines correspond to the recombination of binding exciton to
donors in the ZnO substrate.lmey94l Moreover, a shoulder at low energy complete the main line. It
is this shoulder, which becomes the third line when the density of excitement increases as we

shall see it later in this chapter.
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Figure 4.5: Transition energies plotted versus well width for a series of A-plane oriented ZnO/(Zn, Mg)O sin-
gle quantum wells. The full blue hexagon symbols represent the ground state energies determined by PLE
measurements at 2 K.[chal0] The blue open square are the position of the main PL line energies.[chal0] The full
and open red circles are the present results. The result of the effective mass envelope function calculation, in-
cluding hole-electron interactions, is represented by red line.

In figure 4.5, we have reported our results with the ones of ].M. Chauveaulchal0l on the same type
of sample. In addition, the figure is completed by the effective mass envelope function calcula-
tion, including hole-electron interactions, of transition energy of the exciton in the quantum
wells. A good agreement is obtained between the full symbols and the calculated value. The en-

ergies are above the energy of the free exciton in ZnO bulk (dashed line dyes purple on the fig-
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ure). This is a signature of the absence of QCSE in these quantum wells, as expected. Our enve-
lope function calculation shows that the splitting between the two PL lines QW1 and QW2
(~30 meV) is too large to be explained by one or two monolayer QW width fluctuation (~4 meV

for 1 ML).

4.3.2 Reflectivity versus photoluminescence

Figure 4.6 presents the reflectivity experiments carried out at low temperature in normal inci-
dence conditions, the light is polarized parallel (blue line) and perpendicular (red line) to the
[0001] direction. The positions of the intrinsic excitonics transitions are in agreement with the
valuesllia68] previously published (indicated by dashes lines). Much more interesting is the pres-
ence on these spectra of high-energy feature typical of quantum wells corresponding to the un-

resolved (A, B) doublet and C confined states.
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Figure 4.6: Low temperature polarized (red and Figure 4.7: Comparison of low temperature po-
blue plots) reflectance spectra showing the exci- larized reflectance (red line), PL (brown) and PLE
tonic selection rules. (orange) spectra. The PL and PLE spectra are

plotted on a semi log scale.

In figure 4.7, we report low-temperature reflectivity spectra (red) associated to photolumines-
cence (PL - brown) and photoluminescence excitation spectroscopy (PLE - orange) spectrum.

The PLE spectrum is taken at energy of 3.39 eV.

On the spectra of PL we do not observe a line associated with the luminescence of C exciton,
which according to the experience of reflectivity should be situated towards 3,47 eV. They are at
low temperature completely thermalized on the levels A and B as expected. Let us return on the
lines of photoluminescence associated to A and B confined exciton in the quantum well. The
lines are previously labeled QW1 and QW2. The Stokes-shift between the structure observed in
reflectivity, corresponding to the level having the biggest density of state, and the peak of photo-
luminescence (QW2) is only few meV. This small value of the Stokes-shift indicates reasonable
heterointerface smoothness with terraces of the size of the exciton Bohr radius. The line QW2
corresponds well as we had suggested it previously, on the basis of the calculation of the exci-

tonic transitions in these quantum wells, to the recombination of free excitons.
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Before going further, I shall want to make some remarks on the dominant peak of PL (QW2). At
first, a feature is present on the reflectivity spectra at the same energies. Moreover, the PLE
spectrum measured on the low energy side of this peak present two structures corresponding to
the energies of the exciton Xag and Xc. What confirms the excitonic nature of the transitions. We
have already eliminated the hypothesis of exciton localized on fluctuations in width of well. We
have now to envisage the hypothesis of excitonics complexes. The experiments results obtained
with high density of excitation described in the paragraph 4.4 show that the line QW1 couldn’t
be attributed to the recombination of biexcitons. In the following paragraph, we shall analyze the

results within the framework of the model of delocalized trions.

4.3.3 Polarization of the photoluminescence spectra

The study of the polarization of the photoluminescence according to the temperature is summa-
rized in the figure 4.8. Each map represents the variation of the PL signal as a function of the
angle between the c-axis of the structure, chosen as zero, and the electric field of the outgoing
light. The intensity of the PL decreases two orders of magnitude with increasing temperature.
The signal related to the barriers disappears for temperatures higher than 150 K. More im-
portant, the relative intensity of the lines associated with the quantum well changes when the
temperature increases. In the map measured at 150 K, they are clearly resolved and the intensity
of the peak Xap becomes more intense than the peak X-. Furthermore, from 150 K a signal is
clearly present for an angle of zero degrees. The relative intensity of this signal increases with

the temperature.
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Figure 4.8: Variation of the PL intensity as a function of the angle between the [0001] axis of the structure and
the electric field of the outgoing light. The intensity of PL is coded in logarithmic scale.

Before pursuing the analysis of the effect of the temperature, we will first comment on the polar-
ization of the observed signals. In Figures 4.9 and 4.10 we plot the PL spectra measured in two
polarizations conditions: electric field of the outgoing light parallel (polarization c) and perpen-

dicular (polarization a,b) to the [0001] axis for two temperature. For both temperatures the sig-
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nal decreases of about two orders of magnitude when we pass of the polarization a,b in the po-

larization c. A more interesting feature is the shift towards the high energies of the line associat-

ed with the quantum well at 150 K during the change of polarization.

The variation of the intensity of the PL lines as a function of the outgoing light electric field ori-

entation is summarized in figures 4.11 and 4.12. The zero of the polar graph corresponds to light

electric field oriented parallel to the [0001] axis. At 8 K (Fig. 4.11), the maximum intensity for all

the lines (Xas, X" and barrier) is obtained when the light electric field is perpendicular to the c-

axis. At 150 K (Fig. 4.12), the polar representation shows clearly that the X- and Xa3 lines keep

their polarization. It also shows that the polarization of the line QW3 is in quadrature with two

others.
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Figure 4.9: Photoluminescence spectra recorded
at 8 K in the two polarizations. Note the differ-
ence by two orders of magnitude between the
two spectra. The luminescence was excited at 4.3
eV using a monochromator.
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Figure 4.11: Polar representation of photolumi-
nescence intensity measured at 8 K. The Z-axis is
parallel to the [0001] axis.
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Figure 4.10: Photoluminescence spectra record-
ed at 150 K in same conditions as in figure 4.11.

Figure 4.12: Polar representation of photolumi-

nescence intensity measured at 150 K.

The degree of polarization (DOP) of the signal is calculated from the data using the following

formula:
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The values of the DOP for the lines of photoluminescence are collected in the table 4.1.

X XaB QW3 Barrier
DOP -8K 99 % 99 % - 88 %
DOP -

99 % 99 % -77 % -
150 K

Table 4.1: Degree of polarization of the different CW-PL lines.

The DOP of the X- and Xag peaks is 99 % whereas it is only 88 % for the line associated to the
barrier. The DOP of the line QW3 is about -80 % what corresponds to a polarization of the signal
along the axis c. The difference in energy position of the peaks between QW3 and Xap is of the

order of 40 meV what is compatible with the observations made on the reflectivity spectra.

4.3.4 Effect of temperature

To illustrate the effects of the temperature and of the polarization on the photoluminescence
spectra we gathered on the figure 4.13 the normalized spectra measured in (a) polarization ab
and in (b) polarization c. Figure 4.13 (a) shows the relative change in intensity between the Xz
and X- lines. When the temperature increases the Xap line becomes the dominant line. On the
low-temperature spectra (Fig. 4.13 (a)), we note the presence of a shoulder on the low energy
side of the X- line that will be in the following attributed to the contribution of the biexcitons. It
can be also noticed that the recombination of negative trions shows up as an asymmetric line

with a low-energy tail, which broadens with increasing temperature.

Zn0iZn, Mg, ..
Single quantum well

Intensity (arbitrary units)

E 1 [0001] E // [0001]

A A 1 A A
3.3 3.4 3.5 3.3 3.4 3.5

Temperature

Figure 4.13: Evolution of the normalized photoluminescence spectra according to the temperature. Photolu-
minescence spectra measured in (a) polarization a,b and (b) polarization c. The luminescence was excited at
4.3 eV using a monochromator.
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In order to get quantitative information from the spectra we fit them using the following proce-
dure. The exciton lines are assumed to be Gaussian. To model the asymmetry of the peak of PL
associated with the trion we use the convolution product of the equation 4.3 with a Gaussian in
order to take into account the broadening effect. The full width at half maximum (FWHM) is cho-
sen equal to the FWHM of the exciton line when these line is clearly defined in the spectra. The
Ewi parameter of equation 4.3 is adjusted in such a way as that to obtain the best result. At low
temperature, a Lorentzian function is used to fit the biexciton contribution. For the spectra rec-
orded in the c polarization only the contributions of the exciton and the trion are considered.
The figure 4.16 presents a set of results obtained using this procedure. The figure 4.14 illustrates
the procedure to fit the experimental curves. It is remarkable that the dissymmetry of the trion

line increases according to temperature.

T=10K T=100K

Intensity (arbitrary units)

3.3 3.4 3.3 3.4 3.3 3.4
Energy (eV)

Figure 4.14: Results of fitting procedure utilized to get quantitative information from the experiments. The
symbols are the experimental values. The orange, blue, and red curves represent respectively the contribution
of the biexciton, the trion and the free exciton. The calculated total photoluminescence curve is green. Note
that the maximum of luminescence decreases by a factor of about 60 when the temperature goes from 10 K to
250 K.

The evolution, according to the temperature of the energies of the transitions and the intensity
of the associated lines of photoluminescence, is respectively drawn on figures 4.15 and 4.16. We
used the model of Varshnilvar67] to describe the behavior of the energy of emission of confined

excitons in the quantum wells according to the temperature. The expression is the following one:
E,=E -«a Tz/(T+[3) ............................................................................................................ (4.7)

A good agreement with the experimental values is obtained using the parameters
0=4.710" (eV/K) and P =900 (K) these values are close to the ones proposed by Meyer et
al.lmey04] In a general way, we notice a red shift of the energies between 8 and 300 K that corre-
sponds to the decrease of the energy of the forbidden band of ZnO. The gap between the line Xz

and X¢ (and X-ag and X-¢) is about 38 meV. The one between the line of the exciton is the one of

the associated trion is 23 meV. This energy corresponds to the binding energy of the trion. In the
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case Xap" a small increase of the energy of photoluminescence occurs for the temperatures lower
than 50 K followed at higher temperature by a decrease due to the reduction of the gap of the
material. This evolution of the energy of photoluminescence according to the temperature (S
shape) is often observed in quantum wells. This behavior correspond to the following physical

phenomena:

oAt low temperature the excitons (excitons complexes) are localized, the localization energy

reduces the transition energy.

oWhen the temperature increases, the thermal energy allows the delocalization of the exci-

ton (excitons complexes) then the transition energy increases with temperature.

oAt high temperature, all the excitons (excitons complexes) are delocalized and the transi-

tion energy diminish as the material bandgap with temperature increase.
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Figure 4.15: Energy of the PL lines as function of Figure 4.16: Intensity of the PL lines according to
temperature. The dashed lines are Varshni func- temperature.

tion. The full circles correspond to the position in
energy of the reflectivity feature on the low tem-
perature spectrum.

From the data, we can estimate the localization energy of the negative trions. We found a value
of about 5 meV. This value corresponds to a well width fluctuation of one monolayer in the

quantum well.

The results show a decrease of the intensity of the X-ag line (blue full diamond) when the tem-
perature increases, whereas the Xag line (red full circle) has a more complex behavior. At low
temperature, the intensity increases with temperature until 100 K. It stays nearly constant till
150 K, next when the temperature increases the intensity decreases. The Xup line becomes dom-
inant in the spectrum from 200 K. The intensities of the lines X¢ (red open square) and X¢ (blue
open square) are weak compared to the other ones. The total photoluminescence intensity de-

creases on one order of magnitude when temperature increases from 10 K to 300 K. This is as-
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sociated to non-radiative process, which are thermally activated, whether they correspond to

level depopulation or to the activation of a non-radiative recombination center.

The photoluminescence intensity of X-sg line can be fitted (fig. 4.17) with the following expres-

sion considering only one non-radiative recombination channel:

(TAE) =1, £(T,AE) =1 /(1+ A T exp(=E, /K T)} v (4.8)

where E1 is the activation energy of non-radiative process. Its value is 17.1 meV as regards the
intensity of the trion, which is very close to trion binding energy. This suggests that the only
non-radiative process explaining the disappearance of this line is the trion dissociation in a free
exciton and an electron. Assuming that trions are the source for free excitons, the X intensity

variation can be approximate by the following expression:

I(T,B,Ez)=(12(1—f(T,A,E]))+IO)/(1+ B T exp(-E, /k T)) .............................. (4.9)

where Ip and E; correspond respectively to the intensity at low temperature and to the activa-
tion energy of non-radiative process. The parameters A and E1 are the ones determined from
the X- line fitting. With a value of E;=89 meV we obtain a good agreement between the experi-

mental points and this expression.
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Figure 4.18: The blue and red full circles corre-
spond to the ratio respectively of the intensity of
the exciton and trions lines and of the total PL in-
tensity measured in ¢ and ab polarization. The
blue and red dashed line correspond to the fitting
with respectively the formula 4.5 and a Boltzman
distribution.

Figure 4.17: Intensity of the PL lines versus tem-
perature. The red and blue dashed lines corre-
spond to the fitting respectively of the intensity
of the trions and exciton lines.

The ratio between the intensities of the free exciton lines and the trion lines is also presented
(blue full circle). The blue dashed line corresponds to the expression 4.5. From this fitting we
can estimated the density of electrons in the quantum well. The calculation leads to a value for
the electron density of about 1012 cm-2. The results showed that the excitons with a c symmetry
are populated for temperatures higher than 150 K. The ratio between the intensities of the lines

in c polarization and ab polarization is presented in figure 4.18. We assume a thermalized dis-
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tribution of the excitons and approximate it by a Boltzmann distribution. The fitting of the points
gives activation energy of 36.7 meV, which consistent with the separation between the two lev-

els previously determined.

4.4 High density of excitation results

4.4.1 Photoluminescence at low temperature

The figure 4.19 shows the evolution of the photoluminescence spectra according to the incident
light intensity of a laser OPO with a repetition rate of 10 Hz. The width of the pulse being 5 ns
and the typical lifetime of the excitons being between about ten and some hundreds of picose-
conds at low temperature, we can consider the excitation as quasi-continue. The energy of the
photons is fixed to 3,75 eV, i.e. below the barrier bandgap, to create excitons directly in the well.

The spectra are collected in polarization ab.
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Figure 4.19: Photoluminescence spectra recorded at 10 K. The incident light intensity of a laser is varying on
for order of magnitude. (Pmax=8.5 pJ)

In the photoluminescence spectra, an additional line clearly appears at lower energy (3.38 eV)
when the excitation power density increases. The intensity of this line increases more quickly
with the increase of power which the two other lines (X and X-). The behavior of this new line is
compatible with the biexcitons formation. Quantitative information from the spectra is obtained
by using the same fitting procedure used previously. The lines D%X; and D%X; corresponding to
the substrate response are assumed to be Gaussian. A Lorentzian function is used to fit the biex-

citon contribution.
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The figure 4.20 presents the evolution of the intensity of the photoluminescence for both exci-
tons localized on neutral donor in the ZnO substrate. The intensity of these lines presents a line-

ar behavior according to the density of the incident light on this graph in logarithmic scale.
Therefore the intensity of the PL lines follows a power law (IOC(P/Pmax)B). In this case f is

equal to 1. The density of the lines is directly proportional to the density of photons absorbed in

the substrate as expected.
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Figure 4.20: Intensity of the PL lines according Figure 4.21: Intensity of the X, XX and X- PL lines
to the incident light intensity. Noted that scales according to the incident light intensity in loga-
are logarithmic. (Pmax=8.5 pJ) rithm scale. The same data are plotted in linear

scale in the insert. (Pmax=8.5 pJ)

The variations of the intensities of the PL lines associated with the quantum well are more com-
plicated as the figure 4.21 shows it. The insert of the figure 4.21 shows the same data drawn in
linear scale. Obviously the intensity of the X- line has a non-linear behavior. From the classical
approximation for long-lived excitons,kim94l the exciton exhibits a sub linear increase with in-
creasing excitation power density, while the biexciton is close to be linear. From these results we
can propose the following scenario. Photons are absorbed in the quantum well and generated
excitons. These excitons go either form trions, or biexcitons. At high power densities the exci-
tons that are not involved in a complex give raise to the line associated to the free exciton PL. To
go at the end of the model it is necessary to draw the density of biexcitons according to the den-

sity of excitons (fig. 4.22).

In our case, the density of excitons will be proportional in the sum of the intensities of the lines

X- and X. The dependence of the biexciton intensity on the exciton intensity for these data gives

approximately I, o I'* which is a reduction in the exponent from the value f =2 expected. A

exc
factor § lower than 2 has been reported in literature.[lphi92], [yam95b] The difference between the
theoretical prediction and experimental observation’s results maybe from limitations of the
model. One postulate of this model is that the interconversion time is much shorter than exciton-

ic lifetime.lgou79], [kim94] This condition can be easy to verify in the case of semiconductors with
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indirect bandgap, but is far from being verified in the case of semiconductors with direct

bandgap such as GaAs[phi92] or ZnSe.lyam95b]

10°F ) E
_ P
7 . T=10K y
H 10" F b E
3 v
2 ¥
% 10°F 7/ r
k3 i
g
310 7 4
= 7
Ve
10 7 J
10' 10° 10° 10

leye (arbitrary units)

Figure 4.22: Ratio between the intensity of the XX line and the sum of the intensities of X and X- lines. The
slope of the straight line (in blue) is 1.4.

4.4.2 Effect of temperature

The effect of temperature on the photoluminescence spectra was examined. The same condi-
tions of excitation are used and the power density is fixed at 8.5 pJ. The results of this study are
summarized on the figure 4.23 on which is traced the energy of photoluminescence according to
the temperature, the intensity is coded on a scale of color. The intensity of the D%X; and D%X;
decreases quickly with temperature increase. For the response of the quantum well, on the map,
we can make the same observations as those that we had made in the study for low density of
excitation. At low temperature, the contribution of exciton complexes dominates the spectra.
With the temperature increase, the intensity of the free exciton line becomes dominant. This is
illustrated on figure 4.24 where some selected spectra are gathered. When temperature increas-
es, due to the thermal broadening, the X- and XX spectra merge together. Until 250 K, the X con-
tributions remain well separated and then merge with the other contributions at higher temper-
ature. With the help of the results of §4.3.4, the spectra are fitted with the procedure describe

before in order to get quantitative information.

The evolutions of the transition energies with temperature are summarized in figure 4.25. The
dashed lines correspond to the Varshni function. The full circles correspond to the results meas-
ured in the condition of low density of excitation. The energies decrease between 8 and 300 K,
which corresponds to the decrease of the energy of the ZnO bandgap. The gap between the line X
and X- is about 19.5 meV. The one between the line of the exciton and the one of the biexciton is
43 meV. As we have noticed before, in the case X- a small increase (5 meV) of the energy of pho-
toluminescence happens for the temperatures lower than 50 K followed at higher temperature

by a decrease (S shape).
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Figure 4.25: Photoluminescence spectra record- Figure 4.26: Intensity of the PL lines X, X- and XX
ed at 10 K. The incident light intensity of a laser is according temperature.

varying on four order of magnitude.

Figure 4.26 gives the temperature dependence of the X, X- and XX photoluminescence intensities.
The lines intensities of the trion and the biexciton show a decrease on the interval of tempera-
ture. The intensity of the trion and the bi-exciton lines are approximate by the formula 4.8. The
activation energies are 19.2 meV and 61 meV for respectively the trion and the bi-exciton. These
results are in agreement with our previous observations. It confirms the hypotheses that the
non-radiative channel associated with the quenching of these lines are the thermal dissociation
of the exciton complexes. At lower temperature, the phenomena involved in the biexciton line
quenching appears to be more complex. The biexciton population is dependent on the dissocia-
tion of the biexciton but also possibly of the formation of biexciton, consequence of the increase
of the exciton density due to dissociation of the trions. The X line shows first an increase till 100
K followed by a decrease. The increase is a consequence of the exciton complexes dissociation.

For temperature higher than 100 K the non-radiative process govern the exciton density. The
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intensity is approximate by the formula 4.10. The activation energy of the non-radiative process

is 73 meV.

I(T,B,Ez)=(12(l—f(T,A,E]))+Is(l—f(T,C,E3))+IO)/(1+ B T exp(-E, /k T)) (4.10)

To compare the results obtained in the two conditions of excitation the radiative efficiency (1) of
the quantum well can be estimated. This value is defined as the ratio between the number of
radiative recombination and the total number of recombination (radiative and non radiative).
From the measures of photoluminescence intensity it is possible to estimate this value by mak-
ing the hypothesis that at the lowest temperature all the recombination are radiative. In this
case, the variation of 1 is given by the variation of the intensity of PL normalized in its low-
temperature value. This hypothesis is valid all the more as the intensity of photoluminescence
remains constant on a large range of temperature. In any cases, it gives information about the
variation of  according to the temperature. Here 1 is calculated using the sum of the intensities

of the different lines attributed to the quantum well in the photoluminescence spectra.
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Figure 4.27: Radiative efficiency of the quantum well estimated from the total PL intensity. The full circles
blue and green correspond respectively to high density and low density of excitation.

To report these experimental results we propose the following simple model. At low tempera-
ture exciton are optically generated and then form complexes. As the temperature increases the
complexes are dissociated according to their binding energy. The density of exciton then in-
creases. The excitons can then move towards non-radiative recombination center or can dissoci-
ate themselves. At low excitation density, only the trions are created in high concentration so the
PL efficiency is mainly governed by the trions dissociation with activation energy of about 20
meV. Whereas at high excitation density, both the trion and biexciton are created, the PL effi-
ciency now depends on dissociation of the trion and of the biexciton. The binding energy of the
biexciton is about twice the one of the trion. As a result the radiative efficiency is improved. This
is illustrated by the figure 4.27 where we can see that the radiative efficiency is 0.08 at 300 K in
the case of low density of excitation while it is 0.25 for the results obtained in the condition of

high density of excitation.
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4.5 Discussion

In this chapter, the results obtained in continuous optical spectroscopy were analyzed by con-
sidering both free excitons and exciton complexes. In particular, one of the lines observed is at-
tributed to the recombination of the negatively charged trion. In order to get this exciton com-
plex, electrons should exist in the quantum well. In spite of the absence of information about the
electric properties of our sample, we can estimate simply the density of electrons in the quan-
tum well from what is known on these materials. It is well known that ZnO non intentionally
doped (nid) has residual doping n-type.[tilll The undoped ZnMgO layer is also n-typeltamo8] with a
doping level in the order of 1x1017 cm-3. A value of 0.8 eV for the barrier height at the surface of
(Zn, Mg)0O has been measured by Kelvin probe force microscopy.ltam09 The total width of (Zn,
Mg)O is 250 nm in the sample. Using textbook equations, one can calculate the width of space
charged region. A value of 75 nm is found. The quantum well is located in it. It is possible then to
calculate the distance in between the Fermi level and the fundamental state of electron in quan-
tum well. The electron density is obtained considering that the electronic levels below the Fermi
level are filled by electrons. A value of about 3x1011 cm-2 is obtained close to the one previously

determinate.

4.6 Conclusion

The binding energy of the trion deduced from the measurement is 19.5+2 meV. The largest val-
ue reported, in materials other than Zn0, so far is 9 meV in ZnSe QWIfu88] to our best knowledge.
From photoluminescence experiments, in bulk ZnO the biexciton binding energy was estimated
to be 15-16 meV.[ko00], [yam01], [haz03] Consequently, a further increase of trion binding energy can be
expected for ZnO-related QWs. In ZnO a value of 5 meV was reported by Makino et allmakod] for
SQW with a width of 5nm and 12 % magnesium contents in the barrier. More recently a value of

13 meV has been reported in Zn0/ZnooMgo.10 MQW.[pul12]

In ZnO/(Zn, Mg)O quantum wells, with 26 % Mg contents in the barriers, the biexciton binding
energies varied from 19 to 28 meV when the well width goes from 3.7 to 1.75 nm.[sun01], [chi03] [
this study, for a well of 3.5 nm of thickness we find an binding energy of 45+5 meV. This energy
is much bigger than those previously reported in the literature. However, it is necessary to note
that in this study samples are grown according to the c-axis. In this case, the internal electric

field is responsible for the reduction of the binding energy of the exciton but also for bi-exciton

In the next chapter, we are going to examine the dynamics of recombination of the excitons and

the trion in this quantum well.
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Chapter 5

Time resolved study of a Zn0O/(Zn, Mg)O quantum well

5.1 Introduction

In this last chapter, we present the results of time-resolved investigation of the non-polar
quantum well. This technic allows us to characterize the dynamic of the recombination of the
exciton complexes. The analysis leads to the determination of the behavior of the optical
properties according to the temperature among which the evolutions of the radiative and non-
radiative contributions in the photoluminescence. We can also get information about the

localization of the excitonic complexes.

As we have already indicated it in a previous chapter the lifetime of exciton is a function of the
degree of freedom of the considered system. Here, we shall limit ourselves to the two-
dimensional systems. The theoretical study of the dynamics of the exciton in the quantum wells
gave rise to numerous publications.[fel87], [han88], [and91], [cit92b] The exciton radiative lifetime can be

written as follow: [bealla]

N 2
‘C(T)=k—2 MX3 R (5.1)
h™ o a, nk; I,

where n is the background refractive index, ag the Bohr radius in the bulk and w.r the excitonic
longitudinal transverse splitting pulsation. A is a variational parameter corresponding to the
two-dimensional confined Bohr radius, and I, the electron-hole envelope function integral. The

calculated values by Béaurlbealib] for the three excitons are summarized in table 5.1.
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dr, /dT dv,/dT dr./dT
QW - 1.7 nm (ps/K) 27 1.9 1.7
QW - 3.6 nm (ps/K) 36 2.5 2.3

Table 5.1: Calculated increase of the radiative lifetime according to temperature calculated for A, B and C
exciton in quantum wells with width of 1.7 and 3.6 nm.[beal1b]

The increase of the radiative lifetime with the temperature is in order of picosecond by kelvin in
non-polar (Zn, Mg)0/Zn0O quantum wells. These values are lower than the values reported for
others semiconductors. They vary between some tens (GaN/(Ga, AI)N quantum wells)!ef8] up to
some hundreds (GaAs/(Ga, Al)As quantum wells)f!87] of picosecond by kelvin. The reduction is

directly related to the increase of the oscillator strength, represented by w, . Indeed, the

excitonic longitudinal transverse splitting is approximately ten times as big in the ZnO as in the
GaN, 7] this last value is more important than the value of GaAslAda85] by a half of order of

magnitude.

If the behavior with the temperature of the lifetime of the exciton is well documented, it is not
the case of the lifetime of the trion. The electrostatic potential fluctuations localize the negatively
charged trions X- (positively charged trions X+*). In this case, the radiative lifetime is almost
independent of the temperature as it has been observed in single GaAs quantum wells between
2 and 10 K.[fin%8] [n the model of delocalized trionsman96], [ess00a], [ess00b], [ciu00] the trions are in
thermodynamic equilibrium with excitons and free carriers. It has been reported as a linear
increase of the trion lifetime in CdTe related quantum well (fig. 5.1) with a slope of about 5 ps/K.
[ciu00] A theoretical model was also proposed to support these results.[ciu00], [ess00b] The figure 5.2

illustrates the results of these calculations in the case of quantum well GaAs.[ess00b]
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Figure 5.1: Inset: Time-resolved spectra for Figure 5.2: Calculated radiative lifetime of
different temperatures. Main panel: Decay time of excitons (X), electron trions (X-), and hole trions
the X- PL when exciting resonantly on X- as a (X+) for GaAs related quantum wells.[ess00b]

function of temperature.[ciu00]
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In this work, the lifetime of the exciton and the trion are both considered. The radiative lifetime

of excitons is found to change linearly with temperature according to:

StOX 3
B .5 s AP o 5.2
215(B 5 0) (32)

X
0

Here, Eo is the exciton kinetic energy on the light cone. The temperature-independent pre-factor
Tox is the lifetime of an excitonic bright state at Q=0. The radiative recombination of the exciton
is restricted to the light cone. In contrast, trions with arbitrary Q>0 can radiatively recombine.
This fact introduces an additional offset at zero temperature. The temperature dependence of

the radiative lifetime of the trion is given by:

3IM, M
S S N SRR N D (5.3)
4M, E, M, 5M

X X

Mx, Mt and me. are respectively the masses of the exciton, trion and free electron. Figure 5.2
presents the numerical evaluation of these expressions. Two important remarks must be
underlined here. The first one concerns the lifetime to T=0K who is almost zero for the exciton,
while its value is not insignificant for the trion. The second, the increase with the temperature of
the lifetime of the exciton and the trion are different. In this article, for GaAs quantum wells, the
report between the temperature slopes of the lifetime of the negatively charged trion and the

exciton has a value of 0.75.

In a simple approach to the problem of the dynamics of recombination of the excitons, there is
competition between the radiative and non-radiative phenomena. The radiative lifetime
increases linearly, with the temperature while the not radiative lifetime decreases exponentially
with the temperature. Experimentally, it is expected, at first, that the constant of a decline of the
intensity of photoluminescence increases with temperature. After which, the competition
between the radiative time and the non-radiative time leads to a decrease of the intensity and
decay time of photoluminescence with the temperature. Such variations of the lifetime of the PL
were observed by various teams in quantum wells of GaAs / (Ga, Al)As,[fl87] [gur91] (In, Ga)N /

GaNlan10] or GaN / (Ga, AI)N.[ros14]

These theoretical conclusions are confronted with the experimental results during the next part.

5.2 Experimental results

In order to prevent the exciton diffusion from the barrier, or photon recycling, the energy of the
incoming photons is fixed at 3.48 eV. This energy is widely below the bangap of the barrier to be
confident that the excitons are created only in the quantum well. Consequently, we are assured

that the dynamic of the PL measured are related to the exciton complexes in the quantum well.
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5.2.1 Time integrated

The normalized time-integrated spectra for different temperatures are presented in fig. 5.3. The
evolution of the spectra according to the temperature is comparable to the one observed in CW-
PL investigation. At low temperature, the line associated to the trions recombination dominates
the spectrum. The ratio between the intensities of the exciton line and trion line increases with

the temperature increasing. At high temperature, the exciton line dominates the spectrum.

The spectra are analyzed with the procedure presented in §4.3.4. The temperature
dependencies of the intensities of the trion and exciton lines are presented in figure 5.4. The
intensity of the X- line is nearly constant until 40 K. Then it decreases regularly with the increase
of temperature. The behavior of the intensity of the X line is more complex. At first, it is constant
and then, it increases until 100 K. And finally, it decreases regularly at high temperature. The
dashed lines correspond to the expression (4.8) and (4.9) of the previous chapter. We get a good
agreement between the experimental data and the calculated intensities with 19.2 meV and
67 meV for respectively E; and E;. These two values are close to the ones determined from

dependency with temperature of the CW-PL intensities.
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Figure 5.3: Time integrated spectra recorded at Figure 5.4: Intensity of the X- and X lines
different temperatures ranged from 10 K to according to the temperature.
225K

During this chapter, to interpret the photoluminescence decays, we shall consider the following
scenario. At low temperature, the trions dominate the spectrum. With the temperature increase,
the trions is dissociated in free excitons and free electrons. The non-radiative recombination

process of the exciton is thermally activated with activation energy Eo.
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5.2.2 Parameters involved in the PL time decays

From this study and from the temperature dependency of the CW-PL and the ITRPL, we can
propose the following scheme (fig. 5.5) for the PL decay. The hypotheses are the following:

o the dissociation of the trion in a free exciton and electron is thermally activated;

o the non-radiative process concerns only the free excitons.

Free exciton - ny

Trion —ny’

nrX

v

Figure 5.5: Schematic representation of the different recombination phenomena taking into account.

Where nyx,x and t:x, Tx are respectively the density and radiative lifetime of the trion and the free
exciton. tq is a lifetime associated to the dissociation of the trion. t:x is the lifetime associated to
non-radiative process. The two latter parameters are thermally activated. The evolution of the
population of each level after the excitation pulse are governed by the following system of

coupled equations:

dn . n__
X X __ X
dt T.T,
J N (5.4)
dn, __n, ny +nX,
dt er anX rd

From the equations (5.4) we get temporal evolution of the populations as:

n (t) =A, exp(—t/rl)

............................................................................. (5.5)

n (t) =A, exp(—‘c/‘c2)+A3 exp(—t/tl)
where 1 and T2 are given by:
1 1 1
—_—
T T T,
s E R R RERRRRERRERERR R R 5.6

r_tr,r o
TZ ‘ch anX

The temporal evolution of the trion population is a simple exponential decay with a temperature

dependent decay time. Due to the coupling of the two equations, the temporal evolution of the
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exciton population is more complex and involves two decays times that are both temperature

dependent.

5.2.3 Detailed study of PL decays

In this paragraph, we present a detailed study of PL decay time on the whole range of energies of
the PL spectra for different temperatures. For this purpose we have carefully analyzed the PL
line across the spectral window. In order to measure the PL decay lifetime we used a spectral
window of 1 nm width, that correspond to an energy window with a width of about 9.4 meV. The
signal to noise ratio is high enough to get valuable information. Moreover, more one order of

magnitude change in the intensity is observed for all the spectra.

Low temperature. The PL spectrum recorded at 10 K is presented in fig. 5.6. In addition, the
contributions to the spectrum of the different recombination process considered are also
plotted. The PL decay times are obtained considering a mono-exponential decay. The procedure
is illustrated in figure 5.7. At low energies, the PL decay is clearly mono-exponential, what is not
the case at high PL energy. At 3.42 eV, the decay shows a fast component at short time following
by a slower component. Unfortunately, it is not possible to resolve accurately the two lifetimes
in this spectrum. However, it is not possible to determine accurately two lifetimes from the data.
The combination of the two components results in a decrease of the PL decay time for high

energies PL (see fig 5.6).
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Figure 5.6: Photoluminescence spectra recorded at 10K. The Figure 5.7: PL decay recorded at
solid lines correspond to contribution of the exciton (red), 10K for two different PL energies.
trion (blue) and biexciton (green) recombination to the PL The solid lines correspond to the
spectrum. PL decay times according to the energy. mono-exponential decay model.

These observations are consistent with the model. The intensity decay of photoluminescence
associated to the trion is mono-exponential as expected, whereas the recombination of the
exciton shows two regimes. The rapid one corresponds to the radiative recombination of free

exciton whereas the slow one is due to the production of free exciton by trion dissociation.
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Intermediate temperatures. We chose to present the results at two intermediate
temperatures. At 70 K (fig. 5.8) the spectrum is still dominated by the trion contribution but the
exciton contribution cannot be neglected. At 200 K (fig. 5.10), the spectrum shows the reverse
situation, the exciton contribution dominates the spectrum and the trion contribution cannot be
neglected. Between this two temperatures, the ratio between the intensities of the exciton line
and the trion line increases. Despite this the PL decay time show a similar behavior according to

the emission energy.
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Figure 5.8: Photoluminescence spectra recorded at 70K. The solid Figure 5.9: PL decay recorded
lines correspond to contribution of the exciton (red) and trion at 70K for three different PL
(blue) recombination to the PL spectrum. PL decay times according energies.

to the energy.

At the two temperatures, the PL decays show a mono-exponential behavior (fig 5.9 and 5.11).
Moreover, the PL decay times are nearly constant over the PL spectra. In a wide range of
temperature the photoluminescence, associated to trion and free exciton, exhibits a similar

temporal evolution.
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Figure 5.10: Photoluminescence spectra recorded at 200K. The Figure 5.11: PL decay
solid lines correspond to contribution of the exciton (red) and trion recorded at 200 K for three
(blue) recombination to the PL spectrum. PL decay times according different PL energies.

to the energy.
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High temperature. In this domain of temperature, the free exciton contribution dominates the
PL spectrum as illustrated in fig. 5.12. At 300 K, the shape of the PL decays varies significantly
with the energy. Fig. 5.13 presents two examples taken at two energies. At 3.37 eV, the PL decay
is mono-exponential whereas it is bi-exponential for energy of 3.28eV. The results of the analysis
of the PL decay are presented in fig. 5.12. For energies below 3.35 eV bi-exponential can be used
to fit the PL decays. The PL decay times are presented for the short component (blue dots) and
for the long component (black dots). The short component stays nearly constant until 3.31 eV
whereas the long component increases. In this range of energy the PL spectrum is dominated by

the trion contribution. Consequently, we conclude that the short lifetime is related to the trion.
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Figure 5.12: Photoluminescence spectra recorded at 300K. The solid Figure 5.13: PL decay
lines correspond to contribution of the exciton (red) and trion (blue) recorded at 300K for two
recombination to the PL spectrum. PL decay times according to the different PL energies.

energy. The bleu and black dots correspond to bi-exponential decays,
the red one to mono-exponential decays.

For energies above 3.35 eV, the PL decay can be approximated with a mono-exponential. The
decay lifetime stays nearly constant in this energy domain. Between 3.31 and 3.35 eV the short
lifetime is increasing, the long lifetime has a value close to the one found for energies above 3.35
eV. For these energies both exciton and trion contribute to the photoluminescence intensity.

Then is difficult to separate each contribution in the PL decay.

In conclusion, due to the overlap of the two PL lines, which increases with temperature, it is
difficult to separate clearly the two contributions in the PL decays. In the intermediate
temperature domain, the observed lifetime is a contribution of two mixed decays. Later in this
chapter, the PL decay lifetime is determined using a 2 nm spectral window centered on the

maximum of the PL peaks.

5.2.4 PL lifetime - temperature dependency

The photoluminescence decay with time recorded for a series of temperatures, going of 10K to
250K, are collected in fig. 5.14 and fig 5.15 for respectively the trion line and the exciton line.

The decays are mono-exponential in the case of X- line until 200 K. It becomes bi-exponential at
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250 K. From 250 K to 50 K the decay of the X line shows a mono-exponential behavior whereas

at 10 K it is not the case. For all the PL decays, the slope of the long component increases with

temperature.
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Figure 5.14: Normalized X- PL decay recorded at Figure 5.15: Normalized X PL decay recorded at
different temperatures. different temperatures.

The PL decay lifetimes are gathered on fig. 5.16. Here, we report only the value of the long
lifetimes. They are close to being constant for temperatures below 100 K. It is an indication that
we have dealing, in this temperature range, with localized excitons complexes. The lifetimes

start to increase linearly with temperature after 200 K with a slope of 1.1 ps/K.
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Figure 5.16: PL decay lifetimes according to the temperature.
This result is closed to the ones obtained in the case of non-polar quantum wells grown on M

plane.[beallb] The value of the slope of the linearly increase of the lifetime is smaller than the one

reported for 1.7 nm width which is 7 ps/K. [beallal However, it can be noticed that in this last case
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the total intensity is constant with the temperature and consequently that non-radiative process
are not involved in the PL decays. Here, the increase of the decay time of the photoluminescence
comes along with a decrease of the intensity with the temperature. It is characteristic that non-
radiative recombination become dominant in the disappearance of the signal of

photoluminescence.

5.2.5 Discussion

In this part we are going to try to extract information on dependence in temperature of the
lifetime. Here we deal with two populations in thermal equilibrium. For it we are separately

going to consider the dynamics of recombination of the trion and the exciton.

Trion. The equation of evolution of the population of trion (5.1) is comparable to that of the
evolution of a population of exciton that can recombine radiatively or non-radiatively. The
thermal dissociation of the trion plays here the role of non-radiative channel. Thus, it is possible

to obtain information directly from experimental data from the following equations:

1(0)
o )=rPLﬁ ...................................................................................................................... (5.7)
LT L (5.8)

However, it is necessary to be careful for the choice of the interval of temperature on which
these equations can be used. We indicate earlier that from a certain temperature the decay time
of the photoluminescence results from multiple phenomena. We shall restrict the domain of
temperature in temperature lower than 80 K, at this temperature the exciton contributes for less

of 30 % to the total signal of photoluminescence. In addition, we used also the short lifetime

extracted from the PL decays of the trion measured at 300 K. The radiative lifetime, T and the

non-radiative rate, I' = 1/rd are presented in figure 5.17. The blue dashed line corresponds to

a linear increase of radiative lifetime with a slope of 7.1 ps/K for temperature above 50 K. This
value is much higher than the apparent increase in lifetime and comparable to previously value
reported for the exciton in non-polar quantum wells.[beallal, [beallb] The non-radiative
recombination rate has an exponential behavior as expected. The activation energy is 17.8 meV.
Such value is close to the trion binding energy and confirms our hypothesis that the diminution

of the intensity of the trion line is mainly related to its thermal dissociation.

For temperature below 50 K, the radiative lifetime stay constant. In this case, we have to deal
with localized trions. The energy of localization is set at 5 meV according to the CW-PL and
ITRPL investigations. By using the same model as in the chapter three, we fit the experimental

results. Both the PL decay time and the intensity of the trion signal are fitted using a value of
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ND=6xlO12 cm™. A reasonable agreement is observed between the calculations and the

experimental values as shown in figure 5.18.
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Figure 5.17: Radiative lifetime and non-radiative
rate deduced from the experimental data.

Figure 5.18: Comparison between the calculated
value of intensity and PL decay time with
experimental data.

Exciton. In this case, the situation is more complex. The model previously used cannot be used
to describe the PL decays of the exciton. In fact, here we deal with competition between the
exciton disappearances due to both radiative and non-radiative recombination and the creation

of exciton by thermal dissociation of the trions.

At low temperature, the recombination of the trion dominates the radiative processes. The
exciton lifetime is very short. However, during the duration of the decline of the PL related to
trions some of them are dissociated and excitons are created. These excitons recombine
radiatively quickly and the PL decay of the exciton line shows the same PL decay time as the

trion line. At these temperatures, the decays of exciton photoluminescence are non exponential.

On the other side of the domain of temperature, the situation is inverted. The effective lifetime of
the trion is dominated by the dissociation time and it is very short. Due to this short time the
trions can be formed during the decline. The decay of PL of the trion is not mono-exponential
and follows at long time the one of the exciton. As we have done in the case of the trion, we can
define a restricted domain of temperature in order to obtain value on radiative and non-
radiative processes of the exciton. At temperature above 200 K, the trions recombination
participate for less of 30 % to the total signal. By using an unrefined approximation from the
equations (5.6) and (5.7) we found a value of about 10 ps/K for the increase of the radiative
lifetime and around 20 meV for the energy of activation of the non-radiative processes. The
increase in temperature for the exciton is higher than the value of the trion. The activation
energy value of the non-radiative processes is smaller than the value deduced from CW-PL.
However, it is necessary to be careful with these values because their determinations are based

on very strong approximations.

85



Time resolved study of a Zn0/(Zn, Mg)O quantum well

At intermediate temperatures, the competition between the different phenomena involve results
in a photoluminescence decays of trion and exciton very close. In this temperature range, the
effective lifetime of the trion decreases with the temperature in the same time the exciton
radiative lifetime shows an increasing. The two lifetimes become commensurable and then

cannot be separated in the fitting process of the photoluminescence declines.

5.3 Conclusion

The recombination dynamic of the trions and the excitons show a complex behavior as function
temperature. The detailed analyze through the PL line presents different configuration for the
time decays. At low temperature, the intensity of the decline is non exponential for the exciton
and mono-exponential for the trion. At intermediates temperatures, both decline are mono-
exponential. And finally at high temperature, the decline of the exciton is mono-exponential
whereas the one of the trion is bi-exponential. The main PL lifetime is constant at low
temperature signature of particles localization. At temperature higher than 100 K it increases

linearly with the temperature.

The radiative lifetime of both the trion and the exciton are found increasing linearly with
temperature. It can be noticed here that the apparent increase of the PL decay time does not

correspond to the increase of the lifetimes.
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When heterostructure wurtzite was grown according to the axis c present an important internal
electric field. This one has a disastrous effect on the optical properties of the quantum wells; in
particular the radiative efficiency is dramatically strongly impacted. In order to avoid the effects
of the internal electric field in heterostructure it is possible to grow them along the non-polar
directions, i.e., with the polar c-direction lying in the growth plane. ZnO/(Zn, Mg)0 QWs without
internal electric field have been successfully grown on the A-plane (1120) or the M-plane
(1100).

In this manuscript, we present a detailed study of the optical properties of non-polar quantum
well of ZnO/(Zn, Mg)O grown along the A axis on a ZnO substrate. For this purpose, different
technique of optical spectroscopy are implemented (reflectivity, continuous photoluminescence

(CW-PL), photoluminescence resolved in time (TRPL)).

The first results concern the barrier of (Zn, Mg)O0. The signal of photoluminescence of the barri-
er is less polarized than that of the substrate, the polarization of which is superior to 95 % as
expected in the case of a non-polar sample. We confirm the important role played by the effects
of localization of exciton in this type of ternary alloy. From the results of the of time-resolved
photoluminescence measures, we propose a model for the behavior of the exciton in this mate-
rial. At low temperature, excitons are localized in potential fluctuations. Two excitonic states
with lifetime very different are involved. With the increase of temperature the distribution of
the populations of both states changes and is translated by an evolution of the PL decay times
with the temperature. The evolutions in temperature of the intensity and the decay time of PL
are modeled. In the model are included the effects of localization of the exciton, their distribu-
tion between both localized states, the dependence in temperature of the lifetime of the free
exciton as well as the temperature dependency of non-radiative process. This study highlights
the importance of the energy of the photons used for the optical excitation. In particular, in the
case of the TRPL measurements, it is important for characterizing strictly the quantum well to

use photons of lower energy the band gap of the barriers.

The PL signal of the quantum well presents three contributions. To identify the nature of the
transitions involved in each of them, different measurements were realized. In a first step, the

results obtained in continuous optical spectroscopy are analyzed according to the polarization
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of the out coming signal and to the density of excitation. The entire PL signal arising from the
quantum well is polarized at close to 100 %. The temperature dependence investigation of CW-
PL shows that for temperature higher than 150 K a new exciton state is populated. This new line
has a polarization in quadrature with the main lines. It is attributed to the recombination of the

C exciton.

The consideration of the results of reflectivity and the calculation by the variational method of
the energy of the fundamental transition allows identifying the signal with higher energy as
resulting from the recombination of the free exciton in the well. On the basis of the results of
CW-PL according to the density of excitation the contribution low energy is clearly due to the
recombination of the biexciton (two exciton in interaction). As regards the main peak situated in
an intermediate energy the identification is more delicate. It cannot be attributed to the recom-
bination of localized exciton in a fluctuation in width of well (1-2 ML) because the difference in
energy with the emission attributed to the free exciton is too important if it is compared with
the calculation. When the temperature increases, the decrease of the intensity of PL of this line
is accompanied with an increase of the intensity of the line attributed to the free exciton. This
indicates clearly the excitonic nature of the recombination partner in this line. Moreover, the
line shape of the PL line is dissymmetric with a tail at low energy, which varies with tempera-
ture. It is characteristic of the line of PL attributed to the recombination of trion (complex form
by an exciton in interaction with a free carrier). As our samples are n-type we identify this line
to the recombination of negatively charged trion. To finish we studied dynamics of recombina-
tion of the trions and excitons. The lifetime increases linearly with temperature for both the

exciton and the trion.

In conclusion, we have demonstrated that the PL signal of a non-polar quantum well arise from
the recombination of exciton and exciton complexes such as negatively charged trion and biexci-
ton. In order to characterize the PL dynamic in these quantum wells a particular attention
should be devoted to the energy of the excitation photons, it will be at energy below the barriers
band gap. In regard to these conclusions the interpretation of results on non-polar quantum

well should be revisited.
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Résumé en francais

L’oxyde de zinc est un matériau qui fait I'objet d’étude depuis de nombreuses années. Son usage
est multiple puisqu’il est utilisé dans des domaines trés variés allant de la cosmétique a la
réalisation de détecteur UV en passant par la réalisation de revétements pour les métaux. Son
intérét en tant que matériaux semiconducteurs a été ravivé ces vingt derniéres années suite a la
réalisation d’hétéro-structures quantiques a base de ZnO et de ses alliages (Zn, Mg)O et (Zn,
Cd)O. Plusieurs de ses propriétés en font un candidat intéressant pour la réalisation de
composants optoélectroniques émetteurs (DEL, DL) ou détecteur de lumiere. C’est un matériau
qui lorsqu'il cristallise dans la structure wurtzite a un gap direct dont la valeur a température
ambiante (3.37 eV) en fait un matériau comparable au GaN qui est le matériau emblématique de
la famille des nitrure d’élément IIl. Ces matériaux sont actuellement utilisés par I'industrie pour
la réalisation d’émetteurs et de détecteurs dans le domaine du bleu et du proche UV. De plus
I’énergie de liaison de son exciton (60 meV) est le double de celle de GaN (25.4 meV) et surtout
deux fois I'énergie thermique a température ambiante. Cette propriété remarquable ouvre un
champ d’investigation important pour l'exploitation des effets excitoniques a température

ambiante.

Dans ce travail nous avons étudié les propriétés optique de puits quantiques ZnO/(Zn, Mg)O
crus sur la face non polaire d’'un substrat de ZnO massif. Les faces non polaires, A ou M, sont
utilisées, malgré les difficultés liées a la croissance de ces matériaux dans cette configuration,
afin d’éviter les effets désastreux de l'effet Stark quantique confiné (ESQC). En effet, dans le cas
de puits quantiques crus selon I'axe c (axe facile de croissance) du ZnO, un champ électrique
interne résultant a la fois des propriétés piézoélectrique et de polarisation spontanée du
matériau apparait dans les structures. Ce champ, en séparant les paires électron-trou photo-
crées réduit la force d’oscillateur des transitions radiatives et I'énergie de liaison de I'exciton.
Ces deux effets combinés réduisent considérablement le rendement radiatif des puits

quantiques.

Les échantillons étudiés sont des puits quantique unique crus par MBE au CHREA sur la face A
de substrats de ZnO massif. La largeur du puits est de 3.5 nm. Dans un premier temps une
couche de 200 nm de (Zn, Mg)O est crue, suivit de 3.5 nm de ZnO. L’hétéro-structure est
complété par une couche de 50nm de (Zn, Mg)O. La concentration de magnésium dans les

barrieres est de 20 %.
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La présentation des résultats est organisée en trois parties. D’abord une étude détaillée de la
recombinaison des excitons dans le substrat et la barriére. Ensuite, les résultats obtenus en
excitation continue du puits quantique. Pour finir, avec I'étude de la dynamique temporelle de la

recombinaison des excitons dans le puits.
Propriétés optiques du substrat de ZnO et des barriéres de (Zn, Mg)O

Si les propriétés optiques du ZnO massif sont bien documentées, il n’en est pas de méme de celle
du (Zn, Mg)0. En particulier, il y a que trés peu de résultat dans la littérature sur ce dernier

matériau en terme de dynamique de recombinaison des excitons.

Les mesures de photoluminescence en excitation continue (CW - PL) avec des photons d’énergie
inférieure au gap du matériau barriére permettent d’obtenir des informations sur le substrat
utilisé. Le spectre de PL présente trois pics avec des énergies qui correspondent a la
recombinaison d’excitons liés a des donneurs neutres. Le signal émis présente un taux de
polarisation d’environ 95 %. Cette valeur confirme la bonne qualité du matériau massif.
L’intensité de photoluminescence décroit d'un ordre de grandeur entre 10 et 50 K. Cette
variation est modélisée en considérant un mécanisme de libération des excitons sous l'effet de

I'énergie thermique qui ensuite se recombine non-radiativement dans le matériau.

Le comportement des excitons dans la barriere de (Zn, Mg)O est bien différent. Dans ce cas, les
spectres de PL sont obtenus avec une énergie des photons du faisceau incident supérieure a
I'énergie du gap du matériau barriere. Le taux de polarisation du signal émis n’est que de 88 %.
Ce fait peu s’expliquer en prenant en compte les effets de contrainte, résultant de la différence
des parametres de maille entre le ZnO et le (Zn, Mg)O. Les spectres de photoluminescence en
excitation continue, mesurés entre 10 K et 200 K, sont analysés en utilisant des fonctions
gaussiennes pour ajuster les spectres. Ceux ci se composent de plusieurs raies, celle a plus haute
énergie correspond a la transition fondamentale. Elle est accompagné de répliques phonons a
plus base énergie avec une différence en énergie entre les différentes raie de 71 meV. Le
comportement en température de l'intensité, de la largeur a mi-hauteur et de I'énergie est
modélisé (fig. R.1). La variation de I'énergie d’émission dans la gamme 10-100 K montre un S-
shape caractéristique soit d'un effet de délocalisation, soit d’'un changement d’état des excitons.
L’intensité reste quasi constante sur cette gamme de température, avant de décroitre d’environ

deux ordres de grandeur entre 100 K et 200 K.
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Figure R.1: Energie de la transition, largeur a mi-hauteur et intensité de la luminescence en fonction de la
température.

Pour compléter, nous avons réalisé une étude de la photoluminescence résolue en temps en
fonction de la température entre 10 K et 300 K. L’analyse des spectres intégrés en temps nous a
permis de compléter les résultats de CW-PL. Le résultat le plus intéressant est la mise en

évidence d'un second S-shape sur I'énergie d’émission entre 150 K et 250 K (fig. R.2-c).
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Figure R.2 : Energie de la transition, largeur a mi-hauteur et intensité de la luminescence en fonction de la
température obtenue par ITRPL.

Les déclins de l'intensité de PL sont a base température sont non exponentiel. Ils deviennent
mono-exponentiels pour les températures au-dela de 100 K. Les déclins mesurés a base
température sont ajustés en utilisant une fonction bi-exponentielle. La constante de temps
rapide, T, est invariante avec la température. Par contre, la constante de temps lente, t, elle
décroit rapidement avec la température. Au dela de 100 K, une seule constante de temps est
nécessaire pour reproduire le comportement temporel de I'intensité. Celle-ci décroit de maniere

monotone avec la température jusqu’a 300 K.
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Pour comprendre et modéliser le comportement en température du temps de déclin et de
I'intensité de PL nous avons considéré deux domaines de température. D’abord considérons les
résultats obtenus a des températures inférieures a 90 K. L’intensité de PL est quasi constante,
I'énergie de la transition présente un S-shape correspondant a une variation de 11 meV de
I’énergie de transition. La durée de vie longue varie rapidement avec la température alors que la
plus rapide est constante. Ces différents éléments nous conduisent a proposer le scénario

suivant.

A tres base température les excitons sont piégés sur des fluctuations de potentiel. Cette situation
est souvent rencontrée pour des composés ternaires dans lesquels la répartition aléatoire des
éléments entraine des fluctuations de potentiel importantes. Ces fluctuations ont des extensions
spatiale réduites, les excitons sont localisés dans un espace 0 D. Dans ce cas la durée de vie est

indépendante de la température.

Le systéme d’excitons localisés comporte deux états distincts. Sous I'effet de la température, les
excitons passe de I'état de plus basse énergie, qui a la durée de vie la plus longue, vers I'état de
plus haute énergie séparé du précédent de 11 meV. Par conséquent les évolutions de la

population des deux niveaux peuvent étre décrite par les équations suivantes :

n, (t) =A, eXP(_t/Teff)

......................................................... (R.01)
n, (t) =A, exp(—t/reff)+A3 exp(—t/'cz)
avec :
LI O O . S e (R.02)
Tar T Ty 1+Tl/1712 1+L exp( -E, J
1:120 B

L’ajustement de T, avec 'expression (R.02) permet de terminer les valeurs de t1, t12 et E1z2. Le
meilleur ajustement est obtenue pour 131.5 ns, 1.2 ns et 11.7 meV pour respectivement tj, T12 et
E12. La valeur de Tt120 est proche de celle de t. et I'énergie d’activation correspond a I'énergie

déterminée a partir de I'évolution de I'énergie de transition.

Dans le domaine haute température (T>200 K), nous avons affaire a des excitons libres.
L’intensité et le temps de déclin de la photoluminescence décroient de maniére monotone avec
la température. Ce comportement est observé lorsque les phénomeénes de recombinaison non-
radiatifs prennent le pas sur les recombinaisons radiatives. Dans ce cas il est facile de démontrer
que les durées de vie radiative (tr) et non radiative (tnr) sont données par les expressions

suivantes :
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Ou I(T) est I'intensité de la photoluminescence, tpi. le temps de déclin de la photoluminescence. A
partir des données expérimentales la dépendance en température de ces deux durées de vie

peut étre déterminée. Elles sont données par les expressions suivantes :
T, =1.8(ps/K) T et 7, (T)=5.9(ps) exp(71(meV) /kT)

La durée de vie radiative varie en T3/2 comme attendue et 'énergie d’activation des phénomenes
non-radiatifs est de 71 meV.

Pour finir le modéle il faut connecter les deux domaines de température. Pour cela nous nous
appuyons sur le modele couramment utilisé pour rendre compte des phénomeénes de
localisation dans les puits quantiques. Dans ce modéle le tp, et I'intensité de PL sont obtenus a

partir des expressions suivantes :

T,y (T) =T (T)+ T (T) = IP:(T) .................................................................. (R.04)
0. = <r3R 7 ) 1) (R 05)

Dans ces expressions I'r et I'ng sont les taux de recombinaisons radiatif et non radiatif. Ils sont
calculé en prenant comme hypothese que seul les excitons libres peuvent se recombiner non

radiativement. Dans ce cadre ils peuvent étre calculés a partir des expressions suivantes :

I‘R = Aloc roc +Afree I-‘Rif

1 T

3 SRS S (R.06)

free NR _fr

Ici INio, Tr # €t I'nr s sOnt respectivement les taux de recombinaison radiatif des excitons localisés
et les taux de recombinaisons non radiatif et non-radiatif des excitons libres. Les coefficients Ajoc
et Afee sont les ratios de respectivement la population d’excitons localisés (ni.) et d’excitons
libres (nfee) et de la population totale d’excitons (nexc=nioc+nsrec). Dans des conditions de faible

excitation, cas non-dégénérée, les densités d'excitons suivent les distributions Boltzmann :

n SIMKT (R.07)
e — p T T )

et

n_=N_ exp _Eu(T) ;E“;_EF(T) ........................................................ (R.08)
B

Le seul parameétre permettant d’ajuster les deux courbes aux mesures est N, est la densité de
centres de localisation. Une valeur de 5x1014 cm-3 pour Nj,c permet d’avoir un trés bon accord

entre le modele et I'expérience (fig. R.3).
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Figure R.3 : Comparaison des valeurs expérimentales de I'intensité et du temps de déclin de la photoluminescence en
fonction de la température avec le modeéle.

Complexes excitoniques dans les puits quantique

L’existence de complexes excitoniques, a savoir d’'un exciton en interaction soit avec un porteur
de charge soit avec un autre exciton a été proposé théoriquement en 1958. La mise en évidence
expérimentale a suivit quelques années plus tard dans les matériaux semiconducteurs. Nous
envisagerons dans ce travail, le ZnO étant de type n, que la formations de deux type de

complexes, les biexcitons (deux excitons en interaction) et les trions chargés négativement (un

excitons en interaction avec un électron libre).

Les spectres de photoluminescence mesurés a basse température publiés dans la littérature de
puits quantique crus sur les surfaces non polaires de ZnO sont tous dominés par un pic dont
I'énergie ne correspond pas a celle de la transition fondamentale dans le puits. Cet effet est
généralement attribué a des effets de localisations sur des défauts du matériau. Dans cette étude
nous nous sommes appliqué a reconsidérer cette interprétation. Pour cela nous avons fait des
mesures de photoluminescence avec des conditions d’excitations différentes, et analysé le

comportement en température et en polarisation.

Nous avons dans un premier temps regardé la polarisation de la photoluminescence du puits. Le
degrés de polarisation du signal est de 99 % ce qui est attendu pour une structure crue sur une

surface non-polaire contenant I'axe c.

Sur la fig. R.4 nous avons reporté deux spectres, mesurés a base température avec des densités
d’excitation différentes, normalisés sur le maximum d’intensité de la réponse du puits
quantique. Pour la densité la plus faible la réponse du puits quantique se résume a un seul pic
avec un maximum a 3.4 eV. Par contre a forte excitation trois pics sont résolus, un a plus haute

énergie un autre a plus basse énergie. En comparant ce spectre avec le spectre de réflectivité de
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I'échantillon le pic a 3.43 eV est attribué a la recombinaison des exciton libres. Cette
identification est renforcée par le calcul de I'énergie de la transition dans le formalisme des
fonctions enveloppes. L'intensité du pic a 3.38 eV a, comme nous le verrons plus loin, un
comportement en fonction de la densité d’excitation qui permet de Iattribuer a Ia

recombinaison du biexciton.
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Figure R.4 : Spectres de PL mesurés a 10 Figure R.5 : Spectres de photoluminescence mesurés a différente
K pour deux densités d’excitation. température dans les polarisations (ab) et (c).

Afin d’identifier la nature de la transition responsable de ce pic de luminescence nous avons fait
une étude en température. La figure R.5 résume cette étude pour les deux polarisations étudiées.
Le panel a (polarisation ab) démontre que lorsque la température augmente le ratio entre le pic
attribué a l'exciton libre (X) est le pic dominant augmente avec la température. La raie
dominante est donc liée a la recombinaison d'un complexe excitonique. Quand la température
augmente il se dissocie et la densité d’excitons libres augmente dans le puits quantique et
conséquemment l'intensité de la raie X. D’autre part, la raie de luminescence est dissymétrique,
elle présente une extension vers les bases énergie. Cette dissymétrie augmente avec la
température. Ce comportement est caractéristique de la luminescence du trion. En effet dans ce
complexe formé de trois particules la régle de conservation de la quantité de mouvement est
assurée par la troisieme particule. A partir de 150 K dans la polarisation c une raie a plus haute
énergie apparait sur les spectres séparés d’environ 40 meV de la raie principale. Cette énergie
est compatible avec la différence en énergie entre les exciton A, B et C dans ZnO. En conclusion le

spectre de PL a base température est dominé par la raie du trion chargé négativement.

Les pics de luminescence ont été approximé en prenant: un fonction gaussienne pour la
contribution de I’exciton, une fonction lorentzienne pour celle du bi-exciton et de la convolution
d’'une fonction gaussienne avec une distribution de Boltzmann pour le trion. Dans le cas d’'une

faible densité d’excitation, ou les contributions du trion et de I'’exciton sont a considérer, les
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résultats sont présentés fig. R.6. L'intensité du trion décroit de maniere monotone avec la
température alors que l'intensité de I'exciton croit jusqu’a 100 K pour ensuite décroitre avec
l'augmentation de la température. Ce comportement peut étre modélisé par les équations R.09
pour le trion et R.10 pour I'exciton. Ici nous considérons que sous l'effet de la température la
dissociation du trion est responsable de la diminution de l'intensité de photoluminescence.
L’augmentation de l'intensité de 'exciton est du a ce phénomeéne. A plus hautes températures les
recombinaisons sur des centres non-radiatifs expliquent la diminution de l'intensité de I'exciton.
Un bon accord est obtenu avec les points expérimentaux pour E1=17.1 meV valeur proche de la
différence entre les énergies des deux transitions. La recombinaison non radiative a une énergie

d’activation E;=89 meV.

[(T,AE,)=1, f(T,AE,) =1/(1+ A T exp(-E, /K T)) oo (R.09)
[(T,BE,) = (I,(1-F(T,AE))+1,) /(1+ B T exp(~E, /K T)) v (R.10)
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Figure R.6 : Intensité de photoluminescence mesurée a Figure R.7 : Intensité du biexciton en fonction de celle
différente température. de I'exciton.
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Pour caractériser le bi-exciton nous avons procédé a une étude a base température de la
photoluminescence en fonction de la densité d’excitation. L’évolution des densités des excitons
et des bi-excitons peut étre décrite dans le cadre d’'un modele d’équilibre chimique, dans lequel

les bi-excitons sont créés par interaction entre excitons. Dans le cadre de ce modeéle l'intensité

du bi-exciton Ix varie en fonction de celle de I'exciton Ix selon une loi du type 1 o IE avec Pp=2.

Le résultat présenté fig. R.7 montre une dépendance linéaire de la forme I . OCIIC'X“C. Cette

différence entre la prévision théorique et I'expérience provient de limitations du modele. Un des
postulats du modele est notamment que le temps caractéristique d’inter-conversion est
beaucoup plus court que les durées de vies excitoniques. Cette condition, qui n’était pas
contraignante pour les matériaux a gap indirect comme le silicium, n’est peut-étre pas remplie

dans le cas de nos échantillons.
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Etude résolue en temps de la réponse du puits quantique

Dans cette derniére partie nous nous sommes intéressé aux dynamiques temporelles de
recombinaison des excitons et des trions en fonction de la température. Les spectres intégrés en
temps de photoluminescence résolue en temps (ITRPL) présentent le méme comportement en
température que les spectres de CW-PL. Les intensités des raies liées au trion et a I'exciton
montrent des comportements comparables a ceux illustrés figure R.6. Nous avons analysé en
détail les déclins de photoluminescences a différente température. A trés base température le
déclin de PL du trions est mono-exponentielle alors que celui de I'exciton montre deux régimes.
Dans une gamme de température intermédiaire les deux déclins montrent un comportement
mono-exponentiel avec des constantes de temps comparable. A haute température, le déclin de
I'exciton reste mono-exponentiel et celui du trion devient bi-exponentiel. La figure R.8 résume

cette étude du temps de déclin en fonction de la température.
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Figure R.8 : Temps de déclin de la photoluminescence en fonction de la température.

Le temps de déclin reste quasi constant pour les températures inférieures a 100 K. Il augmente
linéairement avec la température jusqu’a 300 K. La valeur de la pente est de 1.1 ps/K qui est

inférieure aux valeurs précédemment publié pour des puits non-polaire Zn0O/(Zn, Mg)O.

Pour analyser les résultats nous supposons : les trions peuvent soit se recombiner radiativement
soit se dissocier thermiquement pour donner des excitons libres ; les excitons libres peuvent eux
soit se recombiner radiativement soit disparaitre lors de processus non-radiatifs. A partir de ce
modeéle il est possible en étant prudent sur les domaines de température considérés d’évaluer la
pente de I'accroissement linéaire des durée de vie radiative des excitons et des trions. Pour cela
nous avons d’abord considérer les déclins mesurés a basse température (T<80 K). Dans ce
domaine de température les recombinaisons radiatives des trions domine le signal de

photoluminescence. Il donc possible de le traiter en terme de compétition radiatif versus non
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radiatif. Dans ce cas c’est la dissociation thermique des trions qui joue le role du canal non-
radiatif. A haute température (T>200K) c’est la situation inverse. Et dans une approche
grossiére, car ne tenant pas compte de 'alimentation de la population d’exciton par dissociation

du trion on peut effectuer le méme traitement des résultats.
Conclusion

Nous présentons une études détaillées du comportement des excitons dans un puits quantique
non-polaire cru sur la face A d’'un substrat de ZnO massif. Dans une premiére partie le
comportement des excitons dans la barriere a fait apparaitre un comportement non-usuel de
I'exciton localisé dans les fluctuation de potentiel. Les observations ont été modélisées a partir
d’'un modele a deux niveaux excitoniques et par une prise en compte des effets de localisation.
L’importance des complexes excitoniques dans le puits quantique est mise en évidence dans les
seconde et troisieme parties a partir de mesures de différentes spectroscopies optiques résolues
en polarisation, en température et en temps. La dissociation des trions négativement chargés
sous l'effet de I'énergie thermique est clairement mise en évidence. De méme le peuplement d’'un
état de symétrie c. Les études en fonction de la densité d’excitation ont permis de mettre en
évidence la formation de bi-excitons et d’étudier leur comportement en fonction de la

température. La dynamique des déclins de photoluminescence est étudiée dans le détail.

Au vue de ces résultats il nécessaire de revisiter les interprétations des résultats de
photoluminescence publiés sur les puits quantiques Zn0/(Zn, Mg)O. En effet, il est couramment
admis que le pic dominant de photoluminescence doit étre attribué a la recombinaison des

excitons localisés soit sur des fluctuations de potentiel soit sur des défauts intrinseques.
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L’oxyde de zinc est un matériau prometteur pour la réalisation de composants optoélectroniques dans la
gamme des émetteurs UV. Pour cela, il faut développer des hétéro-structures tel que des puits quantiques
Zn0/(Zn, Mg)O0 afin de mieux controler les propriétés d’émissions. Ce travail porte sur la caractérisation
de telles structures criies sur le plan A, surface non polaire, de ZnO massif. A partir de mesures de
spectroscopie optiques (réflectivité, photoluminescence en excitation continue et photoluminescence
résolue en temps) nous avons déterminé les différents phénomeénes physiques mis en jeux lors de la
recombinaison radiative des porteurs dans ces puits quantiques. Dans un premier temps, nous avons
étudié en détail 'émission des photons par les barriéres de (Zn, Mg)O. Grace a I'étude en température
nous avons montré que I'émission optique de la barriére correspond a la recombinaison de paires
électron trou en interactions (excitons) qui sont a basses températures localisées dans des fluctuations
de potentiel. Sous 'effet de la température ils se délocalisent et se recombinent comme des exciton libres.
L’étude détaillée des déclins temporels de photoluminescence nous a permis de démontrer que nous
avions affaire a deux états excitoniques différents qui présentent des dynamiques de recombinaisons
différentes. Un modéle est proposé pour rendre compte des différentes observations. La partie principale
de ce travail porte sur le comportement des excitons dans le puits quantique. Le résultat majeur de cette
étude est la démonstration expérimentale que dans ce cas des complexes excitoniques, ici des trions
chargé négativement (exciton en interaction avec un électron libre), se forment a basse température et
sont responsable de la luminescence observée. De plus, en variant la densité d’excitation nous avons
montré que se former également des bi-excitons (pseudo particule formée de deux exciton en
interactions). Le comportement en température de la photoluminescence obtenue dans différente
conditions d’excitation a permis de démontrer que sous l'effet de 1'énergie thermique les complexes
excitoniques se dissociés pour créer des excitons libres. Des mesures en fonction de la polarisation de la
lumiere émise et de la température ont permis également d’étudier I'état C de I'exciton dans le puits. Les
dynamiques de recombinaison des différents complexes excitoniques sont examinées en fonction de la
température.

The zinc oxide is a promising material for the realization of optoelectronic devices in the blue-UV range.
For this, it is necessary to develop hetero-structures such as Zn0/(Zn, Mg)O quantum wells in order to
have better control of the properties of emissions. This work concerns the characterization of such
structures grown on the A-plane (non-polar surface) of bulk ZnO. From optical spectroscopies
measurements (reflectivity, continuous wave and time-resolved photoluminescence) we determined the
various physical phenomena involve during the radiative recombination of the carriers in these quantum
wells. At first, we studied in detail the emission of photons by the barriers of (Zn, Mg)O. Thanks to the
study in temperature we showed that the optical emission of the barrier corresponds to the
recombination of electron hole pairs in interactions (excitons), which are at low temperatures localized
in the fluctuations of the potential. Under the influence of the temperature they delocalize and recombine
as free exciton. From the detailed study of the temporal decays of photoluminescence we can
demonstrate that we deal with two different excitonic states, which present different dynamics of
recombination. A model is proposed that explain the various observations. The main part of this work
concerns the behavior of the excitons in the quantum well. The major result is the experimental
demonstration that excitonics complexes are formed at low temperature, negatively charged trion
(exciton in interaction with a free electron), in this system and they are responsible for the observed
luminescence. Furthermore, by varying the density of excitation we showed that biexcitons are also form
(pseudo-particles formed by two excitons in interactions). The behavior in temperature of the
photoluminescence obtained in different conditions of excitation demonstrates that under the influence
of the thermal energy the exitonic complexes are broken to create free excitons. Measures according to
the polarization of the emitted light and the temperature also allowed studying the C state of the exciton
in the quantum well. The dynamics of recombination of the various excitonics complexes are examined
according to the temperature.




